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ABSTRACT

Houghton (HG) base pairing plays a central role in the
DNA binding of proteins and small ligands. Probing
detailed transition mechanism from Watson–Crick
(WC) to HG base pair (bp) formation in duplex DNAs
is of fundamental importance in terms of revealing
intrinsic functions of double helical DNAs beyond
their sequence determined functions. We investi-
gated a free energy landscape of a free B-DNA with an
adenosine–thymine (A–T) rich sequence to probe its
conformational transition pathways from WC to HG
base pairing. The free energy landscape was com-
puted with a state-of-art two-dimensional umbrella
molecular dynamics simulation at the all-atom level.
The present simulation showed that in an isolated
duplex DNA, the spontaneous transition from WC to
HG bp takes place via multiple pathways. Notably,
base flipping into the major and minor grooves was
found to play an important role in forming these mul-
tiple transition pathways. This finding suggests that
naked B-DNA under normal conditions has an in-
herent ability to form HG bps via spontaneous base
opening events.

INTRODUCTION

The inherent flexibilities of double helical DNAs facili-
tate spontaneous conformational fluctuations, which in-
duce base pairs (bps) to adopt different geometries other
than those dictated by the conventional Watson–Crick
(WC) base pairing. Hoogsteen (HG) base pairing is an al-
ternative base-pairing scheme for DNA double helices (Fig-
ure 1A) (1–3). Geometrically, HG bp in duplex DNAs can
be formed by a 180◦ rotation of a purine target base (ade-
nine A or guanine G) in a WC bp about its glycosidic bond
(C1’-N9) from an anti (WC) to a syn (HG) conformation.
Such excursion from the canonical base stacking places HG
bps in substantially different structural and chemical envi-

ronments and makes the HG bps specific binding sites for
proteins and small drug molecules. The existence of HG
DNA was first demonstrated in crystal by Subirana et al.
(1). Until now, HG base pairing has been observed primar-
ily in damaged DNAs and duplex DNAs complexed with
enzymes and small ligands (4–10). However, for many rea-
sons, experimental observation of HG bps in free duplex
DNA has been a difficult and elusive task (11). Recently,
a major breakthrough was made regarding the identifica-
tion of such HG bps in naked B-DNA using a nuclear mag-
netic resonance (NMR) relaxation method. More specifi-
cally, Nikolova et al. were able to trap the HG bp in free
adenine–thymine (A–T) rich DNA duplexes (12). Notably,
they showed that this alternative bp can exist as transient
entities in thermal equilibrium with the WC bp and that
for example lifetimes of the transient HG bp state of A6-
DNA are 0.3 ms for A–T pair and 1.5 ms for G–C pair (See
Figure 1B for the sequence of A6-DNA). This finding is of
great importance, because it shows that a free double heli-
cal DNA has an intrinsic ability to modulate its function by
undergoing a spontaneous conformational switch between
WC and HG bps. Furthermore, a more recent NMR study
on an expanded test set of free duplex DNAs indicated that
transient HG bps could be formed more broadly across di-
verse sequence and positional contexts (13). Although ear-
lier NMR studies significantly advanced our understand-
ing of the dynamics and thermodynamic stability of the HG
bp state by measuring transition rates and equilibrium con-
stants between the WC and HG bp states, detailed pathways
for these bp transitions have not been resolved experimen-
tally.

All-atom molecular dynamics (MD) simulations pro-
vide a powerful computational means for investigating
biomolecular systems, and can be used for studying con-
formational dynamics and structures of the WC and HG
bp states in DNA duplexes. In earlier simulation studies,
Orozco et al. (14) performed MD simulations on antiparal-
lel HG duplexes (poly AT sequences) to probe their stability
in aqueous environment. Their study indicated that the HG
duplex closely captured the B-form DNA and could be a
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Figure 1. (A) Schematic diagram illustrating the transition from Watson–
Crick (WC) to Hoogsteen (HG) base pairing. (B) Base sequence of the
A6-DNA studied in this work. The A16-T9 base pair highlighted in a blue
rectangular box is the location where the transition from the WC to HG
base pair takes place. The adenine base (A16) is the target base for the base
flipping and � -angle rotation.

feasible structure in water. Recently, an all-atom level conju-
gate peak refinement (CPR) method (15) under generalized
Born implicit solvation (16,17) for several A-tract duplexes
suggested a possibility of multiple routes for the WC/HG
bp switching based on the minimum potential energy crite-
rion (12). Although this CPR result shed light on mecha-
nistic aspects of bp transitions, it raised interpretative con-
cerns due to the complete omission of an entropic contri-
bution (-TΔS). Furthermore, this computational approach
involved the use of the implicit solvation model, which was
recently shown to overestimate overall energetics for base
flipping of duplex DNAs (18). Therefore, to produce more
reliable pictures of the bp transition process, an all-atom
level computation of free energy landscape under explicit
solvation is required. As shown by the previous NMR study
(12), the bp switching is known to have large free energy
barriers, and this constitutes a computational bottleneck
for exploring conformational space relevant to such tran-
sitions. Therefore, for the production of free energy land-
scapes involving substantial activation energy barriers, the
umbrella sampling MD simulation offers a promising com-
putational strategy. This method can yield a potential of
mean force (PMF), which corresponds to a free energy pro-
file as a function of reaction coordinates. In the context of
the umbrella sampling MD, PMF profiles can be simulated
by introducing a set of harmonic biasing potentials centered
at discrete points of predefined reaction coordinates. In this
regard, proper reaction coordinates should be defined for
PMF simulations. In the transition from WC to HG base
pairing for the target A–T bp, the � -angle of the purine
base is a natural variable describing the glycosidic bond ro-
tation from an anti to a syn position, thereby making this
angle one of the possible reaction coordinates (Figure 2A).
Furthermore, it is likely that the � -angle rotation can occur
in concert with base flipping. Bp flipping (or base opening)
is an excursion of a target base in the canonical stacking
(A–T or G–C) to an extrahelical position and is coupled
to changes in specific backbone dihedrals and certain heli-

Figure 2. (A) Definition of glycosidic angle (� -angle) for adenine (purine
residue in middle of the right side). The � -angle is a dihedral angle defined
by four consecutive atoms: O4’, C1’, N9 and C4. The glycosidic bond is de-
fined between C1’ and N9. An anti-conformation such as WC conformer
is defined for -180◦ ≤ � ≤ -90◦ and a syn-conformation such as HG con-
former is defined for −90◦ ≤ � ≤ 90◦. (B) Definition of CPDb angle. This
angle is a pseudodihedral angle consisting of P1-P2-P3-P4. The P1 is the
center of mass of the atoms enclosed by the red rectangle, which corre-
sponds to the upper and lower base pairs. The P2 and P3 are the center of
masses for two phosphate groups. The P4 is the center of mass of the five-
membered ring in the target purine base. Base flipping into the major and
minor grooves corresponds to CPDb > 0◦ and CPDb < 0◦, respectively.

cal distortions such as untwisting and bending. This base
flipping process allows DNA modifying or repair enzymes
to access specific bases in duplex DNAs and is recognized
as a mechanistic requirement for translation, DNA replica-
tion and DNA repair. Due to its fundamental importance
for understanding the intrinsic functions of duplex DNAs,
base flipping has been the subject of extensive experiments
(19,20) and computer simulations (18,21–26). In particular,
previous all-atom base flipping simulations on free DNA
(18,21–26) and protein/DNA complex (27–29) have pro-
vided much insight of this event at atomistic resolution. All
these simulations emphasized purely base opening, indicat-
ing that purine base flipping has a lower free energy barrier
than that of pyrimidine case and occurs more favorably in
the major groove than in the minor groove. Base flipping is
energetically unfavorable due to the disruption of hydrogen
bonds in the WC state and loss of stacking interactions with
neighboring bps. Nevertheless, as shown by previous NMR
studies on imino proton exchange (30), base flipping occurs
spontaneously, which implies that base flipping is an essen-
tial mode of conformational fluctuations of duplex DNAs
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and that it may well be operative in the transition between
WC and HG bps. In view of base stacking of B-DNA, anti–
syn rotation of the � -angle of the target base can be hin-
dered by repulsive interactions with neighboring bases. In
this regard, base flipping appears to beneficially promote
� -angle rotation by effectively reducing the energetic cost
associated with the hindered rotation. As a consequence, in
the present description of PMF, base flipping and � -angle
rotation were taken into account, though this demanded
a more challenging PMF computation in two dimensions.
In contrast with the geometrically well-defined � -angle, no
unique variable has been defined as a reaction coordinate
of base flipping. Until now, several variants of pseudodihe-
dral angles have been proposed to describe this process. As
was previously shown by one-dimensional (1D) PMF sim-
ulation (26), a pseudodihedral angle (CPDb) appears to be
an effective variable for simulating the base flipping process
(Figure 2B). Therefore, both CPDb and � -angles need to
be included as a set of two-dimensional (2D) reaction coor-
dinates for the present PMF simulation. However, no 2D-
PMF profile for such transition has been reported proba-
bly because 2D-PMF simulations are computationally chal-
lenging due to MD sampling of a large number of umbrella
windows covering a wide range of 2D conformational space
(CPDb, � ).

In the present study, we call our attention to A6-DNA
which has been fully investigated with the earlier NMR
and computer simulation studies (12). The aforementioned
CPDb and � -angles were employed as reaction coordinates
for the adenine in the target bp of A16:T9 in A6-DNA (Fig-
ure 1B), and then 2D-umbrella MD simulation was per-
formed using a modified version of the amber99bsc0 force
field (31) and the tip3p water model (4). A reasonably well-
converged 2D-PMF profile for the WC/HG switching was
obtained by reweighting a set of biased ensembles sam-
pled at 300 K. This reweighting procedure was carried out
using the variational free energy profile (vFEP) method
(32,33). The vFEP scheme appears to be very effective in
the construction of free energy profiles by dealing with mul-
tidimensional umbrella sampling data. In particular, this
method was shown to produce robust PMF profiles even
with smaller numbers of data points and umbrella windows.
Based on the simulated 2D-PMF profile, detailed features
of transition pathways joining WC and HG bp states were
fully characterized.

The simulated 2D-free energy surface at 300 K shows that
the transition between the WC and HG bp states proceeds
via multiple routes with a range of activation free energy
barriers (10–14 kcal/mol). Interestingly, all these pathways
displayed various degrees of base flipping, which suggests
that spontaneous base flipping plays a role in the bp transi-
tion.

MATERIALS AND METHODS

Force field

The choice of the force field is important especially for
DNA simulations. Although the amber99bsc0 force field
(31) was one possible choice for B-DNA simulations, herein
a modified version of amber99bsc0 was employed. The am-
ber99bsc0 was derived from the standard amber99 force

field (34) to improve structural features of B-DNAs by
adding � (O3’-P-O5’-C5’) and � (O5’-C5’-C4’-C3’) tor-
sional terms for the sugar-backbone parameters. It is
well known that amber99bsc0 preserves B-DNA. However,
Chen et al. (35) demonstrated that amber99 somewhat over-
estimates the strength of base stacking in nucleic acids and
biases the � -angle energy profile. In an effort to improve
this force field, they optimized a set of parameters specific
for purine and pyrimidine bases. Their correction scheme
includes the modification of the Lennard–Jones (L–J) pa-
rameters of the heavy atoms (C, N, O) of bases in nucleic
acids and the OW atom of water. Furthermore, in the mod-
ification scheme mentioned above, the � -torsional term was
adjusted to reproduce experimental anti–syn populations
of ribonucleosides and deoxyribonucleosides. Accordingly,
these modified parameters were substituted for the relevant
parameters of amber99bsc0 and used in the present PMF
simulation.

Aggregation simulations of deoxyribonucleosides in water

In an effort to justify a modified version of the amber99bsc0
force field mentioned above, association constants KA of de-
oxyadenosines (dAs) and deoxythymidines (dTs) were cal-
culated from 50 ns aggregation simulations at constant tem-
perature (298 K) and pressure (1 atm) using this force field
in conjunction with the tip3p water. The temperature and
pressure were controlled by the modified Berendsen ther-
mostat (36) and Berendsen barostat (37), respectively. For
the aggregation simulation of dAs in water, a total num-
ber of 16 dAs were solvated by 19 731, 23 677 and 29
596 tip3p water molecules for the three concentrations of
0.0450, 0.0375, 0.0300 m (moles/kg solvent), respectively.
From three independent simulations for these concentra-
tions, the cluster analysis was performed using one of the
gromacs tools (g clustsize) (38) with respect to the size of
aggregation (monomers, dimers, etc.) and then the associ-
ation constant KA was obtained by the least-square fitting
(39). For the aggregation simulation of dTs in water, a to-
tal number of 16 dTs were solvated by 4439, 5919 and 8879
tip3p water molecules for three concentrations of 0.20, 0.15
and 0.10 m. The aggregation state is defined if the distance
of centers of mass of any two molecules is within 3.5 Å. The
osmostic coefficient φ (40) is defined as

φ = mN

mT
=

∑

i
[Ai ]

∑

i
i · [Ai ]

, (1)

where [Ai] is equilibrium molal concentration of i-mer
species, mN is sum of equilibrium molal concentration of
monomers, dimers, trimers, etc. and mT is initial molal con-
centration of monomer. From the equal K model (assum-
ing all association constants for dimerization, trimerization,
etc. are the same) (39), the association constant KA can be
obtained from

(1 − φ)
φ2

= KA · mT. (2)

The resulting association constants computed from the
MD trajectories using the original amber99bsc0 and mod-
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ified amber99bsc0 force fields are given in Supplementary
Figure S1.

Simulation system for base pair transition

The A6-DNA is a target system for studying the free en-
ergy landscape of bp transitions (Figure 1B). This DNA is
an A–T rich double helix with a B-DNA structure, upon
which an NMR relaxation study was previously conducted
(12). The present simulation system consists of a single A6-
DNA molecule solvated with 8322 tip3p water molecules in
a cubic simulation box of an initial size 56.9 Å. To insure
the compliance with the charge neutrality condition, a total
number of 22 sodium ions were inserted into the system. L–
J potential energies were computed using a cutoff distance
of 10 Å. Electrostatic potential energies were calculated us-
ing the particle-mesh Ewald method (41,42) and a cutoff
distance of 10 Å. All bond distances between heavy and hy-
drogen atoms were fixed by the LINCS algorithm (43). A
time step of 2.0 fs was used. Initially, this system was equi-
librated for 5.0 ns at 300 K and 1.0 atm. The coupling con-
stants for the pressure and temperature control were 1.0 and
0.1 ps, respectively. After a relaxation period of 5.0 ns, the
final box size becomes 55.8 Å, which was then fixed for the
umbrella sampling MD.

Potential of mean force calculations

PMF was defined in two dimensions spanned by (CPDb, � ).
A total number of 13 × 24 umbrella windows was set up,
such that -100◦ ≤ CPDb ≤ 100◦ and -180◦ ≤ � ≤ 180◦. For
the CPDb angle, umbrella samplings of the entire CPDb
space are not pursued here, since free energy values beyond
this sampling interval are too large to produce energetically
realistic pathways. In fact, the present range of CPDb angles
seems sufficient, since the basis is virtually flipped out at
CPDb > |60◦|. The umbrella potential at a rectangular grid
point (i, j) is defined as

Ui, j (CPDb, χ ) (3)

= kCPDb · (CPDb − CPDb0
i )2 + kχ · (χ − χ0

j )2,

where kCPDb and kχ are the umbrella harmonic force con-
stants for the CPDb and glycosidic angles, respectively. The
CPDb0

i and χ0
j are the window center values at a grid point

(i, j). Here, the kCPDb and kχ values were chosen to be 100
and 50 kcal/mol, respectively.

Setting up initial structures for the umbrella MD sam-
pling is not a trivial task, since the umbrella windows need
to cover an extensive range of the conformational space for
CPDb and glycosidic angles. Instead of modeling one initial
structure at a time for each window and repeating this pro-
cess sequentially up to 13 × 24 times, we employed a well-
tempered metadynamics scheme (44) to generate all relevant
initial structures for the present umbrella MD runs. This
is an enhanced MD method for effective conformational
search. For the two reaction coordinates of CPDb and � -
angles of the A16 base, history-dependent external bias-
ing potential (Gaussian type potential) is deposited along
the metadynamics trajectory for each reaction coordinate.
For the metadynamics setting, the initial hill size was 1.0

kcal/mol and the hill deposition was applied every 1.0 ps.
In order to control the biasing potential to a manageable
level, a bias factor of γ = 15 was used. The bias factor (44)
is defined as

γ = T + �T
T

, (4)

where T and (T + �T) are simulation temperature of sys-
tem and fictitious temperature of collective variables (CPDb
and glycosidic angles), respectively. Although this meta-
dynamics MD can sample a broad conformational space
spanned by CPDb and � -angles in a relatively short time,
severe breakdown of the B-DNA backbone structure was
frequently observed in the trajectory. Thus, another mea-
sure was taken to circumvent this unrealistic disruption of
the DNA backbone. Here, the heavy atom positions of the
upper (A17-T8) and lower (C15-G10) bps from the target
A16-T9 pair position were restrained with a force constant
of 2.4 kcal/Å2, which well maintains the B-DNA backbone
during the exploration of high energy conformations. The
resulting metadynamics trajectory for 50 ns is shown in Sup-
plementary Figure S2. Note that almost every window re-
gion is visited by the trajectory. Thus, any conformation
falling into a window could be a possible initial structure for
that window. Furthermore, when a window region is missed
by the trajectory, any conformation in nearby windows can
be chosen as an alternative initial structure. For each um-
brella window, an initial structure prepared in this way was
equilibrated for 1.0 ns under the corresponding umbrella
potential without the heavy atom restraint of the neighbor-
ing bps.

For the umbrella MD simulation, MD at a canonical en-
semble was applied using the modified Berendsen thermo-
stat at 300 K (36). For each umbrella window, starting from
the initial structure described above, the umbrella MD sim-
ulation was carried out for 20 ns. All biased MD trajectories
were combined together to construct the 2D-PMF profile
using the vFEP method, which is an effective reweighting
scheme based on maximum likelihood functions in conjunc-
tion with direct spline interpolations of free energy profiles
(32,33). It has been demonstrated that vFEP method can
produce robust and reliable free energy profiles even with
relatively small numbers of windows and data points in 1D
and 2D grids. All simulations were carried out using Gro-
macs program (v 4.5.3) (45) and Plumed program (v 1.3.0)
(46).

Simulation convergence

The free energy surface of the bp transition was constructed
by using the vFEP program (32,33) from a total number of
312 biased MD ensembles each of simulation length 20 ns.
In order to check the convergence of this free energy map,
we constructed cumulative free energy surfaces with respect
to simulation time. A series of free energy maps for cumula-
tive times of 5, 10, 15 and 20 ns are provided in Supplemen-
tary Figure S3a, and the errors relative to the free energy
map for the cumulative time of 20 ns are shown in Supple-
mentary Figure S3b. The time series of the free energy sur-
face appeared to remain virtually the same after 10 ns, and
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Figure 3. Time series of the root mean square deviation (RMSD) of (A)
Dickerson dodecamer (DD), (B) WC and (C) HG base pairs of A6-DNA.
Three independent MD simulations at 300 K and 1 atm were performed for
1 �s. All-atom RMSD values excluding terminal base pairs were computed
relative to the references on an ideal canonical B-form (black) and an ideal
canonical A-form (red). For DD, another RMSD profile calculated from
nuclear magnetic resonance driven B-form (PDB entry: 1NAJ) is colored
green and its averaged RMSD value is 2.8 (0.7) Å.

the root mean square error of this energy surface was less
than kBT.

Structural analysis of duplex DNA

To analyze the overall conformations of nucleic acids, we
used the 3DNA program (47,48). This program produces a
set of very extensive DNA bp modes: the intra-bp modes
(shear, stretch, stagger, buckle, propeller, opening) and the
inter-bp modes (shift, slide, rise, tilt, roll, twist) (49). These
bp modes provide comprehensive descriptions of the over-
all deformation of duplex DNA. For two force fields (am-
ber99bsc0 and modified amber99bsc0), DNA bp parame-
ters were compared.

RESULTS

Force field validation

For the simulation of duplex DNAs, the amber99bsc0 force
field (31), a variant of amber99 force field (34), would be
a suitable choice due to its better description of B-DNA
structures. In this study, we attempted to further improve
amber99bsc0 by employing a modified set of parameters
specifically optimized for base stacking and glycosidic tor-
sion in ribonucleic acids (RNA) (35). Since changes in these
parameters were limited to only the RNA bases, we pro-
posed to apply these parameters to the bases of duplex
DNA. In an effort to justify this correction scheme for
DNA bases, we investigated two association constants of
deoxyguanosines and dTs in water at ambient temperature.
In a similar manner to the case of ribonucleosides, the am-
ber99bsc0 enhanced aggregation of deoxyribonucleosides
in water, but the inclusion of the correction scheme into am-
ber99bsc0 produced association constants more conform-
ing to the experimental result (Supplementary Figure S1).
Thus, the base stacking correction scheme by Chen et al.

(35) seems well transferable to DNA studies without further
optimization.

For additional tests of the present force field, three in-
dependent MD simulations on the WC and HG bp states
of A6-DNA and the B-form of Dickerson dodecamer (DD)
(PDB entry: 1NAJ) (50) were performed for 1 �s at 300
K. From these trajectories, the time series of all-atom root
mean square deviation (RMSD) values of duplex DNA are
given in Figure 3. The averaged RMSD values of DD and
the WC and HG of A6-DNA with reference to the corre-
sponding ideal B-form DNAs are about 3.0 (0.6) Å, 3.7
(0.5) Å and 3.6 (0.6) Å, respectively. In addition, when the
same profiles were calculated from ideal A-form references,
the RMSD values are about 4.9 (0.3) Å, 4.4 (0.7) Å, 4.5
(0.7) Å, respectively. Apparently, this result indicates that
all three DNA systems prefer B-DNA. One notable fea-
ture is that the B-form referenced RMSD value of A6-DNA
is larger than that of DD, suggesting that A6-DNA devi-
ates more from the ideal B-form than DD does. In an ef-
fort to trace such extra distortions of the A-tract oligomer
relative to DD, various DNA structural parameters were
analyzed using the 3DNA program (47,48). Distributions
of local DNA parameters, pseudorotation angle (C1’-C2’-
C3’-C4’) in sugar ring (51) and delta torsional angle (C5’-
C4’-C3’-O3’) are shown in Supplementary Figure S4. Re-
garding the local DNA parameters for both DD and A6-
DNA (Supplementary Figure S4a), the current force field
produced some notable deviations of slide and twist relative
to the survey data and the amber99bsc0 result. Obviously,
such deviations could be an artifact of the modified force
field. Despite caveats in that force field, the predicted ranges
of pseudorotation and delta torsional angles of A6-DNA
and DD (Supplementary Figure S4b) agree with those of
B-form duplex (52). For other base parameters computed,
A6-DNA reveals various degrees of deviations from those of
DD. More specifically, A6-DNA displays increased magni-
tudes of roll, tilt, inclination and propeller twist. To provide
more insight into structural features of A-tract, such param-
eter values were recomputed for each bp position (Supple-
mentary Figure S5). For A6-DNA and DD computed, their
tilt parameters behave similarly, virtually staying around 0◦
along the sequence (Supplementary Figure S5a). Regard-
ing the simulated roll parameter, for DD the roll value is
steadily fluctuating around −2.5◦. On the other hand, for
A6-DNA this parameter remains close to zero mainly in the
A-tract, but noticeable change is observed near the junction
between the A-tract and GC flank (Supplementary Figure
S5b). This means that A6-DNA would be bent primarily
at that junction region. This observation is in line with the
junction model previously suggested for explaining bending
of A-tract (53). In earlier investigations (49–52), it was re-
ported that enhanced propeller twists in A-tract induce the
A-tract to be more rigid and straight by generating bifur-
cated hydrogen bonds. In our simulation, compared to DD,
somewhat increased propeller twist for A6-DNA was found
in the A-tract (Supplementary Figure S5c). Therefore, the
present force field seems to capture some structural features
of A-tract at qualitative level.
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Figure 4. (A) Free energy landscape as a function of CPDb and � -angles (in degrees) at 300 K. (B) 2D-free energy map with possible transition pathways
denoted. The six transition pathways are named as R1, R2 and R3 for clockwise rotation of � and L1, L2 and L3 for counterclockwise rotation of � .
1D-free energy profiles along (C) � and (D) CPDb. In the panels of (C) and (D), the black lines represent effective 1D-PMFs, which were obtained by using
F(χ ) = −RT · ln

[∫
P(χ, CPDb)dCPDb

]
and F(CPDb) = −RT · ln

[∫
P(χ, CPDb)dχ

]
, where P(χ ,CPDb) is the simulated 2D probability distribution

function. The red line in the panel (C) represents 1D-PMF profile of � -angle in the absence of base flipping (CPDb = 0◦). The blue lines in the panels of
(C) and (D) describe the lowest 1D-free energy paths with respect to � and CPDb, respectively.

Multiple transition pathways between WC and HG

The free energy surface for the transition from WC to HG
base pairing at 300 K is given in Figure 4. The topography
of the free energy surface was not symmetric with respect to
the base flipping via major and minor grooves. The free en-
ergy cost to break up the WC bp by the base flipping (up to
CPDb = ±60◦) was somewhat higher in the minor groove
than in the major groove. However, once the target base
fully escapes from the WC basin, the free energy profile is
rather flat and there appears to be little energetic difference
between the major and minor groove pathways. The free en-
ergy difference between the WC and HG pair states was 4.4
kcal/mol, which is somewhat larger than the NMR result
(3.0 kcal/mol) (12). Besides the WC and HG pair states, it is
notable that a locally stable intermediate state (LS) [(CPDb,
� ) = (-57.3, 51.2)] was present in the minor groove, whereas

no meaningful intermediate state was observed in the major
groove. The stability of this intermediate state in the minor
groove is ascribed to enhance stacking interactions between
locally deformed bases in the flipped-out state. An inspec-
tion of the free energy surface revealed at least six transi-
tion pathways (R1, R2, R3; L1, L2, L3) joining the WC
and HG pair states. The existence of multiple pathways is
due to base flipping into either the major or minor groove
in combination with possible clockwise and counterclock-
wise rotations of � -angle. In the clockwise rotation, the A16
purine base is driven to make an edge to face contact with
the C17 pyrimidine base, while in the counterclockwise ro-
tation, the A16 encounters a similar contact with the A15
purine base. Clockwise � -angle rotation produced a group
of pathways R1, R2 and R3, whereas counterclockwise ro-
tation yielded another group of pathways L1, L2 and L3.
As shown in Figure 4A and B, the pathways R1 and L1 be-
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Figure 5. (A) Schematic diagram of the free energy levels of several con-
formational states (WC, LS, TS and HG) along each of the six transition
pathways. (B) Comparison of glycosidic angles in degrees corresponding
to various transition states along each pathway. All transition states fall
into syn-state.

long to a group of small base flipping pathways (CPDb ≤
|20◦|). In this group of pathways, the transition from the WC
to HG bp state is rather straightforward and initiated by � -
angle rotation without much change in CPDb angle. Fur-
thermore, it proceeds toward the HG bp formation through
the TS by allowing only a slight degree of base flipping into
the major groove. The other group consisting of the four
pathways (R2, R3, L2 and L3) involves rather large base
flipping processes (CPDb ≥ |60◦|) that deviate substantially
from the small base flipping pathways. In this case, the base
flipping is accompanied by the � -angle rotation and the
substantial base flipping drives the target base virtually into
a position on the outside of the double helix. Subsequently,
from this opened state, the target base gradually returns to
the closed state for the HG base pairing. The major groove
opening pathways (R2 and L2) exhibit a two-state like be-
havior, whereas the minor groove opening pathways (R3
and L3) seem to deviate from the two-state model due to
possible trapping in the local intermediate state en route.

The free energy map reveals a total of six TSs located in
the major and minor grooves. The major groove opening
pathways exhibits a single TS, whereas the minor groove
opening pathways are associated with two TSs (TS1 and
TS2). The forward activation energy barriers from the WC
to HG base pairing are distributed in the ranges of 10–14
kcal/mol. As shown in Figure 4B, the small base opening

pathways (R1, L1; 10–11 kcal/mol of barrier) are energeti-
cally more favorable than the large base opening pathways
(R2, R3, L2, L3; 13–14 kcal/mol of barrier). Furthermore,
as shown in 1D-PMF profile of the glycosidic angle (� ) rota-
tion (Figure 4C), the activation energy barrier is somewhat
higher in the absence of base flipping (CPDb = 0◦) than in
the presence of base flipping. This implies that base flipping
could play a role in the energetics of bp transition. On the
other hand, as indicated in 1D-PMF of CPDb (Figure 4D),
the major and minor groove base opening processes involve
similar magnitudes of activation free energy barrier: 8.0 and
8.4 kcal/mol via the major and minor groove pathways, re-
spectively. These barriers are in line with a purine opening
simulation result of Lavery et al. (23) using amber99 (7–9
kcal/mol). In summary, a schematic diagram of individual
energetics of the transition pathways is given in Figure 5A
and the progress of anti–syn transition for TS in terms of
� -angle is given in Figure 5B. This figure demonstrates that
all TSs are in the syn-state, indicative of the TS being physi-
cally closer to the HG bp state (syn) in terms of the � -angle.
This finding is in agreement with a previous interpretation
of a late TS based on the �-value analysis of the NMR data
(13).

Representative snapshots of simulated pathways are
shown in Figure 6. This result indicates that deformations
of the double helix occur in complex ways, but the struc-
tural integrity of B-DNA is reasonably maintained during
the course of transition. Although the discrete snapshots il-
lustrated in this figure give useful molecular pictures of the
transition process, detailed distortions of the duplex DNA
caused by the local bp transition may not be fully captured
in Figure 6. In an attempt to provide more comprehensive
descriptions of these pathways, a number of conformational
snapshots for each pathway were processed for animation
using the Chimera program (54). The corresponding movie
files for all six transition pathways are provided in Supple-
mentary data. It is worthwhile to note that the overall struc-
tural responses of duplex DNA to local bp transition are
dramatically flexible and elastic, as depicted by the movie
files.

DISCUSSION

Detailed transition mechanism between the WC and HG
bp in a naked DNA can provide a molecular basis for elu-
cidating inherent functions of duplex DNAs beyond their
genetic codes. To gain insight of transition pathways from
WC to HG base pairing in duplex DNAs, a reasonably con-
verged free energy profile of the A-tract was obtained from
the PMF simulation of 20 ns as a function of the 2D reac-
tion coordinates. Considering that the flexibility of duplex
DNA causes spontaneous structural fluctuations through
base flipping (11), the inclusions of CPDb angle for base
flipping and � -angle for anti–syn rotation were necessary
to obtain realistic descriptions of free energy profiles. Our
simulated 2D-PMF profile at ambient temperature showed
that in addition to the free energy minimum basins of WC
and HG bp states, a relatively stable intermediate state is
located in the minor groove pathway. The current free en-
ergy landscape demonstrated the existence of multiple tran-
sition routes connecting the WC and HG bp states. Hence,
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Figure 6. Representative snapshots along each transition pathway. Here, transition states (TS, TS1 and TS2) and local intermediate state (LS) are shown.
The target base pair (A16-T9) of A6-DNA is modeled as green rectangular boxes and other base pairs are represented as gray rods. Note that the large
base opening pathways via the minor groove (R3 and L3) share the later stage of the transition. Also two counterclockwise transition pathways via the
major groove (L1 and L2) were merged after passing their common TS.

various TSs corresponding to such multiple pathways were
located and their forward activation free barriers are dis-
tributed in a relatively narrow range of 10–14 kcal/mol.
Unfortunately, the magnitude of simulated TS barriers was
somewhat smaller than the NMR value (16 kcal/mol). This
underestimation may be due to adverse effects of using
the modified L–J parameters (35). As shown in this study,
this modification clearly improves base stacking behaviors
and � -angle profiles, but somewhat deteriorates accuracy of
some DNA bp parameters. Noting that such simple correc-
tions could possibly unbalance the force field, a care needs
to be taken when this L–J correction is applied. Eventu-
ally, the gap between simulation and experiment should be
closed through further improvement of the force field.

It should be noted that all these six predicted pathways in-
volve various degrees of base flipping toward the major and
minor grooves. Furthermore, clockwise or counterclock-
wise rotations of the � -angle of the purine base added extra
diversity to the shaping of the multiple transition pathways.
Depending on the extent of base flipping, overall pathways
were divided into two groups of pathways, that is, small and
large base opening routes. The small base opening pathways
are shortcuts in which the bp transition occurs inside the

DNA duplex, whereas the large base opening pathways are
detours involving substantial distortion of the target base
out of the double helix. Energetically, the bp transition ap-
pears to be more likely to occur via small base opening (R1
and L1).

In the current simulation, we showed that spontaneous
fluctuation of free B-DNA in solution could lead to forma-
tion of the HG bp state via diverse transition routes. The
existence of such multiple pathways between WC and HG
bp were also suggested in a previous CPR simulation using
the CHARMM27 force field (12). In the CPR study, how-
ever, a possibility of the minor groove pathway was com-
pletely ruled out. In contrast, the present simulation ap-
proach in the context of 2D-PMF provides more balanced
and extended pictures of HG breathing via major and mi-
nor grooves. Notably, taking advantage of our 2D-free en-
ergy surface, effective 1D-PMFs in terms of � -angle show
that the base flipping mode plays a role in reducing the ac-
tivation free energy barriers of bp transition by some ex-
tent. Clearly, such HG breathing is manifested in intrinsic
flexibility of free B-DNA. Although the present simulation
was focused on a free B-DNA in solution, its application to
DNA/protein complexes would be more interesting. In the
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case of DNA/protein complexes, protein binding can en-
hance the base opening process by greatly reducing free en-
ergy barriers through specific and favorable protein–DNA
interactions (28). Therefore, one would expect that upon
binding to proteins, transition pathways between the WC
and HG base pairing would be altered and that the large
base opening pathways (R2, R3, L2, L3) might possibly be
facilitated by DNA–protein interactions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

Y.P. acknowledges the Korea Institute of Science and Tech-
nology Information for providing the computing facility.

FUNDING

National Research Foundation of Korea [NRF-
2013R1A1A2059437; NRF-2014R1A4A1001690]; Ko-
rea Institute of Science and Technology Information
[KSC-2014-C3-057 to Y.P.]. Funding for open access
charge: National Research Foundation of Korea [NRF-
2013R1A1A2059437].
Conflict of interest statement. None declared.

REFERENCES
1. Abrescia,N.G., Thompson,A., Huynh-Dinh,T. and Subirana,J.A.

(2002) Crystal structure of an antiparallel DNA fragment with
Hoogsteen base pairing. Proc. Natl. Acad. Sci. U.S.A., 99, 2806–2811.

2. Cubero,E., Abrescia,N.G., Subirana,J.A., Luque,F.J. and Orozco,M.
(2003) Theoretical study of a new DNA structure: the antiparallel
Hoogsteen duplex. J. Am. Chem. Soc., 125, 14603–14612.

3. Abrescia,N.G., Gonzalez,C., Gouyette,C. and Subirana,J.A. (2004)
X-ray and NMR studies of the DNA oligomer d(ATATAT):
Hoogsteen base pairing in duplex DNA. Biochemistry, 43, 4092–4100.

4. Jorgensen,W.L., Chandrasekhar,J., Madura,J.D., Impey,R.W. and
Klein,M.L. (1983) Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys., 79, 926–935.

5. Gao,X.L. and Patel,D.J. (1988) NMR studies of echinomycin
bisintercalation complexes with d(A1-C2-G3-T4) and
d(T1-C2-G3-A4) duplexes in aqueous solution: sequence-dependent
formation of Hoogsteen A1.T4 and Watson–Crick T1.A4 base pairs
flanking the bisintercalation site. Biochemistry, 27, 1744–1751.

6. Kalnik,M.W., Li,B.F., Swann,P.F. and Patel,D.J. (1989)
O6-ethylguanine carcinogenic lesions in DNA: an NMR study of
O6etG.C pairing in dodecanucleotide duplexes. Biochemistry, 28,
6182–6192.

7. Gilbert,D.E., van der Marel,G.A., van Boom,J.H. and Feigon,J.
(1989) Unstable Hoogsteen base pairs adjacent to echinomycin
binding sites within a DNA duplex. Proc. Natl. Acad. Sci. U.S.A., 86,
3006–3010.

8. Aishima,J., Gitti,R.K., Noah,J.E., Gan,H.H., Schlick,T. and
Wolberger,C. (2002) A Hoogsteen base pair embedded in undistorted
B-DNA. Nucleic Acids Res., 30, 5244–5252.

9. Yang,H., Zhan,Y., Fenn,D., Chi,L.M. and Lam,S.L. (2008) Effect of
1-methyladenine on double-helical DNA structures. FEBS Lett., 582,
1629–1633.

10. Lu,L., Yi,C., Jian,X., Zheng,G. and He,C. (2010) Structure
determination of DNA methylation lesions N1-meA and N3-meC in
duplex DNA using a cross-linked protein-DNA system. Nucleic Acids
Res., 38, 4415–4425.

11. Frank-Kamenetskii,M.D. (2011) DNA breathes Hoogsteen. Artif.
DNA PNA XNA, 2, 1–3.

12. Nikolova,E.N., Kim,E., Wise,A.A., O’Brien,P.J., Andricioaei,I. and
Al-Hashimi,H.M. (2011) Transient Hoogsteen base pairs in canonical
duplex DNA. Nature, 470, 498–502.

13. Alvey,H.S., Gottardo,F.L., Nikolova,E.N. and Al-Hashimi,H.M.
(2014) Widespread transient Hoogsteen base pairs in canonical
duplex DNA with variable energetics. Nat. Commun., 5, 4786.

14. Cubero,E., Abrescia,N.G., Subirana,J.A., Luque,F.J. and Orozco,M.
(2003) Theoretical study of a new DNA structure: the antiparallel
Hoogsteen duplex. J. Am. Chem. Soc., 125, 14603–14612.

15. Fischer,S. and Karplus,M. (1992) Conjugate peak refinement: an
algorithm for finding reaction paths and accurate transition states in
systems with many degrees of freedom. Chem. Phys. Lett., 194,
252–261.

16. Lee,M.S., Feig,M., Salsbury,F.R. Jr and Brooks,C.L. 3rd (2003) New
analytic approximation to the standard molecular volume definition
and its application to generalized Born calculations. J. Comput.
Chem., 24, 1348–1356.

17. Chocholousova,J. and Feig,M. (2006) Implicit solvent simulations of
DNA and DNA-protein complexes: agreement with explicit solvent
vs experiment. J. Phys. Chem. B, 110, 17240–17251.

18. Brice,A.R. and Dominy,B.N. (2013) Examining electrostatic
influences on base-flipping: a comparison of TIP3P and GB solvent
models. Commun. Comput. Phys., 13, 223–237.

19. Coman,D. and Russu,I.M. (2005) A nuclear magnetic resonance
investigation of the energetics of basepair opening pathways in DNA.
Biophys. J., 89, 3285–3292.

20. Priyakumar,U.D. and Mackerell,A.D. Jr (2006) NMR imino proton
exchange experiments on duplex DNA primarily monitor the opening
of purine bases. J. Am. Chem. Soc., 128, 678–679.

21. Priyakumar,U.D. and MacKerell,A.D. Jr (2006) Base flipping in a
GCGC containing DNA dodecamer: a comparative study of the
performance of the nucleic acid Force fields, CHARMM, AMBER,
and BMS. J. Chem. Theory Comput., 2, 187–200.

22. Banavali,N.K. and MacKerell,A.D. Jr (2002) Free energy and
structural pathways of base flipping in a DNA GCGC containing
sequence. J. Mol. Biol, 319, 141–160.

23. Giudice,E., Varnai,P. and Lavery,R. (2003) Base pair opening within
B-DNA: free energy pathways for GC and AT pairs from umbrella
sampling simulations. Nucleic Acids Res., 31, 1434–1443.

24. Priyakumar,U.D. and MacKerell,A.D. Jr (2006) Computational
approaches for investigating base flipping in oligonucleotides. Chem.
Rev., 106, 489–505.

25. Bouvier,B. and Grubmuller,H. (2007) A molecular dynamics study of
slow base flipping in DNA using conformational flooding. Biophys.
J., 93, 770–786.

26. Song,K., Campbell,A.J., Bergonzo,C., de los Santos,C.,
Grollman,A.P. and Simmerling,C. (2009) An improved reaction
coordinate for nucleic acid base flipping studies. J. Chem. Theory
Comput., 5, 3105–3113.

27. Huang,N., Banavali,N.K. and MacKerell,A.D. (2003)
Protein-facilitated base flipping in DNA by
cytosine-5-methyltransferase. Proc. Natl. Acad. Sci. U.S.A., 100,
68–73.

28. Huang,N. and MacKerell,A.D. Jr (2004) Atomistic view of base
flipping in DNA. Philos. Trans. R. Soc. Lond. Ser. A-Math. Phys. Eng.
Sci., 362, 1439–1460.

29. Huang,N. and MacKerell,A.D. (2005) Specificity in protein-DNA
interactions: energetic recognition by the
(cytosine-C5)-methyltransferase from HhaI. J. Mol. Biol, 345,
265–274.

30. Snoussi,K. and Leroy,J.L. (2001) Imino proton exchange and
base-pair kinetics in RNA duplexes. Biochemistry, 40, 8898–8904.

31. Perez,A., Marchan,I., Svozil,D., Sponer,J., Cheatham,T.E.,
Laughton,C.A. and Orozco,M. (2007) Refinenement of the AMBER
force field for nucleic acids: improving the description of
alpha/gamma conformers. Biophys. J., 92, 3817–3829.

32. Lee,T.S., Radak,B.K., Pabis,A. and York,D.M. (2013) A new
maximum likelihood approach for free energy profile construction
from molecular simulations. J. Chem. Theory Comput., 9, 153–164.

33. Lee,T.S., Radak,B.K., Huang,M., Wong,K.Y. and York,D.M. (2014)
Roadmaps through free energy landscapes calculated using the
multidimensional vFEP approach. J. Chem. Theory Comput., 10,
24–34.

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv796/-/DC1


7778 Nucleic Acids Research, 2015, Vol. 43, No. 16

34. Cheatham,T.E. 3rd, Cieplak,P. and Kollman,P.A. (1999) A modified
version of the Cornell et al. force field with improved sugar pucker
phases and helical repeat. J. Biomol. Struct. Dyn., 16, 845–862.

35. Chen,A.A. and Garcia,A.E. (2013) High-resolution reversible folding
of hyperstable RNA tetraloops using molecular dynamics
simulations. Proc. Natl. Acad. Sci. U.S.A., 110, 16820–16825.

36. Bussi,G., Donadio,D. and Parrinello,M. (2007) Canonical sampling
through velocity rescaling. J. Chem. Phys., 126, 014101.

37. Berendsen,H.J.C., Postma,J.P.M., Vangunsteren,W.F., Dinola,A. and
Haak,J.R. (1984) Molecular-dynamics with coupling to an external
bath. J. Chem. Phys., 81, 3684–3690.

38. Rodriguez,L., Villalobos,X., Dakhel,S., Padilla,L., Hervas,R.,
Hernandez,J.L., Ciudad,C.J. and Noe,V. (2013) Polypurine reverse
Hoogsteen hairpins as a gene therapy tool against survivin in human
prostate cancer PC3 cells in vitro and in vivo. Biochem. Pharmacol.,
86, 1541–1554.

39. Santangelo,M.G., Antoni,P.M., Spingler,B. and Jeschke,G. (2010)
Can copper(II) mediate Hoogsteen base-pairing in a left-handed
DNA duplex? A pulse EPR study. Chemphyschem, 11, 599–606.

40. Escaja,N., Gomez-Pinto,I., Rico,M., Pedroso,E. and Gonzalez,C.
(2003) Structures and stabilities of small DNA dumbbells with
Watson-Crick and Hoogsteen base pairs. Chembiochem, 4, 623–632.

41. Darden,T., York,D. and Pedersen,L. (1993) Particle mesh Ewald: an
Nlog(N) method for Ewaldsums in large systems. J. Chem. Phys., 98,
10089–10092.

42. Essmann,U., Perera,L., Berkowitz,M.L., Darden,T., Lee,H. and
Pedersen,L.G. (1995) A smooth particle mesh ewald potential. J.
Chem. Phys., 103, 8577–8592.

43. Hess,B., Bekker,H., Berendsen,H.J.C. and Fraaije,J.G.E.M. (1998)
LINCS: a linear constraint solver for molecular simulations. J.
Comput. Chem., 18, 1463–1472.

44. Barducci,A., Bussi,G. and Parrinello,M. (2008) Well-tempered
metadynamics: a smoothly converging and tunable free-energy
method. Phys. Rev. Lett., 100, 020603.

45. Pronk,S., Pall,S., Schulz,R., Larsson,P., Bjelkmar,P., Apostolov,R.,
Shirts,M.R., Smith,J.C., Kasson,P.M., van der Spoel,D. et al. (2013)
GROMACS 4.5: a high-throughput and highly parallel open source
molecular simulation toolkit. Bioinformatics, 29, 845–854.

46. Bonomi,M., Branduardi,D., Bussi,G., Camilloni,C., Provasi,D.,
Raiteri,P., Donadio,D., Marinelli,F., Pietrucci,F., Broglia,R.A. et al.
(2009) PLUMED: a portable plugin for free-energy calculations with
molecular dynamics. Comp. Phys. Comm., 180, 1961–1972.

47. Lu,X.J. and Olson,W.K. (2003) 3DNA: a software package for the
analysis, rebuilding and visualization of three-dimensional nucleic
acid structures. Nucleic Acids Res., 31, 5108–5121.

48. Lu,X.J. and Olson,W.K. (2008) 3DNA: a versatile, integrated
software system for the analysis, rebuilding and visualization of
three-dimensional nucleic-acid structures. Nat. Protoc., 3, 1213–1227.

49. Diekmann,S. (1989) Definitions and nomenclature of nucleic-acid
structure parameters. J. Mol. Biol, 205, 787–791.

50. Wu,Z., Delaglio,F., Tjandra,N., Zhurkin,V.B. and Bax,A. (2003)
Overall structure and sugar dynamics of a DNA dodecamer from
homo- and heteronuclear dipolar couplings and 31P chemical shift
anisotropy. J. Biomol. NMR, 26, 297–315.

51. Altona,C. and Sundaralingam,M. (1972) Conformational analysis of
the sugar ring in nucleosides and nucleotides. A new description using
the concept of pseudorotation. J. Am. Chem. Soc., 94, 8205–8212.

52. Dickerson,R.E. and Ng,H.L. (2001) DNA structure from A to B.
Proc. Natl. Acad. Sci. U.S.A., 98, 6986–6988.

53. Mooers,B.H., Eichman,B.F. and Ho,P.S. (1997) The structures and
relative stabilities of d(G x G) reverse Hoogsteen, d(G x T) reverse
wobble, and d(G x C) reverse Watson-Crick base-pairs in DNA
crystals. J. Mol. Biol., 269, 796–810.

54. Pettersen,E.F., Goddard,T.D., Huang,C.C., Couch,G.S.,
Greenblatt,D.M., Meng,E.C. and Ferrin,T.E. (2004) UCSF
Chimera–a visualization system for exploratory research and
analysis. J. Comput. Chem., 25, 1605–1612.


