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QM/MM calculations have been employed to investigate the role of hydrogen bonding andπ-stacking in
single- and double-stranded DNA oligonucleotides. DFT calculations and Atoms in Molecules analysis on
QM/MM-optimized structures allow characterization and estimation of the energies ofπ-stacking and hydrogen-
bond interactions. This shows thatπ-stacking interactions depend on the number and the nature of the DNA
bases for single-stranded nucleotides; for instance, guanines are found to be involved in strong hydrogen
bonds, whereas adenines interact mainly via stacking interactions. The role of interbase hydrogen bonding
was explored: the-NH2 groups of guanine, adenine, and cytosine participate in N-H‚‚‚O and N-H‚‚‚N
interactions. These are much stronger in single-strand oligonucleotides, where the-NH2 groups are highly
nonplanar. In double-stranded DNA, the strong base-pairing hydrogen bonds of complementary bases lead to
more planar-NH2 groups, which tend to be involved inπ-stacking interactions rather than H-bonds. The
use of AIM also allows us to evaluate the interplay ofπ-stacking and H-bonding, suggesting that cooperativity
does occur, but is generally limited to about 1-2 kcal/mol.

Introduction

Intermolecularπ‚‚‚π stacking interactions play a significant
role in many fields of chemistry, biology, and physics.1-8

Although the benzene dimer is considered the prototypical
example of this motif,9-11 π-stacking interactions are funda-
mental in many other aspects of science. Perhaps the preeminent
example is nucleic acids,12 where H-bonds and stacking interac-
tions13 lead to the final macromolecular structure, the interplay
between forces playing an important role. Experimental evidence
of this interplay includes the work of Gray et al.,14 who studied
model systems to investigate the synergy between aromatic
stacking and hydrogen bonding in the binding of a flavin
derivative. Electrochemical analysis showed the interplay
between H-bonding and stacking, which, in turn, influences the
overall receptor affinity. Harris and co-workers15 studied the
properties of 1:1 cocrystals formed between benzene and
hexafluorobenzene, as well as related materials such as C6H5-
OH and C6F5OH, employing X-ray and neutron diffraction to
conclude that crystal structures are stabilized by both H-bonding
and stacking interactions.

Theoretical studies have led to similar conclusions: Geerlings
and co-workers showed that, in stacked complexes of pyridine
and benzene, the H-bonding capacity of the pyridine nitrogen
is closely related to the interaction between the aromatic rings.
In particular, they suggest that electron-donating substituents
on benzene lead to charge transfer to pyridine and, hence, to a
more basic nitrogen.16 More recent work17 on the influence of
stacking on the H-bonding ability of cytosine showed similar
results: the substituted benzene was able to modulate the donor/
acceptor characters of N and O atoms on the pyrimidine base.
Guo et al.18 studied the effects ofπ-stacking on multiply
H-bonded dimers of ureidopyrimidinone, finding that both the
strength of H-bonds and the stability of tautomers are influenced
by π-stacking. This was explained in terms of charge-transfer
enhancement between the H-bonded partners.

As noted above, H-bonding andπ-stacking are the main
interactions determining nucleic acid structure and are even more
important in the gas phase, where intermolecular forces are
dominant. Several experimental studies have focused on struc-
tural motifs of nucleic acid complexes in the gas phase: although
the repulsion between negatively charged phosphate groups
should significantly destabilize the helix structure,19 it has been
shown that DNA duplexes can be transferred from solution to
gas phase.20-30 It is clear from these studies that H-bonding
between complementary nucleobases is preserved,31 and indeed,
it has been suggested that the stability of DNA chains in the
gas phase is proportional to the number of H-bonds present.32

Bowers and co-workers have reported several studies on this
problem: using ion mobility mass spectrometry as well as
computational tools, they found three families of minima for
dinucleotides in the gas phase, namely, an “open” structure, a
hydrogen-bonded structure, and a “stacked” form closer to the
DNA conformation in solution. The latter, although distorted,
showsπ-stacking interactions and N-H‚‚‚X (X ) O, N) bonds
between bases. They also suggest that the preferred conformation
of small nucleotides is related to their sequence.33,34 In another
study, they suggested that, as the DNA structure is highly
destabilized by repulsion between phosphates, the number of
nucleotides is crucial in order to provide a regular structure.35

For instance, [d(CG)‚d(CG)]n adopts a globular conformation
when n < 4 and a mixture of globular and helical structures
whenn > 4, eventually adopting the regular DNA helix forn
> 10. Orozco et al. reported gas-phase molecular dynamics
calculations on several DNA structures,36 finding that the helical
structure, although severely distorted, retains bothπ-stacking
and H-bonding between bases. In particular, DNA strands rich
in G and C bases are more stable as most Watson-Crick GC
pairs are preserved, whereas AT pairs are quickly disrupted.
They also suggest that, in some cases, T-shaped stacking
involving clusters of three bases occurs.

In this work, our use of a relatively inexpensive DFT method
and Atoms in Molecules (AIM) analysis allows full optimization
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di- and trinucleotides and DNA duplexes. This allows us to
address the possibility of interplay betweenπ-stacking and
H-bonding, first in simple models such as benzene/guanine/
cytosine complexes and then in more realistic double-stranded
dinucleotides.

Computational Methods

All DFT calculations were performed with the Gaussian 03
suite of programs.37 Throughout this work, we have made
extensive use of Becke’s “half-and-half” functional, BH&H.38

Recently, we showed that this functional, with polarized and
diffuse basis sets, is able to reproduce results of correlated
calculations for several archetypalπ-stacked complexes.39 In
this work, the success of the BH&H functional is assigned to a
cancellation of errors between Hartree-Fock and LDA exchange
energies; nonetheless, it performed remarkably well in all cases
tested. Comparison against literature CCSD(T) binding energies
for 10 complexes and MP2 values for 22 complexes, including
stacked dimers of substituted benzenes and pyridines and DNA
bases, yielded average errors of less than 0.5 kcal/mol and a
maximum error of less than 1 kcal/mol. However, despite this
excellent performance forπ-stacking, it was found that BH&H
significantly overestimates the strength of the hydrogen bonds
in Watson-Crick GC and AT pairs, in common with many
hybrid DFT methods. MP2 is known to overestimate binding
energies ofπ-stacked complexes in general, but Hobza and co-
workers have proposed that, in combination with a modification
of Pople’s 6-31G* basis set in which the diffuse function on
heavy atoms is more diffuse than normal, termed 6-31G(0.25)*,
MP2 calculations give binding energies close to more accurate
values in reasonable time scales. Larger complexes such as
nucleotides were divided into high and low layers using the
ONIOM method,40-44 with nucleobases entirely within the high
layer, i.e., BH&H/6-311++G(d,p), and the sugar-phosphate
backbone treated using AMBER potentials.45 Subsequent single-
point calculations on the entire structure were performed using
BH&H/6-311++G(d,p) in order to carry out AIM analysis.

To quantify intermolecular interactions, topological analysis
of computed electron densities (F) was performed using the
AIM2000 package.46,47,48This is based on those critical points
(CPs) where the gradient of the density,∇F, vanishes. Such
points are classified by the curvature of the electron density;
for example, bond or (3,-1) CPs have one positive curvature
(in the internuclear direction) and two negative curvatures
(perpendicular to the bond), Properties evaluated at such BCPs
characterize the bonding interactions present49 and have been
widely used to study intermolecular interactions. Many studies
have demonstrated approximately linear relations between
H-bond stabilization energy and both the increase in density at
H‚‚‚B BCP and the decrease at A-H for a wide range of
A-H‚‚‚B systems.50,51 For instance, a linear combination of
electron densities at A-H and H‚‚‚B BCPs can be used to
accurately model basis set superposition error (BSSE) -corrected
H-bond energies52 of a diverse set of organic and inorganic
complexes,53 an approach extensively employed in this work.
We also recently suggested a similar AIM-based method for
quantifying π-stacking interactions:39 for a total of 55 com-
plexes, BSSE-corrected binding energies are linearly related to
the sum of the electron density collected between interacting
molecules,∑Fπ. In both models,r2 values are at least 0.95, and
standard deviations are no more than 1.5 kcal/mol.

Results and Discussion

The computational efficiency of the BH&H/6-311++G(d,p)
level opens up the possibility of studying large systems: our

ultimate goal in these studies is to examine the stacking of DNA
bases such as di- and trinucleotides, both with and without the
deoxyribose-phosphate DNA linker. In accord with the
literature,39,54-56 the geometries and binding energies of sugar/
phosphate-linked complexes differ from those of free dimers
and trimers because of the phosphate backbone, which tends to
keep bases in a coplanar, coparallel orientation, whereas free
complexes prefer coplanar bases but an almost perpendicular
orientation between the axes of bases, which maximizes
interactions (see Figure 1). Thus,π-stacking and hydrogen
bonding in nucleotides are generally weaker than in free
structures.

Table 1 summarizes our analysis of these nucleotides, and
Figures 2 and 3 illustrate some examples. Generally, all DNA
chains studied keep a coplanar, coparallel orientation of bases,
with estimatedπ-stacking energies ranging from 2.5 to 7.0 kcal/
mol. However, depending on the bases, the nucleotides show
different features. For example, the GpG structure is clearly
distorted (see Figure 2a) from the “ideal” geometry, with N-H
atoms out of the plane, forming hydrogen bonds both between
guanines and to the sugar backbone.

GpG contains four intermolecular H-bonds, including three
between bases and one to oxygen in a sugar of the backbone,
whose combined strength is the largest of all complexes studied
(20.00 kcal/mol). It also has the second lowest estimated
π-stacking energy (2.40 kcal/mol), giving anEπ/EHB ratio of
just 0.10. In contrast, GpA is much more coplanar (Figure 2b),
indicating that H-bonding andπ-stacking are more equally
shared: AIM analysis shows two H-bonds (9.80 kcal/mol) and
four π-stacking interactions (5.90 kcal/mol), giving anEπ/EHB

ratio of 0.60, a value that reflects the more regular structure of
GpA.

π-stacking is the sole intermolecular interaction in ApA, with
no H-bonding but fiveπ-stacking BCPs found, corresponding
to 6.87 kcal/mol. Interestingly, the-NH2 nitrogens interact via

Figure 1. Conformations of (a) guanine dimer and (b) GpG.

TABLE 1: Hydrogen-Bond and π-Stacking Energies of
DNA Oligonucleotides

EHB

(kcal/mol)
Eπ

(kcal/mol) Eπ/EHB

GpG 20.00 2.42 0.10
GpA 9.75 5.90 0.60
ApA 0.00 6.87 -
ApT 2.93 4.84 1.65
GpC 14.29 5.61 0.40
CpC 3.65 1.61 0.44
CpT 6.62 4.05 0.61
GpGpG 20.70 9.70 0.47
GpApG 17.93 10.40 0.58
ApApA 5.11 11.80 2.30
ApTpA 19.38 5.72 0.30
GpCpG 36.48 7.30 0.20
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π-stacking rather than H-bonding and contribute ca. 40% to∑Fπ,
yielding the largestπ-stacking energy among the dinucleotides
considered. ApT shows similar properties, with just a single weak
C-H‚‚‚π interaction (2.93 kcal/mol) and threeπ-stacking BCP
interactions, with the-NH2 nitrogen in adenine again involved
in π-stacking rather than H-bonding. Thus, for ApA and ApT,
π-stacking interactions are more important than H-bonds. GpC
contains threeπ-stacking and three H-bonding BCPs, contribut-
ing 5.61and 14.20 kcal/mol, respectively (Eπ/EHB ) 0.40), with
-NH2 groups of both guanine and cytosine involved in both
H-bonds andπ-stacking. Similarly, CpC is mainly stabilized
by H-bonding, with just one H-bond and one stacking BCP,
contributing 3.65 and 1.61 kcal/mol, respectively. CpT is more
strongly bound than CpC, with H-bond and stacking energies
of 6.62 and 4.05 kcal/mol, each from two BCPs.

Turning to the trinucleotides, optimization of GpGpG yields
a much more regular structure than found in GpG, in which
each pair contains two N-H‚‚‚N and N-H‚‚‚O H-bonds, with
bases almost parallel (see Figure 3a), suggesting that H-bonding
is less dominant than in GpG. Stacking interactions between
each pair of bases are also similar (5.35 and 4.30 kcal/mol),
giving an Eπ/EHB ratio of 0.47, indicating that both forms of
interaction stabilize the final structure. Thus, it seems that GpG
is unusually distorted by interbase H-bonding: the H-bond
energy per pair in GpGpG is around one-half that found in the
dinucleotide. GpApG (Figure 3b) has a balance ofπ-stacking
and H-bonding (Eπ/EHB ) 0.58), with some redistribution of
energy compared to GpA: H-bonding is diminished in one
G‚‚‚A pair and enhanced in the other. In contrast, ApApA is
dominated byπ-stacking just as in ApA (Eπ/EHB ) 2.31), with
only one relatively weak H-bond per pair.

Interestingly, ApTpA and GpCpG present unique features
among the complexes studied here. As shown in Figure 3c,d,
the structure of these trinucleotides is so distorted that H-bonding
between the first and third bases occurs, while the combined
π-stacking energies are the smallest found among trinucleotides.
On the other hand, the hydrogen-bond energies are among the
strongest, 19.38 kcal/mol for ApTpA and 36.48 kcal/mol for
GpCpG, with the first base and third base (A‚‚‚A for ApTpA
and G‚‚‚G for GpCpG) interacting via strong N-H‚‚‚N and
N-H‚‚‚O bonds (ca. 30% of the overall H-bond energy). Thus,
the Eπ/EHB ratios for ApTpA and GpCpG are 0.30 and 0.20,
respectively. Therefore, as the hydrogen-bond interactions
prevail by far overπ-stacking, the overall structure assumes a
globular conformation.

These studies show that-NH2 groups interact via H-bonding
to heavy atoms of other bases participate inπ-stacking or, in
some cases, both.-NH2 groups of guanine are largely involved
in H-bonding, mainly via N-H‚‚‚N and N-H‚‚‚O interactions,
leading to a high degree of pyramidalization with the sum of
bond angles at N (∑°) equal to ca. 330° on average.-NH2

groups of adenine are involved in both N-H‚‚‚N H-bonds and
π-stacking interactions. Adenine’s H-bonds are generally weaker
than those in guanine, and the-NH2 groups are closer to
planarity (∑° ) 346.7° on average). Cytosine shows similar
properties: -NH2 groups interact via both H-bonding and
stacking, and∑° ranges between 347.0° and 352.0°. It is
interesting to note that some correlation exists between the
electron density of H-bonds of-NH2 groups and∑°, with r2

) 0.82, supporting the idea that the nonplanar character of
-NH2 is related to the strength of base‚‚‚base H-bonds (see
Supporting Information).

Figure 2. Two views of (a) GpG and (b) GpA.
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Considering the intricacy of interactions in these DNA
oligonucleotides, it is not trivial to quantify the interplay between
π-stacking and H-bonding: when these forces act together, the
whole structure changes, and separation of the two effects
becomes impossible. However, it is clear that the ratio of these
energies is important in determining the final structure: when
Eπ/EHB , 0.5, as in GpG, GpCpG, and ApTpA, for instance,
the geometry is highly nonplanar, with the nucleotides “pointing
toward” each other, leading to a loss ofπ-stacking energy. When
this ratio approaches or exceeds 0.5, for instance, on adding a
guanine to GpG, whereEπ/EHB ) 0.47, the bases tend to adopt
a more parallel conformation. This is evidence of cooperativity
in π-stacking, with the second base providing additional
stabilization of the regular, parallel structure.

To further investigate any possible cooperativity between
π-stacking and hydrogen bonding, we studied a prototypical
system of benzene/guanine/cytosine, comparing density proper-
ties to those in the corresponding bimolecular complexes. We
first considered benzene‚‚‚GC and benzene‚‚‚CG (see Figure
4): topological analysis shows no qualitative difference from
bimolecular complexes. Moreover, in neither case doFπ nor
FHB differ significantly from values found in the analogous
dimers (guanine-cytosine, benzene-guanine, and benzene-
cytosine), with maximum variations of 0.001 au, suggesting that
little interplay between stacking and H-bonding occurs here.
Following Geerlings et al’s recent work,17 we then considered
the effect of substitution on benzene, including groups such as

-NO2, -F, -CH3, -CHO, -OH, and-NH2. Table 2 reports
data for these complexes. (See Figure 5 for atom numbering
scheme.)

Geerlings et al. suggested that the mutual influence of
π-stacking and H-bonding depends on the hardness of the
substituted benzene, i.e., benzenes with electron-withdrawing
groups stacked over guanine lead to lower charge transfer to
cytosine. Thus, from-NO2 to -NH2, cytosine acts as a
progressively better H-bond acceptor (through N3 and O2) and
a worse H-bond donor (through H4), confirming thatπ-stacking
does influence the H-bonding of GC. However, individual
variations in H-bonds are small (generally no more than ca.
1.5 kcal/mol), and because the trend for H4‚‚‚O6 is opposite
that for H1‚‚‚N3 and H2‚‚‚O2, the total pairing energy hardly
changes, even though distortion of the GC pair occurs.

A similar treatment of more realistic models of DNA chains,
namely, the double-stranded dinucleotides GpC‚CpG, CpT‚GpA,
and GpG‚CpC, is shown in Figures 6 and 7. To our knowledge,
this is the first attempt to fully optimize such systems using ab
initio or DFT methods, as opposed to classical force fields.
Compared to solution and crystal structures, little is known about
the structure of DNA in the gas phase, but experimental and
computational studies agree on some important aspects, espe-
cially that base pairing andπ-stacking are preserved, but strong
distortion of DNA occurs.33,34

Our results are consistent with these findings:π-stacking and
H-bonding are evident, as are large distortions of the “ideal”

Figure 3. (a) GpGpG, (b) GpApG, (c) GpCpG, and (d) ApTpA nucleotides.
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DNA chain structure. Table 3 reports data for intra- (S) and
interstrand (IS)π-stacking, as well as Watson-Crick (WC)
H-bonding, as schematized in Figure 7a. In general, calculated
energies are similar to those for the single nucleotide strands
(Table 1). For instance, the stacking energies between C‚‚‚T
and G‚‚‚A in CpT‚GpA are 2.92 and 5.22 kcal/mol, respectively,
within 1 kcal/mol of the corresponding single-strand energies.
Similarly, the intrastrand G‚‚‚C π-stacking energies for GpC‚GpC

are ca. 6 kcal/mol, cf. 5.61 for single-stranded nucleotides.
Interestingly, in GpG‚CpC, both G‚‚‚G and C‚‚‚C are rather
larger than the corresponding single strands, 7.00 and 3.79 kcal/
mol, respectively, compared to ca. 5.00 and 1.61 kcal/mol.

Topological analysis also reveals evidence for interstrand (IS)
stack interactions between bases belonging to two different
oligonucleotides. As shown by Hobza et al.,57 these interactions
are weak, generally not greater than 2 kcal/mol. For GpC‚CpG,
we find two CCIS BCPs with very small electron density (0.0049
au in total), corresponding to less than 1kcal/mol. In contrast,
the GCIS and CAIS interactions, in GpG‚CpC and CpT‚GpA,
respectively, are slightly stronger, equal to 2.28 and 2.15 kcal/
mol. Thus, although weak, these interactions contribute between
10% and 25% of the overallπ-stacking energy and therefore
play a role in the structure of these chains.

As noted above, the flexibility of-NH2 groups allows
H-bonds to stabilize single-stranded nucleotides, especially in
guanine and adenine strands. However, our analysis of the
duplexes CpT‚GpA, GpC‚CpG, and GpG‚CpC suggests a
different scenario: comparatively few intrastrand H-bonds are
found here (although, of course, such points are found between
strands) involving solely guanine N-H‚‚‚O, with estimated
energies of ca. 4 kcal/mol each. Moreover,-NH2 groups are
much closer to planarity than in the single strands and are
involved in π-stacking interactions rather than intrastrand
H-bonds. This appears to be an effect ofinterstrand pairing:
the bases are paired via strong H-bonds in the plane of the base,
acting to constrain-NH2 groups to this plane, which are thus
less able to deform. This is evident in the average values of

Figure 4. Topologies of (a) benzene‚‚‚GC and (b) benzene‚‚‚CG.

TABLE 2: Electron Density (au) at H-Bond CPs in
Benzene‚‚‚GtC Complexes

H4‚‚‚O6
a H1‚‚‚N3

a H2‚‚‚O2
a

free GC 0.0520 0.0436 0.0365
-NO2 0.0512 0.0438 0.0371
-CHO 0.0512 0.0439 0.0371
-F 0.0507 0.0442 0.0375
-H 0.0506 0.0443 0.0377
-CH3 0.0505 0.0443 0.0378
-OH 0.0506 0.0444 0.0378
-NH2 0.0501 0.0446 0.0383

a Numbering scheme shown in Figure 5.

Figure 5. Numbering schemes for (a) GC and (b) AT.

TABLE 3: H-Bonding and π-Stacking Energies of the
Duplexes (kcal/mol)

stepa EHB
b Eπ

CpT‚GpA
CTS 0.0 2.92
CAIS 0.0 2.15
GAS 0.0 5.22

GpC‚CpG
GCS 4.44 6.38
CCIS 0.0 0.88
CGS 4.12 6.35

GpG‚CpC
GGS 0.0 7.06
GCIS 0.0 2.28
CCS 0.0 3.79

a Subscripts refer to intrastrand (S) and interstrand (IS) interactions,
as shown in Figure 7.b Only N-H‚‚‚O interactions in GpC‚CpG are
found, the oxygen atom belonging to the sugar-phosphate backbone.
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∑°, where C) 358.3° > A ) 357.1° > G ) 351.2°, and the
increasedπ-stacking interactions of these nitrogens seen in Table
4.

Although the strength of H-bonding is known to be overes-
timated using BH&H,39 it is still possible to compare GC and
AT pairing in various environments (Table 4). In all cases
considered, the overall pairing energy is close to that found in

isolated GC and AT. The largest change is for AT in CpT‚GpA
at +0.008 au (ca.+2 kcal/mol), whereas GC in GpC‚CpG is
reduced by 0.003 au (ca.-1 kcal/mol). However, individual
H-bonds differ substantially from their values in the free base
pairs: Table 4 and Figure 8 display the electron densities at
the H-bonds of GC pairs in the studied duplexes. Whereas the
electron densities of the single H-bonds are very close to those
of free GC for the GC pairs in CpT‚GpA and GpG‚CpC, in the
case of GpC‚CpG, H4‚‚‚O6 is stronger and H2‚‚‚O2 weaker than
in free GC.

Table 5 summarizes our results in terms of G‚‚‚G, G‚‚‚A,
and G‚‚‚C interactions, excluding those from the highly distorted
GpCpG and ApTpA. Thus, we compared the estimation of the
π-stacking and H-bond energies to BSSE binding energies
calculated as shown in Hobza et al.’s works.57,58 Nucleobase

Figure 6. (a) CpT‚GpA, (b) GpC‚CpG, and (c) GpG‚CpC duplexes.

Figure 7. (a) Schematic drawing of the intrastrand stack (S) and
interstrand stack (IS) interactions; (b) detail of the GpG‚CpC topology.

TABLE 4: Electron Density (au) in GC and AT Pairs in
Duplexes

DNA
base
pair

H4‚‚‚O6
a

(H3‚‚‚N1)
H1‚‚‚N3

a

(H6‚‚‚O4) H2‚‚‚O2
a FTOT

free GC 0.0520 0.0436 0.0365 0.132
AT 0.0586 0.0285 0.087

CpT‚GpA GC 0.0506 0.0433 0.0370 0.131
AT 0.0644 0.0302 0.095

GpC‚CpG GC1 0.0409 0.0443 0.0431 0.129
GC2 0.0429 0.0453 0.0427 0.131

GpG‚CpC GC1 0.0534 0.0410 0.0329 0.128
GC2 0.0550 0.0440 0.0346 0.134

a See Figure 5 for numbering; the numbering in parentheses refers
to AT.
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geometries were extracted from the optimized nucleotide
structures, and the backbone was replaced by hydrogen atoms
on N9; then the BSSE-corrected energy was evaluated at the
BH&H/6-311++G(d,p) and MP2/6-31G(0.25)* levels.59,60This
approach was used to (i) test the capability of BH&H in
reproducingπ-stacking energies away from the equilibrium of
the gas-phase dimers and (ii) clarify whether cooperativity
arising from interplay of H-bonding and intra- and interstrand
stack interactions might play a role in these complexes.

BH&H binding energies are generally smaller than MP2
values by between 1 and 4 kcal/mol: only in GpC (the most
strongly bound complex in Table 5) does BH&H binding exceed
the MP2 result. In the other cases, two factors might be
responsible for this discrepancy: (i) MP2 is known to overes-
timate π-stacking energies39,61 and (ii) the BH&H functional
might be less effective in predicting the energy of nonequilib-
rium geometries than was found for fully optimized species.
The difference between BH&H and MP2 is greatest for the most
weakly bound complexes, and over all 11 complexes, the
average absolute error is 2.6 kcal/mol. Interestingly, despite these
differences, there is a reasonable correlation (r2 ) 0.85) between
BH&H and MP2 binding energies (see Supporting Information).
However, to definitively state whether differences are due to
deficiencies in BH&H or MP2 (or both) would require
extrapolation to infinite basis sets and CCSD(T) corrections,
which are beyond our computational resources.

Comparison of directly calculated and AIM-estimated (Eπ +
EHB) binding energies shows similar accuracy, with average
absolute differences of 2.3 and 2.0 kcal/mol vs BH&H and MP2,

respectively. However, these differences are less systematic than
above, such that there is no statistically significant correlation
between AIM and supermolecule binding energies. Closer
inspection shows that substantially smaller errors (1.30 kcal/
mol on average) are found for the single-stranded oligonucle-
otides, whereas for double-stranded DNA structures, the dif-
ference between AIM and MP2 is generally much larger. This
suggests that the approach of taking stacked base pairs from
optimized oligonucleotides works well for single strands but
apparently fails for duplexes because of the intricacy of the
interactions. In other words, the interaction, for instance, of
G‚‚‚A in CpT‚GpA is strongly affected by the environment and,
particularly, by the complementary bases C and T, which interact
with G and A via strong H-bonds, as well as inter- and
intrastrand stack interactions. AIM analysis, which takes into
account the effects of environment on the electron density,
therefore complements the supermolecule approach, allowing
study of the subtle interplay arising from the complexity of
H-bonding and stacking interactions.

Hobza et al.57 and Geerlings et al.17 have performed high-
level ab initio calculations on stacked base structures extracted
from experimental DNA geometries. Despite the use of different
geometries and theoretical methods, agreement between their
values and our BH&H data is qualitatively good: stacking in
GpG is rather weak (2.42 kcal/mol), slightly less than Geerlings
et al.’s MP2 value of 3.39 kcal/mol, but almost doubles to 5.35
and 4.33 kcal/mol in GpGpG. G‚‚‚A interactions are also
affected by the length of the chain, with stacking energies
between 3.70 and 5.90 kcal/mol: the latter value is close to
Hobza et al.’s value of 6.5 kcal/mol. Finally, theπ-stacking
energy estimated from the topology in GpC is rather large,
between 5.61 and 6.38 kcal/mol, within ca. 1-2 kcal/mol of
Hobza et al.’s values of 7.7 and 7.9 kcal/mol, with less
pronounced differences from environmental factors.

Similarly, direct comparison with experimental studies is not
possible because of difficulties in obtaining accurate experi-
mental gas-phase DNA structures: nonetheless, our models
match several known facts. Bowers and co-workers have
provided many fascinating results, e.g., that single-stranded
nucleotides exist in three different conformations, with important
interplay betweenπ-stacking and H-bonding, confirming that
base‚‚‚base N-H‚‚‚N/O H-bonding occurs, cf. Table 1 and
Figures 2 and 3.33,34 They also show that the conformations of
di- and trinucleotides are largely determined by the sequence,
even for such small DNA chains. Our work supports this
conclusion; for instance, whereas the GpG structure is strongly
distorted, with a stacking energy of 2.42 kcal/mol, GpA is almost
parallel with aπ-stacking energy of ca. 5 kcal/mol.

Several studies indicate that, in the gas-phase, Watson-Crick
pairs are better preserved in G‚‚‚C than A‚‚‚T,22,36 because of
the stronger H-bonds here. Orozco and co-workers36 showed
that G‚‚‚C stacked pairs also are better preserved, suggesting
that these interactions are largely responsible for the maintenance
of the structural features of DNA in the gas phase. Our results
indicate that G‚‚‚C stacking interactions are strong, similar to
G‚‚‚G interactions. Moreover, Orozco and co-workers stressed
that, although many known DNA features are retained in the
gas phase, some interesting differences emerge. Molecular
dynamics simulations found that T-shapedπ-stacking occurred
in some DNA chains. Similarly, we find structures of GpCpG
and ApTpA that present such features, with two bases interacting
via parallel stacking and the third in a T-shaped conformation
(see Figure 3c,d). In particular, our analysis indicates that this
conformation is principally due to N-H‚‚‚O/N and C-H‚‚‚π

Figure 8. Electron density in H-bonds of GC (au).

TABLE 5: Summary of G ‚‚‚G, G‚‚‚A, and G‚‚‚C
Interactions

E (kcal/mol) ∆Eb

Eπ
a EHB

a Eπ + EHB BH&H MP2

G‚‚‚G
GpG 2.42 9.97 12.37 8.85 10.89
GpGpG 4.32 5.92 10.24 6.52 9.51
GpGpG 4.33 5.92 10.25 4.85 8.61
GpG‚CpC 7.06 0.0 7.06 3.21 4.25

G‚‚‚A
GpA 5.90 4.42 10.32 11.10 12.64
GpApG 5.57 4.10 9.67 6.75 10.07
GpApG 4.83 8.53 13.36 9.27 11.30
CpT‚GpA 5.22 0.0 5.22 5.14 8.85

G‚‚‚C
GpC 5.61 9.94 15.55 15.94 14.68
GpC‚CpG 6.38 0.0 6.38 6.20 9.57
GpC‚CpG 6.35 0.0 6.35 6.05 9.40

a Eπ andEHB are calculated from topological analysis of the electron
density.b BSSE-corrected binding energies of stacked base pairs using
the 6-311++G(d,p) basis set for BH&H and 6-31G(0.25)* for MP2.
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hydrogen-bonding interactions. Thus, even if direct comparison
of DNA geometry obtained with this hybrid functional to
experiment is not practicable, literature theoretical and experi-
mental data support our estimations of stacking in these
nucleotides, confirming the validity of this approach.

Conclusions
Combined BH&H/6-311++G(d,p) and AIM analysis has

allowed study of the intermolecular forces and their mutual
interplay in DNA chains and some model systems. Single-
stranded di- and trinucleotides show that the conformation
adopted is related to the number of and type of bases, with a
balance of H-bonding andπ-stacking needed to obtain regular
structures. Trinucleotides in which the central base is cytosine
or thymine have highly distorted structures, closer to “T-shaped”
complexes rather than the more normal parallel stacking
structure, in which two bases interact with the third via hydrogen
bonds and C-H‚‚‚π interactions. -NH2 groups play an
important role, involved in both H-bonds andπ-stacking, and
are found to be significantly nonplanar in many structures.

Furthermore, the interplay ofπ-stacking and H-bonding was
explored: simple models such as benzene/guanine/cytosine con-
firm that benzene molecules can modulate H-bonding capacity,
leading to distortion in the guanine-cytosine pair, but barely
perturbing the overall binding energy. In DNA duplexes, Wat-
son-Crick pairing of GC and AT is hardly affected by stacking
partners, in accord with literature. Base pairing also leads to
increased planarity of-NH2 groups, which now interact mainly
via π-stacking rather than H-bonding, leading to an overall gain
of π-stacking energy of 1-2 kcal/mol per stacked pair, com-
pared to single-stranded chains. In such studies, AIM analysis
is particularly useful, as the intricacy of inter- and intrastrand
interactions means that pairwise analysis of base-base interac-
tions inevitably ignores the wider environment. Where com-
parison is possible, energies and structures at least qualitatively
match experimental and theoretical data reported in the literature.

Supporting Information Available: Figures showing the
nonplanarity of-NH2 groups versus∑FHB and BH&H versus
MP2 binding energies. This material is available free of charge
via the Internet at http://pubs.acs.org.
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