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Abstract To elucidate the physical origin of the prefer-

ence of nucleic acid bases for stacking over hydrogen

bonding in water, Monte Carlo simulations were performed

starting from Watson–Crick structures of the adenine–

thymine, adenine–uracil and guanine–cytosine base pairs,

as well as from the Hoogsteen adenine–thymine base pair,

in clusters comprising 400 and 800 water molecules. The

simulations employed a newly implemented Metropolis

Monte Carlo algorithm based on the extended cluster

approach. All simulations reached stacked structures,

confirming that such structures are preferred over the

hydrogen-bonded Watson–Crick and Hoogsteen base pairs.

The Monte Carlo simulations show the complete transition

from hydrogen-bonded base pairs to stacked structures in

the Monte Carlo framework. Analysis of the average

energies shows that the preference of stacked over

hydrogen-bonded structures is due to the increased water–

base interaction in these structures. This is corroborated by

the increased number of water–base hydrogen bonds in the

stacked structures.

Keywords Monte Carlo � Cluster � Base stacking �
Hydrophobic interaction

1 Introduction

In the canonical form of DNA, the double helix, nucleic

acid bases on opposite strands form base pairs, stabilized by

hydrogen bonds (H bonds). Adenine (A) pairs with thymine

(T), whereas guanine (G) pairs with cytosine (C). In RNA,

uracil (U) takes the place of thymine. The bases pair with

characteristic H-bond patterns i.e. Watson–Crick pairing in

canonical DNA. Other H-bond patterns may occur in

alternate DNA structures. For example, the guanine bases in

guanine quartets occurring in four-stranded DNA quadru-

plex structures are stabilized by Hoogsteen H bonds [1].

Quadruplexes are four-stranded DNA structures occurring

in telomeres and may be potential therapeutic targets

against cancer. Stacking interactions exist in DNA struc-

tures between consecutive bases on one strand, which result

from van der Waals forces (electrostatic, exchange-repul-

sion and dispersion interactions) between the stacked bases.

It is generally assumed that both base pairing between bases

on complementary strands and stacking interactions are

responsible for the stability of the DNA double helix.

However, in a recent experimental study, Frank-Kamenet-

skii et al. have shown that base stacking is the main factor

for stabilizing the double helix [2].

In the light of the huge importance of base stacking on

DNA stability, a detailed understanding of stacking is of
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much relevance to increasing our knowledge of the sta-

bility of DNA structures. In addition, stacked DNA base

associates are in themselves of considerable scientific

interest as model systems to study the inherent nature of p
stacking. Experimental (thermodynamic and spectroscopic)

studies indicate that bases form exclusively stacked struc-

tures in aqueous solution [3, 4]. Computational studies

have the potential to shed light on the physical origins of

the preference for stacking over H bonding in water. In

particular, electronic structure methods, which do not rely

on parameterization and pre-knowledge of the systems of

interest, are well suited for this. However, stacking inter-

actions are innately difficult to study with electronic

structure methods, because the large contribution of dis-

persion to the stacking interaction means that high-level

methods are required to obtain accurate results. The ben-

zene dimer has been the prototypical model to study p
stacking at high levels of theory such as CCSD(T) (coupled

cluster with single, double and perturbative triple excita-

tions) [5–11]; the highly accurate benzene dimer potential

energy curves developed in these studies have subsequently

been used to assess lower-level methods, such as second-

order Møller–Plesset perturbation theory (MP2) and DFT

[12–14]. Over the last decade, a large number of electronic

structure studies of stacked DNA base pairs have appeared

in the literature, see for example [15–20]. The vast majority

of studies on DNA stacks are performed in the gas phase,

though some studies on microhydrated base pairs are

available. Sivanesan et al. studied stacked cytosine–cyto-

sine (C/C) [21] and guanine–cytosine (G/C) [22] structures

with up to three and six water molecules, respectively.

They found that the stacked base pairs hydrate better than

the corresponding H-bonded base pairs. Hobza et al. opti-

mized mono- and dihydrated adenine–thymine and

9-methyladenine–1-methylthymine structures, obtained

from molecular dynamics (MD)/quenching calculations,

using MP2 [23]. The results indicate that the presence of

one water molecule is insufficient to change the H-bonded

AT base pairs to stacked structures; however, in the pres-

ence of two water molecules, the two types of structure

have comparable stability. Dkhissi and Blossey studied

mono- and dihydrated AT base pairs using density func-

tional theory (DFT) and MP2 [24]. In agreement with the

study by Hobza et al., they found that the presence of two

water molecules renders the H-bonded and stacked struc-

tures of comparable stability. The preference of stacked

over H-bonded structures in a microhydrated environment

was found to be due to hydrophilic interactions of the water

molecules with the base pairs, which the authors saw as

evidence that the stability of stacked structures is not due to

hydrophobic interactions. However, to study hydrophobic

interactions, bulk hydration needs to be taken into account.

Friedman and Honig modelled bulk hydration using

continuum solvation models in a study of base stacking in

dinucleotides [25]. The results indicate that base-stacking

results from both hydrophobicity and the enhancement of

Lennard–Jones interactions as a result of close packing.

However, the relative contributions are parameter-depen-

dent and therefore difficult to separate. In addition, as the

solvent is described by a continuous dielectric constant,

continuum solvation models do not describe specific

water–base and water–water interactions and may therefore

not be sufficiently accurate to reveal the physical origin of

base stacking. The alternative to using continuum solvation

models is to model bulk water by explicit water molecules.

Recently, we showed that the presence of a water cluster

consisting of 50 or 100 explicit water molecules reverses

the tautomeric preference of 5-bromouracil, rendering the

rare (enol) form to be preferred over the canonical (keto)

form [26, 27]. This result was not observed with continuum

solvation models, indicating that explicit water–water and

water–base interactions, which are lacking in continuum

solvation models, need to be included to correctly describe

these effects. Other examples of the need for explicit water

molecules have appeared in the literature. Palafox et al.

[28] found that the polarizable continuum model consid-

erably underestimates the deformation of the structure of

thymidine nucleosides by water. Other studies have dem-

onstrated the need for explicit water molecules to stabilize

the zwitterionic form of L-alanine [29], to reliably repro-

duce and interpret vibrational absorption, vibrational cir-

cular dichroism (VCD), Raman and Raman optical activity

spectra [30–38] and to obtain an accurate value of the

amino 1H chemical shift in guanine [39]. Explicit waters

are particularly essential to model the ‘chirality transfer

effect’ in VCD spectra, as shown for methyl lactate in

water [35]: Some IR bands of water became VCD active

through H bonding with the achiral methyl lactate.

For the alanine zwitterion, it was shown that the first and

second hydration shells require clusters of 20 and 50 water

molecules, respectively [37, 40]. Thus, for a molecule of

the size of alanine, a water cluster size of 50 water mole-

cules should be sufficient to approach the bulk water limit.

For base pairs, which are larger than alanine, the number of

water molecules required to mimic bulk water is, however,

expected to be considerably larger. An MD study showed

that the observed stability of hydrated RNA base pairs was

reproduced when more than 100 water molecules were

included in the simulations [41]. It is, however, nearly

impossible to include so many water molecules in elec-

tronic structure studies. The first quantum-chemical study

on base pairs including as many as 200 water molecules

used the semiempirical PM6 method [42] to investigate

H-bonded and stacked adenine–thymine structures. The

results show that, in the water cluster, the base-stacking

reaction is favourable, whereas the base-pairing reaction is
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not. The transition from the H-bonded to the stacked

associates is favoured by the water–base interaction. This

can be explained by the larger number of exposed polar

groups in the stacks compared to the H-bonded structures,

which results in more H bonds between the bases and the

surrounding water molecules [43–45]. The additional sta-

bilization resulting from this more than compensates the

loss of the inter-base H bonds in the stacked structures.

Four different stacked structures were studied, which differ

in the rotation of the thymine molecule around two twist

angles (the first one defining rotation around an axis

through thymine’s centre of mass and perpendicular to its

plane; the second one defining a 180� flip of thymine). The

most stable structure found was labelled A/Tpara/rot.

Apart from this PM6 study, most bulk hydration studies

on DNA stacks were carried out with classical MD or

Monte Carlo (MC) simulations. These methods use force

field methods to evaluate the energies of the systems

studied, which are much faster (but arguably less accurate)

than electronic structure methods. They have the additional

advantage that temperature and, in case of MD, dynamical

effects are covered. The early MD [46] and MC [47–55]

simulations on DNA stacks date back to the 1980s. These

show that stacked complexes are more stable than the

corresponding H-bonded base pairs in water. However,

restrictions on the solvation models used in these early

studies may negatively affect the accuracy of the results.

For example, Pohorille et al. used fixed gas-phase geom-

etries for the stacked dimers and the position of the base

pair in the box was kept fixed throughout the simulation,

whereas in the MC simulations by Danilov et al. only one

of the bases was moved randomly.

Due to computational advances, presently more accurate

simulations can be carried out. Recently, we presented an

MC study on the adenine–thymine (AT), adenine–uracil

(AU) and guanine–cytosine (GC) base associates in water

clusters consisting of 400 water molecules [44]. These MC

simulations were based on the physical cluster theory [56–

60], which does not employ periodic boundary conditions.

As the solubility of the compounds studied is low, their

solutions are relatively dilute. When periodic boundary

conditions are used, the solute will be close to its corre-

sponding images in neighbouring cells, even if relatively

large cells are employed, thus modelling a concentrated

solution. To correctly describe a dilute solution with peri-

odic boundary conditions, the ‘nearest image’ method

should be used, which does not take into account interac-

tions between molecules in different cells. However, dis-

tribution functions may be distorted when using periodic

boundary conditions using relatively small cells. These

problems can be avoided using the cluster approach, as

done in our MC simulations. The MC simulations in our

recent work [44, 45] used a newly implemented algorithm

based on the extended cluster approach, which, in contrast

to the earlier MC simulations on base stacks, allows all

molecules (both bases and all water molecules) to move

randomly in the simulations. The forte of the MC method is

that it is more likely to find global minima, as the method

can easily traverse energy barriers. In addition, the simu-

lations were performed in reduced water density, which

allows the individual bases in the dimer to flip around,

thereby increasing the chance to reach the global mini-

mum. This work showed that MC simulations starting from

the Watson–Crick structures of the AT, AU and GC base

pairs converted into stacked structures (A/T, A/U and G/C)

for all three base associates. The results therefore showed,

for the first time, the transition from H-bonded base pairs to

stacked base associates within the Monte Carlo framework.

In the current article, we present a comprehensive MC

study of the AT, AU and GC associates in clusters con-

sisting of 400 and 800 water molecules. Radial distribution

functions for water obtained from our previous MC simu-

lations showed that clusters consisting of 400 water mol-

ecules accommodated two hydration shells. Clusters with

800 water molecules should even more closely model bulk

water. The simulations were started from their Watson–

Crick H-bonded base pair structures and, for AT, also from

the Hoogsteen structure. All simulations reached stacked

structures. Analysis of the average energies confirmed the

decisive role of the water–base interaction in favouring the

stacked over H-bonded structures.

2 Computational methods

A newly implemented Metropolis Monte Carlo [61] algo-

rithm following the extended cluster approach was used,

which allows all molecules to move randomly in the sim-

ulations, while still preventing the base molecules from

drifting to the edge of the water cluster. This is achieved by

forcing the centre of mass of the base pair and the centre of

mass of the water cluster to coincide. The algorithm is

based on the physical cluster theory of Abraham [56–60].

In a nutshell, the MC algorithm is as follows: (1) the sys-

tem of interest (in this case: the two bases and water

molecules) is placed in a sphere with impenetrable walls;

(2) the centre of mass of the base associate and the centre

of mass of the water cluster are made to coincide with the

centre of the sphere; (3) trial motions of the water and base

molecules are carried out so that the overall centre of mass

of the system remains fixed. Thus, the centre of mass of the

base associate, as well as that of the water cluster, always

remains in the centre of the restricting sphere, whereas the

individual bases and water molecules can adopt different

mutual orientations. In more detail: A water cluster com-

prising 400 or 800 water molecules, with a density that
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equals the experimental density of water at room temper-

ature, is placed in the centre of a sphere of radius 24.3 Å

(400 water molecules) or 30.6 Å (800 water molecules).

These spheres have a volume that is five times larger than

the volume of a 400- or 800-water cluster with the same

density as liquid water under standard conditions. A base

pair, optimized at the MP2/6-311G(2df,pd) level of theory,

is placed in this water cluster so that the centre of mass of

the solute coincides with the centre of the sphere. Watson–

Crick (WC) structures were considered for AU and GC,

whereas for AT a WC as well as a Hoogsteen (HS) struc-

ture was employed (see Fig. 1). Due to the large volume of

the sphere, the density of the water cluster is reduced in the

subsequent simulation process. This allows the bases in the

stacks to rotate more freely. To remove close contacts

between the solute and the water molecules, 104 configu-

rations were generated using the MC algorithm. In general,

one full MC configuration consists of one move of every

molecule. However, at this stage, the geometry of the base

pair was kept fixed. The next stage of the simulation

consisted of 3 9 106 configurations for the WC starting

structures. The simulations starting from the HS AT base

pair were propagated for a longer time (400-water cluster:

6 9 106 configurations; 800-water cluster: 5 9 106 con-

figurations). The water molecules as well as the individual

bases were now allowed to move. In all simulations, the

water molecules were restricted to remain within the

spherical constraining volume and the centres of mass of

the solute and the water cluster were kept at the centre of

the sphere. The last 1 9 106 configurations of the simula-

tions were used to calculate the average properties of the

stacked structures. Similar simulations were performed for

the corresponding H-bonded base pairs with fixed base pair

geometry. These consisted of 2 9 106 configurations, of

which the last 0.5 9 106 configurations were used to cal-

culate the average properties. The rigid rotor approxima-

tion was applied to the movement of the base and water

molecules.

The simulations were carried in the canonical (NVT)

ensemble, in the standard state (298 K and 1 atm pressure).

Entropy was not considered as it has been shown both

experimentally by NMR experiments [4] and theoretically

using free-energy perturbation/MD [46] that the association

of the bases in water is primarily driven by enthalpy. The

potential energy surface was modelled using the refined

semiempirical potential functions of Poltev and co-workers

[62–65], of which the parameters were chosen for systems

containing nucleic acid bases and water. The form of the

potential functions is different for interactions between

atoms that are not involved in H bonding and for interac-

tions between hydrogen atoms capable of forming H bonds

and H-bond acceptor atoms, as shown in Eqs. 1 and 2,

respectively:

Uij ¼ kqiqj=rij � Aij=r6
ij þ Bij=r12

ij ð1Þ

Uij rij

� �
¼ kqiqj=rij � A

10ð Þ
ij =r10

ij þ B
ð12Þ
ij =r12

ij : ð2Þ

Here, rij is the interatomic distance, and k is a numerical

constant; qi and qj are atomic charges (calculated from

semiempirical methods to reproduce experimentally

determined dipole moments of the molecules of interest

[66, 67]), and Aij, Bij, A
10ð Þ

ij and B
12ð Þ

ij are parameters that

depend on the atom type (see [68] for their numerical

values).

The accuracy of these potential functions has been

verified by comparison of the interaction and dispersion

energies of the bare base associates obtained from the final

snapshots in the MC simulations conducted in the

400-water clusters to results obtained with the BLYP-D3

method [69] (vide infra). These calculations were done

using TURBOMOLE [70] and a dftd3 standalone code

(see http://www.toc.uni-muenster.de/DFTD3/getd3.html).

The calculations employed the RI (resolution of the iden-

tity) approximation and TURBOMOLE’s grid4 for the

quadrature.

The average potential energy (U) of the different sys-

tems in the water cluster (base associates and single bases)
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Fig. 1 Starting structures for the MC simulations, optimized with

MP2/6-311G(2df,pd)
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was decomposed into base–base (Ubb), water–base (Uwb)

and water–water (Uww) contributions. From these, the

potential energy changes (DU) and their contributions

(DUww, DUwb and DUbb) for (1) transition from the H-

bonded to the stacked associates and (2) the formation of

the stacks can be deduced. The potential energy changes

for transition from the H-bonded to the stacked associates

were computed as the differences in the corresponding

average energies of the stacked and H-bonded structures.

To obtain the formation energies of the different stacks, the

water–water, water–base and base–base contributions to

the formation energies were calculated as follows [47]:

DUww ¼ UwwðB1/B2)� UðnH2O)

� UwwðB1)� UðnH2O)ð Þ
� UwwðB2)� UðnH2O)ð Þ ð3Þ

DUwb ¼ UwbðB1/B2)� UwbðB1)� UwbðB2) ð4Þ
DUbb ¼ UbbðB1/B2); ð5Þ

where B1/B2 is a stack consisting of a B1 and B2 base and

Uxx(S) (xx = ww, wb or bb) refers to the average energy of

the system S (S = B1/B2, B1 or B2) in the water cluster.

U(nH2O) is the average energy of a pure water cluster

consisting of n (n = 400 or 800) water molecules:

-3,420.5 and -7,019.6 kcal/mol, for the 400- and

800-water clusters, respectively. These values were obtained

from MC simulations propagated over 6 9 106 configura-

tions, of which the last 5 9 106 configurations were used to

obtain the average energies. The total formation energy of

the stacks then follows from summing the water–water,

water–base and base–base contributions.

As in our previous paper [44], the statistical error, which

occurs because only a finite number of moves can be

considered, was estimated using a control function method.

The complete series of moves is divided into a finite

number of intervals. Mean-square fluctuations are calcu-

lated from the values of the functions determined at each

interval. The standard deviations of the thermodynamic

quantities were obtained from a series of mean values, each

representing the average of an interval containing 104

configurations. In these calculations, the statistical error (or

dispersion value) was calculated to be ±0.5%.

The MC method is implemented in an in-house software

program, developed at the National Academy of Sciences

of Ukraine [71].

3 Results and discussion

Figure 2 shows the variation of the angle between the plane

vectors of the two bases (abb) during the MC simulations as

a function of the MC configuration number. The graphs

were obtained by taking the value of every 200th MC

configuration and then averaging over every 50 of these. In

previous work [44], we enforced this angle to be in the

[0–90�] [21] interval (by subtracting abb values that were

larger than 90� from 180�). Here, we did not do this. The

abb values can therefore range from 0 to 180�. An abb value

of 0� indicates a parallel configuration of the two plane

vectors, whereas a value of 180� denotes a antiparallel

configuration. Both can be achieved by a planar as well as a

stacked base pair. At the start of the simulation, abb is 0�
because of the planar arrangement of the WC and HS base

pairs (and because the plane vectors point in the same

direction, by definition). Note that the simulations starting

from the AT (HS) base pair were propagated for a longer

time (6 9 106 configurations), as the simulations displayed

larger fluctuations in the abb angle in the 2 9 106–3 9 106

interval as compared to the simulations started from the AT

(WC) base pair. All simulations eventually achieved a

stacked arrangement of the two bases (abb close to 0� or

180�). Movies of the MC simulations in the 800-water

cluster are provided as Supplementary Materials. The water

molecules were removed to more clearly show the geo-

metrical changes in the base associate structure.

The abb values in Fig. 2 indicate that one of the bases in

the AT (WC) base pair flips over in the 400-water simu-

lation (abb values [ 90�), whereas this does not happen in

the 800-water simulation. Thus, the two different simula-

tions yield different stacks. The 400-water AT (WC) sim-

ulation first goes through a T-shaped orientation (abb

around 90�) and then forms a stacked structure with nearly

parallel plane vectors (abb*10�; configuration interval:

0.2 9 106–0.4 9 106). The stacked structure breaks up

again, and the AT associate goes once more through a

T-stacked structure (configuration interval: 1.0 9 106 –

1.5 9 106) before transforming into a stacked structure

with antiparallel plane vectors (abb*170�). In contrast, in

the 800-water AT (WC) simulation, a stacked structure

(with nearly parallel plane vectors) is formed already

within the first 1 9 106 configurations. In both AT (HS)

simulations, one of the bases flips over. However, whereas

this happens almost immediately in the 400-water simula-

tion, in the 800-water simulation the complex spends a

relatively long time in a T-shaped type configuration (abb

around 90�; interval: 1 9 106–3 9 106) and the flip is

accomplished only after *3 9 106 configurations. A base

flip also occurs in the AU complex in the 800-water sim-

ulation, and a base flip occurs in the GC complex in the

400-water simulation. These results indicate that the final

results of the MC simulations are sensitive to the initial

starting structure (WC vs. HS) and the number of water

molecules in the water cluster. This indicates that even

though MC is more likely to find the global minimum

compared to methods such as MD, this cannot be guaran-

teed. However, it should be emphasized that in all
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simulations the two bases ultimately form a stacked

structure. In the final configurations of all simulations, abb

fluctuates around *170� or *10�, indicating that the bases

in the stacks are not exactly parallel. It should be noted that

the simulations were also done in water clusters with

the experimental density of water at room temperature. The

obtained results are very similar to those presented in the

current work.

Figure 3 shows the variation of the inter-base distance

Rbb, measured as the distance between the centres of mass

of the bases, as a function of the MC configuration number.

This distance equals 5.9, 5.7, 5.8 and 5.5 Å in the AT

(WC), AT (HS), AU (WC) and GC (WC) base pairs,

respectively. The inter-base distances in the final stage of

the simulation, estimated by averaging over the last

1 9 106 configurations, range from 3.6 to 3.9 Å. This is

slightly larger than the approximate distance between

consecutive bases in B-DNA (3.4 Å) [72]. The shorter

inter-base distance in the final stack in the AT (WC) sim-

ulation in a 400-water cluster as compared to the one

formed earlier in this simulation correlates with its greater

stability.

The average values of the systems’ potential energy (U),

water–water interaction energy (Uww), water–base inter-

action energy (Uwb) and base–base interaction energy (Ubb)

are listed in Table 1. A/T stack1 and A/T stack2 refer to the

stacks resulting from the simulations started from the AT

(WC) and AT (HS) base pairs, respectively. A comparison

of the potential energy values shows that the stacked

structures are more stable than their corresponding WC and

HS base pairs. This is primarily due to the large water–base

interaction energy. The WC and HS base pairs exhibit

larger Ubb values than the stacked structures. This is as

expected because of the presence of inter-base H bonds in

these structures.

Figure 4 shows the final snapshot in the simulations.

Even though the presence of temperature in the simulations

means that the stacks are not rigid, snapshots in the

equilibrated part of the simulation will have structural

similarities. Analysis of snapshots at the end of the simu-

lations shows that the A/T stack2 (400 waters) and the A/T

stack1 (800 waters) are similar to the most stable A/T stack

identified in our earlier PM6 study [73], labelled A/Tanti/rot.

To reach this stacked structure, a base flip was required in

the A/T stack2 (400 waters) simulation but not in the AT

stack1 (800 waters) simulation. This is because the adenine

base in the AT (HS) base pair is flipped compared to the

AT (WC) base pair (see Fig. 1). The A/U stack resulting

from the simulation in 400 waters is more similar to

A/Tanti/rot, whereas the A/U stack resulting from the sim-

ulation in 800 waters is comparable to A/Tpara.

Table 2 shows the potential energy changes (DU) for

transition from the H-bonded to the stacked associates in

water. For all base associates, the formation of a stack in an

aqueous cluster is favourable. The A/U stack formed in the

800-water simulation, which contains a flipped base, is

considerably more stable, compared to the H-bonded base

pair, than the one formed in the 400-water cluster. Base

flips can occur in our MC simulations due to the reduced

density resulting from using constraining spheres with

volumes that are five times larger than the volume of a

cluster with the same number of water molecules and with

the density of liquid water under standard conditions. It is

clear that base flips need to be able to happen to find the

AT (WC) AT (HS)

AU (WC) GC (WC)

400 waters

800 waters

α b
b
(d

eg
.)

α b
b
(d

eg
.)

MC configuration number MC configuration number

Fig. 2 Angle between the

normals to the planes of the two

bases (abb) as a function of the

MC configuration
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most stable stacked configuration. The energy changes

evidence the deciding role of the water–base interaction in

favouring the stacked structures. In the stacks, all hydro-

philic groups (NH; C=O) are available for H bonding with

water, whereas the hydrophobic surface area in contact

with the water surroundings is smaller than in the H-bon-

ded base pairs. This leads to increased water–base inter-

action. As mentioned earlier, the base–base interaction

favours the H-bonded base pairs. The DUbb term is par-

ticularly large for the GC associate. This indicates the

considerable strength of the GC (WC) base pair, which is

stabilized by three H bonds. Also the water–water inter-

action disfavours the GC stacks. Even so, the water–base

interaction in the GC stacks is sufficiently large to com-

pensate the loss of favourable water–water and base–base

interactions.

Table 3 shows the average number of water–base H

bonds in the H-bonded and stacked structures. A particular

base atom was considered to form an H bond with a water

molecule if the donor–acceptor distance, R(D���A), was

\3.20 Å and the hydrogen–acceptor distance, R(H���A),

\2.40 Å. It can be clearly seen that the bases in the stacked

structures form more H bonds with nearby water molecules

than the H-bonded base pairs. This is in agreement with the

larger water–base interaction in the stacks. The results are

very similar for the two differently sized water clusters. A

more detailed analysis of the water–base H bonds,

including breakdown per base atom and average geomet-

rical parameters, is provided in Tables S1 and S2 (Sup-

plementary Materials). These data show that the increased

number of H bonds in the stacks compared to the H-bonded

structures is primarily due to additional H bonds with the

atoms that, in the H-bonded structures, are involved in the

formation of the H bonds. The average donor–acceptor

H-bond distances range from 2.8 to 3.0 Å, whereas the

H-bond angle, \(D–H���A), ranges from 146 to 162�.

Table 4 lists the formation energies of the different

stacks in the 400- and 800-water clusters. The formation of

all stacks is favourable. The AT stack formed in the sim-

ulations starting from the WC base pair (stack1) is slightly

more favourable than the stack obtained in the simulations

starting from the AT (HS) base pair. The largest stabilizing

contribution results from DUww. This confirms the crucial

role played by the water–water interaction in base stacking

reported in earlier work [44, 47, 54, 55, 73].

The accuracy of the refined potential functions used in

the current MC simulations has been examined by com-

parison of the interaction energies of the last snapshots in

the MC simulations of the bare base associates obtained

from the simulations in the 400-water clusters to results

obtained with the BLYP-D3 method [69] using the def2-

TZVP basis set (see Table 5). DFT-D3 is the latest

refinement of the DFT-D method, which adds an empirical

dispersion correction to standard Kohn–Sham density

functional theory. The new parameterization uses atom-

pairwise-specific dispersion coefficients and cut-off radii

that are computed from first principles. It also includes

eighth-order dispersion terms, system/geometry-dependent

information and three-body non-additivity terms. DFT-D3

reduces the mean absolute deviations in several test sets by

up to 30% compared to the (already accurate) DFT-D2

method [69]. To be able to interpret the D3 term as

AT (WC) AT (HS)

AU (WC) GC (WC)

400 waters

800 waters

MC configuration number MC configuration number

R b
b

(Å
)

R b
b

(Å
)

Fig. 3 Distance between the

centres of mass of the two bases

(Rbb) as a function of the MC

configuration
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dispersion, one needs to use a density functional that does

not describe dispersion at all. The BLYP functional fits this

requirement. Although the BLYP functional is not suited

for the calculation of properties that require a balanced

account of opposite- and equal-spin correlation in the core

region, such as magnetic properties [74], or for situations

where the wave function is not well described as a single

determinant (for which multiconfigurational DFT methods

are more appropriate [74–76]), BLYP was found to be

among the best functionals for DFT-D3, with BLYP-D3

Table 1 Total average

interaction energy and its

components for the isolated

bases and H-bonded and stacked

base associates in water clusters

consisting of 400 or 800 water

molecules (in kcal/mol)

a Number of water molecules in

the cluster
b Stack obtained from the AT

(WC) simulation
c Stack obtained from the AT

(HS) simulation

Compound U Uww Uwb Ubb

400-water cluster

Adenine -3,453 -3,365 -87 –

Thymine -3,454 -3,397 -57 –

Uracil -3,452 -3,394 -58 –

Guanine -3,475 -3,360 -115 –

Cytosine -3,468 -3,378 -91 –

AT WC -3,487 -3,351 -126 -11

AT HS -3,490 -3,350 -128 -13

AU WC -3,492 -3,354 -127 -11

GC WC -3,524 -3,344 -159 -22

A/T stack1b -3,503 -3,355 -144 -4

A/T stack2c -3,493 -3,344 -146 -4

A/U stack -3,494 -3,342 -148 -4

GC stack -3,535 -3,324 -209 -2

800-water cluster

Adenine -7,060 -6,970 -90 –

Thymine -7,035 -6,978 -57 –

Uracil -7,047 -6,988 -59 –

Guanine -7,078 -6,963 -115 –

Cytosine -7,076 -6,985 -91 –

AT WC -7,099 -6,962 -127 -11

AT HS -7,101 -6,956 -132 -13

AU WC -7,095 -6,954 -129 -11

GC WC -7,146 -6,960 -164 -22

A/T stack1b -7,109 -6,958 -146 -5

A/T stack2c -7,103 -6,949 -149 -4

A/U stack -7,114 -6,959 -152 -3

GC stack -7,152 -6,940 -206 -7

Fig. 4 Last snapshot in the

different MC simulations. The

Cartesian coordinates of these

snapshots are given in the

Supplementary Materials
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giving a mean absolute deviation (MAD) of 0.23 for the

S22 benchmark set, much better than, for example, MP2/

CBS (MAD 0.78) [69]. The BLYP-D3 dispersion terms

calculated for the A/T, A/U and W/C stacks (-10.9, -10.5

and -11.4 kcal/mol, respectively) agree very favourably

with the R-6 van der Waals term in the model potential,

which describes the dispersion contribution in the MC

method (-10.0, -10.2 and -10.9 kcal/mol, respectively).

This indicates the reliability of the potential functions used

in the MC simulations. The analysis shows that the dis-

persion term is paramount in stabilizing the stacks, and

thus, a reliable description of the dispersion contribution is

essential to model the formation of the stacks.

4 Conclusion

MC simulations started from the WC structures of the AT,

AU and GC base pairs, and from the HS structure of the AT

base pair, in clusters consisting of 400 and 800 water

molecules, show that all base pairs eventually transform

into stacked structures. The simulations were done in

reduced water density, achieved by restricting the solvent

molecules to a sphere with a volume that is five times

larger than the volume of a 400- or 800-water cluster with

the same density as liquid water under standard conditions.

The reduced density permits base flips to occur. Such flips

happened in five of the eight simulations. The results show

that the structure of the achieved stack is sensitive to the

starting structure and to the number of water molecules in

the cluster. The averaged energies confirm the deciding

role of the water–base interaction energy in favouring

the stacks over the H-bonded base pairs. Analysis of the

average numbers of water–base H bonds shows that the

bases in the stacked structures form more H bonds with

nearby water molecules than the H-bonded base pairs. The

Table 2 Energy changes for transition from the H-bonded base pairs to the stacked associates in water clusters consisting of 400 or 800 water

molecules (in kcal/mol)

Process nwater
a DU DUww DUwb DUbb

AT WC ? A/T stack1b 400 -16 -3 -19 6

800 -10 4 -20 5

AT HS ? A/T stack2c 400 -3 6 -18 9

800 -2 7 -17 8

AU WC ? A/U stack 400 -1 13 -22 8

800 -19 -4 -23 8

GC WC ? G/C stack 400 -10 20 -50 20

800 -6 21 -43 16

a Number of water molecules in the cluster
b Stack obtained from the AT (WC) simulation
c Stack obtained from the AT (HS) simulation

Table 3 Average number of water–base H bonds in the H-bonded

and stacked associates

nHB 400-water cluster 800-water cluster

AT (WC) 9.7 9.5

AT (HS) 9.9 9.8

AU (WC) 9.7 9.4

GC (WC) 11.7 12.1

AT (stack1) 12.2 12.2

AT (stack2) 12.4 12.6

AU (stack) 12.4 12.5

GC (stack) 16.0 16.0

Table 4 Energetic

characteristics of the base-

stacking reaction in water

clusters consisting of 400 or 800

water molecules (in kcal/mol)

a Number of water molecules in

the cluster

Process nwater
a DU DUww DUwb DUbb

A ? T ? A/T stack1 400 -16.9 -13.0 0.4 -4.3

800 -33.7 -29.9 1.4 -5.2

A ? T ? A/T stack2 400 -6.9 -2.4 -0.8 -3.7

800 -27.2 -21.5 -1.4 -4.4

A ? U ? A/U stack 400 -9.6 -3.2 -2.8 -3.6

800 -26.3 -20.4 -2.7 -3.2

G ? C ? G/C stack 400 -12.5 -6.7 -3.5 -2.3

800 -17.2 -10.4 -0.3 -6.5
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increased number of H bonds in the stacks is predomi-

nantly due to additional H bonds with the atoms that, in the

H-bonded structures, are involved in the formation of the H

bonds, but are available to directly H bond with water

molecules in the stacked structures. The formation of the

stacks from their individual bases in water is shown to be

stabilized by favourable water–water interactions.
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study of the nucleic acid base-stacking by Monte Carlo method:

extended cluster approach. J Biomol Struct Dyn 28:1140–1141

(Book of Abstracts: Albany 2011, Conversation 17, June 14–18

2011). http://www.jbsdonline.com/The-Study-of-the-Nucleic-

Acid-Base-Stacking-by-Monte-Carlo-Method-Extended-Cluster-

Approach-p18003.html

46. Cieplak P, Kollman PA (1988) Calculation of the free-energy of

association of nucleic-acid bases in vacuo and water solution.

J Am Chem Soc 110:3734–3739

47. Danilov VI, Tolokh IS (1984) Nature of the stacking of nucleo-

tide bases in water—a Monte Carlo simulation. J Biomol Struct

Dyn 2:119–130

48. Danilov VI, Tolokh IS (1984) On the role of hydrophobic groups

in nucleotide base stacking—a Monte-Carlo study of hydration of

thymine dimers. FEBS Lett 173:347–350

49. Danilov VI, Tolokh IS, Poltev VI (1984) A Monte Carlo study of

the hydration of thymine molecule associates. FEBS Lett

171:325–328

50. Danilov VI, Tolokh IS, Poltev VI, Malenkov GG (1984) Nature

of the stacking interaction of nucleotide bases in water—a

Monte-Carlo study of the hydration of uracil molecule associates.

FEBS Lett 167:245–248

51. Pohorille A, Burt SK, MacElroy RD (1984) Monte Carlo simu-

lation of the influence of solvent on nucleic acid base associa-

tions. J Am Chem Soc 106:402–409

52. Pohorille A, Pratt LR, Burt SK, MacElroy RD (1984) Solution

influence on biomolecular equilibria—nucleic-acid base associ-

ations. J Biomol Struct Dyn 1:1257–1280

53. Danilov VI, Tolokh IS (1985) Nature of the stacking of nucleic

acid bases in water: a Monte Carlo study. J Mol Struct (THEO-

CHEM) 123:109–119

54. Danilov VI (1986) Application of the Monte Carlo method for

studying the hydration of molecules: base stacking. J Mol Struct

(THEOCHEM) 138:239–242

55. Danilov VI (1986) In: Trinajstic N (ed) Mathematics and com-

putational concepts in chemistry. Elis Horwood Lmd, Chichester,

p 48

56. Lee JK, Barker JA, Abraham FF (1973) Theory and Monte Carlo

simulation of physical clusters in the imperfect vapor. J Chem

Phys 58:3166–3180

57. Abraham FF (1974) Monte Carlo simulation of physical clusters

of water molecules. J Chem Phys 61:1221–1225

58. Abraham FF, Mruzik MR, Pound GM (1976) The thermody-

namics and structure of hydrated halide and alkali ions. Faraday

Discuss Chem Soci 61:34–47

59. Mruzik MR, Abraham FF, Schreiber DE, Pound GM (1976) A

Monte Carlo study of ion-water clusters. J Chem Phys

64:481–491

60. Mruzik MR (1977) A Monte Carlo study of water clusters. Chem

Phys Lett 48:171–175

61. Metropolis N, Rosenbluth AW, Rosenbluth MN, Teller AH,

Teller E (1953) J Chem Phys 21:1087–1092

Theor Chem Acc (2011) 130:859–870 869

123

http://www.jbsdonline.com/The-Study-of-the-Nucleic-Acid-Base-Stacking-by-Monte-Carlo-Method-Extended-Cluster-Approach-p18003.html
http://www.jbsdonline.com/The-Study-of-the-Nucleic-Acid-Base-Stacking-by-Monte-Carlo-Method-Extended-Cluster-Approach-p18003.html
http://www.jbsdonline.com/The-Study-of-the-Nucleic-Acid-Base-Stacking-by-Monte-Carlo-Method-Extended-Cluster-Approach-p18003.html


62. Poltev VI, Grokhlina TI, Malenkov GG (1984) Hydration of

nucleic-acid bases studied using novel atom–atom potential

functions. J Biomol Struct Dyn 2:413–429
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