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Abstract: The phenomenon of base stacking, which we treat here in full atomic detail for RNA fragments including 
solvent and the sugar phosphate backbone, is not yet completely understood. We present free energy profiles of 
stacking for all 16 natural ribodinucleoside monophosphates based on potential of mean force calculations for this 
unimolecular process. Stacking preferences follow the general sequence purine—purine > purine—pyrimidine > 
pyrimidine—purine > pyrimidine—pyrimidine with the stacked state having 2—6 kcal/mol lower free energy than 
the unstacked states for purine—purine combinations. The ribodinucleoside monophosphates containing both a purine 
and a pyrimidine base showed in most cases higher stacking propensities if the purine base was in the 5'-position. 
No or a very small free energy barrier was observed for the unstacking of the pyrimidine—pyrimidine ribodinucleoside 
monophosphates. A large number of different structures, both stacked and unstacked, were obtained and major 
transitions of the backbone torsion angles were observed. The pseudorotation phase angle showed a preference for 
the 2E mode in the unstacked states of ribodinucleoside monophosphates containing pyrimidine—pyrimidine 
combinations. The strongest interactions with solvent were observed for the phosphate oxygens, and the direct 
interactions of the 2'OH group of the 5'-ribose with the 3'-base and ribose destabilize the stacked state by about 2 
kcal/mol. Both the solvent and the sugar phosphate backbone influence the stacking preferences of the dimers. 

Introduction 
The three-dimensional structures of DNA and RNA are to a 

large extent determined by base stacking. In contrast to the 
hydrogen bonding responsible for base pairing, stacking interac­
tions are critically dependent on the aromatic base sequence. 
The sequence thus has a means, in addition to the functional 
groups on the base edges, of influencing interactions with other 
molecules. Base stacking has been studied in a variety of 
systems, ranging from isolated bases to long DNA duplexes. 
Even in the simplest nucleic acid system in which sequence 
dependent effects can be studied, a ribodinucleoside monophos­
phate, where a large number of experimental studies have been 
performed, a diversity of results is obtained.' Semiempirical 
calculations, molecular mechanics, molecular dynamics simula­
tions, and free energy perturbation methods have been used to 
investigate base stacking;2-6 most of these theoretical studies2-46 

of base stacking have focused on the base—base interactions 
but have left out the dynamical backbone and/or the influence 
of solvent interactions. In an earlier potential of mean force 
calculation of the stacking of a 9-methyladenine base and a 
1-methylthymine base, the backbone was not included and the 
relative orientation of the bases was not allowed to vary.7 The 
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f Abbreviations: ApA, adenylyl-3',5'-adenosine; ApC, adenylyl-3',5'-

cytidine; ApG, adenylyl-3',5'-guanosine; ApU, adenylyl-3',5'-uridine; CpA, 
cytidylyl-3',5'-adenosine; CpC, cytidylyl-3',5'-cytidine; CpG, cytidylyl-3',5'-
guanosine; CpU, cytidylyl-3',5'-uridine; GpA, guanylyI-3',5'-adenosine; 
GpC, guanylyl-3',5'-cytidine; GpG, guanylyl-3',5'-guanosine; GpU, gua-
nylyl-3',5'-uridine; UpA, uridylyl-3',5'-adenosine; UpC, uridylyl-3',5'-
cytidine; UpG, uridylyl-3',5'-guanosine; UpU, uridylyl-3',5'-uridine; MD, 
molecular dynamics; PMF, potential of mean force. 
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mechanism of base stacking is not yet completely understood, 
and different forces, such as hydrophobic effects or direct 
electrostatic interactions between the bases, have been suggested 
as making the dominant contribution to the stabilization of base 
stacks.8 Proton nuclear magnetic resonance and spin—lattice 
relaxation time measurements have provided details of the 
conformational properties of ribodinucleoside monophos­
phates.9-16 Optical spectroscopy experiments such as circular 
dichroism, optical rotatory dispersion, and UV absorption have 
been applied to determine thermodynamic parameters, such as 
the fraction that are in a stacked state, for the stacking 
interactions of ribodinucleoside monophosphates.117-21 For the 
ribodinucleoside monophosphates, the experimental enthalpy 
AH appears to range from about —2 to —12 kcal/mol. Solvent 
interactions are known to influence the nucleic acid conforma-
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tion, and stacked structures are most favored in aqueous 

solvents.22-24 

We have used molecular dynamics (MD) simulations, which 
have the potential of providing very detailed information about 
interactions in macromolecular systems, to make as realistic a 
theoretical study as possible of the stacking problem. MD 
simulations were performed on all atom models of all 16 
ribodinucleoside monophosphates containing combinations of 
the adenine (A), cytosine (C), guanine (G), and uracil (U) bases 
in water. This approach has previously been shown to be fruitful 
in very long molecular dynamics simulations used in investiga­
tions of the conformational flexibility and solvent interactions 
of stacked and unstacked conformations of the ribodinucleoside 
monophosphate GpU.5-25 In the present study, the free energy 
of going from a stacked state to an unstacked was determined 
by potential of mean force (PMF) calculations along a reaction 
coordinate defined by the distance between the glycosidic 
nitrogen atoms of the bases. This reaction coordinate was 
chosen because it is a reasonable and simple criterion for 
stacking,5 and at the same time allows for flexibility of both 
the bases and the backbone. Conformational changes, in terms 
of backbone torsions, sugar puckering, and base orientation as 
well as solvent binding sites and energetic contributions of the 
ribodinucleoside monophosphates, were analyzed for stacked 
and unstacked states. 

The potential of mean force approach provides an estimate 
of the free energy difference between stacked and unstacked 
states and also gives the free energy profile for this process 
along the chosen reaction coordinate. This is obtained with a 
standard molecular mechanics potential energy function, without 
any adjustable parameters for these particular calculations. 
Together with the structural information for solute and solvent 
also available in the simulations we thus get a very complete 
description of the unimolecular stacking/unstacking equilibrium 
and its dependence on base sequence in ribodinucleoside 
monophosphates. 

Methods 

The initial stacked conformations of the ribodinucleoside mono­
phosphates were generated as standard A-RNA, which has a base tilt 
of 16° and an axial rise per residue of 2.81 A,26 from X-ray fiber 
diffraction data.27 Combinations of the adenine (A), cytosine (C), 
guanine (G), and uracil (U) bases were used to build the 16 ribodi­
nucleoside monophosphates (MpN, where M, N = A, C, G, U). The 
distance between the nitrogen atoms (Nl for pyrimidine and N9 for 
purine), which connect the base to the sugar moiety, was the same 
4.736 A in all the 16 stacked conformations thus generated. 

Potential Energy Function. All energy minimizations and MD 
simulations were performed using the CHARMM28 program version 
22 with the new all atom nucleic acid parameters.29 The potential 
energy function, U(R), where R is the vector of the coordinates of the 
atoms has the form 
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where Kb, Ke, Ky%, K4,, and K111 are the bond, bond angle, Urey-Bradley, 
dihedral angle, and improper dihedral angle force constants, respec­
tively. The quantity b is the bond length, 6 me bond angle, S the Urey-
Bradley 1,3 distance, and w the improper dihedral angle, and the 
subscript zero is used for the equilibrium values. <f> is the dihedral 
angle, n the multiplicity, and d the phase. Nonbonded interactions, 
with the nonbonded distance r(J between atoms i and j , are represented 
with a Lennard-Jones term, where e,, is the well depth and Rmm ij is the 
distance to the Lennard-Jones minimum, and a Coulomb term, where 
qi is the partial atomic charge, eo is the dielectric constant, and er is the 
relative dielectric constant. 

Computational Details. To make the system electrically neutral, 
a sodium counterion was placed on the bisector of the phosphate 
oxygens. Each ribodinucleoside monophosphate with a sodium coun­
terion was first energy minimized 100 cycles of steepest descent and 
the counterion moved away from the phosphate oxygens nearly 
symmetrically. Thereafter each ribodinucleoside monophosphate was 
solvated in a 25.0 A side cubic box of TIP3P30 water molecules. To 
remove bad contacts, the water molecules were energy minimized 100 
cycles of steepest descent and 3000 cycles of adopted-basis set 
Newton-Raphson,28 while the ribodinucleoside monophosphate was 
constrained using a harmonic potential with a force constant of 1.0 
kcal-mol-1 -A-2. The integration of the equations of motion was carried 
out with the Verlet algorithm,31 and to allow for a time step of 0.002 
ps, all hydrogen atom-heavy atom bond lengths were constrained using 
the SHAKE algorithm.32 Periodic boundary conditions were used in 
the MD simulations. All the MD simulations were carried out at a 
temperature of 300 K. A relative dielectric constant er = 1.0 was used, 
and the nonbonded interactions were smoothly shifted to zero at a cutoff 
of 11.5 A.28 Coordinates were saved every 0.04 ps, and the nonbonded 
list was updated every 20 steps. All the analysis, energy minimizations, 
and MD simulations were performed on IBM RISC 6000 and DEC 
AXP 3000/400 workstations. 

Stacking Model. We used RN,NV, the distance between the base 
glycosidic nitrogen atoms (N^, N, = Nl-pyrimidine, N9-purine), as a 
reaction coordinate (Figure 1). This was implemented in the umbrella 
sampling procedure and gives a one-dimensional definition of stacking, 
which in geometric terms depends on base-base parallelism, overlap, 
and distance. 

Other, more complex coordinates can be devised, but the advantage 
of using this simple reaction coordinate is that the bases and the 
backbone still can be flexible. Base stacking was in a previous MD 
simulation5 of a dinucleoside monophosphate found to be well 
characterized by RN,NV, and in the present investigation, a large number 
of different conformations was obtained by sampling along this reaction 
coordinate. 

Potential of Mean Force. The potential of mean force w(R) is the 
free energy, in our case the Helmholtz free energy since the simulations 
were run at constant volume, along a reaction coordinate R and takes 
the form 

w(R) = -kBTTn Pt(R)-EnJJO 

where k& is the Boltzmann constant, T is the temperature, and p*(R) is 
the probability distribution along the reaction coordinate in the presence 
of the biasing potential EKS<I(R). Sampling of a reaction coordinate is 
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Figure 1. Description of the reaction coordinate, the restrained distance 
N̂1NV between the nitrogen atoms (N,, N,, = Nl-pyrimidine, N9-purine), 
which connect the base to the sugar moiety of the backbone. The 
definitions of the backbone torsion angles (d, e, f, a, /3, y), the 
glycosidic torsion angles (%), and the pseudorotation phase angles (</>) 
are given. 

not usually adequate in a single unrestrained MD simulation; therefore, 
it is common to obtain a potential of mean force from a series of 
simulations, which use different restraining potentials to sample the 
reaction coordinate.33 Potential of mean force profiles were generated 
using this umbrella sampling procedure with a harmonic restraining 
potential 

^restr = ^N,NV ~ ^ref) 

where k is the force constant and 7?ref is the reference value used in a 
particular simulation window to restrain the distance /?NtN( between the 
base nitrogen atoms (N.,, N,- = Nl-pyrimidine, N9-purine), which 
connect the base to the sugar moiety of the backbone. 

The force constant was set to 4.0—16.0 kcal*mol-l,A_2 such that 
neighboring sampling windows overlap. An equilibration period of 
40 ps was performed for each of the initial 16 systems containing an 
aqueous solvated ribodinucleoside monophosphate with a sodium 
counterion. During this equilibration period, RKf was set to 4.5 A and 
a force constant of 4.0 kcal-mor'-A-2 was used. Conformational space 
was. sampled by performing MD simulations in 18 windows with R!e{ 

varying from 3.5 to 12.0 A in 0.5 A intervals. In each window, the 
simulation was started from a snapshot of the preceding window, and 
after 5 ps of equilibration, conformations were sampled during 40— 
120 ps. The longer simulation times were required in the /JN1N, = 5—10 
A range where the ribodinucleoside monophosphates are in transition 
between stacked and unstacked conformations. From a free MD 
simulation5 of an unstacked conformation of a dinucleoside mono­
phosphate, the majority of the conformations was obtained in the 6-9 
A range. The total MD simulation time for all 16 ribodinucleoside 
monophosphates was 18.4 ns (about 8000 CPU hours). The PMF 
profiles from the different simulation windows were spliced together 
with the weighted histogram analysis method3435 (WHAM). From 
prolonged simulations of GpU we estimate the error in the PMF profiles 
to be ±0.5 kcal/mol. 

Fraction Stacked. To determine the fraction stacked, a distinction 
has to be made between stacked and unstacked conformations, and we 
choose to designate all states with /?N,NV. - ŝmck as stacked, the rest 
being unstacked. The fraction stacked was calculated by integrating 
the PMF profile w(R) to /?stack: 

where ks is the Boltzmann constant and T the temperature. The 
selection of 7?s,aci< will be discussed below. 

Energetic Calculations. A simple analysis of the energetics of the 
aqueous solvated ribodinucleoside monophosphates was performed for 
each MpN on a simulation of a stacked conformation, represented by 
the simulation using the restrained distance /?N,N?.

 = 4.5 A, and on a 
simulation of an unstacked conformation, represented by the simulation 
using Raj)y = 9.0 A. The energy difference between a stacked and an 
unstacked conformation was calculated from 

A £ = <£>4.s-<£>9-0 

where ('")gSxNy is the average energy obtained in the simulations with 
RNXN, restrained to 4.5 and 9.0 A as indicated. This difference was 
analyzed specifically for the base—base interaction energy (AE^), 
including all interaction terms between the atoms of one base with the 
atoms of the other base, and the internal backbone/backbone-bases 
interaction energy (A£bb-b), which is the remaining internal energy in 
the solute. 

Results and Discussion 

For clarity the detailed analysis of conformational and 
energetic properties in the subsequent sections is restricted to 
the simulations performed with the restraining potential set up 
to keep the dimers close to /?N,N, = 4.5 and 9.0 A, representing 
stacked and unstacked conformations. 

Free Energy Profiles. The free energy profiles (Figure 2 a -
f) of the ribodinucleoside monophosphates in aqueous solution 
are very sequence dependent, the most prominent characteristics 
being either a well-defined minimum around /JN1N5.

 = 4.5—5 A 
or a rather flat profile with or without a small barrier. The 
deepest minima and the highest barriers and therefore the highest 
stacking abilities were obtained for the purine—purine dimers, 
especially for ApA (Figure 2a), which stacked substantially 
better than the pyrimidine—pyrimidine dimers (Figure 2b). This 
is in agreement with what has been observed experimentally.' 
We estimated the free energy of stabilizing the stacked state to 
be about 2—6 kcal/mol higher for purine—purine dimers than 
for pyrimidine—pyrimidine dimers as indicated by the plateau 
level in the PMF profiles (Figure 2a—f). The shallowest 
minimum for the purine—purine dimers was observed for the 
GpG dimer, and the highest stacking ability was observed for 
the adenine base containing purine—purine dimers. 

In the PMF profiles of the pyrimidine—pyrimidine dimers 
no minimum was obtained indicating very low degree of 
stacking (Figure 2b). Most of the dimers containing combina­
tions of purine and pyrimidine bases showed intermediate 
stacking propensities. Very good stacking ability was observed 
for the purine—pyrimidine dimers with a guanine base in the 5' 
position, GpC and GpU (Figure 2d,f). An adenine base in the 
5' position was less proficient in promoting stacking (Figure 
2c,e). Overall the purine—pyrimidine dimers showed higher 
stacking ability than the pyrimidine—purine dimers except for 
the A and C combinations, where CpA stacked better than ApC 
(Figure 2c). For the PMF profiles with a well-pronounced 
minimum, the PMF minimum was found close to the /JN,NV 

distance in the starting structures of the ribodinucleoside 
monophosphates obtained from X-ray fiber diffraction data.27 

From this we could conclude that the reaction coordinate worked 
well and that the PMF minimum well represented the stable 
stacked and most favored structure. As we earlier have observed 
from unrestrained MD simulations of GpU, the stacked structure 
kept its conformation during the simulation.525 
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(35) Boczko, E. M.; Brooks, C. L., III. J. Phys. Chem. 1993, 97, 4509-
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Figure 2. Free energy profiles of stacking for all the 16 combinations of bases in the ribodinucleoside monophosphates. PMF energy versus 
restrained distance /?N,NV is shown for (a) the purine-purine combinations (A, G), (b) the pyrimidine-pyrimidine combinations (C, U), (c) the A, 
C combinations, (d) the G, C combinations, (e) the A, U combinations, and (f) the G, U combinations. 

Stacking Equilibrium. From the PMF profiles we observed 
that many intermediate states were populated (Figure 2) and 
that the stacking/unstacking equilibrium cannot be well repre­
sented as a two-state system. It is also difficult to determine 
exactly which states along our reaction coordinate that are 
stacked or unstacked due to different distance, overlap, and 
parallelism between the bases. The equilibrium between stacked 
and unstacked states can be represented by an equilibrium 
constant Keq =/ s / /u , where/s and/u are the fraction stacked and 
unstacked, respectively. The particular value chosen for /?slack 
will obviously influence Keq as can be seen in Figure 3, where 
we have plotted the fraction stacked/s versus i?slaCk; it is possible 
to use different /?slaek values for different sequences (see also 
the discussion of conformations below), but in order not to have 
this as a free parameter, we chose to use a sequence-independent 
ŝtack- It should also be noted that even though the exact values 

of f̂eq and/s depend on Rslack the ranking of sequences according 
to Keq or/ s is insensitive to /?slack since the curves in Figure 3 
in general do not cross. 

In the initial stacked structures of the ribodinucleoside 
monophosphates, the /?N,NV distance was 4.736 A and the 
criterion for stacking RstaCk must be close to that. For the 
analysis /?stack distances of 4.5 and 5.0 A were chosen. The 
fraction stacked at 4.5 A, /s(4.5), was 0.4-2.1% for the 
pyrimidine-pyrimidine dimers and slightly higher for the UpA, 
GpG, and GpA dimers (Table 1). For most of the dimers 
/s(4.5) was between 7.0% and 15.6%, except for the UpG and 
CpA dimers (31.8% and 52.9%, respectively). At 5.0 A the 
fraction stacked /s(5.0) was still low for the pyrimidine-
pyrimidine dimers (1.9-6.0%), but an obvious increase was 
observed for all the other dimers, except UpA (6.1%). For 
instance the CpA dimer showed very high values of fraction 
stacked. 

We calculated the equilibrium constants for the /?SIaCk distances 
4.5 A, tfeq(4.5), and 5.0 A, Keq(5.0) (Table 1). Very small values 

of ATeq(4.5) were observed for the pyrimidine-pyrimidine 
dimers, 0—0.02, but Keq(5.0) showed slightly higher values, 
0.02-0.06. Highest values of Keq(4.5) and Keq(5.0) were 
obtained for the UpG and CpA dimers. The majority of the 
the dimers showed Keq(4.5) between 0.02 and 0.18 and Keq-
(5.0) from 0.29 to 2.21. Purine—purine dimers tended to be 
parallel at much longer /?NtN\ distances than pyrimidine-
pyrimidine dimers (see Conformational Analysis below), indi­
cating that the same stacking criterion should perhaps not be 
used for all ribodinucleoside monophosphates. The fraction 
unstacked could be divided into different parts, for instance it 
is possible to calculate the fraction of intermediate states and 
the fraction of unstacked states to have three separated states 
including the stacked state. 

We can divide the 16 dimers in three groups with low (/s < 
0.1), medium (0.1 < / s < 0.5), or high (fs > 0.5) fraction stacked 
at room temperature. From the/s(5.0) in Table 1 we then get 
CpC, CpU, UpA, UpC, and UpU in the low group; ApA, ApC, 
CpG, GpA, GpG, and GpU in the medium group; and ApG, 
ApU, CpA, GpC, and UpG in the high group. A similar 
grouping based on experimental / s estimates (see ref 1 and 
references therein) comes out with some differences from our 
analysis, which also depend on the experimental technique. The 
main differences, where our results differ from both UV and 
NMR data, are that we find that the UpG dimer should stack 
very well, whereas both UV and NMR in this case have 
medium-low stacking estimates, and we find the CpC dimer 
not to stack at all, when UV and NMR find medium stacking 
estimates for CpC. The conformational analysis for the UpG 
dimer below shows that it has an unusual conformation of the 
backbone a torsion in the extended state, which could contribute 
to a PMF favoring the stacked state. The CpC dimer on the 
other hand is very flexible, as are all the pyrimidine-pyrimidine 
dimers in our simulations, even at close distances. 
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Figure 3. Fraction stacked,/,, as a function of stacking distance, Raack, which is a criterion to determine which states are stacked, for all 16 
ribodinucleoside monophosphates. 

Table 1. Equilibrium Constants, KQ<I, and the Fraction Stacked,/. 
Calculated at the Stacking Distances /?sl,ltk = 4.5 and 5.0 A 

dimer 

ApA 
ApC 
ApG 
ApU 
CpA 
CpC 
CpG 
CpU 
GpA 
GpC 
GpG 
GpU 
UpA 
UpC 
UpG 
UpU 

Kcq(4.5) 

0.11 
0.11 
0.16 
0.18 
1.12 
0.01 
0.08 
0.02 
0.05 
0.15 
0.02 
0.14 
0.02 
0.02 
0.47 
0 

/(4.5) (%) 

10.2 
10.0 
13.8 
15.6 
52.9 

1.1 
7.0 
1.7 
4.4 

12.9 
2.1 

11.9 
1.7 
2.1 

31.8 
0.4 

Ke<,(5.0) 

0.97 
0.39 
2.21 
1.56 
9.64 
0.04 
0.44 
0.05 
0.49 
2.12 
0.29 
1.07 
0.06 
0.06 
2.82 
0.02 

/ (5.0 (%) 

49.2 
28.3 
68.8 
61.0 
90.6 

4.0 
30.6 

5.2 
33.0 
67.9 
22.6 
51.7 

6.1 
6.0 

73.8 
1.9 

The stacking ability is not simply a function of base size as 
is evident from, e.g. the GpG dimer having a fairly small / s , or 
from comparing how / s depends on the base order in the six 
couples of heterodimers. Here we find that ApU stacks better 
than UpA, and that CpG stacks less well than GpC, both of 
which are in agreement with the ordering obtained from NMR 
data.1 For ApC the ordering we observe is however the reverse 
of that seen in NMR. 

One reason for discrepancies between the detailed sequence 
dependence in our PMF profiles and the sequence dependencies 
seen experimentally is that stacking as measured by our reaction 
coordinate /?N,NV is not exactly the same as stacking measured 
by experimental spectroscopic techniques, which depend on 
electronic interactions. We can thus have situations where the 
bases are very parallel and overlap but with a distance between 
the bases of 6—7 A, or bases that are close but not very parallel, 
or with little overlap, and which may be interpreted differently. 

Conformational Analysis. Many different conformations, 
both stacked and unstacked, were obtained as can be seen for 
the ApC dimer in Figure 4. For /?N,N, up to about 6 A the bases 
of purine—purine dimers are parallel, but most of the pyrimidine-
containing dimers leave the stacked state at shorter distances. 

Figure 4. Stereoviews of stacked and unstacked conformations of the 
ribodinucleoside monophosphate ApC. The snapshots from the tra­
jectories are taken from the molecular dynamics simulations using 
different restrained distances /?N,N, (A) 4.0, (B) 7.5, and (C) 11.0 A. 
The pictures in the figure were generated with the program Molscript.'6 

The pyrimidine—pyrimidine dimers were observed to be very 
flexible at short /?N,NV distances and therefore showed very little 
stacking. 

The dynamical behavior of the backbone and the glycosidic 
torsion angles and the pseudorotation phase angles was analyzed 
using the Dials and Windows programs.37 Only for the CpC 
and UpU dimers we observed changes of the 6 angle for the 
restrained distance /?N,XV

 = 4.5 A. The ApG and GpA dimers 
showed no transitions of the <5 angle at /?N,NV

 = 9.0 A (Figure 
5a), and the UpA and UpG dimers showed only changes of the 
d angle in the 5'-ribose (Figure 5b). For a purine base in the 5' 

(37) Ravishanker, G.: Swaminathan. S.; Beveridge, D. L.; Lavery, R.; 
Sklenar. H. / . Biomol. Struct. Dyn. 1989. 6. 669-699. 
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Figure 5. Time evolution of the backbone torsion angles (<5, e, £, a, /3, y), the glycosidic torsion angles (%), and the sugar pucker pseudorotation 
phase angles (<j>) °ftne (a) ApN and CpN and (b) GpN and UpN (N = A, C, G, and U) ribodinucleoside monophosphates from the MD simulations 
using the restrained distances /JN1N1. = 4.5 A (stacked conformation, to the left) and 9.0 A (unstacked conformation, to the right). The 5'-base is 
indicated by 1 and the 3'-base by 2. The angles are defined as in Figure 1. 

position, no changes of the 6 angle were observed, except for changed for all ribodinucleoside monophosphates except CpA 
ApU, but for a pyrimidine base in the 5' position, the 6 angle at /?N,NV = 9.0 A. The d angle changed for all dimers with a 
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Table 2. Angle 6 between the Normal Vector of the 5'-Base and 
the 3'-Base for the MD Simulations using the Restrained Distances 
/?NtNv = 4.5 and 9.0 A" 

dimer 

ApA 
ApC 
ApG 
ApU 
CpA 
CpC 
CpG 
CpU 
GpA 
GpC 
GpG 
GpU 
UpA 
UpC 
UpG 
UpU 

61(4.5) (deg) 

11.0(6.4) 
15.2(7.2) 
12.8 (6.8) 
15.2(7.1) 
24.1 (10.1) 
46.8 (20.0) 
33.8 (14.6) 
29.1(13.3) 
9.9 (5.4) 
13.6 (6.8) 
10.8 (5.5) 
14.1 (7.2) 
28.7(13.6) 
26.3 (10.4) 
25.8 (10.6) 
36.3 (18.6) 

61(9.0) (deg) 

52.7 (33.7) 
53.2 (27.0) 
33.2(16.6) 
43.5 (20.8) 
57.4 (22.2) 
64.4(17.4) 
85.8 (32.6) 
62.8(21.3) 
87.3(18.8) 
37.0(16.1) 
73.3 (27.0) 
73.0 (20.7) 
80.1(27.7) 
65.4 (22.7) 
71.4(21.6) 
76.5 (20.5) 
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Table 2. Angle 6 between the Normal Vector of the 5'-Base and 
the 3'-Base for the MD Simulations using the Restrained Distances 
/?NtNv = 4.5 and 9.0 A" 

dimer 

ApA 
ApC 
ApG 
ApU 
CpA 
CpC 
CpG 
CpU 
GpA 
GpC 

61(4.5) (deg) 

11.0(6.4) 
15.2(7.2) 
12.8 (6.8) 
15.2(7.1) 
24.1 (10.1) 
46.8 (20.0) 
33.8 (14.6) 
29.1(13.3) 
9.9 (5.4) 
13.6 (6.8) 

61(9.0) (deg) 

52.7 (33.7) 
53.2 (27.0) 
33.2(16.6) 
43.5 (20.8) 
57.4 (22.2) 
64.4(17.4) 
85.8 (32.6) 
62.8(21.3) 
87.3(18.8) 
37.0(16.1) 

3-

0-

1 -5-
g -10-

< 

-20-

M'l 1 - I 

I I 
I I 1 T 

I I 

" In the parentheses are the standard deviations. 

pyrimidine base in the 3 ' position. Most of the dimers showed 
a change against a less negative value of the e angle for both 
^N1NV = 4.5 and 9.0 A. No changes of the £ angle were observed 
at /?N,NV = 4.5 A, but at /?N,NV = 9.0 A, and £ angle changed for 

all the dimers containing a purine base and the largest changes 
were obtained for the ApG, ApU, CpG, and GpU dimers. The 
ApU and UpG dimers showed major changes of the a angle at 
RNXN, = 9.0 A, and the /S angle was increased for a majority of 
the dimers. For RNXN, = 4.5 A, no transitions were observed 
for the y angle, but at RNXN, = 9.0 A, the y angle of the 3'-base 
changed dramatically for the ApU and UpU dimers. For the % 
angle we observed slightly less negative values for the pyrimi­
dine bases in both the 5' and 3' positions. 

Two ranges of the pseudorotation phase angle </> are preferred 
for nucleotides: Ci'-endo (3E) at 0° < <p < 36° (in the north 
cycle, N) and C2'-endo (2E) at 144° < <p < 190° (in the south 
cycle, S).26 AU the initial structures have the <p angle in the 3E 
mode. For the CpC and UpU dimers we observed changes to 
the 2E mode of the 0 angle of the ribose group connected to 
the 3 ' base for the MD simulation using the restrained distance 
^N,N, = 4.5 A (Figure 5a,b). The <p angle of the 5'-ribose 
changed toward S and then back to 3E for CpC and UpU, but 
all other dimers showed the <p angle in the 3E mode for RNXN, = 
4.5 A. For the unstacked conformations obtained from the MD 
simulation using the restrained distance RNXN, = 9.0 A, we 
observed no changes of the <j> angle from the 3E mode for the 
ApG and GpA dimers and for the 0 angle close to the pyrimidine 
base of the GpC and UpA dimers showed changes to the 2E 
mode and back to the 3E mode. The cp angle showed a 
preference for the 2E mode for both the sugar moieties of the 
ApU, CpC, CpG, UpC, and UpU dimers at #N,NV = 9.0 A. The 

<j> angle was observed in the 2E mode for the sugar moiety of 
the pyrimidine base of the UpG dimer and for the sugar moiety 
of the 3'-base of the ApA, ApC, CpA, CpU, GpG, and GpU 
dimers at RNXN, = 9.0 A. 

To examine the flexibility of the bases relative each other 
and to understand the vibrational motions of the bases we 
calculated the angle 0 between the normal vectors of the bases 
for the restrained distances RNXN, = 4.5 A, 0(4.5), and 9.0 A, 
0(9.0). For the purine—purine dimers, we observed an angle 
0(4.5) between 9.9° and 12.8° (Table 2), indicating the purine 
base planes to be strongly attracted to each other. For the purine 
and pyrimidine containing dimers with a purine base in the 5' 
position, we observed an angle 0(4.5) of 13.6°—15.2°, but for 
a purine base in the 3' position, and angle 0(4.5) was larger, 
24.1°—33.8°. The pyrimidine—pyrimidine dimers were most 

T I 1 1 1 1 1 I I I I I I I I r-

< < < < V V U V O O O O Z > D O D 

Dimer 
Figure 6. Base—base interaction energy difference between stacked 
(RN.VNV = 4.5 A) and unstacked (AN1N1.

 = 9.0 A) conformations. The 
error bars displayed are the largest standard deviation of the interaction 
energy for the stacked or unstacked form. 

flexible at RNXN, = 4.5 A, with 0(4.5) = 26.3°-46.8°. The 
purine—purine dimers showed the smallest root mean square 
fluctuations, 5.4°-6.8°, of 0(4.5). 0(9.0) was in the range 
33.2°—87.3° for all 16 sequence combinations, which means 
that 0(9.0) > 0(4.5) for all the dimers. The root mean square 
fluctuations of the angle 0 were larger for 0(9.0) than for 
0(4.5) for all the dimers, except for the CpC dimer. 

Energetic Analysis. Solvent interactions are known to 
influence stacking propensities, but the exact nature of this 
influence and its relation to the direct base—base interactions 
remains unclear.24 The AfTbb energies from the direct base-
base interactions (Figure 6) were in accord with other theoretical 
calculations,2 which showed the highest stacking propensity for 
the GC pair, where we found the lowest base—base interaction 
energy for the GpC dimer. The lowest base—base interaction 
energies were overall obtained for dimers containing one 
guanine base, with the GpG dimer being the least favorable, as 
shown in other studies.2 Energy differences of the internal 
backbone and backbone—bases interaction energy, A£bb-t>, for 
the dimers were mainly due to the backbone—base interaction 
energy. The AEbb_b energy varied between —14 and 7 kcal/ 
mol with standard deviations of about 7—10 kcal/mol for all 
the dimers. The lowest values of AEbb-b were obtained for the 
ApU, UpA, CpG, and GpC dimers. Although the A£bb-b values 
are less certain than those for A£bb, it is clear that they are of 
the same magnitude and that their sequence dependencies are 
not the same. 

Solvent Interaction Sites. The average number of hydrogen 
bonds were calculated for each hydrogen bond donor or acceptor 
atom in the solute. A hydrogen bond was assumed to exist if 
H - "X < 2.4 A. The strongest interactions with water were 
formed by the phosphate oxygens, which had on average 2—3 
hydrogen bonds to water molecules (Figure 7a—d, supporting 
information). As expected, due to that the phosphate oxygens 
are sticking into the water, these interactions are quite similar 
for the ribodinucleoside monophosphates, stacked or unstacked. 
The most exposed atom of the adenine bases in both the 5' and 
3' positions was the Nl atom, which showed 1.1 — 1.4 hydrogen 
bonds to water and slightly more exposed for /?N,N, = 9.0 A 
than for RsxN, = 4.5 A. The N7 atom of all the adenine bases 
showed 0.5-1.0 hydrogen bonds and was more exposed at RNX-N, 
= 9.0 A, but the N7 atom of the guanine bases formed more 
hydrogen bonds, on average 1.5—2.0. For the 0 6 atoms of the 
guanine bases we observed 1.1 — 1.7 hydrogen bonds to water. 
The 0 2 atom of the cytosine bases showed about 1.5—1.8 
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Table 3. Interaction Energies between the 2'OH Group of the 
5'-Ribose and the 3'-Base Including the Sugar Moiety for the MD 
Simulations using the Restrained Distances /?N,NV = 4.5 A, 
£2-OH(4.5), and 9.0 A, £2'OH(9.0)" 

dimer 

ApA 
ApC 
ApG 
ApU 
CpA 
CpC 
CpG 
CpU 
GpA 
GpC 
GpG 
GpU 
UpA 
UpC 
UpG 
UpU 

" In the 

£VOH(4.5) (kcal/mol) 

3.81(1.58) 
3.77(1.80) 
4.29(1.27) 
3.18(1.14) 
3.91(1.15) 
4.12(2.21) 
4.45 (1.90) 
3.90 (2.04) 
4.05(1.39) 
4.07(1.54) 
4.15(1.17) 
3.14(1.20) 
3.96(1.37) 
4.34(2.18) 
4.49(1.04) 
3.15(1.94) 

£roH(9.0) (kcal/mol) 

2.69(1.87) 
2.93(1.48) 
3.45(1.38) 
1.76(2.80) 
2.11(1.09) 
2.27(1.32) 
1.78(1.32) 
1.89(1.61) 
1.88(1.33) 
2.24(1.90) 
2.94(2.16) 
0.15 (0.73) 
1.65(1.90) 
3.13(2.10) 
1.90(3.76) 
1.15(1.83) 

parentheses are the standard deviations. 

hydrogen bonds to water for most of the dimers containing a 
cytosine base and for the uracil bases were the 0 2 and 0 4 atoms 
most exposed. Very few hydrogen bonds to water were obtained 
for the 0 3 ' and 0 5 ' atoms bonded to the phosphate atom. A 
majority of the 0 2 ' atoms in the sugar moiety of the dimers 
formed around 1.0 hydrogen bonds to water. The 0 4 ' atoms 
of the dimers were more exposed at ^N1N, = 9.0 A, especially 
for the 0 4 ' atoms of the 3'-ribose. The 5' and 3' terminals were 
observed to be very flexible, and therefore, the average number 
of hydrogen bonds to water varied. 

Most of the observed differences for the average number of 
hydrogen bonds formed to water between the stacked states and 
the unstacked were about 0.5 hydrogen bonds, but some atoms 
could clearly be seen to be more exposed in the unstacked 
conformation, e.g. in ApA, GpG, UpA, GpC, UpG, and CpC. 
In a few cases, the opposite situation, with atoms more exposed 
in the stacked conformation, was found, most notably for the 
G in CpG and for the U in UpC. 

We also calculated the interaction energy between the sodium 
counterion and the solute, including the bases and the backbone, 
for the MD simulations using the restrained distances /?N,NV = 
4.5 and 9.0 A. The counterion was observed to be very mobile, 
and this particular interaction energy component varied through­
out the simulations between 0 and —60 kcal/mol in a random 
fashion. We would thus conclude that in these simulations the 
ion in itself had no direct effect on the solute. 

Differences in conformational stability and physical properties 
between DNA and RNA depend on the ribose 2'OH group and 
on the C5-methyl in the DNA base thymine.26'38 In a MD 
simulation study5 of a stacked conformation of GpU, the 
hydrogen bond between the 2'OH group of the 5'-ribose and 
the 0 4 ' atom of the 3'-ribose was present 83% of the simulation 
time. To investigate the influence of the 2'OH group on 
stabilizing stacking, we calculated the interaction energy 
between the 2'OH group and the adjacent base and sugar moiety 
(the phosphorus atom and the phosphate oxygens were not 
included) for the MD simulations using the restrained distances 
i?NvNv = 4.5 A, E2 'OH(4.5), and 9.0 A, £2 'OH(9.0) (Table 3). 

The interaction energy £ ,2'OH(4.5) was observed to be 1—3 
kcal/mol higher than £2'OH(9.0), indicating that the direct 
interactions of the 2'OH group of the 5'-ribose with the 3'-base 
and ribose do not stabilize stacking; a recent study38 of 2'OH 
effects on the stability of RNA and DNA double and triple 

helices showed that the 2'OH group could have both stabilizing 
and destabilizing effects. The ApU, GpU, and UpU dimers 
showed the smallest #2'OH(4.5), 3.14-3.18 kcal/mol, but for the 
other dimers, £2'OH(4.5) varied between 3.77 and 4.49 kcal/ 
mol. For E2'OH(9.0) we obtained larger variations depending 
on the populated conformations and the flexibility of the 2'OH 
group. Aside from these direct interactions the 2'OH group 
could also have an effect on stacking stability through its 
influence on the ribose conformation. 

Conclusions 

Potential of mean force calculations of the free energy of 
ribodinucleoside monophosphates have given a detailed picture 
of the stacking/unstacking equilibrium. The free energy of the 
stacking/unstacking process for all 16 combinations of dimers 
are presented (Figure 2). The PMF minimum represents well 
the most favored stacked structure in aqueous solution. Free 
energy differences of 2—6 kcal/mol were observed between the 
stacked state and the unstacked states for the purine—purine 
dimers. The general sequence dependence of stacking abilities, 
purine—purine > purine—pyrimidine > pyrimidine—purine > 
pyrimidine-pyrimidine, was found to be in agreement with 
experimental data. We have in a previous PMF study39 of ApA 
at different temperatures calculated that in this case stacking is 
enthalpy driven, with AH = —6 kcal/mol and AS = —13 cal/ 
mol/K for the unstacked to stacked transition which is within 
the range of experimental values for ApA. In the present 
simulations, many different conformations, with different 
degrees of stacking, were observed, and together with the PMF 
profiles, this clearly shows the gradual nature of the stacking 
phenomenon. The variation in equilibrium constants and 
fraction stacked of ribodinucleoside monophosphates reported 
in the literature115-21 is also likely to be a reflection of this. 

A number of major transitions of the backbone torsion angles 
were observed when going from a stacked state to an unstacked. 
The glycosidic torsion angles showed a preference for less 
negative values, and for the stacked conformations, the pseu-
dorotation phase angle showed small changes from the 3E mode 
commonly found in riboses but had a preference for the 2E mode 
in the unstacked states for the ribose groups connected to 
pyrimidine bases and for some ribose groups connected to purine 
bases. 

The atoms making the strongest interactions with solvent are 
the phosphate oxygens, which form on average 2—3 hydrogen 
bonds. Only smaller differences of the number of hydrogen 
bonds to water were observed between the stacked and the 
unstacked states. The direct interactions of the 5'-ribose 2'OH 
group with the 3'-base and ribose of the molecule destabilize 
the stacked states by 1—3 kcal/mol. 

These results have shown that it is possible to obtain 
quantitative information about the thermodynamics of stacking 
in small solvated model systems from potential of mean force 
calculations using a standard empirical energy function, with 
no specific stacking energy term. Stacking preferences are the 
result of a rather subtle balance between a number of interac­
tions, and base size is by no means the only important factor. 
The sequence dependence of the free energies stabilizing 
stacking is not the same as for the base—base interaction 
energies, showing that both the solvent and the backbone 
influence the stacking energetics and thermodynamics in these 
systems and that their roles also have to be considered for a 
full understanding of stacking and its implications for the 
structure and stability of larger DNA and RNA molecules. 

(38) Wang, S.; Kool, E. T. Biochemistry 1995, 34, 4125-4132. (39)Norberg, J.; Nilsson, L. /. Phys. Chem. 1995, 99, 13056-13058. 
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