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ABSTRACT

Eukaryotic genome and methylome encode DNA
fragments’ propensity to form nucleosome particles.
Although the mechanical properties of DNA possi-
bly orchestrate such encoding, the definite link be-
tween ‘omics’ and DNA energetics has remained elu-
sive. Here, we bridge the divide by examining the
sequence-dependent energetics of highly bent DNA.
Molecular dynamics simulations of 42 intact DNA
minicircles reveal that each DNA minicircle under-
goes inside-out conformational transitions with the
most likely configuration uniquely prescribed by the
nucleotide sequence and methylation of DNA. The
minicircles’ local geometry consists of straight seg-
ments connected by sharp bends compressing the
DNA'’s inward-facing major groove. Such an uneven
distribution of the bending stress favors minimum
free energy configurations that avoid stiff base pair
sequences at inward-facing major grooves. Analysis
of the minicircles’ inside-out free energy landscapes
yields a discrete worm-like chain model of bent DNA
energetics that accurately account for its nucleotide
sequence and methylation. Experimentally measur-
ing the dependence of the DNA looping time on
the DNA sequence validates the model. When ap-
plied to a nucleosome-like DNA configuration, the
model quantitatively reproduces yeast and human
genomes’ nucleosome occupancy. Further analyses
of the genome-wide chromatin structure data sug-
gest that DNA bending energetics is a fundamental
determinant of genome architecture.

INTRODUCTION

Living cells have evolutionarily developed proteins that
bend and twist DNA to perform biological functions such
as gene regulation (1,2). One outstanding example is the eu-
karyotic nucleosome (3), where a 50 nm fragment of double-
stranded DNA (dsDNA) is tightly wrapped around an 8 nm
diameter protein core. When nucleosomes were first identi-
fied back in 1974 (3,4), Crick and Klug expected the double-
helical structure of the nucleosomal DNA to contain lo-
cal distortions—kinks (5)—because the nucleosome’s ra-
dius was found to be an order of magnitude smaller than
the DNAs persistence length (50 nm) (6). Defying the ex-
pectations, the crystal structure of a nucleosome revealed
the nucleosomal DNA to locally maintain its double-helical
structure, bending around the protein core, and no evidence
of the kinks (7.,8).

The discovery of the highly-bent structure of nucle-
osomal DNA raised the possibility that the sequence-
dependent mechanical properties of DNA prescribe which
regions of the eukaryotic genomes are more susceptible to
nucleosome formation, i.e. nucleosome occupancy (9,10).
Indeed, experiments have found the nucleosome occupancy
to depend on the overall GC content (10,11) and the pres-
ence of AA, TT, or TA dinucleotides at the inward-facing
minor grooves of the nucleosomal DNA (12-14). Further,
it was found that methylation of DNA lowers the nucleo-
some occupancy experimentally (15,16) and computation-
ally (17).

The relationship between the sequence of a dsDNA
fragment and its propensity to forming highly-bent states
was probed by DNA cyclization assays (18,19), which
quantified the probability of spontaneous minicircle for-
mation by a linear DNA construct containing short
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complementary single-strand overhangs. The application
of the single-molecule fluorescence resonance energy trans-
fer (smFRET) technique to the DNA cyclization assay
(15,20,21) revealed an orders-of-magnitude dependence of
the cyclization (looping) time on the sequence (20) and epi-
genetic state (15) of short (100 bp or less) dsDNA frag-
ments. The causal relationship between the DNA looping
times and the nucleosome stability was established directly
through measurements of the force required to unwrap in-
dividual nucleosomes (21).

While it is clear that both the nucleotide sequence and the
epigenetic modifications influence the energetics of cyclized
DNA, the kinetics of DNA looping, and nucleosome occu-
pancy, the exact manner in which these effects come about
remains undetermined. Several elastic models of DNA were
developed with the sequence-dependent stiffness parame-
ters derived from either molecular dynamics (MD) simula-
tions of short DNA fragments (22-28), cyclization exper-
iments of periodic DNA sequences (29), or a database of
structures (30-32). Models that emphasize the role of kinks
were developed as well (33-35).

Here, we quantitatively connect the nucleotide sequence
and methylation to nucleosome occupancy data through a
discrete worm-like chain (WLC) model of DNA derived
from a massive all-atom MD simulation of DNA minicir-
cles. In contrast to previous MD studies that characterized
near-equilibrium elasticity of short (10-20 base pairs) DNA
fragments, we characterized the sequence-dependent stiff-
ness of highly-bent DNA, obtaining stiffness constants for
DNA states realized in the nucleosomes. We find the nu-
cleotide sequence of a DNA minicircle to precisely define
which minor groove of the DNA is facing the center of
the minicircle—i.e. potentially making contact with the pro-
tein core in an assembled nucleosome—with small changes
to the sequence or methylation causing major conforma-
tional transitions. By decomposing the free energy land-
scapes of many minicircles into dinucleotide step energies,
we develop a discrete WLC model that reproduces experi-
mental DNA looping times and the nucleosome occupancy
data. Finally, we applied our model to characterize DNA
bending energies near the transcription start sites and across
entire chromosomes in eukaryotes, which revealed a poten-
tial mechanism for controlling the gene activity by both se-
quence and methylation.

MATERIALS AND METHODS
Molecular dynamics simulations

General simulation protocol. ~ All MD simulations were car-
ried out in a constant-temperature/constant-pressure en-
semble with a 2-fs time step using the Gromacs 4.5.5 pack-
age (36). The temperature was kept constant at 300 K us-
ing the Nosé-Hoover scheme (37,38). The pressure was cou-
pled to 1 bar using the Parrinello-Rahman scheme (39). Van
der Waals (vdW) forces were evaluated using a 10-12 A
switching scheme. The particle-Mesh Ewald (PME) sum-
mation scheme (40) was employed to compute long-range
electrostatic forces using a 1.5-A grid spacing and a 12-A
real-space cutoff. Covalent bonds to hydrogen in non-water
and in water molecules were constrained using LINCS (41)

and SETTLE (42) algorithms, respectively. AMBER {f99-
based force fields (43) were used for the molecular mechan-
ics models of DNA molecules in aqueous solutions: bscO
parameters for unmodified DNA (44) and methylated cy-
tosine, NaCl parameters of Joung and Cheatham (45), the
TIP3P water model (46). Custom NBFIX corrections (CU-
FIX) were applied to the vdW interactions for cation—-DNA
phosphate and cation—anion pairs (47,48).

Construction of ideal DNA minicircles. For a given 90-bp
sequence, a corresponding double-stranded DNA structure
of strand I and J with nine turns was created using the nu-
cleic acid builder (NAB) module of the AMBER package
(49). To prepare a 90-bp DNA minicircle of linking num-
ber of 8 (Lk = 8), the 90 bp construct was first untwisted
by one turn of the DNA through a homogeneous coor-
dinate transformation. Following that, the linear dSDNA
fragment was repositioned to have the axis of the dsDNA
parallel to the z-axis and the DNA center of mass located
at (0, R, 0), where R( = 0.34% X 90;—5 A~ 4.9 nm) is the
radius of curvature of the target minicircle. The linear ds-
DNA was converted to a minicircle by applying the follow-
ing transformations to each atom: translation by —z along
the z-axis and rotation by # = z/ R radian with respect to
x-axis; z denotes the z-coordinate of the atom before the
transformations. This procedure produced an ideal mini-
circle of a ~4.9 nm radius of curvature and homogeneous
dinucleotide bending angle of about 4°. Custom-made Perl
scripts were used to implement the procedure mentioned
above. Reproducing experimental conditions where DNA
minicircles were synthesized without any nicks with the help
of a ligase enzyme, we covalently linked the first and the
last nucleotide of each strand. This all-atom model of an
ideal minicircle was placed in a rectangular box of pre-
equilibrated water molecules, arranging the minicircle to be
parallel to the y—z plane. Sodium and chloride ions were
randomly added to produce an electrically neutral system
containing 1 M NaCl solution (15,20).

To efficiently utilize available computational resources,
we used the following two methods to carry out free-
equilibration simulations. In the first method, the simula-
tion systems contained about 140 000 atoms and measured
~8.5 x 13.0 x 13.0 nm?; the DNA minicircles diffused
freely about the simulation volume. In the second method,
the simulation systems contained about 95 000 atoms and
measured 6.0 x 13.0 x 13.0 nm?; the DNA minicircle was
initially placed parallel to the y—z plane. This orientation of
the minicircle was maintained by subjecting all heavy atoms
of DNA to two planar half-harmonic potentials (50), par-
allel to the y-z plane, that turn on at x = +3 nm, U(x):

0.5k(x — 3nm)?, x> 3nm
U(x) = 0, |x| < 3 nm
0.5k(x + 3nm)?, x < —3 nm

where the force constant & = 1000 kJ mol~' nm~2,
Method 1 was used for the microseconds-long simulations
of NGO, NGOme, NGOat and NGOgc minicircles (Figure
2D and Supplementary Figure S3A,D,G). Method 2 was
used for all other equilibration simulations. For the four
NGO-variant minicircles, method 2 produced the same
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equilibrium poloidal angles as method 1 (Figure 2E and
Supplementary Figure S3B, E, H), which directly confirmed
our intuitive expectation that the planar half-harmonic
restraints do not affect the internal conformational energy
and geometry of the minicircle.

Equilibration strategy for DNA minicircles. A standard ap-
proach to equilibrating the initial conformation of a DNA
minicircle would have been to run an equilibrium MD sim-
ulation applying position restraints to atoms of DNA using
the coordinates of the ideal minicircle as a reference. How-
ever, this approach is not the best way to relax the mini-
circle because the conformation of an ideal minicircle it-
self is far from the equilibrium one. Thus, we developed
a custom equilibration strategy, where 90 hydrogen bonds
(one per base pair) were reinforced, and no position re-
straints were used. Specifically, we added a half-harmonic
restraint potential between the N1 and N3 atom pair of
each base pair, a restraint that applies a non-zero force
only when the N1-N3 distance becomes greater than 4
A; the force constant for the half-harmonic restraint was
1000 kJ mol~! nm~2. Conveniently, this type of restraint
potential has already been implemented in the Gromacs
package as the ‘restraint potential’ of bondtype 10; see Gro-
macs manual for more details. Note that, for the majority of
the time, these restraints apply zero force because the aver-
age N1-N3 distance is below 3 A. This equilibration strat-
egy has allowed us to fully relax the global conformation
without putting the structural integrity of a minicircle at
risk. These N1-N3 restraint potentials were applied during
the first 200 ns of each equilibration simulation, regardless
of the system’s geometry or the presence of the planar re-
straining potentials.

Mathematical definition of poloidal angle ¢. When a mini-
circle stably maintains a toroid-like geometry, the rotation
with respect to the helical axis of dSDNA, i.e. the rotation in
the poloidal angle space, occurs due to thermal fluctuations.
Because each 90-bp DNA minicircle undergoes a highly
correlated thermal motion in the poloidal angle space, an
arbitrary position on the minicircle surface can be used as a
reference point for monitoring the poloidal rotational mo-
tion. For convenience, we chose the phosphorus atom of
the first nucleotide of the initially linear strand I’s sequence
(P1) as a reference point; see Supplementary Table S1 for
the list of the DNA sequences. As a measure of the rota-
tion, we defined the poloidal angle, ¢, using P1 as follows.
First, the center of mass of the 11-bp helical segment with
the P1-containing base pair at the segment’s center, O, was
computed. Second, the center of mass of the entire mini-
circle, X, was computed. Third, two unit vectors from O
to X, i, and from O to P1, v, were determined. Last, the
poloidal angle was computed as the angle between % and v:
¢ = Acos'(ii - v) where 4 = +1 when v x i is in the 5’
to 3’ direction of strand I and 4 = —1 otherwise.

Poloidal angle constraints for the measurements of the torque.
By definition, ¢ = 0 when the distance between point P1
and the plane of the minicircle (the gray plane in Figure 2C)
is zero and P1 is pointing toward the center of the minicircle.
In other words, one can maintain ¢ near zero by constrain-
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ing P1 to the plane of the minicircle. Similarly, one can con-
strain P2 (the second phosphorus in the sequence of strand
I) to the plane of the minicircle, resulting in ¢ = 32°. By
changing the constraining phosphorus atom from P1 to P11
(indicated by the colored spheres in Figure 2C), one can
monotonically increase ¢ from 0° to 352° with an incre-
ment of 32°. For convenience and only for the simulations
of the effective torque, we maintained the plane of the mini-
circle parallel to the x-y plane by harmonically restrain-
ing the z coordinate of the center of mass of the follow-
ing three 11-bp segments equally spaced along the minicir-
cle: segment 1, s = (86, ---, 90, 1, ---, 6); segment 2,
s = (26, ---, 36);and segment 3,s = (56, ---, 606). Fi-
nally, the z coordinate of one of P1 to P11 atoms was har-
monically restrained to the minicircle plane, z = 0. For all
restraints, the harmonic constant was 1000 kJ mol~! nm~2.
Because the harmonic restraint on a phosphorus atom ap-
plies a tangential force in the poloidal direction, the applied
torque 7 equals the average restraining force multiplied by
9 A, which is the distance between the local helical axis and
the phosphorus atom. For each free energy landscape, we
computed t(¢) for ¢ ranging from 0° to 352° with an in-
crement of 32° (e.g. Figure 3A). The free energy landscape,
A G, was computed by integrating —z(¢) with respect to ¢
using the trapezoidal scheme (e.g. Figure 3B):

AG (§) = —Zf(¢)d¢. (1)

Frenet-Serret analysis of the local bending at a dinucleotide
step. To analyze the deformation of dsSDNA by bending,
we employed the Frenet-Serret formalism, which was de-
veloped using methods of differential geometry and gen-
eralized to describe the behaviors of polymers (51) and
nanorods (52). Following the Frenet-Serret formalism, we
represent the DNA minicircle using a contour connecting
the center of masses of base pairss = 1, ---, 90, and or-
thonormal vector triads, {i;, | i = 1,2, 3}, each of which
is attached to the center of mass of a base pair s. For a base
pair s, i3 is the normal unit vector of the least-squares
plane approximating the plane formed by the heavy atoms
of the base pair, N1, C2, N3, C4, C5, C6, N7, C8, and N9.
The direction of i3 ;(s) is the same as the 5’ to 3’ direction
of strand I. The unit vector 7 ; is from the center of mass of
strand I’s nucleotide to the center of mass of strand J’s nu-
cleotide of the base pair s, projected onto the least-squares
plane of the base pair. Then, @i, ; = i3 x 1].5. See Supple-
mentary Figure SIOA for the illustration. Having defined
the orthonormal triad for each base pair, we used the gener-
alized Frenet-Serret formula (51) to quantitatively charac-
terize local structural deformations by measuring the gen-
eralized torsions between i1; ; and @; 1, @i s:

(ai,s+l - ﬁi,s})/AS = €jjk a)j,sﬁk,s (2)

where € is the Levi-Civita tensor and As = 3.4 A. The
w15 and wy s torsions characterize the two bending angles
at the s, s + 1 dinucleotide step whereas w3 ; indicates the
twist angle. Under a harmonic approximation, the bending
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energy per step between s and s + /

_ krT w].g\2 w2.5\?2
Es = 2 As {061 (ns,s+l) ( J) + (ns,s-H) ( ,s) } s
As As

2
©)

where o) and o, are the sequence-dependent bending mod-
uli that depend on the type of the dinucleotide step, 7 51,
and kg T is the Boltzmann factor. Note that the persistence
length, /,, is related to the bending moduli as

2 1 1

= 4 “
lp (03] (0%

for a homogeneous polymer with bending moduli «; and «;
(53). When w; and w, are highly correlated, w, ~ —0.3w,
E; can be simplified to

Ev - K(ns,H—l)a)l,xz (5)

where

kgT
K (nss541) = m {Oll (ng,541) + 0.09a (n.Y,.Y+l)} (6)
is the sequence-dependent stiffness constant. The computer
code for the Frenet-Serret analysis was written in C and im-
plemented as a part of the Gromacs package; the code is
available upon request.

Determination of the sequence-dependent stiffness constants.
For a 90-bp minicircle, we found w; 5 to show a periodic de-
pendence along the DNA contour (Figure 3C, D and Sup-
plementary Figure S10B, E) that can be approximated by
a sine square function, regardless of the sequence and the
poloidal angle value:

W™ (¢) = Asin’ {zps _¢- 1.5} (7

2

where P = 11.25 is the periodicity of a 90-bp minicircle
with a linking number 8 and 4 = 9°. Then, the bending
energy of a step s, E(¢), can be approximated for any given

¢ as
B (@) = K(nysi1) {ol™ (g)) ®)

where K(n,,4+1) is the sequence-dependent stiffness con-
stant from Eq. 6. The total bending energy of a minicircle,
ECile(¢), thus equals

90
E (¢) = E(¢). ©)
s=1

The expression for E™¢(¢) can be rewritten as a sum over
all dinucleotide step types

21
ESC (¢) =) K, W (9) (10)
n=1

where VVf};Cle(¢) is the sum of a)ffffle(qﬁ)z among the dinu-
cleotide steps of step type n and K,, the stiffness constant
for the step of type n. By equating E™¢(¢) to the free en-
ergy landscapes, A G(¢), determined from MD simulations

via the torque integration method: ES™(¢) — Ecirle (0) =
AG(¢) — AG(0), we can obtain a system of linear equations
with 21 variables, K,,. We determined the values of K, by nu-
merically solving this over-determined linear algebra equa-
tions using the NumPy package.

Coarse-grained simulations

Energy calculation using the DNABEND model. We ob-
tained the six dinucleotide parameters (twist, roll, tilt,
shift, slide, and rise) by analyzing the trajectories from our
torque simulations using the 3DNA program (54). Then,
we computed the energy at a given poloidal angle using the
quadratic energy functions in Ref. (31).

General simulation protocols of 3SPN.2C for oxDNA mod-
els. Coarse-grained models of all DNA minicircles were
constructed by leveraging a number of convenient functions
in the MrDNA package (55). MrDNA simulations were
performed, starting with an idealized initial configuration
of each minicircle. For technical reasons, two equal-length
double-helical regions were used to construct each circle,
with the regions connected on 3’ and 5 termini on both
ends. The mathematical equation for a circle with a circum-

ference equal to 3.4 A x N, was evaluated at 100 points
through which splines were fit. Similarly, a discrete sequence
of rotations was applied to an orientation matrix represent-
ing the local basis of the helix so that the helical axis was al-
ways tangential to the circle and the remaining axes rotated
about this exactly eight times over the contour length of the
circle, yielding a linking number of eight. The resulting ori-
entation matrices were converted into quaternions through
which splines were fit. The appropriate sequence was as-
signed to the minicircle before configuration files, for either
the 3SPN.2C (32,56) model or the oxDNA2 model (57),
were generated by the package. The interaction sites and, for
0xDNA, the orientation of each nucleotide were obtained
by interpolating the splines and applying transforms to ro-
tate and shift the idealized base pair coordinates. Support
for the 3SPN.2C model was added to the MrDNA pack-
age to enable these simulations. Additional files describing
harmonic restraints to hold base pairs intact were generated
using the same script.

0xDNA model. First, simulations were performed using
the sequence-specific oxDNA2 model (57) with 1000 steps
of minimization followed by 107 steps of MD simulation us-
ing a timestep of 6.06 fs, an Anderson-like thermostat set to
291 K with velocities refreshed every 103 steps, the CUDA
backend with mixed precision, and an ion concentration of
1 M. The simulation trajectory was written to a file every
1000 steps. Harmonic restraints were applied between nu-
cleotides forming each basepair (k = 57.09 pN/nm; ry =
1.28 nm) to ensure that the bases remain intact.

3SPN.2C model. All simulations were performed using
the 3SPN.2C model with a Langevin thermostat holding
the temperature to 291 K, timestep of 20 fs, 18-A short
range interaction cutoff and 50-A electrostatics cutoff. The
source code of the USER-3SPN2 module for LAMMPS
was modified to allow simulation of circular DNA strands,
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although we were unable to avoid loss of cross-stacking in-
teractions at the nucleotides forming the interface between
nucleotides having the first and last index in each strand. A
patch with the modifications to the USER-3SPN2 module
with commit ID 2b87bf1 is provided as Supplementary In-
formation. Two such sites occurred on opposite sides of
each circle. Each circle was subject to 1000 steps of min-
imization followed by 10° steps of simulation. Weak har-
monic restraints were placed between beads forming base
pairs (k = 10kJ/A2, ro = 6.4 A) to ensure they remained
intact. The 90-bp 3SPN.2C minicircles with a linking num-
ber of eight were generally observed to lose B-form helical
structure in at least a portion of each minicircle, though this
region was typically mobile. The loss of secondary struc-
ture was seen to migrate around the circle in most cases and
was not, in general, colocalized with the ends of the strands,
where cross-stacking interactions were neglected.

Single-molecule looping experiments

A single-molecule DNA cyclization assay was previously
developed to measure the flexibility of dsDNA molecules
(20). All DNA strands (90 bp) were prepared by ligating two
synthesized DNA fragments (Integrated DNA Technolo-
gies) and purified in 14% urea-PAGE gel. After purifica-
tion of ligated strands, the complementary strands were an-
nealed to obtain dSDNA. The final DNA product was com-
posed of an 80-bp double-strand core and 10-bp single-
strand overhangs. The single-strand overhangs were labeled
with Cy3 and Cy5 as FRET pair at each 5" end to monitor
the looping of individual molecules as base pairing of the
overhangs. The prepared DNA was immobilized on a PEG-
coated quartz slide through NeutrAvidin-biotin interaction.
Single-molecule image acquisition was performed in the
buffered solution (10 mM Tris—HCI pH 8.0, 10 mM or 1
M NacCl, 1% w/v D-glucose [Sigma], 150 U/ml glucose ox-
idase [Sigma], 2170 U/ml catalase [EMD Milipore] and 3
mM Trolox [Sigma]). Starting with low salt buffer (10 mM
NaCl), in which most DNA did not make a loop, looping
was initiated by an infusion of high salt buffer (1 M NaCl).
Since looped and unlooped DNA molecules could be dis-
tinguishable from the corresponding high and low FRET
signals, we were able to monitor an increasing number of
molecules with a high FRET state over time. Through sin-
gle exponential fittings of the fraction of looped molecules
over time, the looping rate or looping time (the inverse of
the looping rate) could be obtained. All measurements were
performed at room temperature (~23°C).

RESULTS
DNA minicircle as a model of nucleosomal DNA

X-ray crystallography (7) and statistical analysis of nucle-
osome occupancy in the yeast genome (12,13) have estab-
lished that DNA in an assembled nucleosome has a pref-
erential orientation characterized by a regular pattern of
inward-facing nucleotides that make direct contacts with
the protein (histone) core, Figure 1A and B. To test if the
mechanical properties of DNA alone can produce such a
specific pattern of contacts, we constructed two 85 base pair
(bp) DNA minicircles representing the left (601LH) and
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the right (601RH) halves of the 601 sequence (58), Figure
1C,D. In doing so, we intentionally chose the initial con-
figuration of the minicircles to have the phosphates, which
are inward-facing in the crystal structure (yellow spheres),
facing outward. Starting from these configurations, we per-
formed an M D simulation of each minicircle submerged in 1
M NaCl solution, Figure 1E, using the parmbsc0 force field
(43,44) and the CUFIX corrections (47) to ion-DNA inter-
actions. See Methods for the simulation details. We chose to
carry out our simulations at such high electrolyte concentra-
tion to reproduce the conditions of the DNA cyclization as-
says (20,21), where ions are thought to stabilize the cyclized
DNA molecules in the absence of stabilizing proteins.
During the simulations, each DNA minicircle was ob-
served to spontaneously rotate about its local helical axis,
reaching an equilibrium orientation within 150 ns, Figure
1F and G and Supplementary Movies S1 and S2. Impor-
tantly, the DNA nucleotides that make contact with the hi-
stone core in the crystal structure (yellow spheres in Fig-
ure 1F, G) were facing, predominantly, inward also in the
equilibrium configurations of the DNA minicircles despite
the absence of histone proteins and the topological differ-
ence between the minicircle and the conformation of nu-
cleosomal DNA (closed versus open loop). The agreement
between the crystal structure and the equilibrium MD con-
formations was excellent for the internal stretches of the nu-
cleosomal DNA and less so for the terminal domains, con-
sistent with the experiment that found the internal domain
of the 601 sequence to be the primary determinant of the
601 DNA bendability (21). Thus, we found the preferential
orientation of the 601 DNA in the nucleosome to be deter-
mined predominantly by the DNA mechanics, which makes
a DNA minicircle an excellent model of nucleosomal DNA.

Sequence and methylation uniquely define the inside-out
(poloidal) orientation of a DNA minicircle

To further investigate the inside-out dynamics of DNA
minicircles, we constructed an all-atom model of a 90-bp
minicircle of the same sequence (referred to as NGO) as
the DNA construct used in the previous smFRET cycliza-
tion study (15). The all-atom model was simulated unre-
strained in 1 M NaCl solution for 11 microseconds, two or-
ders of magnitude longer than the previous MD simulations
of DNA minicircles (59-62). The minicircle maintained its
overall toroid-like conformation for the whole duration of
the simulation, Figure 2B and Supplementary Movie S3, de-
veloping no kinks or any other base pair-level distortions.
Choosing the linking number of eight was critical for the
stability of the 90-bp minicircle, as the same minicircle was
observed to undergo supercoiling transition when built and
simulated with the linking number of seven or nine, Supple-
mentary Figure S1 and Movies S4 and S5.

To characterize the overall geometry of the minicircle,
we converted the all-atom structure to a wireframe repre-
sentation, a collection of lines that connect the centers of
mass (CoM) of the neighboring base pairs (blue tubes in
Figure 2A, B) (52). The wireframe representation makes it
easy to see that the overall shape of the equilibrated DNA
minicircle resembles more of an octagon than of a perfect
circle. That is, the minicircle accommodates the bending
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Figure 1. Spontaneous inside-out transition in DNA minicircles reproduces the configuration of nucleosomal DNA. (A, B) The sequence of the 601
nucleosome-forming DNA (A) (58) and the crystal structure of the assembled nucleosome (B), PDB ID 3LZ0 (8). Yellow spheres indicate the phosphate
groups in contact with the histone core complex. The two halves of the 601 sequence, 601LH and 601RH, are highlighted in red and blue, respectively.
(C, D) Two 85-base pair DNA minicircles containing the 601LH (C, / =-73 to I = +11) and 601RH (D, from 7/ =—11 to I = +73) fragments of the 601
sequence. In these initial configurations, the phosphate groups (yellow spheres), which are in contact with the histone proteins in the crystal structure, were
arranged to be at the outer face of the minicircles. (E) All-atom model of an 85-bp DNA minicircle submerged in a rectangular volume of 1 M NaCl solution
(blue semi-transparent surface); ions are not shown for clarity. During equilibrium MD simulations (Supplementary Movies S1 and S2), the 601LH and
601RH minicircles maintain circular conformation but undergo spontaneous inside-out transition, locally twisting about the helical axis. (F, G) The final
equilibrium configurations of the 601LH (F) and 601RH (G) minicircles. The yellow-colored phosphate groups are now located at the inner face of the

minicircles, similar to the arrangement seen in the crystal structure.

stress unevenly throughout its structure, compressing the
major groove at the inner surface of the minicircle at eight
sites. Although the minicircle was found to undergo con-
siderable conformational fluctuations throughout the sim-
ulation, the octagon-like geometry was omnipresent at any
instance, Figure 2B and Supplementary Movie S3.

While maintaining its overall toroid-like conformation,
the minicircle was observed to undergo spontaneous rota-
tion with respect to its local helical axis, Figure 2B, sim-
ilar to that observed for the 601LH and 601RH minicir-
cles, Figure 1. To characterize this internal rotation quanti-
tatively, we defined the poloidal angle, ¢, of a DNA mini-
circle as the local rotation angle of a backbone phospho-
rus atom about the local helical axis with respect to a refer-
ence orientation, Figure 2C, see Methods mathematical def-
inition and Supplementary Movie S6. Correlation analysis
of the 90 poloidal angle trajectories (of each phosphorous
atom of strand I) revealed a highly coordinated rotary mo-
tion, with all angle values changing in sync, Supplementary
Figure S2A and B. Therefore, all subsequent analyses of the
poloidal angle change were performed using coordinates of
the phosphorous atom of the first nucleotide of strand I (red
sphere in Figure 2A—C).

We hypothesized that the nucleotide sequence and the
methylation state of a DNA minicircle encode its preferen-

tial value of the poloidal angle. Analysis of the 11 s trajec-
tory of the NGO minicircle, Figure 2D, indeed revealed one
dominant population of the poloidal angle, although the
angle was seen to sample the whole range (0-360°) of val-
ues. The same equilibrium poloidal angle was also observed
at the end of six ~300 ns simulations of the same minicircle,
each beginning from a different initial value of ¢, Figure
2E. Equilibrium simulations of 41 additional minicircles,
Supplementary Figures S3-S9, revealed a complicated de-
pendence of the equilibrium poloidal angle on the DNA se-
quence and methylation, with the equilibrium poloidal an-
gle spanning the full range of values. Thus, our simulations
of the (XYtatatatat)gat minicircles, where XY nucleotides
were AA, AT, TT, CC, CG, ™CG, GC or GG, converged to
equilibrium ¢ angles that varied dramatically depending on
the choice of the XY nucleotides, Figure 3A-H and Sup-
plementary Figure S6. Conversely, a minicircle of uniform
sequence, (ta)ys, freely rotated without any equilibrium ¢
angle, Figure 31 and Supplementary Movie S7, confirming
that the non-uniform distribution of the sequence indeed
determines the equilibrium ¢ angle, Figure 3J. A similar
variation of the equilibrium ¢ values was observed in the
simulations of the seven (XY cgcgegege)sge minicircles, Fig-
ure 3K and Supplementary Figure S7. Thus, our data show
that the sequence and methylation of a DNA minicircle
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Figure 2. Sequence-dependent energetics of the inside-out transition in DNA minicircles. (A) Schematic of a DNA minicircle containing two complemen-
tary 90-nucleotide strands, I and J. The sequence of strand I is defined using a base pair index, s, that ranges from 1 to 90; the red dot indicates the nucleotide
at s = 1. The specific sequence shown is the NGO construct (15). (B) Equilibrium, 11-pws MD simulation of the NGO minicircle. For visual comparison,
molecular configurations were aligned with the initial configuration using coordinates of all non-hydrogen atoms. The blue wireframe connects the centers
of mass of the neighboring base pairs. (C) Poloidal angle &, defined as the angle between the line connecting the phosphorous atom of the first nucleotide
of strand I, P1, to the center of the helix and the line connecting the center of the helix to the center of the minicircle. The gray surface indicates the plane
of the minicircle. For clarity, a quarter of minicircle is not shown. (D) Poloidal angle as a function of simulation time for NGO minicircle. Each data point
shows a 10-ns block average of 2-ps sampled instantaneous conformations. Histograms show normalized distributions of ¢ using a log scale, log P(¢). (E)
Poloidal angle as a function of time in six independent simulations of the NGO minicircle started from different initial values.

programs which nucleotides are located at its inward and
outward surfaces. Supplementary Table S1 provides a com-
plete list of DNA sequences examined.

Dinucleotide stiffness analysis of the poloidal angle free en-
ergy landscapes

We determined the free energy of 26 DNA minicircles as a
function of their poloidal angle by simulating each mini-
circle in eleven conformations corresponding to eleven
poloidal angles equally spaced between 0 and 360°. The har-
monic restraints that we used to maintain the prescribed
poloidal angle reported on the effective torque required to
maintain each orientation; see Methods for details. Figure
4A shows the resulting dependence of the mean torque on
the poloidal angle for the NGO sequence. Integration of
torque with respect to ¢ yielded the free energy profile of the
DNA minicircle along the poloidal angle coordinate (black
curve in Figure 4B). A quantitatively similar free energy
profile was obtained using Boltzmann inversion (blue curve
in Figure 4B), i.e. —kgT'log P(¢), where P(¢) is the distribu-
tion of the ¢ values observed during the unrestrained equi-
libration, Figure 2D. Repeating the torque integration pro-
cedure for the 25 minicircles revealed a collection of rugged
free energy landscapes, each characterized by a single min-
imum at the preferential angle, Figure 4C and Supplemen-
tary Figures S3-S9. The location of the minima of each free-

energy landscape was found to be in excellent agreement
(Pearson’s correlation of 0.98) with the equilibrium poloidal
angle observed in free-equilibration simulations, Figure 4D.

To check if existing models of DNA can reproduce
the sequence dependence of the minicircle’s free energy
on the poloidal angle observed in our MD simulations,
we performed coarse-grained simulations using either the
0xDNA2 (35,57) or the 3SPN.2C model (32,56) and energy
calculations using the DNABEND model (31); see Supple-
mentary Methods for a detailed description. OXDNA mini-
circles composed of 85 bp were seen to be stable, whereas
90-bp oxDNA minicircles all developed kinks during the
simulations (Supplementary Figure S10A, B) (63,64). The
3SPN.2C minicircles did not kink, although the B-DNA
helical structure sometimes transiently unraveled (Supple-
mentary Figure S10D). Despite those defects, the poloidal
angle did not plateau during most simulations (Supple-
mentary Figure SIOE). The free energy profiles for select
sequences obtained from oxDNA (Supplementary Figure
S10C) and 3SPN (Supplementary Figure S10F) models dif-
fered significantly from the all-atom counterparts, result-
ing in a low correlation between the preferred poloidal an-
gles in 3SPN.2C and all-atom MD simulations (Supplemen-
tary Figure S10G). The overall geometry of the minicircles
was less circular in the 3SPN and oxDNA simulations than
in all-atom MD. The eccentricity—the average ratio of the
major and minor axes of an ellipse—for the all-atom MD,
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Figure 3. The preferential poloidal angle of (XYtatatatat)gsat and (XYcgcgegege)sat minicircles. (A-I) The equilibrium conformation of the
(XYtatatatat)gat minicircles (ID 17-25). The location of P1 atom is indicated using a red sphere. See Supplementary Table S1 for nucleotide sequences. The
type of X and Y nucleotides are color-coded as specified in the inset; all other nucleotides are shown in white. In panel I, the P1 atom is not shown because
this particular sequence, (ta)ss, does not have any particular equilibrium poloidal angle. (J, K) Mean poloidal angle observed in unrestrained equilibration
of (XYtatatatat)gat (panel J) and (XYcgegegege)sge (panel K) minicircles, the type of nucleotides X and Y are specified at each data point. Error bars

indicate the standard deviations of 10-ns block averages.

oxDNA, and 3SPN models was 1.19, 1.25, and 1.48, respec-
tively, for the 85-bp 601RH minicircle and 1.15, 1.55, and
1.74, respectively, for the 90-bp 601RH minicircle. For the
DNABEND model, the minimum-energy poloidal angles
were also found to be in poor agreement with the preferred
poloidal angle observed in all-atom MD simulations, Sup-
plementary Figure SIOH. Refitting the parameters of the
oxDNA, 3SPN.2C or DNABEND models against our all-
atom MD data may present an opportunity to refine fur-
ther the description of the sequence-specific effects in those
models.

Here, we account for the sequence and methylation de-
pendence of the DNA minicircles’ energy at the level of a
discrete worm-like chain (WLC) model under zero intrin-
sic curvature approximation, following the works of Volo-
godskii and coworkers (29,65). Our discrete WLC model is
an adaptation of the continuum WLC model (66,67), which
has been widely used for the analysis of DNA conforma-
tional properties and elasticity (68-71). Our choice of the
zero intrinsic curvature approximation was in part moti-
vated by the outcome of the DNA cyclization assays that
found the presence of a poly(dA:dT) tract to inhibit the cy-
clization of 100-bp (20) and 200-bp (72) dsDNA constructs,
despite carrying a significant intrinsic curvature (73,74).

To fit the discrete WLC model to our free energy land-
scape data, we quantified the stepwise bending of DNA us-
ing the Frenet-Serret formalism, which was previously em-
ployed to describe the deformation of linear polymers (51),
alpha-helices (53), and DNA (31,52). Briefly, we define an
orthonormal triad of unit vectors @, @y, and i3 at-
tached to a base pair index s (Supplementary Figure S11A)
and compute the generalized torsions for a step between
base pair s and s + 1, w; 4, w2 s and w3 4 (51,52), see Meth-
ods for detailed descriptions. For all DNA minicircles, two
torsions that dictate the bending modes, w; ; and w; ;, show
a periodic oscillatory pattern regardless of ¢. For example,
the profiles of w; ; of the NGO minicircle (blue bars in Fig-
ure 4E) oscillate between 0° and 10° with eight peaks and
a period of 11.25 base pairs at ¢ ~ 290°. When ¢ changes
by a half-turn (¢ ~ 110°), the w;  profile shifts by half of
the period (compare Figure 4E and F), reflecting the half-
period shift in the location of the minor groove facing the
interior of the minicircle. Further analysis established w; s
to exhibit more pronounced modulations than w, ; and wy ¢
and w; to be highly correlated: w,; &~ —0.3w; s (Supple-
mentary Figure S11D, G). Regardless of the sequence, w; s
of a minicircle can be approximated as an analytic function
that solely depends on ¢, wc"de(¢) (Supplementary Figure
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Figure 4. Dinucleotide stiffness determines the free energy of a DNA minicircle. (A) Average torque required to maintain a prescribed value of the poloidal
angle for NGO minicircle. Each torque value was obtained from a 400 ns MD simulation in which coordinates of the first eleven phosphorus atoms, P1
to P11, were harmonically restrained. Error bars indicate standard errors of 10-ns block averages. (B) Free energy landscapes of the NGO minicircle as a
function of poloidal angle obtained by integration of the torque with respect to the angle (black) and through Boltzmann inversion of the poloidal angle
distribution sampled by the free-equilibration simulation (blue). (C) Free energy landscapes of 26 DNA minicircles computed using the torque integration
method. The curves are shifted vertically and horizontally to aid visual comparison. (D) Mean poloidal angle observed in unrestrained equilibration versus
poloidal angle at the free energy minimum for 26 minicircles (see Supplementary Table S1 for sequence information). For the equilibrium simulations, error
bars indicate the standard deviations. For the free energy landscapes, error bars indicate the Gaussian standard deviation, o; the energy minimum was
fitted to a harmonic function, E = 0.5k(¢p — ¢p)> + ¢, then, o = /kzT/k. (E, F) Local bending of a DNA minicircle at two values of the poloidal angle:
288° (E) and 128° (F). The local bending profiles described by the 90 values of the torsion parameter w; s are shown in the bar graphs. Blue solid curves

indicate the analytic fit w?_rsdc =(9°) sinz{%s — W}, where periodicity P = 11.25 bp. Insets illustrate local DNA bending at a CC step (s = 7). (G)
Sequence-dependent dinucleotide stiffness matrix, K. The 16 matrix values were obtained by fitting the 26 free energy landscapes. In the matrix table, ™C
indicates a methylated cytosine, and ™G indicates guanine of a methylated CpG site. (H) Free energy landscapes of the NGO and NGOme minicircles
computed using the discrete WLC model (dashed lines) and the torque integration method (solid lines). (I) Poloidal angles at the free energy minimum of
the discrete WLC model versus mean poloidal angles in equilibrium simulations of 41 different sequence minicircles (Supplementary Table S1). Sixteen
points shown in blue belong to the test sequence set that were not included in the training data set used to derive the K matrix values.

S11B, E). Although crystallographic studies suggest that the L ) DWLC 90 _
conformations of DNA in nucleosomes substantially de-  ergy of a minicircle is then £ (p) =) Ei(¢).Fora

. . s=1
pend on DNA sequence (75), we found the local bending DNA molecule containing four canonical nucleotides and
profile to be mostly sequence-independent within the reso-

lution of our diserete WLC model. a methylated cytosine at CpG sites, K(s, s + 1) has only

. . sixteen unique values, corresponding to the sixteen differ-
.The dlsc_:rete WLC model (29’65.) descrl_bes the step- ent dinucleotide steps. We determined the numerical val-
wise bending energy as a quadratic function, Ej (¢) =

~ . . ues of K, Figure 4G, by equating the total bending ener
K(s. s + Dia{(9)), where K(s,s+1) is the stiffness EP-WLC(¢) %o the free};:ngrgy prgoﬁles computed ugsing t}glz
constant for the step s, which was assumed to depend solely {5y integration method (Figure 4C and Supplementary
on the identity of nucleotide s and s + 1 (65). The total en- Figures S3-S9). As each type of a dinucleotide step ap-
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pears approximately 150 times among 26 sequences of the
minicircles, finding the sixteen values of K reduced to solv-
ing an overdetermined linear algebra problem, see Meth-
ods for the detailed description of the procedure. Validat-
ing our approach, we found the discrete WLC energy pro-
files, EP"WLC(¢) to be in excellent agreement with the free
energy landscapes computed using the torque-integration
method (Figure 4H and Supplementary Figures S3-S9).
Furthermore, the predicted location of the EP™WLC(¢) min-
ima showed a quantitative agreement (Pearson’s correla-
tion > 0.95) with the equilibrium poloidal angle observed
in our equilibrium simulations of the 26 minicircles whose
free-energy profiles were used for the determination of the
K matrix values (red symbols in Figure 41) and also for the
other sixteen minicircles that were not used to determine
the K values (blue symbols in Figure 4I). To further test
the transferability of our discrete WLC model, we used the
model to compute the free energy landscape for 85-bp 601-
derivative minicircles, finding the results in good agreement
with our all-atom MD torque-integration data, Supplemen-
tary Figure S5A,B.

The K matrix values, Figure 4G, provide quantitative in-
formation about the energetics of highly bent DNA. The
values of the matrix indicate that pyrimidine (Y)-purine
(R) steps such as TpA or CpG are more flexible than
RY, YY, and RR steps, consistent with the previous anal-
ysis of crystal structures that described YR steps to act as
‘hinges’ (30). Consistent with the previous report showing
that poly(dA:dT) tracts induce the depletion of nucleosome
(13) and inhibit DNA cyclization (20,72), we also found
TpT/ApA steps to be among the stiffest ones.

Given the periodic oscillatory profile of w; ; and the vary-
ing stiffness of the dinucleotide steps, the minicircle appears
to minimize its energy by avoiding placement of stift dinu-
cleotide steps at the highly bent regions of the minicircle,
which are the compressed major grooves at the inner sur-
face. For example, the accumulated penalty of E; over the
90 dinucleotide steps of the NGO minicircle (Supplemen-
tary Figure S11C,F,H) are minimal at ¢ ~ 290°, resulting
in EP"WLC($) at ¢ ~ 290° about 3 kcal/mol lower than
that at ¢ ~ 110° (Figure 4H). Another good example is
the (cgcCCGGegeg)gcg minicircle with its minimum energy
conformation at ¢ ~ 0° (Figure 5B). At this conformation,
the CCGG motifs are highly bent (Figure 5C and Supple-
mentary Movie S8), suggesting that they are more flexible
than the other parts of the minicircle. When we methylated
the CpG sites of the CCGG motifs, the minicircle under-
went a complete inside-out transition, a 180° change of
its poloidal angle (Figure 5A), placing the C"CGG mo-
tifs at the straight parts of the octagon (Figure 5D and
Supplementary Movie S9), a consequence of the C"CGG
motifs being stiffer than the CCGG ones. It is noteworthy
that a similar effect of methylation on the DNA confor-
mation was seen in the computational analysis of nucleo-
somal DNA (17). Stepwise distributions of bending energy
at ¢ ~ 0° (Figure SE,F,G) quantitatively show that the in-
crease in the total minicircle energy by 8 kcal/mol upon
methylation (Figure 5B) is due to the step energy penalties
localized near CpG sites. On the effects of cytosine methy-
lation on DNA flexibility, two independent single-molecule
experiments drew contradictory conclusions (15,76). The K

matrix shows that the stiffness of CpG is about 2.5 times
larger than that of CpG, i.e. that methylation makes DNA
stiffer. Methylation was also found to increase the energy
of all tested DNA minicircles with CpG sites at equilibrium
poloidal angle (Figure SH).

Discrete WLC model accounts for the sequence-dependence
of DNA looping time

Encouraged by the ability of our discrete WLC model to
quantitatively describe sequence-dependent energetics of a
DNA minicircle, we investigated if our model can predict
experimental DNA looping times as determined by the sm-
FRET cyclization assay (20,21). Presently, the path that a
DNA molecule takes when moving from a fully extended
state to a closed minicircle is not known. In our attempt
to rationalize DNA cyclization experiments, we assumed
DNA cyclization to occur via a pathway where a single in-
termediate state of a low end-to-end distance is the rate-
limiting step of the DNA cyclization reaction (Figure 6A).
Specifically, we considered two possible intermediate states:
a hairpin and an open circle (Figure 6A). Under this as-
sumption, the Arrhenius equation predicts the looping time

as Ae”G'/ksT where AG' = Y E, is the energy of an in-
N

termediate state and A is a pre-exponential factor. For the
local bending profile w;  of the open circle conformation,
we adopted the analytic profile of the minicircle, w‘fffYCle, and

computed the open circle bending energy using the discrete
WLC model, AGHe™e = 3 K(s, s 4 1){wS™¢)? . To obtain

l,s

the local bending profile w; ; of the hairpin-like conforma-
tion, we arranged a 90-bp dsDNA fragment into a hairpin
structure by breaking the covalent bonds between the first
and last base pairs of the equilibrated NGO minicircle and
re-equilibrating the resulting structure for 500 ns enforcing
a 3 nm distance between the centers of mass of the two ter-
minal 10 bp segments. Figure 6B shows a typical configu-
ration of the equilibrated hairpin. The resulting w; ; profile
features a decaying oscillatory behavior with the maximum
amplitude located near the center of the hairpin, Figure 6C,
suggesting accumulation of the bending energy at the hair-
pin center. Assuming that the analytic function a)?_a;rpm fitted
to the w; , profile (Figure 6C) represents the hairpin bending
profile regardless of the DNA nucleotide sequence, we com-
puted the hairpin bending energy using the discrete WLC

model, AGHhIPIn — 3 K(s 5 4 1){cul11f_frpin}2 . Despite the

S

assumptions we made about the pathway of the DNA cy-
clization reaction, the discrete WLC energy values for both
AGHhaPIn and A GO values show reasonable correla-
tions with the logarithm of the looping times experimentally
measured for different sequences (Figure 6D,E). It is note-
worthy that AGHha™PIn yalyes are significantly larger than
A G+l yalyes, suggesting that the quantitative estimation
of the looping time will require more detailed information
about the reaction pathway.

To test if our model of DNA looping has predictive
power, we turned the NGO sequence into an extremely
rigid one by introducing nucleotide substitutions at the four
CpG sites of the NGO sequence (red boxes in Figure 2A).
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Because we found the TpC/GpA and Tp™C/™GpA steps
to be among the most rigid ones (Figure 4H), we designed
the new NGOtcga sequence to have four TpCpGpA motifs
by mutating only six nucleotides (Figure 6F). We then de-
signed the NGOtmga sequence to have the four CpG sites
of the NGOtcga sequence methylated (Figure 6F). In accor-
dance with our predictions, the hairpin energy, A G*hairpin,
increased upon the first mutation and even more after the
methylation (Figure 6F). Furthermore, the cyclization assay
confirmed that the fraction of looped molecules dramati-
cally decreased following the prediction (Figure 6G). Note
that we did not estimate the looping time of NGOtcga and
NGOtmga because the fractions of looped molecules in the
experiment were too low to be fitted by an exponential func-
tion (Figure 6G).

Sequence-dependent elasticity of extremely bent DNA de-
scribes genome-wide nucleosome occupancy

Using our simple yet accurate model of sequence-dependent
energetics of highly-bent DNA, we were able to reproduce
the experimental nucleosome occupancy data (13). To com-
pute the nucleosomal DNA bending energy at a genomic
locus i, we assumed that the locus i is at the dyad axis of

a nucleosome and summed the step-wise bending energy E;

from —73 to +73 positions from the locus, Y E;..Con-
s=-73

sidering that the minicircle represents well the bending of

DNA within a nucleosome (Figure 1), we computed E; us-

ing the analytical fit to the bending profile of a minicircle,

°“°le , with the periodicity of 10 bp. The specific poloidal
angle of the a)ffrsde function was set by requiring the ma-
jor groove of the nucleosomal DNA to be at the dyad axis
and to face inward (Figure 1B), which is a conserved fea-
ture of all nucleosome structures (77). The computed bend-
ing energy showed a significant variation depending on the
locus, Figure 7A. Despite the simplicity of the model and
the absence of the histone-DNA interactions, we found the
bending energy to be strongly anticorrelated with the ex-
perimental nucleosome occupancy, Figure 7A. The anti-
correlation between the computed bending energy and the
experimental occupancy data (13) persisted when the data
were averaged over the entire Saccharomyces cerevisiae and
human genomes (Figure 7B). This analysis reaffirms the
transferability of our discrete WLC model of highly bent
DNA to biological systems, such as nucleosomes, across
species. It is noteworthy that the GC content is also highly
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Figure 6. The dinucleotide stiffness model reproduces and predicts results of single-molecule DNA looping assay. (A) Schematics of the assumed mechanism
of minicircle formation, where formation of an intermediate conformation (e.g. a hairpin or an open circle) is the rate-limiting step. (B, C) A hairpin structure
of the NGO construct (panel B) and the local bending profile w; s of the hairpin (bar graphs in panel C) at the end of a 1 s simulation. In panel C, red line
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indicates a fitting function, whd:rp "= {20°} ¢ ) sinz{ {1(s — L/2)}, where L = 90 s the length of dsSDNA. The local bending profile of an open circle
structure can be approximated using the w“”de function derlved from the closed circle simulations (e.g. Figure 4E, F). (D, E) Discrete WLC energy of the
intermediate conformations (red and blue symbols for hairpin and open circle, respectively) versus experimentally measured looping times. Experimental
data in panels D and E were taken from Ref. (20) (73-bp TA, E8, R73, E8A10, E8A17, ESA26 and E8A38 sequences) and (21) (83-bp 601LH, 601RH,
60IMFLH, 601MFRH sequences), respectively. (F) Designs of new NGO variants, NGOtcga and NGOtmga. In the NGO sequence, bold font highlights
the nucleotide substitution targets. Red font in the other two sequences indicates the mutated nucleotides. Discrete WLC energy of each hairpin variant is

shown in the plot on the right. (G) Experimental single-molecule cyclization assay performed using NGO, NGOtcga, and NGOtmga constructs.

correlated with the nucleosome occupancy (Figure 7B) (78).
However, considering that the GC content cannot explain
the significant changes in looping time due to minor muta-
tions and methylations (e.g. NGO, NGOtcga, and NGOt-
mga in Figure 6) and the presence of the free energy land-
scape as a function of poloidal angle, it seems that the dis-
crete WLC model is a more general physical model than the
GC content-based model (11,78).

To investigate the effects of local DNA stiffness on gene
activities, we averaged the bending energy and the nucleo-
some occupancy over transcription start sites (TSS) (13,79),
in a similar way to the previous MD-based approach (80).
In Saccharomyces cerevisiae, the bending energy near TSS
is higher than the genome-wide average energy level by 3
kcal/mol. This elevated energy level indicates that TSSs of
S. cerevisiae evolved to be depleted of nucleosomes, with the
nucleosome occupancy as low as 0.2 in the upstream region
of TSS (Figure 7C) (13). Pearson’s r value between the bend-
ing energy and the occupancy near TSS is —0.93 (Figure 7C).

Unlike TSSs of S. cerevisiae, human TSSs inside un-
methylated CpG islands appear to be highly enriched with
nucleosomes, with the occupancy as high as 0.8 and the
bending energy lower than that away from TSSs by 4
kcal/mol (Figure 7D). Interestingly, we found that DNA

methylations of CpG sites can significantly increase the
bending energy at human TSSs inside the CpG islands
(Figure 7D). Among the four cell types (B, Hela, H1, and
HepG?2), B cells showed the most substantial increase in the
energy level, close to that of TSSs of S. cerevisiae. This find-
ing suggests that the human genome evolved to have high
intrinsic nucleosome occupancy that can be conditionally
reduced by DNA methylations. The methylation-induced
nucleosome depletion adds mechanics-based evidence to
the genetics-based evidence (81) that challenge the conven-
tional view that DNA methylation generally silences tran-
scription. On the other hand, human TSSs residing outside
the CpG islands have relatively a flat occupancy profile and,
thus, a weaker susceptibility to DNA methylation (Figure
7E).

At a chromosome scale, the two high-throughput
sequencing-based techniques, DamID (82) and Hi-C (83),
dramatically expanded our understanding of genomic ar-
chitecture. Thus, DamID determined lamina-associated do-
mains of the human genome (mostly heterochromatin),
whereas Hi-C revealed that the human genome is physically
separated into A (mostly euchromatin) and B (mostly het-
erochromatin) compartments. Interestingly, we found the
bending energy profile of nucleosomal DNA to be highly
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Figure 7. Deformation energy of DNA determines genome-wide nucleosome occupancy. (A) Correlation between the bending energy of nucleosomal
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bin are shown. Gray boxes indicate domains with no experimental reads.

correlated with the nuclear lamina contact frequency (Fig-
ure 7F) and with the A/B compartment score (Figure 7G).
These results suggest a yet undetermined role for DNA me-
chanics in the large-scale genome organization. Compared
to euchromatin, heterochromatin domains that have high
nuclear lamina contact frequency and a tendency to be lo-
calized within the B compartment (84) also have higher
bending energy and, consequently, a lower nucleosome oc-
cupancy. Overall, our analysis raises the possibility that the
DNA bending energetics plays a major role in the architec-
ture of the chromosomes.

DISCUSSION

We have shown that the nucleotide sequence of highly bent
DNA encodes a rugged free energy landscape along which
the DNA searches for the minimum free energy orienta-
tion through spontaneous inside-out transition. A genomic
locus will have a high likelihood of nucleosome forma-

tion when the well-defined configuration seen in the crystal
structures (7,8) can minimize the DNA bending energy. Per-
turbing the DNA orientation out of this equilibrium con-
formation, for example, by the twist generated by a DNA
polymerase or a chromatin remodeling factor, is expected
to destabilize the nucleosome by increasing the bending en-
ergy of the nucleosomal DNA. The inside-out transitions of
DNA might also be important for the diffusion of nucleo-
some along the genome (85). For sequences with relatively
flat or rugged energy landscapes, one can expect diffusion to
occur predominantly via sliding or hopping, respectively.
Compared to linear fragment systems previously used to
parametrize coarse-grained models (22-28), our minicircle
system provides a much better sampling of highly bent con-
figurations and their correlated fluctuations. Although our
discrete WLC model based on the minicircle simulations
was successful in the reproduction as well as the predic-
tion of the experimental measurements, its accuracy can be
further improved by using a non-quadratic energy function
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growing ‘much more slowly than quadratic in the curva-
ture’, as suggested by Cloutier ez al. (86) and by introducing
non-zero equilibrium values for the dinucleotide step angle
to account for the specific intrinsic curvature at the dinu-
cleotide level (72-74).

In contrast to the previous MD studies that found DNA
minicircles to form kinks within 100 ns (59-62), we found
them to maintain their kink-less structures for tens of mi-
croseconds (Supplementary Figure S12). The key method-
ological distinction of our approach is the initial equilibra-
tion of a DNA minicircle with weak restraints applied to
maintain Watson—Crick base pairing. This equilibration al-
lows the DNA minicircle to find a relaxed, octagon-like
orientation, which can persist for tens of microseconds in
the absence of any restraints. To directly demonstrate the
critical nature of this initial equilibration step, we applied
our equilibration protocol to the two DNA minicircles (106
and 102 bp) that were previously reported to develop kinks
(61), finding their structure to remain kink-free within 500
ns under the simulation conditions (0.1 M NaCl, 300 K,
and the parmbsc0 force field) identical to those in Ref. (61)
(Supplementary Figure S13). Note that we did not observe
any structural deterioration in our MD simulations of 90-
bp minicircles; such structural perturbations have been ob-
served experimentally (87) and have been associated with
the negative supercoiling of the 90-bp minicircles.

Presently, several force field choices are available for mod-
eling DNA mechanics, each coming with its own pros and
cons. Our study used an older AMBER force field variant,
parmbscO (43,44), supplemented with our CUFIX correc-
tions to non-bonded interactions, a combination that has
been extensively validated and improved through our pre-
vious work (47,88,89). The newest version of the AMBER
DNA force field, parmbscl (62), provides superior accu-
racy for MD simulation of diverse DNA systems. To test
how the force field choice affects the behavior of minicir-
cles, we performed two 800-ns simulations of the 85-bp
minicircle (601LH) using the parmbscl model, see Supple-
mentary Movies S10 and S11. In one of the two simula-
tions (Supplementary Movie S11), we observed distortion
of the double-helical structure, similar to the behavior re-
ported in the study that introduced the parmbscl model
(62), where one broken configuration was observed out of
three simulations of a 106-bp minicircle. We believe, how-
ever, that the reduced minicircle stability in parmbscl sim-
ulations derives from the differences in the overall DNA
stiffness rather than from sequence-specific effects. Thus,
according to the previous study (90), the average persis-
tence length of a DNA duplex modeled using parmbcl and
parmbc0 is 59 and 52 nm, respectively, with the experimen-
tal value being close to 50 nm (6). Given that the diame-
ter of a typical minicircle considered in our work is only
10 nm, stiffer DNA is more likely to lose its double-helical
structure.

To place the parameters of our discrete WLC model
in the context of other work, we compare the rank-order
of our dinucleotide stiffness values to those independently
extracted from the analysis of experimental genome-wide
loopability data (91,92). Overall, the relative stiffness data
extracted from the results of loop-seq experiments are in

reasonable qualitative agreement with our computation-
ally derived values (Supplementary Figure S14A). For ex-
ample, the loop-seq data find the TCGA motifs to be the
stiffest among all tetranucleotides and methylation of CpG
sites to generally increase the DNA stiffness. Comparison to
the loop-seq data also shows some deviation from our re-
sults. Most significantly, the loop-seq analysis categorized
TG/CA and CG steps as relatively stiff ones (92) (Sup-
plementary Figure S14A), which goes against the gener-
ally accepted idea that a pyrimidine—purine step acts as
a hinge (30). Another comparison of our K-matrix values
is shown in Supplementary Figure S14B, where our din-
ucleotide stiffness values, K, are plotted against the effec-
tive persistence length, o, extracted from DNA looping ex-
periments by Geggier and Vologodskii (29). Although Geg-
gier and Vologodskii derived the stiffness parameters using
a WLC model, their stiffness parameters differ from ours
(Supplementary Figure S14B). It is highly likely that the
discord derives from our use of the non-uniform oscilla-
tory pattern to describe dinucleotide bending (e.g. Figure
4E, F)—the key new feature of our discrete WLC model in-
troduced to account for the MD results. Compared to the
stiffness parameters derived in the absence of the oscillatory
bending pattern, our stiffness parameters show a broader
distribution because the highly bent and almost straight re-
gions can afford lower and higher stiffness values, respec-
tively. As a result, the ratio between the maximum and min-
imum stiffness values in our stiffness parameter set is higher,
Kiax/ Kimin & 6.4, than that in Ref. (29), amax/®min = 1.3
(Supplementary Figure S14B).

Finally, we point out that our results raise a question
about the fundamental relationship between the chromatin
states (euchromatin or heterochromatin) and the nucleo-
some occupancy. Contrary to the conventional wisdom that
the gene activity in heterochromatin is low due to high
nucleosome occupancies, our analysis and the comparison
with the DamID and Hi-C results suggest that heterochro-
matin may have a lower nucleosome occupancy than eu-
chromatin, which is consistent with the predictions of the
model proposed by Widom and Segal (13). This conclusion
may be consistent with the recent counterintuitive finding
that the phase separation of heterochromatin is accompa-
nied by the destabilization of nucleosomes (93). If it is true
that heterochromatin is more nucleosome-depleted than eu-
chromatin, there should be an alternative mechanism that
can account for the compaction of heterochromatin. Pos-
sibly, histone-free DNA can promote the heterochromatin
formation by providing binding sites for proteins that medi-
ate DNA-nuclear lamina interactions (84) or by polyamine-
mediated DNA condensation (94).
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