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Abstract: The free energy of association of adenine-thymine and guanine-cytosine base pairs is estimated
from potential of mean force computations in water using the AMBER potential energy function. The results,
which lead to free energies per hydrogen bond of roughly 2 kcal/mol, highlight the existence of secondary
water-bridged minima for both base pairs and also show that adenine-thymine pairs undergo frequent exchanges
between canonical and reversed Wats@mick states by contra-rotation of the bases around their common

axis.

Introduction

Base pairing is of fundamental biological importance as the
mechanism for homologous recognition between the strands of
duplex DNA! These highly specific interactions have become
an archetype for molecular auto-assembly and, as such, the
have inspired many attempts at engineering specifically binding,
polydentate receptofs: Even, within the biological world, base
pairing interactions are very versatile, serving not only within
the double helix, but also for the formation of more complex
architectures for both DNA and RNA.

The thermodynamics of base pairing has been studied for
many years in various environments. Vacuum experiments lead
to pairing enthalpies of 21 kcal/mol for guanine-cytosine (GC)
pairs and 13 kcal/mol for adenine-thymine (AT) pdrin
nonpolar, or moderately polar, solvents these values are under

standably reduced and, as an example, GC pairing yields en-

thalpies of roughly-11 kcal/mol in chloroforrf” and—6 kcal/
mol in dimethyl sulfoxide® Such data have been used to develop
additive schemes for predicting pairing in solvents of this
nature?19However, in water, the biologically relevant solvent,

is clear that strand interactions involve not only base pairing,
but also base stacking and factors linked to conformational
changes in the backboA# Stacking and pairing interactions
are in fact coupled, stronger stacking competing with optimal

airing2 On the basis of experiments concerning the terminal
base pairs of oligonucleotides, the free energy increment
associated with the a single hydrogen bond is estimated as 0.8
and 1.6 kcal/mot* However, in experiments on guanine to
inosine substitutions, extrapolated to zero stacking, this incre-
ment increases to roughly 2.0 kcal/mdIA similar estimate
(1.7—2.2 kcal/mol) was obtained in experiments on guanosine
binding to a catalytic RNAS

Concerning stacking, experimental values cover a relatively

large range, although it is generally admitted that the strengths
of the interactions are in the following order:—R > R—Y >
Y —R (R= purine, Y= pyrimidine). Studies involving a short
double-stranded DNA with a dangling-Bucleotide led to values
of —2.0 kcal/mol for ApC and-1.1 kcal/mol for TpC.” For
free bases, spectroscopic studies gave larger values for-AA (
kcal/mol) and UU 1.7 kcal/mol) stack3®-20

pairing energies are weaker than stacking interactions and no Recently, single mtzz)?!(azgule force experiments on oligorrefic
direct measurements of pairing can be made. To overcome this@hd polymeric DNAG# between complementary, adsorbed

difficulty it is possible to study the strand interactions of
oligonucleotide DNA or RNA duplexes.Such interactions are
stable in water with moderate salt concentrations, although it

* Address correspondence to this author at Institut de Biologie Physico-
Chimique.
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base? and also on chimeric molecules carrying nucleic bases

as headgroup®¥,have added novel paths for investigating pairing @F

interactions. However, these approaches also have their own ¢ Cs 04..

difficulties (resolving single unpairing events, relationship \C6/ \C4

between loading rate and measured forces, etc.). | | Hé ~_~H6

Because of these difficulties, present estimates for base pairing NI N3
in water come mainly from theoretical calculations. Although ./ \CZ/ \H3_ |
simplified continuum solvent modélkscould be used to get
estimates of pairing, it is necessary to use explicit solvent models
and molecular simulations or integral equation approaches to
obtain relatively precise free energies. Early atteA¥gfasing
free energy perturbation theory confirmed a preference for base
stacking in water, but led to weak, or even positive, pairing
free energies in disagreement with the experimental results cited
abovel*16 The latter of these two stud#snvolved physically .
separating a base pair in water, but due to limitations in
computer resources cannot be considered to have converged. Ho( =~ NI 02
Since these early calculations, improvements in computer Cé 2 e 16
performance, simulation algorithms, and force fields have | | N
enabled more refined simulations to be carried out and, in a CS\ /N3\
number of cases, the resulting free energy estimates are in good ®/ C4 H3 ...
agreement with experiment (see, for example, refs3). We : "'“«-‘.Nl/ cs
have, therefore, decided to revisit the problem of pairing energies 04 C8—H8
in aqueous solution in the hope of providing numbers which 2
will serve for the parametrization of simpler theoretical ap- m” \N3/ N9
proaches and will also help in understanding the role of water
structure on base pairing interactions. We present results on both
conventional (WatsonCrick) AT and GC pairs and, in the case Hs Ha
of AT, we also consider reverse Watse@rick interactions
(Figure 1). The calculations are carried out by thermodynamic  Heé
integration, which is a robust technique for determining the C6
energy change directly from an ensemble avefag€his
approach enables the free energy change between two limiting NI N3
states to be obtained by numerical integration with respect to ./ \Cz/ “HI
an appropriate parameter that, in our case, controls either base l N SN
separation or base rotation. We have been particularly careful 02.. I
to verify that the results obtained are stable with respect to both 2 &
an increase in the integration time and the nonbonded cutoffs ~” \N3/ N9
used.

H2
Methodology
) ) ) ) Figure 1. Schematic view of the base pairs studied: the Watson

We have carried out potential of mean force calculations using the crick AT pair (top), the reversed Watserick AT pair (center), and
molecular simulation package AMBER 4*1The geometries of the the watson-Crick GC pair (bottom). The Black circles represent the
bases were taken from the AMBER library. United atom methyl groups ypjted atom methyl groups bound to the glycosidic atoms of the bases.

(with Lennard-Jones parameteess 0.181 kcal/molR* = 2.165 A) M represents the united atom C5 methyl group of thymine.
were used at the glycosidic sites (N9 of the purines, guanine and

adenine, and N1 of the pyrimidines, cytosine and thymine) and a similar (see, for example, refs 369) was used for all calculations. The atomic
group was also used for the C5 methyl of thymine. The Parm 94 charges of the bases were those of the AMBER libféwyith a charge
parameter s€€ which has now been well validated for nucleic acids on the united atom glycosidic methyl group adjusted for overall

- - - - neutrality.
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Watson-Crick Base Pairing in Aqueous Solution

Figure 2. Angle restraints used to maintain the alignment of the base
pairs: R(N1)}-Y(N3)—Y(N1) = 149/147 (AT/GC), R(N1-Y(N3)—
Y(C5) = 150¢°/153 (AT/GC), R(N3-R(N1)-Y(N3) = 150°/149
(AT/GC), R(C8)-R(N1)-Y(N3) = 158/158 (AT/GC).

Table 1. Potential of Mean Force Calculations of the Separation of
the Adenine-Thymine Pait

run no.
1 2 3 4 5 6 7

NH,0 581 581 581 815 815 473 473

Rx 28.2 282 28.2 336 33.6 286 28.6

Ryz 25.2 252 252 271 271 225 22.5

Cy 9. 9. 9. 11. 11. 9. 9.

C, 10. 10. 10. 13. 13. 11. 11.

rotation free free free free free restrained restrained

Twin 20 40 40 20 40 20 40

Thot 1.3 2.6 2.6 1.0 1.6 1.2 2.4

Ro 9.1 9.1 2.9 7.9 6.8 2.9 2.9

R 2.7 2.7 9.3 2.9 2.8 8.7 8.9

M, 4.5 4.4 4.3 4.4 4.1 4.4 4.4

B 1.3 1.5 1.5 1.6 1.7 0.9 1.7

Mz 0.8 0.8 0.7 1.1 1.0 1.2 0.9

aM;, M, and B (kcal/mol) are respectively the energies of the
principle minimum, the secondary minimum, and the intervening barrier,
with respect to an energy zero defined for the separated Hdsgss
the number of solvating water moleculeBx, Ryz are the box
dimensions (A)C,, C; are the primary and secondary cutoff distances
(A); Rotation: treatment of overall rotation of the base paif, is the
sampling time per window (psJio is the total time for trajectory (ns).
Ro, R: are the initial and final R(N1)Y(N3) distances.

four angles (Figure 2). This technique, an extension of that used earlier
by Pearlmart? nevertheless, allows the distance between the bases and
their propeller angle to vary freely. Without such constraints the base

pairs rapidly move toward stacked conformations by buckling and
sliding.
The bases were solvated with a box of TIPB®ater molecules

and periodic boundary conditions were used. For each simulation, a
residue-based cutoff and a secondary cutoff (energies and forces update

at the same time as the pair list) were applied to truncate the solute
solvent and solventsolvent interactions. No solutesolute cutoffs were
used, but interactions of the solute with its periodic images were not
taken into account (see Tables 1 and 2 for details).

J. Am. Chem. Soc., Vol. 121, No. 41, 939%

Table 2. Potential of Mean Force Calculations of the Separation of
the Guanine-Cytosine Pai

run no.
1 2 3 4 5

Nh,0 581 581 484 484 484

Rx 29.0 29.0 30.8 30.8 30.8

Ryz 25.1 25.1 221 221 221

C 9. 9. 9. 9. 9.

C, 10. 10. 10. 10. 10.

rotation free free restrained restrained restrained

Thot 2.2 3.9 1.0 2.0 3.9

Ro 2.8 2.8 2.9 2.9 2.9

R 8.3 9.3 7.8 7.8 9.3

M 5.8 6.1 6.4 5.1 5.7

B 1.5 1.6 0.7 1.6 1.6

M, 1.2 1.2 1.6 1.0 1.1

aM,;, M, and B (kcal/mol) are respectively the energies of the
principle minimum, the secondary minimum, and the intervening barrier,
with respect to an energy zero defined for the separated bases.
Parameters as defined in Table 1.

the principal axis of the simulation bp8 A from the end planes of

the box, and Sand T define vectors orthogonal to the principal axis,
lying in the planes defined by,.RPoints R, S, and T were given unit
masses and restrained at their positions to a precision of 0.1 A by using
appropriate force constants. Although the second approach allows the
use of an elongated, rectangular box with a smaller cross-section, and
thus fewer solvent molecules, the time gained is partially offset by the
cost of satisfying the supplementary constraints.

All the chemical bonds were constrained to their equilibrium values
by means of the SHAKE procedure. Simulations were carried out in
the (N, P, T) ensemble, at 300 K and 1 atm, gsir? fstime step. The
temperature was maintained using the Berendsen algofitfwith a
coupling constant to the external bath of 0.4 ps. When the rotation of
the base pair was restrained this value was reduced to 0.1 ps.

We have calculated the free energy differences related to two
different processes using the thermodynamic integration appfééch:

o= [T

whereH(r; A) is the potential energy function describing the system.

(1) Separating the two bases along their principal axisSeparating
the two bases was accomplished by either increasing the RI{IN3)
distance in steps of 0.1 A or decreasing the R(C4) and Y(C6Y-P;
distances in 0.05 A steps, as a function of the “coupling” paranieter
(between the limits indicated in Tables 1 and 2), leaving the propeller
angle between the bases free to vary. It is remarked that propeller
rotation was apparently not allowed in the earlier work of Dang and
Kollman?®

(2) Scanning the propeller angle between the two baseScanning

e propeller angle was accomplished by increasing the dihedral angle

(C5)-R(N1)-Y(N3)—Y(C5) in steps of either 2%or 5°. During
this procedure, the distance separating the bases was free to vary.

It is remarked that using the points t® pull the bases apart does
not significantly change the fluctuation of the distance between the

Two approaches were used concerning the rotational orientation of PSes at a given separation. As an example, the mean fluctuation of

the base pair: (a) The orientation was left free, in which case it was

the distance A(NL)T(N3) close to the optimal separation of the base

necessary to guarantee that, as the bases were separated, a thick enouffi Was 0.06 A when using Restraints and 0.1 A other\évise_. It should
layer of solvent continued to separate them from their images. In the IS0 be recalled that using the potential force methtid®to link 4 to
cases presented here, this thickness was always at least, 8 A. (b) Thdhe constrained variable allows a fast and accurate determination of

principal axis of the base pair, characterized by the atoms R{C4)
Y(C6), was restrained to lie along the principal axis of the rectangular
solvent box by using S-Pi—R(C4)= T1:—P,—R(C4)= S,—P,—Y(C6)

= T,—P,—Y(C6) = 90°, where R (i = 1, 2) are reference points on

the holonomic constraint contribution to the free enefgy.

Prior to each of the simulation runs listed in Tables 1 and 2, the
system was equilibrated for 100 ps. Various sampling times per window

were tested for their effect on the final free energy changes for base

(42) Pearlman, D. AJ. Chem. Phys1993 98, 8946.

(44) Berendsen, H. J. C.; Postma, J. P.; van Gunsteren, W. F.; Di Nola,

(43) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; A,; Haak, J. RJ. Chem. Phys1984 81, 3684.

Klein, M. L. J. Chem. Phys1983 79, 926.

(45) Mezei, M.; Beveridge, D. LAnn. N.Y. Acad. SclL986 482 1.
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Figure 5. Histogram showing the propensity for various AT propeller
twists (deg). Values around® @orrespond to WatserCrick pairing
and values around 18Q@o reverse WatsonCrick pairing. Note that
the Watsonr-Crick form shows two maxima on either side ¢f= 0°
corresponding to a preference for slight propeller twisting.

250—-30C. It should be noted that, after a complete rotation of
the bases, these curves close to a precision of better than 0.2
kcal/mol, which is a good test of their quality. These results
lead to three conclusions. First, the Wats@rick and the
reversed WatsonCrick forms of the AT pair have very similar
stabilities. Second, the barrier for base rotation is roughly-1.9
2.0 kcal/mol. Third, the optimal conformation of the Watson
Crick form shows a preference for propeller twisting, with an
angle of roughly 15 between the base planes, whereas this is
not seen for the reversed state.

To obtain a more refined estimate of the relative stabilities
of the two AT pairing configurations, we have used a single,
long simulation of 14 ns, which leads to repeated sampling of
both states. This simulation was carried out with 592 water
molecules and with primary and secondary cutoffs of 9 and 10
A, respectively. Neither the separation nor the overall rotation
of the pair were restrained. A histogram of the resulting propeller
twist angles is given in Figure 5. These results confirm that the
Watson-Crick state is characterized by a small propeller

separation. For the propeller rotations, 60 or 80 ps sampling times, twisting (+15°) not seen in the reversed state. On the basis of

including 10 ps of equilibration, were used.

Results

(@) AT Base Pair Inversion. The fact that the normal
hydrogen bonding face of thymine is symmetric with respect
to the axis of the AT base pair means that a reversed Watson
Crick state containing an A(HN6)T(02) hydrogen bond can
be generated by a 180@otation of one of the bases about this

the mean residence times in each state (Wat&nck: 400
ps, reversed WatsetrCrick: 220 ps), it is possible to calculate
that there is a free energy difference of roughly 0.6 In(220/
400) = —0.36 kcal/mol, in favor of the WatserCrick state.

(b) Base Pairing EnergiesThe free energy curves for base
separation are shown in Figures 6 and 7. They are all adjusted
to zero for the maximal separation between the bases studied
(see Tables 1 and 2). Both base pairs present the same general

axis (see Figure 1, center). During our molecular dynamics behavior with a primary minimuriv; at the hydrogen bonding

simulations, such inversions occur spontaneously, with a distanceR;, corresponding to the free energy of base pairing,
characteristic time for the transition of roughly 10 ps (Figure an energy barrieB, a secondary minimur at Ry, where a

3). This occurs even at the optimal separation between the twowater molecule forms a bridged hydrogen bond between A(N1)
bases, A(NIXT(N3) = 3 A. One can attempt to calculate the and T(HN3) or between G(HN1) and C(N3), and a final energy
free energy change for this process, and, thus, the differencebarrier. Note that all energies are given with respect to the zero
between WatsonCrick and reversed WatsetCrick AT pairs, point for separated bases.

by performing a controlled rotation around the A(NI)(N3) For the specific case of the AT pair (Figure 6 and Table 1),
axis of the AT base pair, as described in the methodology. The the primary minimum occurs &, = 3 A and the water-bridged
results are shown in Figure 4. The initial free energy curves minimum at roughlyR, = 5.6 A. As noted above, the Watsen
obtained in this way showed some irregularity at the barriers Crick and reversed WatseiCrick forms of this base pair
between the normal and reversed states. This can be ascribeéxchange regularly along the separation pathway. The results
to statistical inaccuracies connected to insufficient sampling in given in the table do not depend significantly on either the
the regions with higher conformational freedom. This was sampling time per window or the cutoff values, suggesting that
confirmed by longer sampling in the ranggs= 80—110° and the simulations can be considered to have converged. We
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Figure 6. Free energy profiles (kcal/mol) for the AT pair as a function
of the separation distance (A) measured between A(N1) and T(N3).
(See Table 1 for simulation protocols.)

Figure 8. Water distribution in a plane midway between adenine and

2 . . ' ' T ' . thymine, perpendicular to the principal axis of the base pair. Each point
; indicates the oxygen position of a water molecule. The images
1F . correspond to increasing distances of separation between the bases: 3
] (top left), 4 (top right), 5 (bottom left), and 5.6 A (bottom right). Only
or e states with propeller twists less th#20° were included in the sampling
2 4l 4 which was carried out every 0.4 ps.
=4
[v]
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% _2 T T T T
2 a3t .
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3
L 47 a
sl | 200 |
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Figure 7. Free energy profiles (kcal/mol) for the GC pair as a function -400 |-
of the separation distance (A) measured between G(N1) and C(N3).
(See Table 2 for simulation protocols.) c00 . . . , . .
T2 3 4 5 8 7 8 9
consequently find a pairing free energyly) of —4.3 + 0.2 Separation
kcal/mol and a secondary minimurivl§) of —0.9 4+ 0.2 kcal/ 1000
T T T T T T T

mol separated by a barrieB) of 1.5 + 0.3 kcal/mol. It is
remarked that the error estimates are simply standard deviations 800 | -
calculated over the seven simulations presented in Table 1.
For the GC pair (Figure 7 and Table 2), the values are, as 600 |-
expected, considerably higher with a primary minimivi,=
—5.8+ 0.5 kcal/mol, a secondary minimukt, = —1.2+ 0.3
kcal/mol, and a barrieB = 1.4+ 0.4 kcal/mol. Error estimates
are again standard deviations over the simulations carried out.
Note that both the primary and the secondary minima occur at Y \\A// : / 7

400 [ ]

200 b

Force

slightly shorter distances than for the AT pair, with= 2.9 A

. . . -200
andR, = 5.4 A. Longer simulation times were necessary for

the more strongly interacting GC pair. Although no transition 400 |- R
to a reversed WatsetrCrick form can occur for the GC pair, a
strongly propeller twisted state with a dihedral angle between -600 L ; L ! : ! !

. 2 3 4 5 6 7 8 9 10
the base planes of roughly 10@as seen occasionally for short Separation

distz:_lnces (3938 A) Whe_n a Wat_er molecule moved to form Figure 9. Force profiles (pN) derived from the free energy curves as
a brldged G(06) C(HN4) mteractlo.n.. . a function of the separation distance RINY(N3) (A): (a) AT pair

To illustrate how a secondary minimum is formed between 4nq (b) GC pair.
the paired bases in water, Figure 8 shows the evolving profile
of water molecules around the bases of the Watgomck AT to the principal axis of the pair, contains one point for each
pair. This view, situated between the bases and perpendiculawater molecule position sampled every 0.4 ps. To obtain a clear
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view, sampling was limited to states with small propeller twist Conclusions

angles {20°). The results show that, as the base pair beginsto  Molecular dynamics simulations of adenine-thymine and
separate, two favorable regions for water molecules appeargyanine-cytosine base pairs in water have enabled us to calculate
above and below the space between the A(N1) and T(HN3) the Watsonr-Crick pairing free energies as4.3 and—5.8 kcal/
atoms, which constitute the axial hydrogen bond of the pair. mol, respectively. These values are larger than those found in
This corresponds to water molecules beginning to bridge the early free energy simulatior#§22or in calculations based on a
increasing distance between these atoms and stabilize thg angevin dipole model of the solvefit.They are, however,
weakening basebase bond. Once the distance between the compatible with recent experimental studies which put the free
bases is large enough to accommodate a water moleculeenergy increment at roughly 2 kcal/mol per hydrogen btnéf
(roughly, Ri+2.5 A), the out-of-plane water clusters coalesce A similar value has been proposed by Ahora and Jayaram using
at a point on the base pair axis and a linear, bridged hydrogencontinuum solvent models and various molecular mechanics
bond is formed. Similar results were obtained in the case of force fields?®
the GC pair. As the base pairs are longitudinally separated, both exhibit a
(c) Force Curves.Single molecule experiments of the type secondary minimum where a water molecule bridges the gap
cited in the Introduction are now giving access to the forces between the axial R(N3) and Y(N1) atoms. These minima are
associated with the rupture of base pairs. Converting the mea-stabilized by—0.9 and—1.2 kcal/mol, respectively. In the case
sured forces to free energies of binding is, however, complicated of the AT pair, regular exchanges occur between Wat€enick
by the dependence of the measurements on loadind%ate. and reversed WatserCrick states, although the former is
generate a set of reference values for the standard base pairslightly more stable{0.4 kcal/mol).
we have numerically differentiated the free energy curves We have not investigated the free energy of base stacking in
obtained from our simulations. The results for representative this study, but it was clear from unconstrained dynamic runs
runs on the AT and GC pairs are shown in Figure 9. The On base pairs that deformation toward a stacked conformation
maximal rupture force of roughly 558 35 pN for AT and occurred rapidly if the two bases were not appropriately
860 + 40 pN for GC occurs as the pair confronts the barrier constrained. While it is not easy to judge which base stacking
between the primary and the secondary minima at a distanceinteractions would be likely to form from a mixture of A/T or
of around 3.3 A. It should be noted that these values are G/C bases, the large experimental values seen faR Btacks
considerably higher than estimates based on a linear free energyvould be competitive with our pairing free energiés?
change over an assumed rupture distance, namely, 125 pN (for A differentiation _of the free energy curves leads to maximal
an AT pairing energy of 3.5 kcal/mol and a rupture distance of forces for base pair rupture of 550 pN for AT and 860 pN for
2 A).25 1t should, nevertheless, be recalled that our simulations GC- These forces occur at a separation of roughly 3.3 A and
apply to the longitudinal separation of Watse@rick paired correspond to the energy barrier betyvgen the directly hyqrogen
bases, maintaining a common base axis and prohibiting bucklingPonded and the water separated minima of the base pairs.
or stacking of the base pairs. Recent micromanipulation experi- yjao9910927
ments on polymeric DNA's also lead to much smaller forces = (46) Evans, E.; Ritchie, KBiophys. J.1997, 72, 1541.
of around 9-10 pN for AT and 15-20 pN for GC2324put in (47) Viovy, J.-L; Heller, C.; Caron, F.; Cluzel, P.; Chatenay,®@.R.
these cases, the elasticity of the DNA strands surrounding theAC?fé)SFclgr;?{'si;'s'é%r?:r”l%?;“vf’/?sg;?- A, Phys. Chem. B.998 103
stretched base pair is expected to strongly diminish the maximal gg4.
force measureff. (49) Ahora, N.; Jayaram, Bl. Phys. Chem. B998 102 6139.




