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Introduction

Free-energy calculations based on molecular dynamics
(MD) simulation have been being carried out for about 20
years now.[1,2] In this period many applications of the pertur-
bation[3] and thermodynamic integration[4] methods have
been reported. Even though increases in computational
power have led to impressive increases in accuracy,[5] there-
by overcoming the problem of limited sampling, increasing
the efficiency of free-energy and entropy calculations is still
of major concern.[6–8] Free-energy differences between simi-
lar compounds can be calculated very efficiently by the one-
step perturbation approach from a nonphysical reference
state.[9] This method has been applied successfully to calcu-
late relative free energies of solvation for small solutes[10, 11]

and relative free energies of binding to a common recep-
tor.[12–14] Here we apply the method to obtain a massive
number (about 103) of free energies from just a handful
(five) of relatively short simulations of a double-helical
DNA dodecamer, of a single DNA dodecamer strand in a
random coil and in a stacked conformation and of two indi-
vidual nucleotides in aqueous solution.

The one-step perturbation method is based on the pertur-
bation formula by Zwanzig,[3] shown in Equation (1):

DGAR ¼ GA�GR ¼ �kBT ln he�ðHA�HRÞ=kBTiR ð1Þ

which states that the Gibbs free-energy difference (DGAR)
between two different states (or molecules), A and R, can
be calculated from the configurational or conformational en-
semble average of the Boltzmann factor (e�(HA�HR)/kBT) as cal-
culated from the ensemble of state R. kB is the Boltzmann
constant, T is the temperature, and HA and HR are Hamilto-
nians for states A and R, respectively. Application of this
formula in a single step on finite ensembles of the reference
state R is only valid if the ensemble of state R shows suffi-
cient overlap with the ensemble for state A. Because this is
generally not the case, traditional free-energy perturbation
(FEP) or thermodynamic integration (TI) methods split up
the change from R to A into a number of small steps, using
the coupling parameter approach.[15] This would require 10
to 20 simulations per free-energy difference, and thus about
104 simulations to obtain the large number of free energies
we are interested in. Therefore, our approach has rather
been to design a nonphysical reference state R that samples
a configurational ensemble broad enough to show overlap
not only with that of state A, but also with the ensembles of
many other physically relevant states—B, C and so forth.
An elegant way to do this is to make some atoms in state R
“soft”: that is, to remove the singularity in the nonbonded
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interaction,[16] to allow for some overlap with surrounding
atoms. In this way it is possible to generate an ensemble
containing both configurations similar to those of systems in
which the soft atom is present and configurations similar to
those of systems in which it is not.

In the current application we have designed the soft pyri-
midine–purine base pair depicted in Scheme 1. The position-

ing of the soft atoms (in grey) in these bases allowed us to
generate a reference configurational ensemble that shows
overlap with the configurational ensembles of the corre-
sponding real bases (or analogues), given in Scheme 2.[17]

These contain both synthetic[18–22] base analogues and bases
that have been shown or postulated to be products of radia-
tive damage on the natural bases.[23,24] The stabilities of
DNA double helices with some of these compounds incor-
porated have been determined experimentally.[17,19,20, 22] Ap-

plication of Equation (1) to trajectories produced for mole-
cules containing the soft reference bases yields the free-
energy difference upon a change from the soft reference
base into one of the real bases. This free-energy difference
between real and soft bases can be calculated for any combi-
nation of the real bases as a function of the environment of
the soft bases in a MD simulation. Four environments were
considered and are illustrated in the four vertical columns of
Scheme 3: 1) two simulations of a nucleotide, each contain-
ing one of the two soft bases, in water, 2) a single-strand
DNA dodecamer in water, with the soft bases SPUR and
SPYR in the central positions 6 and 7 along the nucleotide
chain, which is in “random coil” conformation, 3) the same
molecule in water, but held in a conformation in which the
bases are stacked and 4) a duplex of the same molecule in
water in a double-helical conformation.

The three free-energy differences involved in changing
the soft bases into the real ones, corresponding to a change
from one environment (columns in Scheme 3) to the next
from left to right in Scheme 3, are 1) the free energy DGinsert

of changing the environment of two particular bases from
water into a single-strand DNA in water, 2) the free energy
DGstack of changing the environment of two particular adja-
cent bases in a single-strand DNA in water from a random
coil into a stacked conformation and 3) the free energy
DGpair of changing the environment of two times two partic-
ular adjacent bases in two single DNA strands in water from
a separated (but stacked) conformation into a double-heli-
cal, and thus paired, conformation. With the real bases of
Scheme 2, this gives 13 (purines) M 10 (pyrimidines)�1=129
different relative free energies, DGinsert for insertion of a
purine plus pyrimidine base pair into the DNA chain and
the same number of free energies DGstack of base stacking. A
theoretical number of 130 M 130�1=16 899 different relative

Scheme 1. Nonphysical pyrimidine (SPYR) and purine (SPUR) bases
with soft atoms indicated in grey and normal atoms indicated in black.
For a description of the force-field parameters used to describe the base
see Table 1.

Scheme 2. Real bases for which the stacking and pairing free energies were calculated. Compounds Y1–10 replace the soft pyrimidine(s) present in the
simulations, while compounds U1–13 replace the soft purine(s) present in the simulations.
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free energies of double base pairing DGpair can be calculat-
ed. These 1.7 M 104 relative free energies all follow from just
a few (five) simulations of the reference state.

Computational Methods

All simulations were performed by use of the GROMOS biomolecular
simulation package.[25, 26] The parameters were taken from the recently
developed 45 A4 parameter set of the GROMOS force field.[27] The inter-
action parameters for the soft bases are reported in Table 1; the interac-
tions for atoms marked “soft” were calculated by the soft-core ap-
proach,[16] with softness parameter values[10] aLJ =1.51 and aC =0.5 nm2.
Only five simulations were required to obtain the free energies of stack-
ing and pairing for the ten pyrimidine analogues and 13 purine analogues
shown in Scheme 2. Two simulations involved a single soft base (SPYR
or SPUR) nucleotide, two simulations involved a single
d(CGCGAATTCGCG) strand of DNA with the two soft bases replacing
the central AT bases and a fifth simulation involved the corresponding
DNA duplex with four soft bases for the two central AT bases, all in ex-
plicit water. Initial coordinates were taken from the crystal structure of
the Dickerson–Drew dodecamer[28–30] (d(CGCGAATTCGCG)2, Protein
Data Base (PDB) entry code 355D).[31] The central purine and pyrimi-
dine in this structure were replaced by the soft bases SPUR and SPYR,
respectively. The single nucleotides with SPUR or SPYR bases were sol-
vated in truncated octahedral boxes containing 2035 and 1849 simple
point charge (SPC)[32] water molecules, respectively. The single- and dual-
strand simulations were performed in rectangular boxes containing 12889
and 13 415 SPC water molecules. The single-base nucleotides were simu-
lated in neutral form, the phosphate groups being replaced with OH. In
the single- and double-strand DNA simulations, a neutralising amount of
Na+ ions was added, together with additional Na+Cl� ion pairs corre-
sponding to a salt content of 0.1m.

In the single-strand simulation with
stacked bases, the stacking was main-
tained by positional restraints on the
twelve C5’ backbone atoms of the
chain to their crystallographic posi-
tions, through the use of a harmonic
potential energy term with force con-
stant 2.5M 104 kJ mol�1 nm�2. To keep
the soft bases paired in the double-hel-
ical DNA simulation, two attractive
distance restraints were added for
every base pair, as indicated in
Table 1. This still allowed the bases
freedom to move relative to each
other, but prevented them from
moving away from their partners com-
pletely.

For all simulations, initial velocities
were randomly chosen from a Max-
well–Boltzmann distribution at 50 K.
Periodic boundary conditions were ap-
plied. The temperature was then grad-
ually increased during six 20 ps equili-
bration simulations. During this time
atom-positional restraints on all solute
atoms were gradually reduced. At
least 2 ns of production simulation
were then performed at a constant
temperature of 298 K and at a con-
stant pressure of 1 atm, and coordi-
nates from these were stored every
0.1 ps for the free-energy analysis.
Temperature and pressure were kept
constant by the weak-coupling ap-

proach,[33] with relaxation times tT=0.1 and tP=0.5 ps and an estimated
isothermal compressibility of 4.575 M 10�4 (kJ mol�1 nm�3)�1. Nonbonded
interactions were calculated by use of a triple-range cutoff scheme. All
interactions within a cutoff distance of 0.8 nm were calculated at every
time step from a pair list that was updated every fifth time step. At this
point interactions between atoms (of charge groups) within 1.4 nm were
also calculated and were kept constant between updates. A reaction field
contribution[34] was added to the forces and energies, to account for the
influence of a homogeneous medium outside the cutoff sphere of 1.4 nm
with a relative dielectric constant of 66.[35]

The free energy of changing the soft bases into any of the corresponding
real bases in Scheme 2 was calculated by application of the one-step per-
turbation formula [Eq. (1)] over the stored configurations of the trajecto-
ry. Only the interaction energies involving the atoms in the soft bases
need to be reevaluated, making the postprocessing calculation efficient.

The presence of hydrogen bonds was determined by geometrical criteria.
A hydrogen bond is considered to be present if the hydrogen–acceptor
distance is less than 0.25 nm and the donor–hydrogen–acceptor angle is
at least 1358. To analyse the hydrogen bonding between the bases in
Scheme 2, a full hydrogen-bond analysis was performed on the soft bases
and the presence of hydrogen bonds for every configuration of the trajec-
tory was weighted with the exponential Boltzmann factor in Equa-
tion (1).

Results

The overall structure of the double-helical DNA dodecamer
remains stable over the course of the simulation. The all-
atom positional root-mean-square deviation (RMSD) from
the crystal structure is around 0.4–0.5 nm, which is very sim-
ilar to the results of simulations of the same dodecamer

Scheme 3. Thermodynamic scheme used to calculate the insertion (DGinsert), stacking (DGstack) and pairing
(DGpair) free energies of a combination of two adjacent base pairs in DNA. The brackets give the number of
real compounds for which the free-energy difference with the indicated reference state can be calculated. The
bottom line shows the lengths of the MD simulations of the different reference states.
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double helix without soft bases.[27] The occurrence of canoni-
cal (Watson–Crick) hydrogen bonds in the ten non-soft-base
pairs is presented in Table 2. Because of the symmetry of
the DNA duplex, two values for every hydrogen bond are
given. Except between the bases of the first and last base
pairs, hydrogen bonds are present for 77–98 % of the time.
The hydrogen-bonding patterns in the two halves of the
molecule are very similar.

The distance restraints that were added to keep the bases
of each of the two pairs of soft bases together do ensure
stable simulations, but still allow the soft bases sufficient
flexibility to sample different relative positions. As indicated
by the examples in Scheme 4, noncanonical hydrogen bonds
can be formed between donors and acceptors. The atom-po-
sitional fluctuations in the soft bases are slightly larger than
in the surrounding bases (up to 0.2 nm versus 0.1 nm for the
central “non-soft” bases).

Table 1. Nonstandard force-field parameters used to describe the artifi-
cial soft bases. Soft atoms used a softness parameter for the van der
Waals interaction of aLJ = 1.51 and for the Coulomb interaction of aC =

0.50 nm2. If two values for C12 are specified, the first is used in apolar in-
teractions, the second in polar interactions.[25, 27] The 1–4 nonbonded van
der Waals interaction parameters are equal to the normal ones. q is the
partial charge on the atom.

Atom Softness C61/2 C121/2 q
[(kJ mol�1 nm6)1/2] [10�3 (kJ mol�1 nm12)1/2] [e]

pyrimidine
C1 soft 0.04838 1.837 �0.2
C2 normal 0.04838 1.837 0.2
N2 soft 0.04936 1.301/2.250 �0.4
H21 soft 0.0 0.0 0.1
H22 soft 0.0 0.0 0.1
C3 soft 0.04838 1.837 �0.2
H3 soft 0.0092 0.123 0.2
C4 normal 0.04838 1.837 0.2
N4 soft 0.04936 1.301/2.250 �0.4
H41 soft 0.0 0.0 0.1
H42 soft 0.0 0.0 0.1
C5 normal 0.04838 1.837 0.0
CM5 soft 0.09805 5.162 0.0
C6 normal 0.04838 1.837 0.1
H6 normal 0.0092 0.123 0.1

purine
C1 soft 0.04838 1.837 �0.2
H1 soft 0.0092 0.123 0.2
C2 normal 0.04838 1.837 0.2
N2 soft 0.04936 1.301/2.250 �0.4
H21 soft 0.0 0.0 0.1
H22 soft 0.0 0.0 0.1
C3 soft 0.04838 1.837 �0.2
H3 soft 0.0092 0.123 0.2
C4 normal 0.04838 1.837 0.2
C5 normal 0.04838 1.837 0.0
C6 normal 0.04838 1.837 0.2
N6 soft 0.04936 1.301/2.250 �0.4
H61 soft 0.0 0.0 0.1
H62 soft 0.0 0.0 0.1
C7 soft 0.04838 1.837 �0.2
H7 soft 0.0092 0.123 0.2
C8 soft 0.04838 1.837 0.2

Table 1. (Continued)

Atom Softness C61/2 C121/2 q
[(kJ mol�1 nm6)1/2] [10�3 (kJ mol�1 nm12)1/2] [e]

N8 soft 0.04936 1.301/2.250 �0.4
H81 soft 0.0 0.0 0.1
H82 soft 0.0 0.0 0.1
N9 normal 0.04936 1.301/1.841 �0.2

Bond Force constant Ideal bond length
[106 kJ mol�1 nm�4] [nm]

N�H 18.7 0.100
C�H 12.3 0.109
C�N (amino group) 10.6 0.133
5-ring inside 11.8 0.133
6-ring inside 10.8 0.139
C�CM 7.15 0.153

Bond angle Force constant Ideal bond angle
[kJ mol�1] [degree]

5-ring inside 465 108.0
C-N-H 390 120.0
H-N-H 445 120.0
6-ring to hydrogen 505 120.0
6-ring to non-hydrogen 560 120.0
5-ring to hydrogen 575 126.0
5-ring to non-hydrogen 640 126.0
5,6 ring connection 760 132.0

Improper dihedral angle Force constant Ideal improper dihedral
angle

[kJ mol�1 degree�2] [degree]

on all planar atoms 0.0510 0.0
ring torsions 0.0510 0.0

Dihedral angle Force constant Phase shift Multiplicity
[kJ mol�1]

C-C-N-H (amino group) 33.5 �1.0 2

Attractive distance restraint Force constant Restraint length
atom pair [kJ mol�1 nm�2] [nm]

1 6SPUR N2–2 7SPYR N2 500 0.300
1 6SPUR N6–2 7SPYR N4 500 0.350
1 7SPYR N2–2 6SPUR N2 500 0.300
1 7SPYR N4–2 6SPUR N6 500 0.350

Table 2. Occurrence of canonical (Watson–Crick) hydrogen bonds in the
non-soft bases in the 2 ns MD simulation of the DNA double helix. Be-
cause of the symmetry of the DNA duplex, the same hydrogen bonds are
to be expected in the first and the second halves of the double-helical
DNA duplex structure.

Hydrogen-bond Occurrence [%]
donor/acceptor pair first half second half

1Cyt O2 !12Gua N2 56 55
1Cyt N3 !12Gua N1 72 72
1Cyt N4!12Gua O6 57 61
2Gua N2!11Cyt O2 88 87
2Gua N1!11 Cyt N3 97 98
2Gua O6 !11Cyt N4 89 90
3Cyt O2 !10Gua N2 87 81
3Cyt N3 !10Gua N1 97 98
3Cyt N4!10Gua O6 89 94
4Gua N2!9Cyt O2 78 77
4Gua N1!9 Cyt N3 95 98
4Gua O6 !9Cyt N4 87 92
5Ade N6!8Thy O4 84 92
5Ade N1 !8 Thy N3 88 90
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The random coil state in Scheme 3 was approximated by a
3.4 ns simulation of a single DNA strand without any re-
straints. Even though the sampled conformations no longer
resembled the starting configuration, the soft bases were in-
teracting with other bases (both parallel and perpendicular
stacking were observed). On this timescale a complete sam-
pling of the conformational space belonging to a true
random coil cannot be expected. However, the sampling of
the other reference states (columns 1, 3 and 4 in Scheme 3)

is likely to be much more ex-
haustive. This is why the sum of
DGinsert and DGstack in Scheme 3,
termed DGinsert,stacked, which can
be obtained by direct compari-
son of the free energies in the
stacked single strand and in the
individual bases, is probably
more precise than its compo-
nents DGinsert and DGstack. Of
the 130 stacking free energies
(relative to those of the soft
bases) calculated, those for the
naturally occurring bases, to-
gether with those for the bases
with the highest and lowest
DGinsert,stacked values, are given in
Table 3.

Of the 16 900 free energies of
double base pairing that can be
obtained from the double-heli-
cal DNA simulation and the
single-strand one (see
Scheme 3), only 1024 were eval-
uated. These correspond to one
base pair containing all purine–
pyrimidine combinations of the
naturally occurring bases (A, C,

G, T) and another base pair containing alternative bases at
the two central (sixth and seventh) positions in the dodeca-
mer duplex. The SPUR soft base at position 6 in the first
strand can be changed to A or G, and the SPYR soft base at
the pairing position 7 in the second strand to C or T, which
yields four possibilities for the natural base pair in position 6
of strand 1 and position 7 of strand 2. A similar calculation
for the ten possible natural and alternative bases at posi-
tion 7 in the first strand and for the 13 possible natural and
alternative bases at position 6 of the second strand yields
130 possibilities for the natural or alternative base pair in
position 7 of strand 1 and position 6 of strand 2. Combining
these possibilities yields 4 M 130= 520 possibilities. Inter-
changing the position of the natural and alternative or natu-
ral base pairs brings the number of possible double base
pairs to 2 M 520=1040. However, in this calculation, 4 M 4=

16 double base pairs consisting of natural bases are doubly
counted, which leads to a total of 1040�16=1024 double
base pairs of the type described. The distribution of these
1024 free energies (relative to those of the soft bases) is
given in Figure 1. Because of the symmetry of the double
helix, the free energy for a set of two base pairs Ui :Yj and
Yk :Ul should theoretically be identical to the free energy
for the set Ul :Yk and Yj :Ui. However, the timescale (2 ns)
of the duplex simulation is not sufficient to sample all con-
formational bending modes of the double helix and to
ensure that on average the molecule is purely symmetric in
a conformational manner as well. We therefore took the two
combinations of the base pairs together in the ensemble

Table 3. Insertion and stacking free energies for selected pairs of adja-
cent bases in the middle of the single-strand DNA dodecamer as ob-
tained by one-step perturbation and MD simulation. Out of 130 combina-
tions of 13 purines and ten pyrimidines at the sixth and seventh positions
in the DNA strand, only the naturally occurring bases and the base com-
binations with the lowest and highest stacking free energies were select-
ed. DGinsert is calculated as the difference in the free-energy change from
soft to real bases of the random coil single-strand state and the single-
base nucleotide state (see Scheme 3). DGstack is calculated as the differ-
ence in the free-energy change from soft to real bases of the stacked
single-strand state and the random coil single-strand state (Scheme 3).
DGinsert,stacked is calculated as the difference in the free-energy change
from soft to real bases of the stacked single-strand state and the single-
base nucleotide state (Scheme 3).

Nucleotide sequence position DGinsert DGstack DGinsert,stacked

1–4 5 6 7 8 9–12 [kJ mol�1] [kJ mol�1] [kJ mol�1]

(CG)2 A A T T (CG)2 27.6 �23.8 3.8
(CG)2 A A C T (CG)2 42.7 �28.5 14.2
(CG)2 A G T T (CG)2 54.2 �23.6 30.6
(CG)2 A G C T (CG)2 52.8 �58.1 �5.3
(CG)2 A U13 C T (CG)2 12.2 �66.0 �53.8
(CG)2 A G Y9 T (CG)2 39.1 +18.0 57.1

Scheme 4. Base pairs selected on the basis of their (decomposed) pairing free energies given in Table 4.
Lowest-energy pair with canonical hydrogen bonds: Y7:U2. Lowest-energy pair without canonical hydrogen
bonds: Y9:U10. Highest-energy pair with canonical hydrogen bonds: Y4:U4. Highest-energy pairs: Y4:U2 and
Y10:U5. The arrows indicate possible (and observed) hydrogen bonds.
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average of Equation (1), doubling the statistics for any com-
bination of Ui :Yj and Yk :Ul for which i¼6 l and j¼6 k
(1024�16= 1008 cases). The number of free-energy values is
then reduced to 1024�(1008/2)= 520.

The 520 calculated values of DGpair correspond to the si-
multaneous base pairing of two base pairs. This number of
DGpair values is still too large to list them all. We therefore
decomposed all these double-base-pairing free energies into
contributions from the individual bases, which reduces the
number of values to 130, but at the expense of neglecting
the influence of the neighbouring base pairs on a base-pair-
ing free energy. The resulting free energies of single base
pairing are given in the matrix in Table 4. We note that the
values are relative to the base pairing of the soft bases. For
comparison with experimental results only differences be-
tween the listed single-base-pairing free energies should be
considered.

Discussion

About 70 % of the 130 values of DGinsert,stacked lie—like the
values of the naturally occurring bases (Table 3)—within the
range from �6 to 31 kJ mol�1. These values correspond to
the stacking of two bases in between A and T, relative to
the sequence (CG)2, A, SPUR, SPYR, T, (CG)2. Experimen-
tally, the stacking of small aromatic compounds has been
studied extensively, but only limited data exist for stacking
adjacent bases in a DNA strand.[36,37] Recent “dangling resi-
due” experiments[37] cannot be compared to our data, be-
cause these experiments study the stacking of a single base
on top of a DNA double helix, and this will still have con-
siderably more conformational freedom than a pair of bases

in the middle of a DNA strand. Possible cooperative effects
from repetitive stacking will not be represented by these ex-
periments either. The variation in the values listed in
Table 3 might seem rather large, but since the values involve
three stacking interfaces, the variations are of the same
order of magnitude as those from the dangling residue ex-
periments. The values agree reasonably well with values
from early quantum-mechanical calculations[38] on double
base pairs, which were surprisingly shown to correlate with
the melting temperatures of double helices, indicating that
the stacking free energies play an important role in DNA
stability.[39] The values of DGinsert,stacked show the same corre-
lation: bases that are known to pair well also stack well.

For the sequence with the lowest stacking free energy (A,
U13, C, T) it is interesting to note that DGstack is fairly com-
parable to that for the (A, G, C, T) sequence. The difference
in DGinsert,stacked between the two sequences comes mostly
from DGinsert. A particular advantage of the one-step pertur-
bation method is that structural information can be obtained
from the simulation of the reference state by picking out
those configurations that contribute most to the ensemble
average in Equation (1). The strongest contributing confor-
mations for three base stacking sequences are depicted in
Figure 2. From the graphical representation of the stacking
sequence with the lowest free energy DGinsert,stacked (Fig-
ure 2B) it becomes clear that an intramolecular hydrogen
bond from the 8-amino group in U13 to the O5’ of the back-
bone is mainly responsible for the favourable value of DGinsert

(Table 3). The relative orientation to the pyrimidine Y1 (C)
is highly comparable to the relative G/C orientation (Fig-
ure 2A). The positive hydrogen atoms in the cytidine NH2

group position themselves between the negatively charged
N and O atoms of the purine, while the positively charged
carbonyl carbons of the cytidine orient themselves towards
the negatively charged N-ring atoms of the purine. The con-
figuration contributing most to the free energy DGinsert,stacked

of the least favoured stacking sequence A, G, Y9, T (Fig-
ure 2C) reveals that such a stacking conformation is not pos-

Figure 1. Distribution of DGpair, the free energy of base pairing (relative
to that of pairing of the soft bases) for 1024 combinations of the two
base pairs. The values for the combinations of base pairs are twice the
decomposed DGpair values according to Table 4. Vertical lines indicate
the DGpair values of the base pairs shown in Scheme 4.

Table 4. Decomposed DGpair values in kJ mol�1 as obtained from MD
simulation. For every combination of bases, the double-base-pairing free
energy is decomposed into single-base-pair contributions by least-squares
fitting; 130 values are obtained from 520 independent free energies.

Pyrimidine
Purine Y1 (C) Y2 (T) Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10

U1 (A) 64 52 41 54 58 35 55 40 29 64
U2 (G) 24 83 65 94 19 83 13 88 45 92
U3 51 47 39 46 48 32 47 35 30 61
U4 77 64 50 65 79 47 77 50 24 80
U5 35 90 78 95 42 74 37 76 51 105
U6 46 84 73 87 43 68 38 70 55 94
U7 53 52 42 54 52 37 49 39 36 61
U8 58 48 29 48 60 30 57 33 23 59
U9 30 90 68 95 30 71 24 73 40 94
U10 51 37 21 38 54 16 52 19 11 51
U11 42 58 45 61 41 36 40 38 32 57
U12 39 64 49 71 45 60 43 61 40 78
U13 39 86 75 88 39 78 34 80 58 95
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sible for Y9. Instead, the pyrimidine ring rotates away from
the purine because otherwise both the carbonyl and the
amino dipoles of the two bases would be exactly aligned.

Use of the decomposed (single base pair) values of DGpair

in Table 4 to reproduce the original double-base-pair free
energies (DGpair) of Figure 1 gives a root-mean-square devia-
tion of 14 kJ mol�1 over all 520 pairs, indicating that such a
decomposition is indeed rather approximate. We note that
the value of DGpair no longer includes the direct stacking
energy within a single strand. One can also calculate a value
DGinsert,paired by comparing the free energies in the double
helix with those of the single-base nucleotides. A decompo-
sition of the values obtained in this way would mean averag-
ing out of the different stacking energies. By decomposing
the values of DGpair, we neglected the influence of the upper
and lower neighbouring bases on the pairing partner.

Notwithstanding their uncertainties and approximate
character, the decomposed pairing free energies of Table 4
still contain a wealth of information. On consideration of
the four naturally occurring bases, it is clear that the G:C
base pair is most preferred, followed by the A:T base pair.
Experimentally, the pyrimidines Y3 and Y4 are known to
form more stable DNA double helices than Y2 (T) when
pairing to U1 (A). Similarly, Y5 and Y7 are experimentally
favoured over Y1 (C) when pairing to U2 (G).[17] The de-
composed free energies in Table 4 do indeed show these
trends. Surprisingly enough, the free energy for A:C pairing
is—at 12 kJ mol�1—not so much higher than for A:T pairing.
In fact the discriminating power of adenosine seems much
smaller than that of guanidine: it pairs most favourably with
pyrimidines 9 and 6, which do not even show the expected
hydrogen-bond partners. However, the soft bases are flexi-
ble enough to allow for favourable conformations other
than the canonical Watson–Crick base pairs[40] (see also
Scheme 4).

Guanidine, on the other hand, shows the largest variation
of all the purines in its pairing free energy. One of the
lowest free-energy base pairs (Y7:G) and one of the highest
free-energy base pairs (Y4:G) each involve this purine. No-
tably, both Y4 and Y7 are Br-containing pyrimidines. Appa-
rently the rather bulky Br atom finds a “comfortable” niche,

while also maintaining a good
interaction with guanidine in
the Y7:G pair, causing Y7 even
to be preferred over Y1 (C).
For Y4, no such a combination
of favourable interactions can
be found, leading to a very high
free energy of pairing. The two
bases forming this pair find
themselves rather in configura-
tions in which they are shifted
with respect to each other, or in
which one moves slightly out of
plane to interact with the adja-
cent base pairs. Scheme 4 and
Table 5 display the hydrogen-

bonding patterns for these base pairs. The hydrogen-bond
percentages have been obtained by reweighting the hydro-
gen-bond occurrence between the soft bases with the Boltz-
mann factor in Equation (1) for every configuration in the
reference simulation. These percentages will not correspond
to the hydrogen-bond occurrences in a true simulation of
the “non-soft” bases, but they do indicate the important hy-
drogen bonds seen in the configurations contributing most
to the pairing free energy.

The decomposed pairing free energies of the five base
pairs shown in Scheme 4 are indicated in the distribution
DGpair in Figure 1 as well. The base pairs Y7:U2 and
Y9:U10 have the lowest pairing free energy (Table 4). Base
pair Y7:U2 does show a canonical hydrogen-bonding pat-
tern, while base pair Y9:U10 does not. Base pair Y10:U5
shows the most unfavourable pairing energy, closely fol-
lowed by the Y4:U2 base pair. Finally, Y4:U4 is the base
pair that has the highest free energy of pairing, while still
being able to form Watson–Crick hydrogen bonds. It in-
volves, again, the Br-containing pyrimidine and a purine in
which an additional carbonyl is present in the 8-position.
Indeed, Y4 shows a much more favourable pairing energy

Table 5. Occurrence of hydrogen bonds (arrows in Scheme 4) in the
DNA duplex for selected base pairs. Hydrogen-bond occurrences are
weighted for every configuration of the reference trajectory by the Boltz-
mann probability [Eq. (1)] from the corresponding free-energy calcula-
tion.

Hydrogen-bond
donor/acceptor pair

Occurrence
[%]

Hydrogen-bond
donor/acceptor pair

Occurrence
[%]

Y7 O2 !U2 N1 14 Y9 N2!U10 N1 13
Y7 O2 !U2 N2 15 Y9 N3 !U10 N6 16
Y7 N3 !U2 N1 24 Y9 O4 !U10 N6 26
Y7 N3 !U2 N2 15 Y4 O2 !U2 N2 17
Y7 N4!U2 N1 16 Y4 O2 !U2 N1 14
Y7 N4 !U2 N1 16 Y4 N3 !U2 N2 16
Y7 N4!U2 O6 23 Y4 N3!U2 N2 16
Y4 N3!U4 N1 24 Y4 N3 !U2 N1 26
Y4 N3!U4 N6 12 Y4 N3!U2 N1 25
Y4 N3 !U4 N6 16 Y4 N3!U2 O6 12
Y4 O4 !U4 N6 21 Y4 O4 !U2 N1 17

Figure 2. Structures from the simulation of the stacked single DNA chain that contribute most to the free
energy DGinsert,stacked of sequences: A) A,G,C,T; B) A,U13,C,T; C) A,G,Y9,T. (See also Table 3). Atoms have
been coloured according to the real bases with purine carbons in blue and pyrimidine carbon atoms in yellow.
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with U10, even though this pair has identical hydrogen-
bonding possibilities. If we compare the pairing free ener-
gies for purines U1, U8 and U10, we see that they show the
same free-energy profile in “pyrimidine space”, with U10
being 14–20 kJ mol�1 more favourable, except when pairing
to Y5 and Y7, where it is still preferred over adenosine
(U1) by 3–4 kJ mol�1. This agrees with the experimental
finding that U10 pairs to Y2 more favourably than U1.[19]

However, U8:Y2 is experimentally found to give less-stable
DNA double helices than U1:Y2,[20] while the simulations
rather tend towards similar or more favourable pairing ener-
gies for U8. Interestingly enough, the purines U7 and U11
also show a profile similar to that of U1, indicating that the
hydrogen-bonding capabilities do not affect DGpair for U1
(A) so much. However, “purine” U12, a completely neutral
steric analogue of adenosine, shows a different pairing pat-
tern, indicating that if there is a substituent on the 6-posi-
tion, it should be able to form hydrogen bonds. A compari-
son to experiment based on melting free energies can be
made. The U12:C pair is less stable than the A:T base pair
by 19 kJ mol�1, the U12:T pair by 20 kJ mol�1, and the
U12:Y10 pair by 15 kJ mol�1. In Table 4 we find �13, + 12
and +26 kJ mol�1, respectively. This indicates a prediction
of the wrong sign for the U12:C pair. However, the experi-
mental sequence always has a C:G base pair adjacent to the
pair under investigation. Even though the rest of the se-
quence is not identical to the simulated sequence, this
knowledge allows us to go back to the values of DGpair

before decomposition and compare with the double-pairing
energies. In this case the pairing energy for the U12:C pair
is +10 kJ mol�1 relative to A:T, U12:T gives + 24 kJ mol�1

and U12:Y10 +35 kJ mol�1. From this example it once
again becomes clear that the pairing free energy is greatly
affected by the type of adjacent base pairs.

The pairing pattern of U12 with all pyrimidines lies some-
what in between those of U1 and U6, which is in turn very
similar to that of U13. Comparison of U6 and U13 shows
that their pairing free energies are very similar, as opposed
to the stacking free energy of U13, as discussed before. As
can be seen from Figure 2B, U13 already stacks very similar-
ly to U2 (Figure 2 A) in the single strand. For pairing, the
base no longer has to turn into a different conformation.
The pairing free energies of U13 are on average higher than
those for U2. Experimentally this purine is expected to form
more stable pairs in Hoogsteen-base-paired parallel-strand-
ed DNA,[41] but this hydrogen-bond pattern is not included
in these simulations.

The above examples support the view of Kool et al.[42, 43]

that the pairing free energies of base pairs are strongly af-
fected by the stacking and steric properties of the individual
bases. Substituents at positions far from the base–base inter-
face have major influences on the pairing free energies,
while in some cases removal of the hydrogen-bonding capa-
bilities does not affect the selectivity as much. In fact, the
most important atomic property in the purines seems to be
the protonation state at N1, rather than the substitution pat-
tern at positions 2 and 6. U2, U6, U9 and U13 have pairing

properties different from the rest of the purines. Most prob-
ably, a combination of both steric effects and hydrogen
bonding together leads to optimal pairing free energies, as is
also described in the recent work by Fonseca Guerra and
Bickelhaupt, based on density functional calculations.[44,45]

Conclusion

From only five MD simulations involving one to four soft
bases, we calculated a large number of stacking and pairing
free energies. From 1024 out of 16 900 theoretical double-
base-pairing free energies, we were able to construct a pyri-
midine–purine matrix of single-base-pairing free energies. A
large influence of the neighbouring base pairs on the base-
pairing free energy is indicated by an RMSD value of
14 kJ mol�1 when the double base-pairing free energies are
back-calculated from the decomposed (single base) values.
Still, the decomposed values do agree with several experi-
mental findings and can be used to obtain an initial indica-
tion of base-pairing free energies.

A more detailed analysis of specific base pairs reveals
that unexpected combinations can give rise to favourable
pairing free energies, due to shifted hydrogen-bonding pat-
terns and stacking free energies. In agreement with experi-
ment[42] it turns out that the hydrogen-bonding properties of
the bases play only a limited role in the pairing free ener-
gies. Base orientations that are dictated by stacking proper-
ties and resulting steric effects seem to be as important to
explain the base–base interactions.
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