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Molecular dynamics simulations reveal the balance of
forces governing the formation of a guanine tetrad—a
common structural unit of G-quadruplex DNA
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ABSTRACT

G-quadruplexes (G4) are nucleic acid conformations
of guanine-rich sequences, in which guanines are
arranged in the square-planar G-tetrads, stacked on
one another. G4 motifs form in vivo and are impli-
cated in regulation of such processes as gene ex-
pression and chromosome maintenance. The struc-
ture and stability of various G4 topologies were de-
termined experimentally; however, the driving forces
for their formation are not fully understood at the
molecular level. Here, we used all-atom molecular
dynamics to probe the microscopic origin of the G4
motif stability. By computing the free energy profiles
governing the dissociation of the 3’-terminal G-tetrad
in the telomeric parallel-stranded G4, we examined
the thermodynamic and kinetic stability of a single
G-tetrad, as a common structural unit of G4 DNA.
Our results indicate that the energetics of guanine
association alone does not explain the overall sta-
bility of the G-tetrad and that interactions involving
sugar—phosphate backbone, in particular, the con-
strained minimization of the phosphate—phosphate
repulsion energy, are crucial in providing the ob-
served enthalpic stabilization. This enthalpic gain
is largely compensated by the unfavorable entropy
change due to guanine association and optimization
of the backbone topology.

INTRODUCTION

Certain guanine-rich DNA (and RNA) sequences have long
been known to fold into intra- or inter-molecular four-
stranded secondary structures called G-quadruplexes (G4)
(1,2). Recently, G4 have been also detected in ciliate and
mammalian cells (3-5), where they are believed to be in-
volved in regulation of DNA replication and transcription,
genetic recombination, maintaining chromosome stability
and other cellular processes (6-9). In particular, the for-

mation of G4 motifs at the single-stranded telomeric 3'-
overhang leads to telomerase inhibition (10) and competes
with the binding of the ssDNA overhang by POT1, a com-
ponent of shelterin protein complex protecting chromoso-
mal ends (11-13). Accordingly, G4-stabilizing agents, such
as telomestatin, have been shown to impair telomere home-
ostasis and thereby to induce growth arrest or apoptosis in
cultured cells (14-16). As a result, G4 DNA is now consid-
ered a promising target for anticancer therapy (17-19). G4-
forming sequences are also found to be over-represented in
other regulatory regions of the genome, including promot-
ers (20,21), introns (22), mitotic and meiotic double-strand
break sites (6), immunoglobulin switch regions (9) and 5'-
UTRs (23). To fully understand the role of G4 in cell biol-
ogy and to allow the efficient use of G4-interactive ligands,
it is necessary to understand structural diversity, conforma-
tional dynamics and molecular determinants of the stability
of these non-canonical DNA structural motifs.

A common structural feature of G4 DNA is the pres-
ence of at least two stacked guanine tetrads (G-tetrads) with
four co-planar guanine bases, interconnected through cyclic
Hoogsteen-type hydrogen bonding and additionally stabi-
lized by coordination of monovalent cations to guanine O6
carbonyl groups (Figure 1A) (24). In intramolecular G4, the
stacked G-tetrads are formed by (typically) contiguous gua-
nine runs separated by intervening loops of variable length
and sequence. Based on the relative G-strand orientation,
G4 motifs are classified into parallel, antiparallel and hy-
brid conformational classes, in which a variety of different
folding topologies are possible (24). In particular, human
telomeric G4 has been shown by x-ray crystallography and
nuclear magnetic resonance spectroscopy to adopt six dis-
tinct conformations containing three (or in one case, two)
G-tetrads and the three-nucleotide TTA loops, and differing
in strand orientation, glycosidic conformation of guanines,
loop arrangement, etc. (25-30).

Calorimetric and thermal denaturation measurements
combined with spectroscopic data show, on the one hand,
that biologically relevant G4 motifs are characterized by a
high thermodynamic stability (24,31,32), similar in magni-
tude to the stability of the competing Watson—Crick pairing
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Figure 1. (A) Initial conformation of the simulated parallel-stranded G-quadruplex (G4) of human telomeric sequence, taken from the x-ray structure
(26): guanine residues forming the 3’-terminal G-tetrad are indicated in blue (I), green (II), purple (IIT) and red (IV); the two remaining G-tetrads are
shown in gray (middle) and orange (5'-terminal), thymine and adenine residues in brown and the sugar—phosphate backbone in yellow; two potassium
ions coordinated in the central channel of the G4 are presented as cyan van der Waals spheres. The same color-coding is used throughout the article. (B)
Chemical structure of a single G-tetrad in which four guanine nucleobases are linked together through cyclic Hoogsteen-type hydrogen bonding. Black and
gray arrows show the orientation of the dipole moment of guanine I'V and the guanine located directly below it, respectively. (C) Schematic representation
of the parallel-stranded G4 showing the location of the 3’-terminal G-tertrad guanines (I-1V) along the DNA chain.

(33). On the other hand, the unfolding free energies do not
vary greatly among accessible conformational states (24),
and consequently the equilibrium between them depends
sensitively on various factors, including the G-tract length
(34), the size and base composition of the loops (33,35), type
of cations (24,26), molecular crowding (36,37) and extent
of hydration (36,37). Since the transitions between different
states are slow, ranging from seconds to hours (37-39), G4
folding in cellular processes might be under kinetic rather
than thermodynamic control (40), adding another layer of
complexity to the study of G4 conformational behavior.
Recent extensive MD simulations allowed to sample con-
formational dynamics of different G4 topologies and con-
firmed their stability on ps time scale (41-43). The bal-
ance of inter- and intra-molecular forces underlying this
stable behavior is, however, much less understood. Quan-
tum chemical and force field calculations on model systems
(oligonucleotides or nuclebases assemblies) provided an im-

portant insight on how the relative stability of the G-tetrad
stack depends on such parameters as the strand polar-
ity, glycosidic conformations and stacking distance, angle
and orientation (44-46). These studies predicted energetic
preference for certain guanine arrangements, in agreement
with the distribution of conformations found in experimen-
tally solved structures. Only recently, it has become possible
to directly assess individual contributions to G4 stabiliza-
tion using single-molecule experiments. Notably, Ghimire
et al. used click-chemistry-assisted laser-tweezer stretching
to show that loop interactions might be at least as impor-
tant for the G4 stability as guanine association and stack-
ing (47). Despite the above efforts, a complete and compre-
hensive picture of G4 stabilization, based on structural in-
formation and providing molecular-level understanding of
driving forces for G4 folding, is yet to emerge.

To address this problem, here we probe the determinants
of G4 DNA stability by computing the first, to our knowl-
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edge, free energy profile for the dissociation of a single G-
tetrad in the context of a complete G4 structure. To this end,
we use explicit-solvent, all-atom molecular dynamics com-
bined with umbrella sampling (US), with a total simulation
time of 35 ws, to capture conformational fluctuations of a
flexible DNA molecule. As a model system, we chose the
3/-terminal G-tetrad in a parallel-stranded telomeric G4,
which was shown to be the most stable conformation un-
der crowded conditions and therefore may be predominant
form of G4 in genomic DNA (36,37). Based on the free en-
ergy profile, we estimate the thermodynamics and kinetics
of G-tetrad dissociation and re-assembly, and predict that
both proceed by a sequential and cooperative mechanism
dependent on cation binding. The G-tetrad formation is
found to be enthalpically driven, with the dominant favor-
able contribution provided by the interactions involving the
sugar-phosphate backbone rather than guanine residues.
This overall enthalpic gain is largely compensated by a de-
crease in entropy due to the association of guanines and op-
timization of the backbone geometry.

MATERIALS AND METHODS
Molecular systems and simulation procedure

Initial coordinates of the parallel-stranded G4 were taken
from the 2.1-A resolution crystal structure of the 22-bp long
single-stranded DNA with the human telomeric sequence
d[AGGG(TTAGGG);], (PDB code: 1KF1) (Figure 1A and
C) (26). The DNA structure was solvated with 11 469 TIP3P
water molecules (48) in dodecahedron box with a minimal
distance between any solute atom and the edge of the box of
1.2 nm, and at physiological ionic strength (150 mM KCI).
The CHARMM27 force field (49) was used for DNA and
ions.

The MD simulations were run using Gromacs (50) in
the isothermal-isobaric (NPT) ensemble with the reference
temperature and pressure of 300 K and 1 bar, respec-
tively. Periodic boundary conditions were applied in 3D,
and electrostatic interactions were calculated using the par-
ticle mesh Ewald (PME) method with a real-space cutoff
of 1 nm and a Fourier grid spacing of 0.1 nm. A cut-off
of 1 nm was used for Lennard—Jones interactions. Bond
lengths were constrained using P-LINCS (51) for DNA and
SETTLE (52) for water. The equations of motion were in-
tegrated using the leap-frog algorithm with a 2 fs time step.
Prior to the actual free energy calculations, the system was
subject to 1 ws equilibrium MD simulation. All molecular
images were created using VMD (53).

Steered molecular dynamics

To prepare the initial configurations of the system for the
free energy simulations, the entire 3'-terminal G-tetrad of
the parallel-stranded G4 structure (guanine residues de-
noted as I, II, IIT and IV in Figure 1C) was forced to dis-
sociate over 100 ns by applying an external harmonic po-
tential (with the force constant of 2092 kcal/(mol-nm?)) to
the collective variable defined as the total number of na-
tive hydrogen bonds (h-bonds), Ny, formed within this G-
tetrad (Figure 1B). This procedure was carried out using
the PLUMED 1.3 plugin (54) coupled to Gromacs 4.5.5.

Technically, Ny, was approximated as a sum of switching
functions (see Supplementary Figure S1 in Supplementary
Data) for all eight donor-acceptor pairs (N1-O6 and N2—
N7) forming the native h-bonds in the G-tetrad plane and
therefore it varied between 8 (for the fully formed G-tetrad)
and 0 (for the fully dissociated G-tetrad).

Free energy simulations

To examine the stability of the 3'-terminal G-tetrad, we
used the US method to determine the free energy profile
along the collective coordinate chosen as the total num-
ber of native h-bonds within the G-tetrad. To sample the
natural range of this reaction coordinate (0-8 h-bonds) we
extracted 33 initial equally-spaced G4 configurations from
a trajectory generated in the steered MD run. In each of
these US windows, the system was simulated for 1 s, us-
ing the harmonic potential with a force constant of 1255.2
kcal/(mol-nm?) to restrain the system along the collective
coordinate. Free energy profiles were determined from the
last 900 ns of thus obtained trajectories using the standard
weighted histogram analysis method (WHAM)(55). Uncer-
tainties were estimated using bootstrap error analysis taking
into account the correlation in the analyzed time series.

RESULTS AND DISCUSSION

Free energy profile for the guanine tetrad dissociation and re-
assembly

To examine the conformational stability of a common struc-
tural unit of G4 DNA, we computed the free energy pro-
file for the dissociation of the 3'-terminal G-tetrad in the
telomeric parallel-stranded G4 structure (Figure 1). As the
the collective coordinate describing the studied conforma-
tional transition, we used the total number of native h-
bonds formed within the G-tetrad (Ny).

It can be seen from the free energy profile in Figure 2A
that the 3’-terminal G-tetrad in its associated state, defined
by 8 native h-bonds (state 4 in Figure 2), is ~12 kcal/mol
more stable than the fully dissociated state with 0 native h-
bonds (state 1 in Figure 2). Figure 2B and Supplementary
Figure S2 show that in the latter state, the G-tetrad-forming
guanine residues are typically exposed to water while of-
ten engaging into stacking interactions with thymines in
the TTA loops (in brown), with the neighboring dissoci-
ated guanines, and with the middle G-tetrad (in gray). It
should be also noted that even after complete dissociation
of the 3'-terminal G-tetrad, the rest of the G4 structure is
very stable on the ps-timescale, with no significant pertur-
bations observed within the guanine core, in agreement with
the experimental data reporting the formation of stable G4
structures containing only two G-tetrads (35).

Figure 2A also demonstrates that during the transition
from the global free energy minimum at 8 h-bonds (state
4) to a fully dissociated state at 0 h-bonds (state 1) the sys-
tem passes through two local minima around the 4 h-bonds
(state 3) and 2 h-bonds (state 2). As might be expected, the
cost of detachment of the first guanine (6 kcal/mol), asso-
ciated with breaking 4 h-bonds, is approximately two times
greater than for the two subsequent ones (3 kcal/mol) for
which only 2 h-bonds are being broken. Accordingly, we
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Figure 2. (A) Free energy profile for the dissociation/re-assembly of the 3'-
terminal G-tetrad in the parallel-stranded G4 structure along the collective
coordinate defined as the total number of the native h-bonds between gua-
nines I-1V, N;. Schematic representations (1-4) show typical structures of
four conformational states of G4 along Nj;. (B) Representative ensembles
of 20 overlaid snapshots corresponding to states 1-4 depicting the changes
in the structure and dynamics of the G4 along the dissociation/re-assembly
pathway.

find, by integrating the probability density p(Np)oxexp [ —
BG(Nyp)], where G(Nyy) is the free energy profile, that equi-
librium probability of a single guanine dissociating from the
fully formed G-tetrad due to thermal fluctuations is about
0.01 % whereas the probability that the next guanine will
dissociate is markedly larger and is equal to 0.6 %.

The observed shape of the free energy profile further sug-
gests that the dissociation as well as the re-assembly of the
3’'-terminal G-tetrad proceed in a sequential manner where
the individual guanine residues detach/attach one by one.
The mean first passage time of 250 ns estimated for the de-
tachment of the first guanine (see Supplementary Data for
details) shows that this is the slowest step of the sequential
dissociation, with the rate constant kog = 0.004 ns~!, and
hence it determines the kinetic stability of the tetrameric
structure. The largest tendency to dissociate from the fully
formed G-tetrad is observed for guanine I (blue in Figure 2),
located closest to the 5'-end of the DNA chain, with gua-
nine IV (the 3’-end residue, red in Figure 2) contributing
only very slightly to the state with a single detached gua-
nine. These observations are consistent with the results of
the additional 4 s equilibrium simulation in which a spon-
taneous dissociation of guanine I was observed after 750
ns, as seen from the hydrogen bonding evolution in Supple-
mentary Figure S3. Although the free energy profile sug-
gests that the detachment of the second guanine (guanine 11

Nucleic Acids Research, 2016, Vol. 44, No. 7 3023

or, to a lesser extent, guanine IV; Figure 2) is one order of
magnitude faster, with the mean first passage time of ~40 ns
(ko = 0.025~1), we did not observe such dissociation events
in our equilibrium simulation. Closer inspection revealed
that this unexpected stability results from the formation of
guanine triplet in which each guanine residue participates
in three, generally non-native, h-bonds with the two other
residues (Supplementary Figure S4). This suggests that the
intermediate state with three associated guanines may actu-
ally be more stable than indicated by the free energy pro-
file along the N, coordinate, which encourages a guanine
triplet (state 3 in Figure 2) with two flanking guanines (II
and IV) forming only 2 h-bonds with the central one (gua-
nine I11). Consequently, dissociation of the second guanine
might in fact be significantly slower than that inferred from
the free energy profile.

Mechanism of the G-tetrad dissociation

In order to investigate in detail, the sequence of events in
the stepwise mechanism of dissociation of the 3’-terminal
G-tetrad, we calculated how the probabilities of formation
of the native guanine—guanine h-bonds depend on Ny;. To
this end, the original (biased) US data were reweighted to
recover the unbiased probabilities, using weights of the form
exp [(Vi(Npp) — F;)/kpT], where V; and F; are the biasing
potential and the WHAM-derived free energy constant, re-
spectively, both corresponding to the i-th window.

The h-bond probabilities shown in Figure 3A confirm a
sequential nature of the dissociation process with the simul-
taneous breaking of 4 h-bonds for the first detaching gua-
nine and 2 h-bonds for the two subsequent ones. As it was
already mentioned, the highest tendency to dissociate from
the fully formed G-tetrad is seen for guanine I (blue in Fig-
ure 3C). Detachment of guanine I is followed, with 0.8 prob-
ability, by the dissociation of guanine II (green) and, finally,
by breaking the contact between guanine III (purple) and
guanine IV (red).

Figure 3 a also shows that in response to dissociation of
the first and second guanine from the 3’-terminal G-tetrad
the probability of forming the remaining h-bonds within the
partially assembled G-tetrad gradually decreases down to
~0.5. This decrease indicates that the G-tetrad-stabilizing
h-bonds have a cooperative nature and, consequently, pla-
nar structures formed by less than four guanines are gen-
erally characterized by reduced structural stability. The two
other G-tetrads in G4 (orange and gray in Figure 3A) gener-
ally remain intact throughout the dissociation process, even
though a slight reduction of the h-bonds probabilities can
be observed, especially around the detachment events.

There are two types of h-bonds stabilizing the G-tetrad:
(1) h-bonds formed between the N2 amino group and N7 ac-
ceptor (‘outer h-bonds’ in Figure 1B, labeled as 2, 4, 6 and 8
in Figure 3C), and (ii) h-bonds between the N1 imino group
and the O6 acceptor (‘inner h-bonds’, labeled 1, 3, 5 and 7).
Figure 3A reveals that the two types of hydrogen bonds are
not equivalent in terms of their stability during the disso-
ciation process. More specifically, only in the fully formed
G-tetrad the outer and inner h-bonds form with equally
high probability. For the intermediate states, however, the
outer h-bonds are considerably more stable. This stabil-
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Figure 3. (A) Probabilities of formation of 24 native h-bonds between gua-
nines as a function of N;,. H-bonds were identified via geometric crite-
ria, i.e. donor—acceptor distance < 3.5 A and donor-H-acceptor angle <
40.0°. (B) Probabilities of finding K* ion in four ion-binding sites along the
G4 central channel as a function of Ny;,. Numbering of the h-bonds within
the 3’-terminal G-tetrad (1-8) and the ion-binding sites (1-4) is shown in
panels (C) and (D), respectively. Gray and orange colors represent the mid-
dle and 5'-terminal G-tetrad, respectively. Green arrows show states 1-4,
as defined in Figure 2.

ity seems to be related to the geometric constraints within
the Hoogsteen-bonded G-tetrad that result in the outer h-
bonds being shorter (the average donor—acceptor distance
of 2.98 A) and more collinear (the average acceptor—donor—
hydrogen angle of 15°) than it is the case for the inner h-
bonds (3.10 A and 24°, respectlvely) Involvement of the
O6 atoms in coordmatmg K* ion may also partially reduce
their h-bonding potential.

It has been shown that monovalent cations, such as K*,
Na* or NHI, are essential for the formation of G4, as they
tend to coordinate between the stacked G-tetrads to the
eight O6 carbonyl groups exposed to the central pore (see
Figure 1), and thereby provide additional stabilization (57—
59). To investigate changes in the occupancy of the ion-
binding sites during the transition from the dissociated state
to the fully formed G-tetrad, we calculated the probability
of individual sites being occupied by a K* cation as a func-
tion of the conformational coordinate Nj,. The unbiased
probabilities were computed from the original US data us-

ing the same reweighting procedure as applied above for the
h-bonds. A given binding site was considered occupied if
any K* ion was found within 0.15 nm from the geometri-
cal center of the site. Since in our equilibrium simulations
of the parallel-stranded G4 K* showed a certain tendency
to bind to the four O6 carbonyl groups of the external G-
tetrads (positions 1 and 4 in Figure 3D), these two sites were
also included in the analysis.

It can be seen from the probabilities in Figure 3B that
when the 3'-terminal G-tetrad is completely dissociated
(state 1), the binding site formed by the two remaining G-
tetrads (position 3) is occupied with probability close to
1, as expected. Remarkably, upon association of the first
two guanines of the 3'-terminal G-tetrad, i.e. upon reaching
state 2 in Figure 2, the occupancy probability of position 2,
between the 3'-terminal guanine plane and the middle plane
increases markedly up to ca. 0.7, largely at the expense of
binding site 3. This result indicates that the presence of six
06 carbonyl groups within binding site 2 is apparently suf-
ficient to effectively attract a potassium ion from position
3. Attachment of the next two guanines results in a fur-
ther increase of the binding site 2 occupancy, with the prob-
ability eventually approaching unity for the fully formed
3’-terminal G-tetrad in state 4. Concomitant with this in-
crease, the occupancy probability of binding site 3 drops to
almost zero. A clear preference to occupy position 2 rather
than position 3 was also seen in our equilibrium simulations
which showed that coordination of a single K* ion in the
central channel is sufficient to keep the parallel-stranded
G4 stable on the microsecond time scale (Supplementary
Figure S5). To further evaluate this finding, we computed
the free energy profile for the transition of a single K* be-
tween site 2 and 3 using an additional metadynamics simu-
lation (see Supplementary Data). The resulting free energy
function, shown in Supplementary Figure S6, confirms that
both sites are not equivalent in terms of their affinity for K*
cations, with binding at site 2 being by ~2 kcal/mol more
favorable relative to site 3. Interestingly, the prevalence of
the native structure (state 4) with a single ion bound in the
central pore indicates that coordination of K* in one site
considerably reduces the ion binding affinity of another, due
to electrostatic repulsion. It should be kept in mind that this
ion exclusion is probably overemphasized in our model, as
most additive force fields tend to overestimate cation—cation
repulsion, as described by Islam et al.(43).

Nevertheless, the observation that a G-tetrad can be sta-
ble on the microsecond time scale even in the absence of a
monovalent ion directly coordinated to it raises a question
about the determinants of this stability. It is worth mention-
ing, however, that the presence of at least one K™ inside the
channel is found necessary for stabilizing the parallel G4 in
our simulations and whenever the overall occupancy prob-
ability falls below 1 (e.g. Ny, in the range of 0.7-1.2 or 2.2~
2.6), the stability of the entire structure is reduced, as re-
flected in the inter-guanine h-bond probabilities in Figure
3A.

Figure 3B also shows that position 4, outside the 5'-
terminal G-tetrad, is also quite frequently occupied by K*,
especially in the native state (N in the range 7-8), in which
position 3 is generally not occupied and therefore does not
contribute unfavorably to the ion binding energy at posi-
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tion 4. Coordination of K* in position 4 seems to be fa-
cilitated by the adenine residues that tend to stack onto
the 5'-terminal G-tetrad (see Figure 2B and Supplementary
Figure S2), thereby forming the binding cavity and provid-
ing additional ion-coordinating groups (see Supplementary
Figure S7 for a typical structure). Indeed, when such stack-
ing does not occur, as it is the case at the 3'-terminal G-
tetrad due to steric reasons, no significant ion binding can
be observed (Supplementary Figure S5).

Energetic determinants of the G-tetrad stability

To identify the major energetic determinants of the stabil-
ity of G4, we decomposed the enthalpy of formation of the
3/-terminal G-tetrad, i.e. the enthalpy difference between
states 4 and 1 in Figure 2A, into contributions due to inter-
actions between individual structural elements of G4. The
contributions were calculated as the differences of the elec-
trostatic and van der Waals interaction energies averaged
over the unbiased ensembles in the respective states and are
shown in Supplementary Figure S8 and 9.

It can be seen from Supplementary Figure S8 that the 4-
fold symmetry of the intramolecular parallel-stranded G4
(with the symmetry axis passing through a central channel)
is clearly reflected in the individual enthalpic contributions.
Indeed, most symmetry-equivalent interaction energies, e.g.
between the guanine moiety and the adjacent guanines in
the G-tetrad or between the phosphate group and the rest
of the DNA backbone, have similar values for all four gua-
nine nucleotides (I-1V). Therefore, to characterize the av-
erage energetic stabilizing force felt by a single guanine nu-
cleotide, we averaged the symmetry-equivalent energy con-
tributions shown in Supplementary Figure S8 and thus de-
composed the average enthalpy change accompanying the
attachment of a single guanine nucleotide to the G-tetrad
(Figure 4).

Both the local contributions due to the guanine nu-
cleotides I-1V (Figure 4) and the global contributions in-
volving the rest of the system (Supplementary Figure S9)
reveal that the enthalpy of formation of the G-tetrad is
a result of a fine balance between competing interactions.
As expected, the guanine—guanine h-bonds stabilize the G-
tetrad plane by 11 kcal/mol per residue, with the the Hoog-
steen and Watson—Crick edges of a given guanine pro-
viding the same stabilization, due to the symmetry of the
structure. This energetic gain is, however, more than off-
set by the loss of energetically favorable interactions be-
tween guanines and water (15 kcal/mol per residue). Un-
expectedly, also the interactions between the guanines I-
IV and the middle and 5-terminal G-tetrads is unfavor-
able, with the energy changes of 2.0 and 1.0 kcal/mol per
residue, respectively. This increase stems from a parallel ar-
rangement of the large dipole moments of stacked guanines
(6.71 D; see Figure 1B) resulting in electrostatic repulsion,
which is only partially counterbalanced by attractive van
der Waals interaction. Therefore, an additional stabiliza-
tion of 7.5 kcal/mol per residue provided by coordination
of K* ion between the planes (position 2 in Figure 3D)
can in fact be necessary for promoting the G-tetrad forma-
tion, in accordance with the well-known experimental fact
(38,57,59). This ion-induced stabilization might in fact be
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Figure 4. Contributions to the enthalpy change upon G-tetrad formation
due to interactions between guanine nucleotides I-IV, divided into gua-
nine (G), phosphate (P) and deoxyribose (dR), and the rest of the sys-
tem. Symmetry-equivalent interaction energies were averaged to get the en-
thalpic contributions corresponding to the attachment of a single guanine
nucleotide to the G-tetrad. Subscripts ‘wc’ and ‘h’ denote the interaction
with the guanine nucleotide that contacts with a given one with its Watson—
Crick and Hoogsteen edge, respectively. Subscript ‘d’ denotes the interac-
tion with diagonally opposite guanine nucleotide, and no subscript denotes
the intra-nucleotide term. The rest of the G4 was divided into: guanine
residues of the middle (PLANE2) and 5'-terminal (PLANE3) G-tetrads,
adenine (ADE) and thymine (THY) residues, and the sugar—phosphate
backbone (DNA BB).

even more pronounced, given the possible underestimation
of the guanine-cation attraction (43). Importantly, a deli-
cate balance in the interactions between guanine residues
and their immediate environment resulting in the overall en-
ergetic stabilization of the G-tetrad (~2 kcal/mol) should
be largely independent of the G4 topology and details of a
dissociation pathway and hence can be expected to be cru-
cial for the stability of other G-tetrads as well.

Notably, the above stabilization due to local guanine in-
teractions is only marginal—even more so given that the
conformational entropy change upon the G-tetrad forma-
tion is necessarily unfavorable (see also the next section).
Therefore, longer-range interactions, possibly involving the
intervening loops, might be at least equally important for
the G4 stability, as has been also reported by others (47).
Accordingly, we find in particular that the formation of the
3’-terminal G-tetrad in the the parallel-stranded G4 is addi-
tionally promoted by the favorable orientation of the gua-
nine dipole moment with respect to the phosphate groups
of the Hoogsteen-bound and, to a lesser extent, Watson—
Crick-bound adjacent nucleotides Figure 4.

The significance of the long-range energy terms for the
adoption of a native G4 topology is further reflected in the
backbone interactions. Because of electrostatic repulsion,
the interactions between phosphate groups I-IV could be
expected to destabilize the G-tetrad relative to its dissoci-
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ated state. Unexpectedly, however, our data demonstrate
that these interactions contribute favorably to the stabil-
ity of the G-tetrad with the average energy change of —1.5
kcal/mol, —1.5 kcal/mol and —2.5 kcal/mol due to the
interaction with the phosphate of the Hoogsteen-bound,
Watson—Crick-bound and diagonally opposite nucleotides,
respectively. This result clearly indicates that the phosphate
groups I-IV move away from each other upon G-tetrad
formation. To further investigate this structural change, we
computed how the pairwise distances between all phosphate
groups and their radius of gyration depend on the posi-
tion along the Ny, coordinate. The results presented in Fig-
ure 5A show that not only do phosphates I-IV move away
from each other and from the other phosphates (on aver-
age by 5.6%) but also the separations between most of the
other phosphate groups increase markedly (by 9.6%) reach-
ing the maximum value for the fully formed G-tetrad. This
repulsion-driven relative displacement of phosphate groups
results in the large changes of interaction energy between
phosphates [-IV and the rest of DNA backbone (Figure 4)
and within the backbone itself (Supplementary Figure S9).
Consequently, it can be proposed that, by assuming the en-
ergetically optimal conformation, the DNA backbone in-
creases the kinetic stability of the parallel-stranded G4, as
it opposes local perturbations of the structure such as (par-
tial) dissociation of the G-tetrad.

The increase of the phosphate—phosphate distances upon
the G-tetrad formation is also reflected in the expansion
of the solvent accessible surface area (SASA) of the DNA
backbone, which dominates the SASA of the entire G4
causing it to increase by ~2 nm? even though at the same
time the SASA of the associating guanines is naturally de-
creasing (Figure 5B). As can be seen from Figure 4 and
Supplementary Figure S9, the observed increase in the
backbone surface facilitates the hydration of the phosphate
groups and leads to additional energetic stabilization of the
G-tetrad, which, in the case of phosphates I-1V, amounts to
~7 kcal/mol per group and is clearly smaller for the rest of
the backbone whose conformation is less distorted by the
enforced dissociation (~4 kcal/mol per group).

Figure 4 and Supplementary Figure S9 further show
that the energetic contribution of the phosphate—phosphate
and phosphate-water interaction to the G-tetrad stability
is compensated by the loss of electrostatic interactions be-
tween the phosphate groups and K* ions present in the sol-
vent. This finding is quite surprising, given the increased ex-
posure of the phosphates to the solvent upon the G-tetrad
formation. To understand the mechanism behind this unex-
pected result, we first calculated how the number of K* ions
in direct contact with G4 changes with N, coordinate. Fig-
ure 5C shows that the formation of the G-tetrad is indeed
associated with a loss of ~1 K* ion bound to the G4. The
probabilities of finding K* around the G4, shown in Figure
6A, demonstrate that upon transition from the fully dissoci-
ated (N, =0) to the native (N, =8) state the spatial distri-
bution of ions changes markedly. In the native state, the ions
bind mainly in the central channel and in the cavities formed
by the phosphates groups of the TTA-loops (Figure 6C), as
also observed in the previous molecular dynamics simula-
tions (41,43,60). Instead, in the dissociated state, there are
four well-defined ion-binding sites around the 5'-terminal

G-tetrad formed mainly by the N7 atoms of guanine and
(stacked) adenine residues and the O4’ atom of deoxyribose
(Figure 6B). These newly-formed binding sites are largely
responsible for binding, on average, one additional K* ion
to the G4.

Entropic cost of the G-tetrad formation

The above decomposition of the interaction free energy into
pairwise contributions suggested that the formation of the
G-tetrad is enthalpically favorable. However, this enthalpic
gain is expected to be at least partially offset by a decrease
in conformational entropy due to the loss of conforma-
tional freedom upon the association of guanines. Unfortu-
nately, direct determination of the entropy change involved
in the formation of the entire G-tetrad is quite challenging,
as it would require well-converged values of the relevant
association free energy computed at several temperatures.
Therefore, we first focused our analysis on the association
of a single guanine nucleobase. This approach reduced the
computational cost by an order of magnitude while still al-
lowing meaningful conclusions to be drawn for the entire
G-tetrad, due to its symmetry. Specifically, to estimate the
entropy/enthalpy compensation in the G-tetrad formation,
we used the adaptive biasing force method (61) to calculate
the free energy profile for the dissociation of a single gua-
nine residue (IV in Figure 1C) from the 3’-terminal G-tetrad
of the parallel-stranded G4 structure, at three different tem-
peratures (295, 300 and 305 K; see Supplementary Data for
details). The obtained dependence of the free energy pro-
file on the temperature (Supplementary Figure S10) allowed
us to decompose the association free energy into enthalpic
(A H) and entropic (—AS) components, shown in Figure 7A
along with the free energy profile at 300 K.

It is worth noting that the free energy gain accompanying
the association of guanine IV to G-triplex (—7 kcal/mol)
agrees well with the free energy change upon the transition
from state 4 to state 3 in Figure 2A (—6 kcal/mol), even
though previously the transition involved a different gua-
nine (mostly I) and that the reaction coordinate employed
was also different (the number of native h-bonds versus the
center-of-mass separation distance used here). This consis-
tency confirms that the profiles are well converged and that
the energetics of association reflects the symmetric structure
of the G-tetrad. Most notably, Figure 7A shows that the
overall association free energy is indeed a result of the com-
pensation between favorable enthalpic term (AH = —35
kcal/mol) and unfavorable entropic term (—TAS = +29
kcal/mol), which also strongly suggest that the guanine—
guanine binding in G4 and, hence, the G-tetrad formation
are enthalpically driven. Similar energy/entropy compensa-
tion in G4 folding was previously shown based on thermo-
dynamic analysis of calorimetric data (32,62).

As can be seen from Figure 7A, the enthalpy and en-
tropy changes for the guanine detachment are relatively
large compared to the energetic stabilization of the G-tetrad
by interactions between the guanine residues and their im-
mediate environment (estimated above to be ~2 kcal/mol).
This disparity in energy scales indicates that the detachment
of a guanine residue from the G-tetrad requires more ex-
tensive rearrangements of the G4 conformation involving
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Figure 5. (A) Dependence of the separation distances between all 21 phosphate groups in the DNA backbone on the conformational state along the
dissociation/re-assembly pathway. Values of the radius of gyration for all phosphate groups (Rg,,), averaged separately for each of the four states, confirm
that the phosphates move away from each other upon G-tetrad re-assembly. (B) Solvent-accessible surface area for the entire G4 DNA (red) and its
individual components, labeled consistently with Figure 4. (C) Number of K* ions in contact (r < 0.3 nm) with G4 DNA as a function of N,.

Figure 6. (A) Spatial distribution of potassium ions around the G4 with
the dissociated (top) and fully formed (bottom) 3’-terminal G-tetrad, rep-
resented as probability density isosurface at a value 20 times greater than
in bulk solution. Two additional well-defined K*-binding sites, indicated
by red and blue boxes, were identified outside the central channel and are
blown up in the panels below. (B) Potassium-binding site around the 5'-
terminal G-tetrad. (C) Potassium-binding site formed by the phosphates
groups of the TTA-loops.

the structure of the sugar—phosphate backbone. This con-
clusion is consistent with the above-described energetic op-
timization of the backbone geometry through maximizing
the inter-phosphate distances. Apparently, this local opti-
mization of the backbone geometry in the native state (Ny
= 8) contributes significantly to a decrease in conforma-
tional entropy of the G4 upon guanine association.

To further evaluate individual contributions to the en-
tropic cost of the G-tetrad formation, the quasi-harmonic
analysis (63) was applied to estimate conformational en-
tropy changes along the Ny coordinate. To this end, we
used the reweighted US data (see above) to compute and di-
agonalize the covariance matrix of atomic fluctuations as a
function of Ny, for the entire G4 and, separately, for its ma-
jor structural elements. The resulting quasi-harmonic en-
tropy profiles shown in Figure 7B confirm that the forma-
tion of the G-tetrad is accompanied by a large decrease in
entropy (—7TAS = +130 kcal/mol), which, due to the sym-
metry, is approximately four times as large as that estimated
above for a single guanine from the temperature dependence
of the association free energy. Even though individual con-
tributions to the quasi-harmonic entropy are not strictly ad-
ditive due to correlations, the similar changes in the entropy
of the DNA backbone and the guanine residues (—7TAS =
+40 kcal/mol) indicate that reduced conformational fluc-
tuations of these elements contribute about equally to the
overall entropy decrease. In contrast, the conformational
entropy of the loop thymine and adenine residues increases
upon the G-tetrad formation (—7TAS = —25 kcal/mol), as
in the native state they are maximally exposed to the aque-
ous environment and sample multiple conformations.

To provide structural insight into the overall entropy loss,
in Supplementary Figure S12 we compared the equilibrium
distributions of the dihedral angles defining the geometry
of the G-tetrad-forming nucleotides in the native and dis-
sociated states. As expected, all these rotational degrees of
freedom are more hindered for the native state, which is re-
flected in the observed decrease in the conformational en-
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Figure 7. (A) Enthalpic (A H) and entropic (—7TAS) contributions to the free energy profile (AG) for the dissociation of a single guanine (IV in Figure
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within quasi-harmonic approximation for the entire G4 DNA and its individual components, labeled consistently with Figure 4 (solid lines). It should be
emphasized that due to correlations individual contributions are not additive. Additionally, per-atom entropy profiles are shown as dashed lines. For the

convergence of entropy values see Supplementary Figure S11.

tropy, however, no clear conformational transitions are seen
upon G-tetrad formation. The largest change occurs for
the glycosidic x, angle indicating that formation of the G-
tetrad requires adopting a well defined orientation of the
guanine with respect to the 2-deoxyribose ring, in the anti
conformation (~120°, as expected for the parallel-stranded
G4 topology). The other angles for which a marked narrow-
ing of the distribution is observed are 3,,, o, and §, govern-
ing the local geometry of the DNA backbone, in particular
the arrangement of the guanosine moiety with respect to the
5'-phosphate group. Similarly, the deoxyribose ring pucker-
ing is better defined in the native state where it is restricted
to the C2'-endo (76 %) and C1’-exo (18%) conformations,
with the distribution of populated states being significantly
broader in the dissociate state (48% C2'-endo, 38% C1’-exo,
6% C3’-exo and 5% O4'-endo).

CONCLUSIONS

In this work, we examined the molecular origins of the for-
mation and stability of a guanine tetrad (G-tetrad) which
is a core component of G4, four-stranded DNA secondary
structures possibly involved in regulating multiple biolog-
ical processes and thus considered as potential drug tar-
gets. To this end, we characterized the thermodynamics
and kinetics of the dissociation of the 3'-terminal G-tetrad
of the parallel-stranded G4 in a quantitative manner us-
ing molecular dynamics-based free energy calculations. The
computed free energy profiles revealed that the dissocia-
tion and re-assembly of the G-tetrad occur by sequential
and cooperative mechanism that depends on monovalent
ion binding in the central channel of the G4. From the de-
composition of the dissociation free energy into individual
enthalpic contributions, we further predicted that the in-
teractions between guanine residues and their environment
provide only marginal stability to the G-tetrad. This is be-
cause the stabilizing intra-plane Hoogsteen h-bonds and ion
binding interactions are almost entirely offset by the desol-
vation penalty and by the unfavorable parallel orientation
of the dipole moments of the stacked nucleobases. There-
fore, according to our simulations, the G-tetrad is further
stabilized by the interactions involving the sugar—phosphate
backbone and TTA loops, in agreement with the experimen-

tal data (47,56,64). Our data indicate that this additional
driving force results in particular from the optimization
of the backbone geometry through maximizing the inter-
phosphate distances. Because any perturbation seems to
disrupt the locally optimal distribution of phosphates in the
native state, this contribution may also increase the kinetic
stability of G4 DNA, consistently with the higher rupture
forces measured in single-molecule experiments for unfold-
ing through the loop residues (47). Enthalpy—entropy de-
composition of the dissociation free energy further showed
that the energetic gain upon G-tetrad formation is largely
compensated by a decrease in entropy accompanying the
association of guanines and optimization of the backbone
structure.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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