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ABSTRACT: DNA’s structural flexibility plays a crucial role in
various biological functions such as gene replication, repair, and

regulation as well as DNA—protein recognition. We investigate the Moving part Co Ty e &
bending free energy of short DNA helices, including d(5’-(CG),C- 6 5 ¥
3’), in A-, B-, and Z-forms, and C- and G-rich trinucleotide repeat = Unbiased part

helices, using orientation quaternions with enhanced sampling \

methods. The orientation quaternion technique provides an
effective method to induce rotational transformations or to restrain
the orientation of certain domains of biomolecular systems. This T
methodology was implemented in the AMBER simulation package

and used to induce DNA bending in two separate ways: free

bending and directional bending. We found that the bending free 0

energy varies quadratically for moderate bending and then

becomes almost linear for larger bending angles. The left-handed Z-DNA helix was found to exhibit the highest rigidity among
the canonical DNA forms studied. The mechanisms associated with bending were also investigated with evidence for type I and type
IT kinks depending on the sequence and the helical form considered. The duplexes exhibit high flexibility in the presence of CC and
GG mismatches, particularly CGG and GGC trinucleotide repeats in the Z-form, which have the lowest bending free energies. These
calculations provide new insight into the mechanics of the global conformational flexibility of DNA molecules by quantifying the
energetic cost and preferred directions of bending.

Fixed part

PMF (kcal/mol)

B INTRODUCTION minor or major grooves.*  In terms of the microscopics of

The structural flexibility of DNA plays an important role in many bending, DNA stiffness arises from a multiterm energetic

biological functions, such as gene replication, expression, . '
regulation, DNA repair, protein—DNA recognition, and simply phosphate groups, base-pair stacking (van der Waals and 7—x

balance, including electrostatic screening of the backbone’s

fitting DNA inside the cell.' For instance, protein—DNA interactions), backbone torsional strain, and solvent effects,
recognition often involves substantial DNA bending which has whose details are strongly influenced by the specifics of the
important consequences for the binding thermodynamics.” nucleic acid sequence and the salt of the environment.”

Likewise, DNA bending is believed to be a key feature facilitating In terms of our theoretical understanding of bent DNA, the
the mismatch recognition and/or repair processes in nucleic worm-like chain (WLC) model® is probably the most successful
acids through a reduction of the energetic barriers for base model for describing the flexibility of DNA on a coarse-grained

flipping.® Clearly, a characterization of the structural aspects of
bent or deformed nucleic acids is crucial for the understanding of
many of the biological functions that these molecules undertake.

Unfortunately, bent and deformed DNA is associated with
transient conformations that are difficult to probe. Thus,
controlling the direction of bending by means of a pulling
experiment is hard. In turn, statistical analysis of DNA and
protein—DNA structures indicates that the majority of bending
is accommodated by changes in roll angles, with contradictory
experimental results for the favorability of bending toward the

or large-length scale (150 base pairs or more).” However, the
model’s ability to describe DNA bending on short-length scales
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is open to questions,'’”'® with considerable debate over the

conformational changes, sequence-dependence, and physical
characteristics for short scale DNA bending. Different types of
deformations have been observed in bent DNA structures,
including ﬂip_Ped-out bases,'* local bubbles,'® and kinked
structures.'®'” Sharp kinking of bent DNA was first proposed
by Crick and Klug in 1975," and two types of kinks have been
put forward: type I kinks are distinguished by significant bending
at a single base pair (with a very high roll angle) and with little
disturbance of the neighboring pairs; while type II kinks are
characterized by a localized melting of DNA. Three successive
base pairs are involved in this type of kink, in which the central
base pair is broken and its bases are stacked onto the 5" direction
of the corresponding strand.'® Sample structures of DNA
illustrating these type I and type II kinks, taken from crystal
structures of protein—DNA complexes, are shown in the
Supporting Information (SI) in Figure S1.

In principle, molecular dynamics (MD) simulations are well
suited to studying DNA deformations on short-length scales.
However, such simulations may be limited by the so-called
sampling problem: given the considerable free-energy barriers
associated with structural changes in DNA, the simulation times
are often insufficient to correctly probe bending conformations.
The sampling problem may, however, be overcome by means of
special biasing techniques that enable the simulations to probe
the otherwise inaccessible regions of phase space. For instance,
Curkusu et al."” used a screw axis restraint to induce continuous
bending on several DNA structures, including CG B-DNA,
A(adenine)-tract, and DNAs with mismatches or abasic sites,
and discovered that while moderate bending occurs via coupled
base-pair step roll, strong bending results in local type II kinks.
Furthermore, they suggested a greater variety of bent structures
and directions for C:C and G:A mismatches in comparison to
regular B-DNA. Sharma et al.”” also investigated the bending of
DNA with different single mismatches, where the angle between
the centers of the heavy atoms in three regions of DNA was
biased using the umbrella sampling (US)*' method. Their
analysis revealed various bending free energies that correlated
with base flipping. In a more recent study, Ma et al.’ examined
the bending preference of regular B-DNA toward the minor/
major grooves and the effects of salt on the bending of
orientation using roll, tilt, and twist angles.

Given the importance of bent DNA, especially in the context
of promoting mismatch repair, we have undertaken a large-scale
MD study investigation of such helical structures based on the
CG sequence and associated mismatched trinucleotide repeats.
Specifically, we have studied the free energies and structural
characteristics of CG-based A-, B- and Z-DNA, as well as of
CCG and GGC trinucleotide repeat sequences with either CC
or GG mismatches. These trinucleotide repeat sequences are in
B- or Z-form, or both. The considered CG-based A-DNA is
included here simply for the sake of comparison and
completeness.

Nucleotides naturally create right-handed A-DNA or B-DNA
forms, with B-DNA being the most common form at neutral pH
and physiological salt concentrations, but alternative forms
become accessible under defined physicochemical triggers. A-
DNA emerges in low-water environments (e.g., >75% ethanol/
TFE), within protein-bound pockets, and in DNA/RNA hybrid
duplexes.”””* The A-DNA form is similar to B-DNA but is wider
and denser along its axis.”* On the other hand, Z-DNA is a left-
handed double helix with Watson—Crick (WC) base pairs. Z-
DNA is favored by high-salt buffers in vitro, yet in vivo it can be
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induced by CpG methylation, negative superhelical stress, or
molecular-crowding organic cosolvents. This left-handed helix is
thinner and more rigid than B-DNA, with a zigzag backbone
pattern that plays an important role in gene expression
regulation and recombination.”>™*’ Despite these specialized
conditions, we considered the A- and Z-form to benchmark
against B-DNA and to provide a consistent comparison set for
future computational and experimental studies. For comparison
purposes, SI Figure S2 illustrates the different helical DNA
forms, while Table S1 lists some common structural character-
istics.

To investigate the effect of sequence and repeat expansion on
DNA bendability, we examined C- and G-rich Trinucleotide
Repeats (TRs) in the form of (CCG), (GCC), (GGC), and
(CGG) as these are behind some of the Trinucleotide Repeat
Expansion Diseases (TREDs).”*"** TREDs represent genetic
disorders caused when the number of trinucleotide repeats
associated with a gene exceeds a gene-specific threshold. These
TRs display various secondary structures including hairgins, e-
motifs, and Z-DNA depending on the environment.”” ™’ In
TREDs, CGGs occur in the 5'-UTR of the FMR1 gene,38 while
CCGs are present in the 5’-UTR and coding regions of multiple
genes. Pathological expansions of CGG TRs cause conditions
such as FXTAS, premature ovarian failure,®” and fragile X
mental retardation syndrome.”” CGG expansions and methyl-
ation in the XYLT1 gene’s exon 1 are associated with Baratela—
Scott syndrome.”’ CCG TRs relate to three TREDs; with the
largest expansion in the FRM2 gene causes FRAXE' and
influences diseases like Huntington’s and myotonic dystrophy
type 1.*

In prior investigations, we characterized the structure
and dynamics of these repeats: CCG forms stable B-DNA with
CC mismatches inside the helical core, surrounded by two WC-
paired GpC steps; the GCC reading frame exhibits CpG steps
surrounding mismatches where mismatched C-bases flip out
symmetrically from the minor groove, resulting in an “e-
motif”.***** GGC and CGG with GG mismatches exhibit CpG
and GpC steps, respectively, and can adopt both B- and Z-forms.
In the B-form, GG mismatches form hydrogen bonds inside the
helix for both GGC and CGG reading frames,>° while in the Z-
form, GG mismatches are extruded in the GGC reading frame
but remain stable in syn—syn conformation in the CGG reading
frame.””*¢

In order to induce DNA bending in our MD simulations, we
used enhanced sampling methods based on quaternion-based
collective variables (CVs). Orientation quaternion CVs are an
effective way of inducing rotational transformations or
restricting the orientation of a specific domain in a biomolecular
system.”” The orientation quaternion formalism has previously
been used in the context of large-scale conformational changes
of proteins.48_50 Here, for the first time, we use them in the
context of small nucleic acids. Our investigations make extensive
use of these CVs, which we recently implemented in the
AMBER simulation package.’’ This methodology allows for an
efficient and accurate estimation of the free energy of the
different helical structures in terms of the bending angle.

35—-37

B MATERIALS AND METHODS

In terms of methodology, there are two aspects to our study: the
use of quaternion CVs in order to define DNA bending and the
quantification of the bending process by mapping the free
energy. Here, we briefly discuss each component.

https://doi.org/10.1021/acs.jcim.5c00541
J. Chem. Inf. Model. 2025, 65, 5672—5689


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00541/suppl_file/ci5c00541_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00541/suppl_file/ci5c00541_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00541/suppl_file/ci5c00541_si_001.pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.5c00541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Figure 1. Schematic view of CVs used in this study. The bending angle 6, as defined in Figure S3, represents the angle between the mass center of P
atoms in the top segment of DNA (residues 2—S5, and 27—30) in the reference frame and the rotated frame. The mass center of P atoms in the bottom
segment of DNA (residues 12—15, and 17—20) is restrained. The P atoms are shown with spheres (red and gray). The drawn axes represent the
principal axes: roll (orange), yaw (yellow), and pitch (green). (a) Equilibrated initial DNA structure (gray), and a bent one (cyan), (b) rotation of the
DNA'’s top section around the positive direction (clockwise) of the pitch axis, (c) rotation of the DNA’s top section around the negative direction
(counterclockwise) of yaw axis, and (d) rotation of the DNA’s top section around the positive direction (clockwise) of the roll.

Quaternion CVs. A number of ways have been proposed as a
measure of bending angle.'”*”>*™>* In principle, the bending
angle of a duplex can be defined as a simple geometric angle
formed by the mass centers of three groups of atoms, which we
will refer to as bottom, middle, and top domains for
convenience. Similarly, the arc cosine of the dot product of
the principal axes (i.e., the long axis) of two groups of atoms,
bottom and top domains, can be used to define the bending
angle. Unfortunately, using a simple three-domain definition of
an angle to induce bending requires biasing several atoms and
often results in undesired deformations of the duplex. Using the
principal axes has its own set of technological challenges; for
example, the three principal axes may interchange or be ill-
defined during the simulation due to conformational changes.
We define the bending angle of a duplex as the orientational
changes of the top segment of the helix from an initial
(equilibrated) one, while the bottom segment is fixed and
restrained (see Figure S3). We will employ the orientation
quaternion technique which has been shown™*™° to be a well-
behaved, versatile way for constructing system-specific CVs,
specifically aimed at inducing orientational changes or
restraining the orientation of certain domains. To explain the
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orientation quaternion procedure, we first need to briefly review
quaternions and their application to domain rotation.
Quaternions are an extension of complex numbers and are
defined as four-component vectors via g + qﬁ + q2} + q3lAc where
do 91 92 and g are real numbers; and i, j, and k are the basic
quaternions (i* = j* = k* = ijk = — 1). Unit quaternions, where g;
+q1 + g3 + g3 = 1, provide a convenient notation for representing
three-dimensional rotations. A rotation can be specified by a unit
vector defining the axis of rotation and an angle of @ for the
rotation magnitude. Thus, a unit quaternion, g, is expressed as
(cos(0/2), sin(0/2)i), where i is the unit vector associated with
the axis of rotation. Using quaternion to represent three degrees
of freedom of a rotation is equivalent to using the popular three
Euler-angle rotations @, #, and y around the coordinate axes (See
Supporting Note 3 for conversion between quaternions and
Euler angles). However, unlike the Euler angles, quaternion
parametrization of rotations does not suffer from coordinate
singularities.”> Fiorin et al.*” have previously shown that the
orientation of macromolecules and flexible structures can be
expressed through a quaternion. In this approach, the
quaternion, ¢, is found as the leading eigenvector of a 4 X 4

https://doi.org/10.1021/acs.jcim.5c00541
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matrix constructed using both the current and the reference
coordinates.*”>

By using quaternion-based CVs, one can control and induce a
certain orientation in a simulation. This is achieved by defining a
biasing potential that depends on the quaternion CVs. We have
implemented several orientation quaternion-based CVs in the
Non-Equilibrium Free-Energy suite of the AMBER simulation
package (ver.20),”" such as Orientation (QUATERNIONO,,-
QUATERNION3), ORIENTATION ANGLE, ORIENTA-
TION PROJ, SPINANGLE, and TILT. A detailed description
of implementation, along with examples of usage, is given in SI
(Supporting Information, Notes 1 and 2). In this work, we
primarily make use of the ORIENTATION_ANGLE and the
SPINANGLE CVs. The ORIENTATION ANGLE, 6 =
2 cos'(q), and ORIENTATION PROJ (the cosine of
ORIENTATION_ANGLE) use only the first component of ,
i, qo thus they represent the amplitude of the full rotation,
regardless of the direction of its axis. A slightly more complete
parametrization is achieved by decomposing the full rotation
into the two parameters, TILT and SPINANGLE. These
quantify the amplitudes of two independent subrotations away
from a certain axis ¢, and around the same axis ¢, respectively.
The axis e is chosen by the user. The SPINANGLE explicitly is
given by ¢ = 2 tan"'(4¢/q,), where § is the vector part of
quaternion g

In comparison to Euler angles, we note that the orientation
angle 8 does not directly correspond to any single Euler angle
but rather to a combination of them as cos(6/2) = cos(a/
2)cos(B/2)cos(y/2) + sin(a/2)sin(B/2)sin(y/2). On the other
hand, the spin angle, ¢, can be related to a single Euler angle if
the axis of rotation ¢ is aligned with the principal axes. For
instance, when ¢ is the Z-axis and there is no rotation around the
other axes (X or Y), the spin angle ¢ is directly equal to the y
Euler angle (See Supporting Note 3 for a further discussion on
the relation between the orientation and spin angles with Euler
angles).

We specifically constructed two CVs based on the quaternion
formalism as an effective method to induce DNA bending:

(i) Free bending (Orientation Angle): This CV measures the
relative orientation from a reference frame using the mass
centers of two groups of atoms. For the atom groups, the P
atoms from four base pairs in the terminal pieces were
employed. After reaching equilibrium, we restricted the
mass center of P atoms in the bottom terminus, residues
12—1S5 and 17-20 (in 1S base-pair duplexes), to the
reference frame while allowing the mass center of P atoms
in the other terminus, residues 2—5 and 27—30 (in 15
base-pair duplexes), to rotate with respect to the initial
frame, i.e., equilibrium. Note that 5’ residues, 1 and 16,
were excluded as these do not include any P atoms. A
sample AMBER colvar file used in this type of bending is
given in Table S2. The pulling force was applied to all P
atoms in the top section, while the bottom section was
restrained. In addition, the RMSD of CS’ atoms of top
and bottom sections were restrained to avoid unnecessary
twisting of the whole structure during the long
simulations. Given that the bottom segment is fixed, the
angle formed between the rotated and the reference
frames of the top segment defines the bend angle of the
whole DNA. The bending direction is not constrained in
this procedure and the molecule is free to adopt any
direction spontaneously. A schematic representation of
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this CV is shown in Figure 1 (as well as SI Figure S3),
where the orientation of the top section of DNA is altered
by 0° relative to the initial frame (gray color). Note that
our definition of bending angle, 6, differs from several
other definitions used in the literature, but we anticipate
our bending angle to be similar to the bending angle based
on the average screw rotation axes as defined by Curkusu
et al.'” as these two definitions are conceptually similar. A
direct comparison of methods was not possible due to the
unavailability of codes for other methods. However, we
compared our induced bending with the bending angle
defined by the program ‘Curves+ > and found a strong
correlation. See SI (Supporting Note 4 and Figure S4) for
a detailed comparison of the two methods.
(ii) Directional bending (Spin Angle): A precise directed
bending may be achieved by confining the rotation to a
specific axis. We employed principal axes of the whole
duplex for the axis and P atoms from four termini base
pairs for the atom groups. In a manner similar to the free
bending, the mass center of P atoms in bottom terminus,
residues 12—1S5 and 17—20 (in 1S base-pair duplexes),
was kept in its equilibrium configuration, while the mass
center of P atoms in the top terminus, residues 2—5 and
27-30 (in 1S base-pair duplexes), was rotated with
respect to the initial frame (equilibrium) using an axis of
rotation. In this procedure, bending around axes
orthogonal to the bending axis is not allowed by
restraining bending around those axes. A sample colvar
file used in the directed bending is given in Table S3. The
angle around the rotation axis between the rotated and the
reference frames of the top segment defines the directed
bending angle. It is important to note that the initial
orientation of DNA can influence the principal axes as the
initial equilibrated structures may be somewhat bent.

The principal axes for a sample DNA are shown in Figure 1
These are the roll axis (orange), parallel to the helical axis; the
pitch axis (green), and the yaw axis (yellow). By rotation around
the roll axis and restraining bending around the yaw and pitch
axes, the helix can either unwind or further tighten. Positive or
negative rotations around the yaw axis, while restraining bending
around the roll and pitch axes, result in bending toward the
minor or major groove in the middle section of the DNA,
respectively. This direction of bending is confirmed by
measuring helical parameters, specifically, the width of the
grooves; contracting one groove width while expanding the
other indicates bending toward the respective groove.
Conversely, rotations around the pitch axis bend the helix
toward the terminal phosphates of the bottom terminus. See SI
Supporting Note 2 and Figure S3 for further discussion on our
pulling protocol, Supporting Note 5 for details of the directed
bending, and definition of grooves.

The CVs used here have three major benefits over earlier CVs
given in the literature:*'***>* (i) They bias just a few atoms
(mass center of 16 P atoms at most), allowing the majority of
base pairs and steps to adopt their preferred conformations; (ii)
CVs definitions are independent of base-pair formation. In other
words, in the event of melting, base flipping, and extruded bases,
the present CVs are well-defined; (iii) orientation quaternion
CVs, by definition, ensure smooth and continuous rotation
transitions, which is crucial for accurate simulation dynamics.
Moreover, since they return an optimal rotation, they also

https://doi.org/10.1021/acs.jcim.5c00541
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optimize the force, leading to a more accurate estimation of free
energy.

MD Simulations. We carried out nonequilibrium MD for
oligonucleotide duplexes and trinucleotide repeats in A-, B-, and
Z-form as shown in Table 1. The initial DNA configurations

Table 1. List of the DNA Models Studied

model form salt (NaCl) concentration (M)
(CG).C AB,Z 02
(CG);s B 02
(CG)-C z 0°
(CCG), B 02
(GCC), B 0.2
(CGG); B 02
(GGC), B 0.2
(CGG); z 5.0
(GGC), z 5.0

“All models are neutralized by the addition of Na" ions. The
mismatches are highlighted in bold font.

. : L3537 a0
were either taken from our previous studies or built via

3DNA parameters.”’ The simulations were carried out using the
PMEMD module of the AMBER v.20 software package with
OL15® force field as this force field is known to significantly
improve the overall description of the su§ar—phosphate
backbone equilibria, particularly in Z-DNA.**” The TIP3P
water model®' was used for the explicit waters. The simulations
were performed with periodic boundary conditions in a
truncated octahedral water box. To neutralize the nucleic acid
charges, an appropriate number of Na* ions were added with
standard ion parameters.”> A 150 mM extra NaCl salt was also
added to mimic the physiological conditions. An additional
amount of salt was considered for some simulations according to
Table 1. Electrostatic interactions were computed with the PME
method®® with a 9 A cutoff. The cutoff for van der Waals
interactions was set as 9 A as well. Production runs used
Langevin dynamics, with a coupling parameter 1.0 ps™" was
used. The SHAKE algorithm®" was applied to all bonds
involving hydrogen atoms. In order to obtain starting
conformations for nonequilibrium MD calculations, we used
our previously established protocol’**”** to minimize and
equilibrate helices, as described in the SI (Supporting Note 6).

Free-Energy Calculations. We used three different
methods to calculate the free energy of bent DNA: Umbrella
Sampling (US),*" Steered MD (SMD),***” and Adaptively
Biased Molecular Dynamics (ABMD).*® As all of these
methods are well-known, only the parts relevant to our
simulation will be mentioned. For each simulation, the bending
angle was changed from 6 = 0° to @ = 150° at a constant volume
with explicit waters with both neutralizing sodium cations and
additional salt (NaCl) at 300 K. As will be discussed, the SMD
method was used for most production runs as it is faster
computationally while retaining sufficient accuracy.

Umbrella Sampling (US). For the US®' simulation,
bending was induced by adding a biasing potential along the
CV (Orientation Angle) with a force constant of 1 kcal/mol
degree”. Windows were sampled every 2° for 7 ns each (with the
first 2 ns ignored in the final calculations). The free-energy
profile was constructed via the weighted histogram analysis
method”””" (WHAM).

Steered MD (SMD). In SMD®*®” simulations, a time-
dependent external force in terms of CV is applied to induce
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changes. Work is used to reconstruct the free-energy profile in
this process, however, many iterations may be required to
estimate free energy accurately.’””*~”* To benchmark the SMD
simulations, we carried out three sets of simulations at different
pulling velocities: 100 simulations lasting 10 ns (fast), 20 lasting
50 ns (slow), and 10 lasting 100 ns (slowest), with a harmonic
constant set to 100 kcal/mol. The free energy was estimated
from work using the Jarzynski equality.”® After benchmarking
our free energy calculations, we found it most efficient to use the
SMD method in the slow mode for the majority of our
production runs.

Adaptively Biased Molecular Dynamics (AMBD).
ABMD®*® method is a nonequilibrium MD method that
belongs to the general category of umbrella sampling methods
with a history-dependent biasin_; potential. We used the multiple
walker”” well-tempered (WT)"* extension due to its effective-
ness. Using this method, we calculate two types of free-energy
profiles: one-dimensional (1D) profiles for free bending
(Orientation Angle) and two-dimensional (2D) profiles for
directional bending (Spin Angle) along the pitch and yaw axes
(Figure 1). Multiple walker WT ABMD runs were carried out
using eight replicas, with a total simulation time of 600 ns per
replica. Details of these simulations are described in SI
(Supporting Note 7).

The mean values and the error analysis were calculated from
the profiles generated by bootstrapping, as discussed in SI
(Supporting Note 8). Conformations and trajectories were
analyzed using the CPPTRAJ” program of the AMBER
simulation package and VMD.*" Helical parameters were
examined using the 3DNA®” and CPPTRAJ. Averaging of the
parameters was done after bias elimination using Boltzmann
averaging. However, it should be noted that the unweighted
estimator might be more efficient.”’

B RESULTS

Establishing a Protocol for DNA Bending. As discussed
in the previous section, we evaluated the free energy of bent
DNA by three different methods: US, ABMD, and SMD.
However, because our bending investigations are computation-
ally intensive, we first establish the simulation protocols to be
used. It turns out that ‘slow” SMD simulations are an effective
way to study DNA bending because of their simplicity and
reduced simulation costs, all while maintaining an accuracy
comparable to the other methods.

To benchmark this, Figure S5a shows the free-energy changes
obtained for free bending (Orientation Angle) up to 150° of
(CG),C B-DNA using US, ABMD, and SMD methods. For
SMD, results are shown for three different speeds and after the
results are averaging for a different number of independent
replicas. Convergence of the simulation results is confirmed: the
overlap of the US distributions in consecutive windows indicates
convergence of US simulation results (SI Figure SSb). We view
the free-energy profile obtained from the US as our reference.
Several work profiles from the multiple SMD runs are shown in
SI Figure SS5c as well. The free-energy profile from SMD
simulations is dominated by the trajectories corresponding to
small dissipative work. Snapshots of free-energy profiles
obtained from regular intervals of the last 50 ns of ABMD
runs are given in SI Figure S5d as well. All the free-energy curves
shown in Figure SS are similar and the following 6general
characteristics are noted. Similar to the previous studies,”'**>*'
the overall shape of the free-energy curves is parabolic up to
around 50°. Beyond that, the curve flattens out to an almost
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linear increase in free energy with the bending angle. The global
free-energy minimum occurred at 15°. Bending up to 50°
requires the overall free-energy change of 5 kcal/mol, which is
consistent with experimental results from Atomic Force
Microscopy measurements.'' For bending up to 150°, an
overall US free-energy change is 21 kcal/mol, which is 9 kcal/
mol higher than previously obtained values,®' using a different
collective variable and force field. It is important to keep in mind
that free bending (Orientation Angle CV) evaluates the bending
angle in relation to a reference configuration (similar to the case
of an RMSD CV). In this particular case, the reference
configuration is the equilibrated configuration with zero bending
and has a nonzero free energy of about 5 kcal/mol. In turn, the
lowest free energy is obtained at a slight bending of about 15°
and is due to its entropic advantage.

Comparing the ABMD and SMD results to the US curve
(Figure S4), we find that these curves are quite similar and nearly
identical up to a bending angle of about 30°. However, as the
bending angle increases, the fast SMD (v = 15 deg/ns) produces
more dissipative work, leading to an overestimation of the free-
energy difference between the minimum and 150° by about 5.5
kcal/mol. These results improve with slower SMD simulations
and an increased number of independent replicas, as
summarized in Table 2. The ABMD free-energy results are

Table 2. Overall Change in the Free Energy of Bending as
Obtained from Different Nonequilibrium Simulation
Methods”

method AF, 1500 (keal mol™) type

SMD 2717 + 5.8 fast
23.69 + 1.9 slow
20.05 + 1.3 slowest

ABMD 20.23 £ 0.8 —

UsS 21.61 + 0.7 -

“The standard deviation was used as a measure of error in the
analysis.

similar to US and SMD (slow or slowest) but with a higher
computation cost (see Supporting Note 7 for details). Overall,
the agreement between all free-energy methods is quite good
(assuming ‘slow’ SMD); the largest deviations occur at very high
bending angles due to local melting and bond rupturing effects.
Therefore, from now on we focus on results obtained with the
slow SMD protocol due to its ease of implementation and
computational efficiency.

Bending (CG),C DNA in Its A-, B-, and Z-Forms. We now
discuss the DNA bending results for the different helical forms.
Bending is carried out using the quaternion methodology in two
different ways: free bending (FB) in which the duplex is allowed
to bend in any direction and thereby change its orientation and
directed bending (DB) in which the duplex is bent in a specified
direction and remains on a specified plane. It should be noted
that in equilibrium, the transition barrier between A-DNA and
B-DNA is low,** while the transition barrier from B-DNA to Z-
DNA is quite high.*> We performed our simulations under
nonequilibrium conditions with restraints applied to the top and
bottom sections of the DNA. The quantitative values that follow
are valid only within the framework of the OL1S force field*®
used throughout this study. Empirical nucleic acid parameters
are a moving target; new refinements that rebalance sugar-
pucker and A/B populations appear regularly. OL1S was
selected because it markedly improves sugar—phosphate
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backbone equilibria, particularly in Z-DNA,*”*”% vyet it is
known to overstabilize the B-form and to give an unsatisfactory
description of the A/B equilibrium.**™ We nevertheless
retained the A- and Z-DNA data for completeness and to
provide a benchmark set for future force field tests.
Free-Energy Profiles. The potential of mean force (PMF)
associated with FB (i.e., the Orientation Angle CV) is shown in
Figure 2 while Figure 3 shows snapshots of the different helices
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~ B-DNA
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0 15 30 45 60 75 90 105 120 135 150

Bending (°) — Orientation Angle

Figure 2. Free energy comparison of free bending of (CG),C in A-
(red), B- (blue), and Z-form (green) using the ‘Orientation Angle’ as
the CV. The bars show the standard error.

at different bending angles. The free-energy curves display a
parabolic behavior between zero and about 45°, and the results
are nearly identical for all of the three helical forms. As
mentioned previously, all curves have a free energy of about 5
kcal/mol at zero bending, which then decreases to zero at about
a 15° bend. The parabolic free energy is followed by an almost
linear rise after 45° for A- and B-DNA. The initial decrease in
free energy for all three helices is largely due to entropic effects
associated with FB, as there is a large number of almost
degenerate structures at bending angles around 15° but
relatively few such structures at bending angles close to zero.
The bending energies for all three helices from the minimum up
to about 50° are similar, about 4 kcal/mol. It is also natural that
the two right-handed helices, A- and B-DNA, display free
energies close to each other. Observations of sample
conformations suggest the transition of A-DNA helices to the
B-form. In addition, A- or B-DNA helices remain intact for short
bending angles, while disruptions become evident for large
bending angles of about 120° or more. Left-handed Z-DNA, on
the other hand, is stiffer and costs more energy to bend: its free-
energy curve rises parabolically until 90—105°, where it displays
a shoulder, after which it increases in an approximately linear
fashion. This behavior is associated with an unwinding of the
helical structure and is evident in the conformations shown in
Figure 3.

Turning to DB, by restraining the roll and either pitch and yaw
principal axis and rotating along the other axis, it becomes
possible to direct the bending toward the major and minor
grooves of the DNA helix. The results are shown in Figure 4 and
are discussed as follows. First, the bending free energies for both
major/minor grooves are relatively close to each other, at least
until about 100°, after which deviations in energy costs are
evident, especially for Z-DNA. DB also costs more free energy
than FB, as DNA is constrained to bend only to a single direction

https://doi.org/10.1021/acs.jcim.5c00541
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Figure 3. Sample configurations of bent (CG),C in A-, B-, and Z-form using the ‘Orientation Angle’ as the CV. Top and side views are shown.
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Figure 4. Directed bending of (CG),C in A-, B-, and Z-form using the positive and negative directions of the yaw principal axis as the axis of rotation.
(a) A clockwise rotation around yaw axis leads to a bending toward the minor groove. (b) Counterclockwise rotation along the yaw axis results in
bending toward the major groove. Colors: A-DNA (red), B-DNA (blue), and Z-DNA (green). The bars show the standard error.

without unwinding. While these costs are modest for A- and B-
DNA, they are larger (about 10—15 kcal/mol) for Z-DNA. A-
and B-DNA exhibit similar free-energy profiles for bending

but

toward minor grooves, but they show deviations when bending
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toward major grooves. Z-DNA requires more energy to bend,

there appears to be no preference for a given DB direction.

This is because the minor groove in Z-DNA is deep and narrow,
while the major groove is nearly nonexistent. Finally, we note

https://doi.org/10.1021/acs.jcim.5c00541
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8
forms.”

that in contrast to FB, DB has its minimum at 0° and remains
quite small until about 30°.

To gain further insight into the bending process, Figure 5(a)
presents an explicit comparison of the FB and DB results for
bending toward the major and minor axes in B-DNA. First, we
emphasize that the two collective variables, § = 2 cos™'(q,) and
¢ = 2tan"'(4 - ¢/qp), used in the FB and DB procedures,
respectively, are equal only when ¢, the vector part of the
quaternion, aligns with the axis of rotation, ¢, or when 6 and ¢
are exactly zero, i.e., in the absence of rotation (see Supporting
Note 3 for proof of this). The plot reveals that for small bending
angles up to about 75°, FB resembles bending toward the major
groove; for larger angles, the behavior reverses, with a crossover
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favoring the minor axis. This effect is due to a small asymmetry in
the B-DNA helical structure, i.e., groove width. The difference in
the minimum points of the free-energy profiles in the FB and DB
procedures is due to the nature of the two collective variables—
orientation angle and spin angle—used in these procedures.

Figure 5(b) shows the free-energy landscape as a function of
bending toward the yaw and pitch principal axis (as obtained
with the ABMD method). The plot shows that the preferred
bending angle is somewhere between the two principal axes;
while bending toward the pitch axis is symmetric, bending
toward the yaw axis is asymmetric. This indicates a small but
clear preference for bending toward the major groove at small
angles.

https://doi.org/10.1021/acs.jcim.5c00541
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Figure 7. Representative structures for the middle bases of (CG),C in A-, B-, and Z-form. The middle bases correspond to residues 7—9 on one strand
and complementary residues 22—24 on the other strand. The percentages indicate the occurrence of the conformations represented by the shown
structures at a high range of bending angle (110—130°) toward major groove.

Structural Characteristics of Bent DNA. We analyzed the
structural characteristics of the bent DNA in terms of its local
helical properties. Our analysis is restricted to the eight middle
base pairs, which are free to move during the bending process.
Base-pair/step descriptors are quantitatively reliable only while
the helix is largely intact; thus, we treat them rigorously only for
small bending angles (<50°). Beyond that range, where base
pairs may be disrupted or sharp kinks appear, we quote these
values qualitatively and rely on the global metrics discussed
below. Their role here is simply to confirm the direction of the
imposed bend and to illustrate broad structural trends. Bending
can be divided into three regimes termed moderate (10—30°),
high (80—100°), and severe (110—130°) given the bending
angle. Results for restrained DB toward the major groove are
shown in Figures 6 and S6 for the minor groove.

Bending toward the major groove is evidenced by the collapse
of the major groove and expansion of the minor groove,
particularly for the A- and B- forms (Figure 6). The reverse
phenomenon occurs when bending toward the minor groove (SI
Figure S6). This is in agreement with the previous RNA bending
work,* which suggests that the collapse of the groove width can
be the mechanical trigger for bending in equilibrium. Addition-
ally, the transition from A-DNA to B-DNA is evidenced in terms
of the slide and groove width even for small bending angles. On
the other hand, Z-DNA shows a high degree of rigidity when
subjected to bending in either the major or minor groove,
signifying a distinct behavior compared to the A- or B-forms.
Bending perturbs the base-pair parameters and the base-pair
step parameters of the middle bases, but the effects on the other
bases are small. Twist, tilt, and roll all describe the relative
orientations of the steps. The average twist decreases when DNA
bends, indicating helical unwinding. The tilt angle is also
disrupted, particularly in A- and B-DNA, but the changes are less
pronounced in Z-DNA. Positive roll accompanies bending
toward the major groove, whereas negative roll tracks bending
toward the minor groove. Roll thus records the direction of
bending but is not its microscopic cause; it is simply a geometric
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consequence of the underlying deformation. It is interesting that
the central steps of the A- and B-form show a substantial positive
roll, suggesting discontinuous bending or kinks of type I. The
significant roll deformation is associated with CpG steps, where
the stronger GpC steps are more resistant to bending. The high
positive roll is connected with the narrow major grooves.” We
note that distinct backbone conformers can share nearly
identical base-pair/step values; classification such as NtCs*®
would separate those states, but that additional analysis is
complementary and lies outside the scope of the present work.

The conformational changes that occur during bending may
also be assessed using the concept of handedness which was
introduced in ref 83 (the definition of which can be found in the
SI, Supporting Note 9, and Figure S7) and the radius of gyration,
particularly when the base-pairs undergo severe disruptions. By
definition, handedness is positive for right-handed A-DNA and
B-DNA, zero for a nonhelical duplex, and negative for left-
handed Z-DNA. The histograms of work versus these quantities
are given in SI, Figures S8—S9. For the middle bases of all DNA
forms, there is an increase in the radius of gyration with
increasing bending angle, especially for configurations that
require a lower amount of work. In other words, the middle
section of DNA expands as it bends, although the two ends of
DNA get closer, and the total radius of gyration decreases (not
shown). While all forms unwind, Z-DNA remains left-handed
and undergoes less evident untwisting and expansion because it
requires more work for a given value of handedness and radius of
gyration, which underscores its rigidity. The spread of the
distributions in these maps indicates a significant amount of
structural variability.

We now turn to the dynamic fluctuations of the double
helices, which were analyzed in terms of Principal Component
Analysis (PCA). We applied the formalism to all the heavy
atoms during the bending from 10—130°, for bending toward
the major groove. See SI for the details of calculations. The
results indicate that the first four PCs account for more than 95%
of the fluctuations. A visual examination of the trajectories
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generated by the PCA reveals that the primary motion is related
to the bending mode, which is unsurprising given that we are
biasing the DNA structures to bend. The remaining modes
correspond to other degrees of freedom that are generally not
sampled during our biased sampling. Specifically, the second
mode corresponds to tilting in a direction orthogonal to the
bending direction, while the third mode highlights bending in
the middle section of DNA and distortions corresponding to
base opening, staggering, and propeller motion. Lastly, the
fourth mode represents stretching. All of these dynamical
fluctuations are in line with the structural characteristics already
discussed.

To gain further insight into the microscopic aspects of the
bent DNA, we have also probed the van der Waals energy and
number of hydrogen bonds; the results are given in SI Table S4.
As may be expected, as the bending angle increases, both
quantities decrease for all the duplexes. Given that the average
van der Waals energy is a measure of the stacking for the middle
steps, it is clear that bending reduces the bases’ ability to form
preferred stacking stabilizing the double helical structures. The
same is true for the hydrogen bond number. However, we found
no significant correlation between backbone torsion angle
change and bending in right and left-handed DNAs, indicating
that backbone dihedral angles are stable under bending.

Generally speaking, for bending up to 100°, the helices remain
unharmed. Above this threshold, localized kinks (one or two
steps), wobbling/melting (a series of successive steps), flipped-
out bases, or other disruptions were observed in different
locations near the bends. We have organized the bent structures
of the central bases in the highly bent regime toward the major
groove into four groups based on the PCA data. The details of
the clustering analysis are provided in SI (Supporting Note 10).
Representative configurations and respective populations of
these clustered groups are depicted in Figure 7. In the case of A-
or B-DNA, the first cluster is characterized by configurations
that have a high roll (~20—80°) and a broken base pair. The
second and third clusters resemble a type I kink, with a large roll
and the unstacking of a single base pair with minimal disruption
of neighboring bases. The fourth cluster, on the other hand,
represents conformations in which the central base pair is
broken and the bases are on top of each other. For Z-DNA, the
first cluster also exhibits a kink with a large roll angle. The second
and third clusters display bending rigidity toward either the
major or minor groove, thus differing from A- and B- forms. Both
clusters display broken base pairs with more intense distortion in
the third cluster (local melting). The fourth cluster is less
distorted but unwound. These configurations show explicitly
that DNA bending can result in various conformations,
including type I kinks, broken base pairs, unstacked bases, and
local melting (type II kinks).

lon Distribution and Impact of Length on Bending. We
also investigated the ion distribution around the bent (CG),C
DNA structures, and found that the cations (Na*) from the
surrounding solution gather on the concave side, screening the
repulsion between phosphate groups and reducing resistance to
further DNA bending, which is consistent with previous work.*’
In terms of the atomic structure, the sites associated with the O2,
N3, N2 (in the minor grooves), and 06 (in the major grooves)
and backbone atoms OP1,0P2 in A- and B-form (see SI Figure
S10 for an atomic depiction) are able to localize the cations to
varying degrees. Figure 8 gives a visual representation of the ion
densities around the DNA structure under moderate (20°) and
high (120°) bending angles toward the major groove. Given the
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A-DNA

Figure 8. Ion cloud densities around the (CG),C duplexes in two
regions of bending: (a) weak (20° toward major groove, top panel) and
(b) strong (120° toward major groove, bottom panel). The blue regions
show volumes with a high ion density, while the red regions indicate
areas of relatively low ion densities.

sensitivity of Z-DNA toward the presence of additional salts, we
have also calculated the DB of Z-DNA toward the major groove
with and without 0.2 M additional salt as shown in Figure 9b.
The free energy is roughly 2—3 and 5—7 kcal/mol higher in the
low and moderate bending regions, respectively, in the absence
of additional salt (red curve), than in the 0.2 M NaCl case (black
curve). Our data in the high bending range is too noisy to draw
any firm conclusions.

Finally, we have also probed the length dependence of the FB
of DNA. Figure 9a shows the corresponding free-energy curves.
The results suggest that DNA bending is length-dependent,
particularly for moderate-to-high bending angles. The results
show that longer DNA segments tend to bend more easily
compared to shorter segments, although this effect is modest.
Most probably, this is because longer DNA segments have more
degrees of freedom and can adopt a wider range of
configurations, making them more flexible and slightly easier
to bend.

Bending CCG and GGC Trinucleotide Repeat DNA. We
now examine the effects of bending on DNA strands with CC
and GG mismatches, which are characteristic of trinucleotide
repeat duplexes. The bending of six trinucleotides listed in Table
1 were examined and results were compared to their canonical
counterparts. It is important to remember that some of these
sequences form complicated structures with extruded base pairs.
Thus, (GCC); (CpG steps between mismatches) forms a so-
called e-motif structure in which the CC mismatches symmetri-
cally flip out of the minor groove when the helix is in its B-form,
while the (CCG)s (GpC steps between mismatches) remains
stable with the mismatches remaining inside the helical core in
an anti—anti conformation.>®> The G-rich sequences, i.e.,
(CGG)s and (GGC); can exist in both the B- and Z-DNA
forms. In the B form, the GG mismatches remain in the helical
core with an anti-syn formation for both the CGG and GGC
reading frames. Similarly, the GG mismatches also prefer to
remain inside the helical core for CGG Z-DNA (GpC steps
between mismatches), although the helix tends to stretch.”” On
the other hand, the GG mismatches are extruded for GGC Z-
DNA (CpG steps between mismatches) and the structure favors
the formation of pseudo-GpC steps.”” We investigated the
bendability of GGC Z-forms having longer lengths, as this
particular structure demonstrates stability when featuring 8 or
more mismatches. In addition, both GGC and CGG Z-forms
require a high salt concentration (5.0 M) to maintain stability.””
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Free-Energy Profiles. FB free-energy curves for trinucleo-
tide repeat structures that are C- or G-rich are shown in Figure
10 (for the B-form) and 11 (Z-DNA). These free-energy profiles
resemble their (CG) counterparts: the free-energy minima are
located at a nonzero bending angle, the curves are approximately
quadratic up to around 50° and then continue to rise in a ‘linear’
fashion beyond that. Bending free energies for the B-DNA form
with mismatches are less than those in ideal B-DNA, indicating
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that mismatched structures are more flexible and therefore easier
to bend. While this effect is only modest for B-DNA, it is
considerably larger for Z-DNA indicating that base extrusion
considerably reduces the stiffness of the left-handed helices.

In C-rich B-DNA duplexes, the FB free-energy minima for
(GCC)s and (CCG)g occur at 20 and 32° respectively,
indicating that the equilibrated configurations of these
sequences (particularly (CCG);) bend more than the canonical
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CG B-DNA. The bending up to 150° requires roughly the same
amount of free energy for both reading frames, and about 4 kcal/
mol less than the corresponding ideal B-DNA. The bending free-
energy curve of (GCC)j is typically lower than the profile of
(CCG);, whereas the profile of (GCC); is more similar to (CG)
up to roughly 90°. This is most likely due to the extrusion of CC
mismatches in (GCC)s, which forms CpG steps and GpC
pseudosteps like those in canonical B-DNA. At high bending
angles, we observe a change in slope for both (CCG)s and
(GCC)j reflecting the considerable deformation of the helices
for these angles.

Figure 10b shows the impact of GG mismatches on the FB
free-energy profile of (CGG); and (GGC); in their B-form. The
GG mismatches are bulky, but more stable than their CC
mismatch counterparts®® and therefore tend to stay within their
helical core. The presence of these mismatches causes the
duplexes to naturally bend more, as the minimum free energy is
now shifted to 42 and 28°, respectively. Both reading frames
have a comparable free-energy profile, with a total free-energy
difference of 3 and S kcal/mol less than that of the ideal CG B-
DNA at 150°.

The FB free-energy profiles for CGG and GGC Z-DNA are
shown in Figure 11a. The lowest free energy is found at 22° for
both (CGG); and (GGC)g Z-DNA. The free energy required to
bend up to 150° for (CGG)s and (GGC)g is 13 and 16 kcal/mol,
respectively, which is around 13 and 10 kcal/mol less than for
regular Z-DNA. The G-rich Z-DNA TRs require the least
amount of energy to bend among all TRs studied here. This is
primarily due to the extrusion of the mismatched Gs from their
helical core. At high bending angles, CGG Z-DNA appears to be
more bendable than GGC; it tends to unwind and stretch more.

Using the DB protocol, we explore the preferred direction of
bending and the relative stability of (CCG)s, (GCC);, (CGG);,
and (GGC); in their B-form and (CGG); and (GGC)j in their
Z-form. Overall, several distinct bending processes were
observed, with some structures losing their helical shape and
melting. Figure 12 depicts free-energy profiles of C- and G-rich
B-form sequences for DB toward the minor and major grooves;
this process is sequence-dependent. The total free energy
required to bend (CCG); up to 150° toward the major groove is
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less than that to bend toward the minor groove. The same holds
for (GCC);, so that bending toward the major groove is
preferred for C-rich sequences. In contrast, the preferred
bending direction for G-rich sequences is somewhat angle-
dependent. We find that (CGG); requires nearly zero free
energy for bending toward its major groove up to about 60°,
while this is true only for up to 30° for (GCC),. (GCC);
requires more work to bend toward the major groove than
(CCG); up to around 100°. The total free energy for bending
these two duplexes up to 150° toward the major groove is
similar. Turning to the G-rich sequences, we observe that for
(CGG); in B-form there is no substantial difference for bending
toward either groove. In contrast, (GGC); displays crossover
behavior with bending toward the major groove preferred at
large bending angles. Turning to the Z-form TRs, there is no
preferred bending direction in terms of the major or minor
groove, as expected (Figure 11b). Both (CGG); and (GGC)s
require similar amounts of free energy for DB. However, because
(GGC)y is longer, it is in principle easier to bend than the
corresponding (CGG)s.

Structural Characteristics of Bent DNA with Mis-
matches. We analyzed the structural characteristics and
dynamical fluctuations of the TR helices similar to those of
the corresponding canonical helices. Turning to the latter, these
were analyzed with PCA applied to all heavy atoms. The results
indicate that the fluctuations are mostly sequence independent,
although the intensity of the motion and base-pair distortions
may vary. Our results show that the dynamical fluctuations in the
presence of mismatches are somewhat more complex than those
of regular DNA, as now the first five—seven PC components are
needed to account for 95% of the variance. Similarly to regular
DNAs, the first PC, which accounts for more than 65% of the
movements, corresponds to the bending mode. The second and
third PCs reveal tilting in two opposite directions; both being
orthogonal to the bending direction with a numerical value of
about 10%. The fourth PC highlights bending and distortions in
the middle section of the DNA (about 5%); the remaining PCs,
which account for less than 10% of the total motion, are related
to stretching and/or twisting.
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Figure 13. Representative bent conformations for clusters containing CC and GG mismatches. For the B-form conformations, shown are the middle
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We have also examined the atomic structures formed during
bending and briefly discuss our observations at high bending
angles (roughly 110—130°). Our analysis here focuses on the
middle base pairs (two base pairs away from either side of the
central base pairs). We have classified the different atomic
configurations and the most prominent ones along with their
frequency are shown in Figure 13. For the most part, we observe
that the distortions at high bending angles consist of base pairs in
a type II conformation. The exceptions are the first two clusters
of CCG B-DNA; all other B-form clusters correspond to
unstacked or flipped-out mismatched bases. Unstacking and
base flipping are also common in bent CGG Z-DNA, while
mismatches in GGC Z-DNA are extruded and dynamic. Here,
structures with CpG steps are relatively stable, although they
lose stacking with their neighboring pseudo-GpC steps.

While analyzing helical parameters in the presence of
mismatches reveals patterns similar to those of the ideal forms
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(see SI Supporting Note 11 and SI Figure S11), we instead focus
on the correlation of global parameters such as handedness,
radius of gyration, C1'—C1’ distance, and the base flipping angle
(CPD1 and CPD2,” see SI Figure S12) with bending. The
correlation between these parameters and bending angle is
illustrated in the scatter plots found in SI Figures S13—S15. As
anticipated, local handedness and radius of gyration decrease
and increase, respectively, as the bending angles are increased.
We note that the data is quite noisy with considerable
fluctuations. Bending tends to affect the C1’-C1’ distance,
particularly for large bending angles, and is sequence-dependent
(it may either increase or decrease). The plots of CPD1 and
CPD2 indicate that base flipping occurs primarily at high
bending angles (above 90°), which is consistent with previous
findings.”' Again, the results suggest that the relationship
between bending and base flipping is sequence-dependent.
Thus, the CGG Z-DNA helix experiences significant base-flip
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fluctuations even at small bending angles. Finally, the results
indicate that bending weakens hydrogen bonding and stacking
energy (as seen in SI Table S4). However, there appears to be no
significant correlation with the backbone angles (data not
shown).

B DISCUSSION

The ability of nucleic acids to bend is an important feature, with
many biological implications. Bending plays an important role in
gene replication, the repair of DNA, its interaction with many
proteins, and its storage inside cells and in many other biological
processes. Given the importance of bent DNA, we have
undertaken a systematic investigation of the free-energy costs
and structural characteristics of bent CG-rich DNA in its various
helical forms, with and without mismatches.

Free Energy of DNA Bending Was Studied Using Novel
Quaternion Collective Variables. The free energy of bent
DNA was evaluated by three different methods, US, ABMD, and
SMD — with all making use of novel quaternion collective
variables. Just as complex numbers expand upon real numbers in
two dimensions, quaternions elegantly extend this concept to
four dimensions, offering a novel method to calculate three-
dimensional rotations that is computationally more efficient.
This approach not only proves convenient but also enables the
bending of DNA in two distinct ways: the orientation angle or
free bending, FB, in which the bending direction can move out of
the plane, and the spin angle or directed bending, DB, in which
the bending direction remains in the specified plane. Since the
quaternion collective variables bias only the mass center of two
ends of the DNA molecule, the method allows for the
continuous bending of DNA which retains its full conforma-
tional flexibility, allowing the base pairs to adopt their preferred
conformations. In terms of biasing methods, all three US, SMD,
and ABMD approaches yielded similar free-energy curves.
However, computationally we found relatively ‘slow” SMD to be
the most convenient for our investigations of DNA bending.

Free-Energy Curves for Bending A-, B-, and Z-DNA are
Similar for Small Bending Angles, but Deviate from Each
Other for Large Bending Angles. The free-energy curves for
the different CG helical forms are quite similar, especially for
small bending angles of up to around 45°. Bear in mind, A-DNA
generally appears only under dehydrating or protein-bound
conditions, and Z-DNA is favored by high-salt, negative
supercoiling, or CpG methylation. In terms of FB, the free
energy has a small nonzero value of about 5 kcal/mol at zero
bending, which then drops to zero at about 15°, turning upward
in a quadratic form to about 45—60°. The initial free energy dip
for FB is due to an entropic increase associated with the large
number of ‘slightly’ bent DNA configurations sampled during
the simulations. Over this regime, the free-energy curves for the
different CG helical forms track each other quite closely. The
transition between A- and B-DNA helices resulted in converged
free energy curves over the entire bending regime. On the other
hand, for larger bending angles, the Z-DNA free-energy curve
begins to show significant deviations from the A- and B-DNA
curves. The left-handed Z-DNA helices, which tend to unwind at
larger bends, are somewhat stiffer than the right-handed DNA
helices.

DNA bending is anisotropic, and so we investigated bending
toward the major and minor grooves. In contrast to FB,
restrained bending toward a direction is characterized by a
minimum at a zero bending followed by a harmonic increase in
bending costs to about 40° for all the helical forms. For larger
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angles, we observe deviations between the right- and left-handed
helical forms with the highest costs associated with Z-DNA, as in
FB. Large angle bending costs for Z-DNA toward either groove
are quite similar, as Z-DNA does not distinguish well between
the two types of grooves.

Contrasting the FB and DB free-energy results for CG B-DNA
bending, we find that FB costs somewhat less than DB.
Moreover, there is crossover behavior associated with DB, with
bending toward the major groove costing less at small bending
angles and more at large bending angles than bending toward the
minor groove.

We Have Characterized the Mechanisms Associated
with the Bent Helical Forms. The overall pattern observed in
bent structures suggests that bending coincides with helical
untwisting and stretching. However, bending did not result in a
transition from right-handed to left-handed DNA, or vice versa.
There was some evidence that bending facilitates the transition
from A- to B-DNA, although such a transition takes place, even
in the absence of bending. A structural investigation of the
duplexes reveals that the curvature is spread evenly over the
helices for small to moderate bending angles. Generally
speaking, the helices remained whole for bending angles up to
about 100°; for larger bending angles, localized kinks, wobbling/
melting, flipped-out bases, and other localized disruptions were
observed depending on the form and sequence of the duplexes.
Both Type I and Type II kinks were observed in our simulations.
Type 1 kinks, with a high roll angle in a single base-pair, were
mostly seen in A- or B-DNA, while base opening and flipping
and type II kinks were more commonly associated with Z-DNA
bending. Bending strongly affects the middle bases around a
given kink, but its effects on bases farther away are relatively
small. However, it is important to note that the inherent
limitations of the force fields could exagggerate the effects of
bending on base stacking/unstacking. *=9% Therefore, the
unstacking events observed in our simulations might not fully
reflect the behavior of DNA under physiological conditions.
While our observations provide valuable insights into the
conformational changes during bending, they should be
interpreted with caution and viewed primarily as a comparison
among the different forms and sequences.

We also studied the ion distribution around the bent
structures. For the most part, cations gather on the concave
side of the bent helices, where they help screen the repulsion
between backbone phosphate groups. This then works to reduce
the resistance to further bending.

CCG and GGC Trinucleotide Repeat DNA Show Less
Rigidity than the Ideal DNAs. We have studied the bending
free energy of triplet repeat DNA based on CCG, GCC, GGC,
and CGG duplexes characterized by either CC or GG
mismatches. In broad terms, the FB and DB free-energy profiles
resemble their CG counterparts for various helical forms.
However, bending costs for duplexes with mismatches are less
than those of helices without mismatches, showing that
mismatched structures are more flexible and easier to bend,
which in turn is due to the lower stability of the helices under the
presence of mismatches. While this effect is relatively modest for
B-DNA, it is larger for Z-DNA indicating that extruded bases
(present in GGC Z-DNA) considerably reduce Z-DNA stiffness.
This is interesting as DNA flexibility plays an essential role in the
recognition and repair of mismatched nucleotides.””>™" In
terms of the DB, results are sequence-dependent. For C-rich
sequences, bending toward the major groove is preferred, while
for G-rich sequences, the bending direction varies for different
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angle regimes. We note that G-rich TRs in their Z-form are the
most flexible in terms of bending. Our induced bending reveals a
pattern of hydrogen bond weakening, unstacking, base flipping,
local melting, and distortion of helical parameters that is similar
to, but not identical to, their matched counterparts.

B SUMMARY AND CONCLUSIONS

While the persistence length of approximately 150 base pairs
effectively describes DNA’s flexibility at larger scales, such as
chromatin packaging, its bending behavior at shorter-length
scales displays intricate complexity. This fine-grained flexibility
is critical for crucial protein—DNA interactions, as exemplified
by the mismatch repair system, where precise DNA bending and
manipulation are essential for error correction. In this study, we
examined the bending free energy of short DNA helices,
focusing on various helical forms and trinucleotide repeat
sequences with and without mismatches.

By introducing a novel orientation quaternions formalism for
the first time into the AMBER simulation package’’ and
combining it with a variety of sampling methods, we quantified
the energetic costs and structural characteristics of DNA
bending. Our method allowed us to bend DNA in distinct
ways and revealed quadratic variations in bending free energy for
moderate bending, followed by linear trends for larger angles.
Notably, left-handed Z-DNA exhibited the highest rigidity
among canonical forms. We identified type I and type II kinks
depending on sequence and helical form, with high flexibility
observed in the presence of mismatches, particularly in Z-form
CGG and GGC repeats. The use of quaternion collective
variables not only enabled us to explore the orientation of
bending but also allowed us to expand our calculations to a
particular direction of bending, which sheds light on the
mechanics of DNA bending, uncovering the energetic landscape
and preferred bending directions. We observed distinct bending
behaviors across helical forms and sequence variations, high-
lighting the role of mismatches in modulating DNA flexibility.
Our findings offer new insights into the global conformational
flexibility of short-length DNA molecules and have implications
for various biological processes, including transcription factor
binding and nucleosome formation. Furthermore, our study
contributes to the understanding of DNA-repair mechanisms,
particularly in the context of trinucleotide repeat expansion
disorders, by elucidating the structural consequences of bending
and its possible impact on mismatch recognition.
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