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ABSTRACT: Base pairing complementarity is central to DNA
function. G·C and A·T pair specificity is thought to originate from
the different number of hydrogen bonds the pairs make.
Quantifying how many hydrogen bonds exist can be difficult
because water molecules in the surrounding can make up for or
disrupt direct hydrogen bonds, and the hydration structures
around A·T and G·C pairs on duplex DNA are distinct. Large-scale
computer simulations have been used here to create a detailed map
for the hydration structure on A·T and G·C base pairs in water.
The contributions of specific hydration waters to the free energy of
each of the hydrogen bonds in the A·T and G·C pairs were
computed. Using the equilibrium fractions of hydrated versus unhydrated states from the hydration profiles, the impact of specific
bound waters on each hydrogen bond can be uniquely quantified using a thermodynamic construction. The findings suggest that
hydration water in the minor groove of an A·T pair can provide up to about 2 kcal/mol of free energy advantage, effectively making
up for the missing third hydrogen bond in the A·T pair compared to G·C, rendering the intrinsic thermodynamic stability of the A·T
pair almost synonymous with G·C.
KEYWORDS: DNA base pairs, hydration spine, hydrogen bonds, base pair complementarity, free energy

■ INTRODUCTION
DNA base pair complementarity is the cornerstone of the
molecular basis of life. The specificity with which adenine (A)
pairs with thymine (T) and guanine (G) with cytosine (C)
allows genetic information to be reliably encoded into the
genome. At the same time, base pair complementarity enables
DNA to be expressed and replicated by the cell virtually error-
free. On a DNA double helix, a G·C base pair can be substituted
for an A·T pair and vice versa without significantly altering the
overall structure of the duplex. While there are three hydrogen
bonds in the G·C pair but only two in A·T, the geometry of a
Watson−Crick base pair step inside a duplex B-DNA is nearly
geometrically isomorphic between the two canonical base
pairs.1−4

The different number of hydrogen bonds that can be made by
a G·C pair compared to A·T offers a simple rationale for base
complementarity. The hydrogen bonding donor N6 and the
acceptor N1 atoms on A complement the acceptor O4 and
donor N3 atoms on T, whereas the donor O6 and acceptors N1
and N2 atoms on G match the acceptor N4 and donors N3 and
O2 atoms on C. However, the precise number of hydrogen
bonds that are present between two bases in aqueous solution is
difficult to quantify because water molecules can accept and
donate hydrogen bonds also. The free energy of formation of a
base pair can offer a quantitative measure. In vacuum, the energy
of an isolated G·C pair is indeed more stable than A·T by an

approximately 3:2 ratio.5,6 However, solution DNA melting
studies have shown that the free energy of a G·C pair in water is
no more than ∼1 kcal/mol stronger than an A·T pair,5,7−10

suggesting that solvent effects are substantial; however, these
measured duplex melting free energies also contain contribu-
tions from base stacking and backbone conformational entropy.
Direct measurement of association free energy of the bases in
water is also difficult due to their preference toward forming
stacks rather than pairs.11 Existing evidence suggests that base
pair formation in aqueous solution appears to be governed by
base−base hydrogen bonds that are only slightly more favorable
than base−water hydrogen bonds.3,12 Because of this,
alternatives to the assumption that free energy difference of
the base pairs is the molecular basis for complementarity have
been proposed. For example, shape, geometric fit, and hydration
have been suggested as possible alternative reasons for base pair
complementarity.12,13 However, regardless of whether the
decisive driving force for base pair complementarity comes
from one or more of these factors, the role of water molecules in
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the aqueous solution is the key since an A·T pair can be hydrated
by a different number of water molecules than G·C and this will
not only affect their free energies but also how the bases can fit
with each other.
The complexity of the microenvironment of water molecules

around a DNA has been demonstrated by the classic
crystallographic studies of Drew and Dickerson14,15 in which
X-ray structures of duplex B-DNA revealed a number of bound
water molecules on the minor groove. These waters form a so-
called “hydration spine” that is prominent along AT tracks on B-
DNAs but absent or largely muted along GC tracks. Many
subsequent experiments, including recent X-ray data,16−19

NMR,20−23 chiral nonlinear spectroscopy,24 ultrafast dynam-
ics,25 and also simulations and theory26−32 have confirmed the
presence of these hydration spine waters. However, whereas
these studies have demonstrated that the hydration structure
around A·T pairs is distinct from G·C, the focus has been
primarily on the structure of the spine instead of on the
thermodynamics. What remains unaddressed is whether these
hydration waters can impact base pair strengths and how. While
it is known that hydration can alter the relative stability of B-, A-,
and Z-form DNA,33 the contribution of hydration to the free
energy of individual DNA base pairs is unclear. Several
hypotheses have been advanced to explain the origin of the
difference between the hydration structure around A·T pairs
versus G·C. These include: possible differences between A·T
and G·C in their minor groove geometries14 and their widths,32
difference in the twist propensities of A·T versus G·C pairs,32 the
presence or absence of amino and carbonyl groups on the minor
groove side of the bases,34−36 and the possible role of

counterions.19,37 Despite all of these possibilities, the character-
istics of the hydration structure around A·T pairs appear to be
robust and nonsequence-specific.23,38

The goal of this paper is to quantify the role of hydration water
molecules on the thermodynamic stability of canonical base
pairs using computer simulations. Simulations provide reliable
free energy estimates and can elucidate microscopic details of
the hydration structure that are needed to address the questions
that experiments are not yet able to answer. By a detailed analysis
of the hydration structure around the A·T and G·C base pairs,
the impact of bound waters on each hydrogen bond can be
quantified via a simple thermodynamic formula. The paper is
divided into three parts. The first part provides rigorous free
energy estimates for an isolated A·T base pair and an isolated G·
C pair in water. The second part examines the hydration
structure around each base pair and compares it to the structure
of waters around a doublet base pair and to that around a DNA
duplex, to verify that the key water molecules that are involved in
the complementarity in single base pairs are also the ones that
make up the hydration spine in the X-ray structures of B-DNA
helices. Finally, a simple thermodynamic construction is
employed to quantify the contribution of specific water
molecules in the hydration shell around a canonical base pair
on its free energy. The results suggest that hydration water in the
minor groove of an A·T pair can provide up to ∼2 kcal/mol of
free energy advantage, effectivelymaking up for themissing third
hydrogen bond in the A·T pair compared to G·C.

Figure 1. (a) Equilibrium forces as a function of base pair separation along the base pair plane for A·T (orange) and G·C (black) in water. (b) Base
pairing free energy as a function of base separation computed by integrating the equilibrium forces for A·T (orange line) and G·C (black dashed line)
from panel (a), compared to results from direct umbrella sampling for A·T (red circles) and G·C (open green squares). The free energy of each pair,
ΔGpairing, is indicated by the downward arrow and is similar between A·T andG·C. Error bars are smaller than the plotting symbols. (c) Base pairing free
energies of A·T (red circles) and G·C (green squares) computed by umbrella sampling by separating the bases in the vertical direction. Error bar shows
cumulative error in the estimated pairing free energy. (d) Base pairing free energy for 2-methyl-adenine opposite to thymine (dashed line) compared to
A·T (solid line). The 2-MeA·T pair is approximately 1.5 kcal/mol less stable. Error bar shows cumulative error in the estimated pairing free energy for
the 2-MeA·T pair.
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■ METHODS
All-atom Monte Carlo (MC) simulations in the constant-temperature
constant-pressure ensemble were carried out using Amber ff9939

potentials. Three sets of simulations were performed. The first involved
a single base pair solvated in water to compute the unpairing free energy
using umbrella sampling40 by sliding one base out from the other with
both remaining coplanar throughout. The second involved a doublet
base pair in water, in which two base pairs were stacked on top of each
other (according to their standard geometry inside a B-DNA), to
calculate the free energy of the unpairing of one base pair by sliding one
base out from the doublet. The third was a simulation of the Drew−
Dickerson dodecamer d(CGCGAATTCGCG) B-DNA in water, for
the analysis of the hydration structure around the helix. Relative to
recent Amber force fields developed specifically for nucleic acid
simulations such as BSC,41 which have updated bond parameters for
the nucleic acid backbone, all the nonbond parameters that define the
base−base and base−water interactions have remained the same since
the original parameter set in ff94,42,43 and ff99 was used in these
simulations so the new data could be cross-referenced to earlier
studies.43−47 All simulations were performed in a periodic box of either
TIP3P or SPC/E waters. The majority of the simulations were carried
out in TIP3P waters, with additional simulations in SPC/E waters to
verify that the general validity of the results was solvent-model
independent. In the Amber force field, base pair interactions and
hydrogen bond are described by nonbonded electrostatic and
dispersion terms in the potential. Electrostatic interactions were
calculated in the MC simulations using an eighth order fast multipole
method (FMM) with Ewald summation.48 To maintain electrical
neutrality in the base pair simulations, excess charges on each base was
redistributed to theN9 atom on purines or theN1 atom on pyrimidines.
For duplex DNA simulations, the excess −1 charge on each nucleotide
was redistributed evenly throughout all the atoms in that monomer to
avoid counterions,26 resulting in a charge renormalization of no more
than 0.03 on each atom. Using MC permitted straightforward umbrella
sampling using hard walls, eliminating the restriction inherent in
molecular dynamics simulations requiring strictly differentiable
potentials.

■ RESULTS AND DISCUSSION

Free Energies of A·T and G·C Pairs in Water
A number of simulations were performed to compute the
strength of the complementarity interactions in the two
canonical singlet pairs, A·T and G·C and how the surrounding
hydration structure affects them. Figure 1a shows the
equilibrium force needed to pull apart a single A·T pair (orange
line) and a G·C pair (black dotted line) in the direction x along
the plane of the base pair. Starting with two infinitely separated
bases (x =∞) and integrating the force in the −x direction then
yielded the reversible work, which is the free energy of the base
pairG(x) as a function of their separation. Free energies derived
from this reversible work are plotted in Figure 1b in the orange
solid line for A·T and the black dashed line for G·C. These show
that for both A·T and G·C, the equilibrium base pair distance is
x* ∼ 2.8 Å (measuring between heavy atoms on the hydrogen
bond donor and acceptor pair), corresponding to the distance
where the force in Figure 1a is 0. The interaction free energy of
the base pair ΔGpairing, which is the difference between G(∞)
and G(x*), is shown in Figure 1b by the downward arrow.
Somewhat surprisingly, ΔGpairing for both A·T and G·C are
almost identical at −6.4 kcal/mol even though G·C should have
three hydrogen bonds and A·T only two. To check for internal
consistency, these free energy curves derived from the
equilibrium forces were compared to those from direct umbrella
sampling, shown as red circles and green squares in Figure 1b.
The resulting G(x) from these two different methods were

identical. In vacuum, the direct A·T andG·C pair energies would
have been−14 and−23 kcal/mol; therefore, water molecules in
the surroundings play a decisive role in modulating the free
energies of the base pairs. These results are consistent with
previous simulation studies.43−47

To verify the key results in Figure 1b demonstrating that A·T
and G·C have almost identical base pairing free energies,
additional simulations were performed where the same base
pairs were unpaired in the z direction perpendicular to the base
pair plane instead of the x direction. Because ΔGpairing is path-
independent, the computed free energy should be the same in
both directions. Figure 1c shows that within the precision of the
calculations, ΔGpairing in the z direction are indeed identical to
those in Figure 1b.
To further verify that the results were not an artifact of the

solvent model, the base pair free energies were recomputed
using a SPC/E model for water. The results are shown in Figure
S1 in the Supporting Information compared to TIP3P. In SPC/
E water, the base pair free energy was−6.0 kcal/mol for A·T and
−6.4 kcal/mol for G·C, also approximately equal.
The geometries of the A·T and G·C pairs are shown in Figure

2. G·C has three hydrogen bonds between Gua:O6·Cyt:N4,

Gua:N1·Cyt:N3, and Gua:N2·Cyt:O2. In the A·T pair, there are
two hydrogen bonds between Ade:N6·Thy:O4 and Ade:N1·
Thy:N3, but the “third” hydrogen bond is missing. This,
however, does not mean that the C2 atom on adenine andO2 on
thymine have a void between them. This space where the
missing third hydrogen bond would have been can be filled by
one or more water molecules from the solvent.
To estimate the impact of this missing hydrogen bond and the

influence of the surrounding water molecules, the Ade:H2 atom
on A was mutated to a CH3- group and the free energy of a 2-
methylated-A·T pair was computed using umbrella sampling
again. This extra methyl group would have excluded any water
molecules from between Ade:H2 and Thy:O2. The resulting
free energy is shown in Figure 1d. In vacuum, the direct A·T pair
interaction of −14 kcal/mol is destabilized to −10 kcal/mol in
the 2-methyl-A·T pair, but in water, the solvent compensates for
this destabilization by making the 2-methyl-A·T pair only ∼1.5
kcal/mol weaker than A·T. This suggests that water molecules in
the surroundings indeed play an indispensable role in
modulating the free energy of base pairs.
Key results from the simulations on the free energies of the A·

T and G·C pairs in water are summarized in Table 1. The top
half of Table 1 refers to the singlet base pairs. The bottom half
refers to the doublet pairs (to be discussed in the next section).
Each of the values in Table 1 labeled “solvent contrib to pairing”
corresponds to the dif ference betweenΔGpairing in vacuum versus
in solution.
In Figure 3, the free energy profiles in Figure 1b are compared

to the in-vacuum free energy of the two single base pairs. The in-
vacuum, or direct, hydrogen-bonding interactions between A·T

Figure 2. Expected hydrogen bonds in A·T and G·C base pairs.
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and G·C are strictly monotonic as expected, but the base pair
free energy in water is not, illustrating that the hydration
structure surrounding the base pairs continuously adjusts itself
depending on distance and how water molecules can fit between
the bases. The differences between the in-vacuum and in-
solution free energies are shown as the purple dashed line in
Figure 3 for A·T and as the brown dashed line for G·C. The
difference between in-vacuum and in-solvent free energies is
much more pronounced for the G·C pair (brown dashed line)
than A·T (purple dashed line), suggesting that hydration acts
very differently toward the A·T pair compared to G·C.
To ascertain how much the hydrogen bonds offered by the

solvent contribute to the pairing free energy, thermodynamic
integration49,50 was used to evaluate the free energy needed to
turn off the electrostatics involving all the base atoms in the
system reversibly in vacuum and in solution. While this
eliminates all hydrogen-bonding interactions (base−water and
base−base) as well as all long-range charge−charge interactions

involving the bases, hydrogen bonds represent a large fraction of
these interactions, and since the direct base−base hydrogen
bond energies are known from the in-vacuum calculations, the
base−water interactions can be determined easily. (The
Supporting Information provides more details and the
uncharging free energies are shown in Figure S2.) The
magnitudes of the base−water interactions are illustrated by
the vertical black arrows in Figure 3. On the left side of Figure 3,
the downward black dashed arrow indicates that the solvent
adds an additional 16.6 kcal/mol of free energy in terms of
hydrogen bonds and electrostatic solvation to the A·T pair
compare to vacuum, versus 22.3 kcal/mol for separate A and T
indicated by the upward black dashed arrow. On the right, the
downward black dashed arrow indicates that the solvent adds an
additional 18.6 kcal/mol of free energy in terms of hydrogen
bonds and electrostatic solvation to the G·C pair compare to
vacuum, versus 33.5 kcal/mol for separate G and C. These
results indicate that when fully hydrated, the solventmakes more
hydrogen bonds to the separate bases compared to when the
bases are paired, which is expected because there are more
unsatisfied hydrogen-bonding donors and acceptors in the
unpaired bases. However, the difference is significantly larger for
the G·C pair than A·T. In fact, the net number of additional
hydrogen bonds that are used to solvate the G·C pair and the A·
T pair differ by only ∼2 kcal/mol (18.6 vs 16.6 kcal/mol), but
the solvent provides many more hydrogen bonds to G and C
separately compared to A and T.
Hydration Structure of Singlet and Doublet Pairs in Water
On a B-DNA duplex, the base pairs are not isolated. To
understand whether the hydration structure observed around a
singlet base pair indeed translates to the microenvironment of
waters in the hydration structure on the helix, it is necessary to
examine base pair stacks. Figure 4 shows umbrella sampling

results of the free energy of reversibly sliding one base out from a
doublet base pair stack along the direction parallel to the base
pair plane. The geometry of the bases in the initial doublet pair
was chosen to be the same as in an ideal B-DNA51 but with the
sugar−phosphate backbone removed so the free energy of the
base pair alone could be measured. The free energy measured
this way contains contributions from both pairing and stacking,
because when a base is removed from the doublet, stacking free
energy is also sacrificed. Figure 4 shows the free energy profile of
sliding a T out of an A·T stacked upon another A·T as the orange

Table 1. Summary of Calculated Base Pair Free Energies in
Watera

summary of calculated free energy changes from simulations (kcal/mol)

A·T G·C
pairing (along x, in
TIP3P)

−6.38 ± 0.08 pairing (along x, in
TIP3P)

−6.42 ± 0.08

pairing (along z, in
TIP3P)

−6.26 ± 0.43 pairing (along z, in
TIP3P)

−6.58 ± 0.51

solvent contrib to
pairing

+7.03 ± 0.08 solvent contrib to
pairing

+18.83 ± 0.08

pairing (in SPC/E) −5.97 ± 0.65 pairing (in SPC/
E)

−6.38 ± 0.53

2-MeA·T pairing
(in TIP3P)

−4.79 ± 0.22

A·T stacked upon A|T G·C stacked upon G|C

pairing (along x, in
TIP3P)

−6.4 ± 0.8 pairing (along x, in
TIP3P)

−6.4 ± 0.8

stacking (along z, in
TIP3P)

−4.13 ± 0.82 stacking (along z, in
TIP3P)

−4.59 ± 0.88

aThe top half correspond to singlet pairs. The lower half corresponds
to doublet pairs.

Figure 3. Free energy profiles for the A·T and G·C pair in water from
Figure 1b, relative to their direct interactions in vacuum as a function of
base separation. The solvent contribution, which is the difference
between the in-solvent and in-vacuum free energies, is shown as the
purple dashed line for A·T and the brown dashed line for G·C. The
downward and upward dashed arrows indicate the contributions of
hydrogen bonding from the solvent on the free energy of each pair,
computed by thermodynamic integration.

Figure 4. Free energy profiles of sliding a T out of an AA|TT doublet
pair where an A·T is stacked on top of another A·T (orange circles) and
sliding a C out of GG|CC doublet pair (black open squares) from
umbrella sampling. Error bars show cumulative errors in the estimated
pairing free energy.
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circles and of sliding a C out of a G·C stacked upon another G·C
as the black squares. The results show that similar to the singlet
base pairs, the total unstacking + unpairing energies of A·T and
G·C pairs are similar to each other, to within ∼1 kcal/mol.
The lower half of Table 1 summarizes the results of these

doublet free energy calculations, assuming the stacking and the
pairing contribution to the free energy are additive. Using the
pairing free energies for the singlet pairs, the stacking free energy
of a C in GG|CC doublet is estimated to be ∼4.6 kcal/mol,
whereas for a T in the AA|TT doublet, it is∼4.1 kcal/mol. These
are consistent with previous estimates.46

Figure 5 compares the hydration structure of the aqueous
solvent around the AA|TT and GG|CC doublet pairs to the
singlet A·T pair, showing slices in the water density map parallel

to the base planes. The distance between the two rungs is 3.4 Å.
On the far left are density slices for the AA|TT doublet, at a
height of ∼1.7 Å above the top rung to 1.7 Å below the bottom
rung, in increments of 1.7 Å, which is half the distance between
the two rungs (i.e., half base-pair step). The slices which have a
line drawing of the bases superimposed on them are along the
base pair plane. The broken circles showwhere theminor groove
waters would have been if this AA|TT doublet was inside a B-
DNA. The densities are reported using false colors, with red
being a factor of ∼8 above the normal density of liquid water
indicated by an arrow on the color scale.
Ensemble-averaged water density maps for the A·T pair are

shown in themiddle column of Figure 5. The sameminor groove
water peaks in the AA|TT doublet are also observed in the same

Figure 5.Water density maps illustrating hydration structure around an AA|TT doublet pair (left column), an A·T singlet pair (middle column) and a
GG|CC doublet pair (right column). Slices show cross sections parallel to the base pair planes along each rung, at the midpoint between two rungs (1.7
Å from each base pair), as well as 1.7 Å above and below the stack. Water number densities in units of Å−3 are represented using the false color scale
shown, with the normal liquid water density indicated by the arrow. Each cell on the density maps is (0.4 Å).3 Green broken circles indicate positions
on the minor groove side half a base-pair step above and below and slightly offset from where the hydrogen bond would be. Pink squares highlight
hydration peaks along the plane of the base pair on the non-hydrogen-bonding N−H in those amines that form direct hydrogen bonds with the
carbonyls.
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positions on the A·T pair highlighted by the broken circles.
Notice that the minor groove hydration waters are found
approximately at the middle between two rungs, but less
prominently along the base pair plane on an A·T pair. A
comparison between the A·T singlet and the AA|TT doublet
suggests that the minor groove water peaks between two stacked
A·T pairs at the midpoint between the two rungs seem to persist
down to the single A·T base pair level.
Water density slices are shown on the right side of Figure 5 for

the GG|CC doublet pair. The cells in which waters on what
would be on the minor groove side if this was part of a B-DNA
would be found are shown inside the broken circles. Like the AA|
TT doublet, there is a high-density peak on the minor groove
between the two rungs of the GG|CC doublet pair, but unlike
the AA|TT doublet, the GG|CCdoublet does not appear to have
this peak above and below it. Furthermore, there are also high-
density water peaks in the minor groove on the two planes along
the two G·C base pairs. While intermediate slices are not shown,
there is in fact a diffused hydration band on the minor groove
side of the GG|CC doublet that stretches between the bottom
rung and the top rung, but this high-density region does not
extend much beyond the top or the bottom. In contrast, high-
density water peaks on the minor groove of the AA|TT doublet
are found halfway between the two rungs as well as half a base-
pair step (1.7 Å) above the top rung and below the bottom rung,
but there is no hydration water on the plane of either of the two
rungs in the minor groove. Pink squares highlight hydration
peaks along the plane of the base pair on the non-hydrogen-
bondingN−Hgroups in those amines that form direct hydrogen
bonds with the carbonyls on the other base. These hydration
waters are observed for both G·C and A·T pairs.
The stereographs in Figure 6 illustrate the hydration

structures in greater detail. Cells in the density map that have
water density greater than 3 times the ambient are enclosed by
the wire meshes. Cells that have water density greater than 6
times the ambient are further shown enclosed in yellow. The
green broken circles highlight positions at half a base-pair step
above and below the base pair on the minor groove side, the
same positions highlighted by the green circles in Figure 5.
Notice in Figure 6a that for the A·T pair, the hydration peaks
inside these green circles are present above and below the base-
pair plane, but they are absent along the base-pair plane. In
contrast, Figure 6b shows that for the G·C pair, this hydration
band is more diffuse and it stretches from above the base-pair
plane to below it, with significant density (>3 times ambient)
along the base-pair plane also. These are consistent with the
densities shown in Figure 5. Finally, the pink squares in Figure 6
highlight hydration peaks along the plane of the base pair on the
non-hydrogen-bonding N−H groups in those amine groups that
form direct hydrogen bond with the carbonyl group on the other
base. These hydration waters are also observed for both G·C and
A·T pairs in the density maps in Figure 5 as well.
Hydration Profiles on the Minor Groove of AT Pairs in
Duplex DNA

Figure 7 shows ensemble-averaged hydration structure along the
AT track on the Drew−Dickerson dodecamer obtained from
simulations. These results largely agree with previous simu-
lations and theory,26−32 and they provide details of the
equilibrium hydration structure as a comparison to the singlet
and doublet base pair data in Figure 5.
Compared to the water density peaks in Figure 5 for singlet

and doublet base pairs, the hydration peaks on duplex DNA

appear to be stronger. The stronger hydration peaks on the
duplex may be due to coordination with the phosphate groups
on the backbone,14 but the hydration pattern around each A·T
pair is fundamentally the same as the singlet and doublet base
pairs. Along the planes of the A·T or T·A pairs, there are
prominent water peaks inside the minor groove, in the area
where the missing third hydrogen bond in an A·T pair would
have been, and particularly close to the adenine H2 atom. The
density profiles on the far right of Figure 7 show hydration
patterns along the planes roughly midpoint between the A·T or
T·A base pairs, whose positions are indicated roughly by the
white circles on the helix. The green open circles highlight the
strong water peaks in the minor groove between the base pair
steps. These are even stronger than those along the planes of the
base pair steps, with greater than 10-fold enhancement
compared to the normal density of liquid water. These hydration
peaks in between base pair steps are also held closer to the helix,
and they are embedded deeper into the minor groove. On the

Figure 6. Stereographs showing details of the hydration structure
around (a) the A·T singlet base pair and (b) the G·C pair on the minor
groove side and the major groove side. Cells that have water density >3
times the ambient are shown by the wire meshes. Furthermore, regions
that have water density >6 times the ambient are colored in yellow.
Green broken lines show the positions of the hydration peak closest to
the O2 atoms on T in A·T or on C in G·C at a distance ∼1.7 Å above
and below the base pair plane. For the A·T pair, there are two distinct
peaks, one above O2 and the other below. For the G·C pair, there is a
more diffuse and continuous band of hydration that stretches from
above the O2 atom to below it. The overall water density inside this
hydration band on the G·C pair is also weaker than the two distinct
peaks in the A·T pair. Pink squares highlight hydration peaks along the
plane of the base pair on the non-hydrogen-bonding N−H groups in
those amines that form direct hydrogen bonds with the carbonyls.
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major groove side, the strongest water peaks are the ones
associated with the N−H on N6 of adenine, highlighted by the
pink squares, similar to those in Figure 5.
Effects of Specific Hydration Waters on Base Paring Free
Energies

Figure 8 shows effects of specific hydration waters on the A·T
pair. The same are displayed for the G·C pair in Figure S3. The
three columns in Figure 8 show the effects of shared hydration
water(s) that are within 3.8 Å from both Ade:H2 and Thy:O2 on
the left, Ade:N1 and Thy:N3 in the middle and Ade:N6 and

Thy:O4 on the right. The two hydrogen bonds in the A·T pair
are between Ade:N1·Thy:N3 and Ade:N6 ·Thy:O4, whereas
Ade:H2 and Thy:O2 is where the missing third hydrogen bond
would have been.
The circles in Figure 8a−c show the average number of

hydration waters ⟨N⟩ between each atom pair as a function of
separation between A and T. When the separation is large (>∼
6.5 Å), there are no longer any shared hydration waters between
the two bases. When A and T are paired, there are ∼2 shared
hydration waters around Ade:H2 and Thy:O2 (Figure 8a),∼0.4

Figure 7. Equilibrium water density maps illustrating hydration structure around A·T and T·A pairs on the Drew−Dickerson dodecamer (PDB code:
1BNA). Slices show cross sections parallel to the base pair planes along each rung, at the midpoint between two rungs (1.7 Å from each base pair), as
well as 1.7 Å above and below the stack. Green broken circles indicate positions on the minor groove side half a base -pair step above and below and
slightly offset from where the third hydrogen bond would be. Pink squares highlight hydration peaks on the major groove along the plane of the base
pair on the non-hydrogen-bonding N−H in those amines that form direct hydrogen bonds with the carbonyls.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00058
ACS Phys. Chem Au 2024, 4, 180−190

186

https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.3c00058/suppl_file/pg3c00058_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig7&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shared hydration water around Ade:N1 and Thy:N3 and ∼0.6
shared hydration water around Ade:N6 and Thy:O4. The
orange lines in Figure 8a−c show the fraction of microstates f1
that are commonly hydrated by each atom pair, which was
measured by the equilibrium average f1 = ⟨Θ⟩ whereΘ = 1 if the
number of shared hydration waters is at least one, and 0
otherwise. Figure 8a shows that in the A·T pair, Ade:H2 and
Thy:O2 are commonly hydrated almost all the time, with 2
hydration waters on the average, whereas Figure 8b shows that
Ade:N1 and Thy:N3 are hydrated about 25% of the time, with
about 1.5 waters shared by them when they are hydrated, and
Figure 8c shows that Ade:N6 and Thy:O4 are commonly
hydrated about 50% of the time, with about 1.4 shared hydration
waters. Hydration structure data from in Figures 5 and 6 show
that the hydration waters common to Ade:H2 and Thy:O2 are
above and below the base pair plane on A·T, whereas those
common to Ade:N1 and Thy:N3 are above or below the base
pair plane, and those common to Ade:N6 and Thy:O4 are
largely along the base pair plane. The fraction f1 can also be used
to establish an equilibrium constant between the unhydrated ( f 0
= 1 − f1) and hydrated ( f1) microstates, K � f 0/f1, which are
plotted in Figure 8g−i as the orange dashed lines.
The contribution of the shared hydration water(s) to the total

energy E is shown for each atom pair in Figure 8d−f. The free
energy of the base pair consists of both enthalpic and entropic
terms, but energy is almost the entirety of the enthalpic term.
Figure 8d−f shows what the equilibrium energy ⟨E⟩ would have
been if the hydrogen bonds offered by those shared hydration
waters identified in Figure 8a−c were absent. The red dotted
lines indicate ⟨E⟩ when A and T are not paired, showing that
when the A·T pair forms, the hydration waters around Ade:H2
and Thy:O2, where the missing hydrogen bond would have
been, is close to 20 kcal/mol, while the hydration water(s)

around Ade:N1 and Thy:N3 have almost no effect and those
around Ade:N6 and Thy:O4 have only minimal impact on the
base pair’s energy. The hydration waters common to Ade:N6
and Thy:O4 appear to be an integral part of the A·T pair, and the
atom pair Ade:H2 and Thy:O2 are almost always hydrated by
shared waters ( f1 ∼ 1, ⟨N⟩ ∼ 2) as seen in Figure 8a. This
suggests that hydration waters must be making up for the
missing third hydrogen bond in the A·T base pair. Figure 8a,d
suggests that the hydration waters that make up for the third
hydrogen bond in the A·T base pair are incorporated into the
pair to bridge Ade:H2 and Thy:O2 at a distance x∼ 6 Å between
A and T. Close to two water molecules are held up to x ∼ 3 Å,
until the base pair is formed, and they appear to be integral to the
base pair. On the contrary, those hydration water(s) picked up
between Ade:N1 and Thy:N3 and Ade:N6 and Thy:O4 are
released when the A·T pair forms, verifying that the hydration
around Ade:H2·Thy:O2 is in fact unique. The same analysis for
the G·C pair in Figure S3 in the Supporting Information shows
that the hydration waters around all three atom pairs involved in
hydrogen bonds in the G·C pair are also shed when the base pair
is formed, and none of them appear to be integral to the base
pair.
To derive a quantitative estimate for the impact of these

shared hydration waters between Ade:H2 and Thy:O2 on the
free energy of the A·T base pair, one can use the thermodynamic
relationship

= ·[ + ] + ·

[ + ]

G x f x G x RT f x f x

G x RT f x

( ) ( ) ( ) ln ( ) ( )

( ) ln ( )
1 hyd 1 0

unhyd 0 (1)

for the molar free energy of the base pair G(x) as a function of
the separation x, in terms of the equilibrium fractions of
hydrated states f1 and its molar free energy G̅hyd and f 0 = 1 − f1

Figure 8. Effects of specific hydration waters on the A·T pair. Columns show the effects of shared hydration water(s) that are within 3.8 Å from both
Ade:H2 and Thy:O2 on the left, Ade:N1 and Thy:N3 in the middle and Ade:N6 and Thy:O4 on the right. (a−c) Equilibrium number ⟨N⟩ of these
hydration waters (open circles) and equilibrium fraction of hydrated states f1 (orange line) as a function of base separation x. (d−f) Contribution to
total energy due to these hydration waters (open circles). Red dashed line indicates the asymptotic value when the bases are separated. (g−i)
Equilibrium constant K = f 0/f1 between the unhydrated states f 0 and hydrated states f1 (orange dashed line) and what the base pairing free energy
would have been if the shared hydration waters between were absent (solid line). Blue arrows indicate the contribution of these hydration waters to the
base pair’s free energy.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00058
ACS Phys. Chem Au 2024, 4, 180−190

187

https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.3c00058/suppl_file/pg3c00058_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00058?fig=fig8&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and G̅unhyd of the unhydrated states. For every x, the hydrated
and unhydrated states are in equilibrium; therefore, the free
energy G(x) in eq 1 has a minimum at the equilibrium value of
f1(x). MinimizingG(x) with respect to f1 yields, not surprisingly,
the thermodynamic relationship: G̅unhyd − G̅hyd = −RT ln K(x),
where K(x) = f 0/f1 is the equilibrium constant. This is plotted as
the orange dashed line in Figure 8g. Using the free energy data in
Figure 1b and K(x) in Figure 8g, one can calculate what the base
pairing free energy would have been if the shared hydration
waters between Ade:H2 and Thy:O2 were absent by setting f1 =
0 and f 0 = 1 in eq 1. The results are shown in Figure 8g as the
solid black line. Notice how the apparent modulations in the free
energy contribution from these hydration waters in the black
line in Figure 8g mirror the modulations observed in the
contribution of these hydration waters to the energy in Figure
8d, which are also mirrored in the equilibrium number of these
hydration waters shown as circles in Figure 8a. The blue arrow
indicates the contribution of these hydration waters to the A·T
base pair free energy is approximately 2 kcal/mol. This accounts
for approximately 1/3 of the A·T pairing free energy of∼6 kcal/
mol. Incorporating these hydration waters between Ade:H2 and
Thy:O2, the total A·T pair free energy becomes similar to G·C.
This suggests that the shared hydration waters between Ade:H2
and Thy:O2 in the A·T pair largely make up for themissing third
hydrogen bond, producing an A·T pair free energy similar to G·
C in water. The role of base pair hydration is also potentially
relevant to the hydrogen bonding in isosteric DNA base pairs.52

Figure 8h,i shows free energy contributions from the
hydration of the other atom pairs, Ade:N1 and Thy:N3 and
Ade:N6 and Thy:O4, which are involved in direct hydrogen
bonding in the A·T pair. The free energy impacts of these
hydration waters are mild. The effects of hydration on the three
atom pairs involved in direct hydrogen bonding in the G·C pair
are also shown in Figure S3g−i. They are similarly mild. The
common hydration waters between Ade:H2 and Thy:O2 in the
A·T pair are therefore unique, and they appear to be intimately
involved as an integral part of the base pair between adenine and
thymine, producing a free energy advantage equivalent to
approximately one hydrogen bond.
Some recent papers53−55 have suggested that a direct

nonclassical hydrogen bond between Ade:C2 and Thy:O2
may account for part of the stability of Watson−Crick and
Hoogsteen A·T pairs. This suggestion was based on the
experimental vibrational frequency measurement of the O2-
containing carbonyl group in Thy and its solvatochromatic shift
in duplex DNA54 as well as theoretical calculations of vibrational
signatures of A·T pairs in vacuum.54−56 While vibrational shifts
suggest that the O2 carbonyl may be involved directly in the A·T
pair, they may also arise from interaction with weakly bound
watermolecules in theminor groove.54 The results in the current
study not only point to the central role of water molecules as the
facilitator of a third hydrogen bond between Ade:H2 and
Thy:O2 in an A·T pair but they also provide a quantitative
measure of the impact of these hydration waters on the A·T base
pair free energy.

■ CONCLUSIONS
The findings in this study clarify the role of hydration waters on
the strength of DNA canonical base pairs. While DNA base pair
complementarity is based on the different number of hydrogen
bonds that are formed in the G·C pair compared to the A·T pair,
the number of hydrogen bonds that exist in a base pair can be
difficult to quantify because water molecules in the surrounding

can interrupt as well as make up for direct hydrogen bonds
between the bases. While base pairing specificity is determined
by the complementarity between the hydrogen-bonding donor/
acceptor motif on one base with the motif on its partner, the
exact number of hydrogen bonds that exist in canonical DNA
base pair is still largely unclear.
Large-scale computer simulations were used to create a

detailed map for the hydration structure on A·T and G·C base
pairs in water. The contributions of specific hydration waters to
the free energy of each of the hydrogen bonds in the A·T and G·
C pairs were also computed. The total free energy of one A·T
pair in water is very similar to a G·C pair, both at ∼6.4 kcal/mol
according to the free energy calculations. To understand how
hydration waters influence the strength of the base pairs and how
many hydrogen bonds exist in them, detailed equilibrium
hydration profiles around single A·T and G·C pairs, stacked
doublet pairs and on duplex DNA were sampled from the
simulations. The hydration structure on theminor groove side of
an A·T pair is consistent among all three scenarios. There is on
the average one water molecule above and one water molecule
below the A·T base pair plane occupying the space where the
missing third hydrogen bond in the A·T pair would have been.
And to derive a quantitative measure of how much free energy
these hydration waters contribute to the A·T pair’s stability, the
equilibrium constant between hydrated and unhydrated states in
the equilibrium ensemble was used tomeasure the free energy of
hydration in the minor groove of the A·T pair. This corresponds
to∼2 kcal/mol, which is approximately 1/3 of the free energy of
a G·C pair. The free energy contribution from these hydration
waters therefore largely make up for the missing third hydrogen
bond in the A·T pair, rendering it almost synonymous with the
strength of an G·C pair, which has three direct hydrogen bonds.
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