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Stabilization energies of the H-bonded and stacked structures of a DNA base pair were studied in the crystal
structures of adenirethymine, cytosine-guanine, and adenineytosine steps as well as in thé-5
d(GCGAAGC)-3 hairpin (utilizing the NMR geometry). Stabilization energies were determined as the sum
of the complete basis set (CBS) limit of MP2 stabilization energies and\Ef&SP(M — AEMP? correction

term evaluated with the 6-31G*(0.25) basis set. The CBS limit was determined by a two-point extrapolation
using the aug-cc-pVXZ basis sets for=XD and T. While the H-bonding energies are comparable to those

of base pairs in a crystal and a vacuum, the stacking energies are considerably smaller in a crystal. Despite
this, the stacking is still important and accounts for a significant part of the overall stabilization. It contributes
equally to the stability of DNA as does H-bonding for AT-rich DNAs, while in the case of GC-rich DNAs

it forms about one-third of the total stabilization. Interstrand stacking reaches surprisingly large values, well
comparable to the intrastrand ones, and thus contributes significantly to the overall stabilization. The hairpin
structure is characterized by significant stacking, and both guarigosine pairs possess stacking energies
larger than 11.5 kcal/mol. A high portion of stabilization in the studied hairpin comes from stacking (similar
to that found for AT-rich DNAS) despite the fact that it contains two GC Watg0rick pairs having very

large H-bonding stabilization. The DFT/B3LYP/6-31G** method yields satisfactory values of interaction
energies for H-bonded structures, while it fails completely for stacking.

Introduction (only) about 1 kcal/mol (the stabilization energy of H-bonded
base pairs lies between 15 and 30 kcal/mol). On the other hand,
the relative importance of both contributions can be elucidated
by using quantum chemical calculations. Evidently, the calcula-
tions should be performed at a very high theoretical level
excluding the traditional problems connected with extended
in determining the structure and dynamics not only of DNA molecular clusters such as the size of the basis set or the portion

and RNA but also of many complexes of these biomacromol- of correlation energy covered.

ecules with drugs, was not known for a long time. It was  In our previous papéron this issue, we reported on our
generally accepted that H-bonding is much stronger and thusinvestigation of the gas-phase interaction of adenine and
contributes dominantly to the stability of DNA and RNA, but thymine, and guanine and cytosine, and also their 9- and
any rational support for this suggestion was absent. This ideal-methyl analogues. Calculations revealed that final stabilization
was probably based on a different origin of H-bonding and energies were very large, much larger than published up to
stacking (electrostatic and dispersion interactions) and on a beliefnow®’ For the methyl analogues the following stabilization
that the former interactions should systematically be more stable.energies (kcal/mol) were obtained: mAnT Hoogsteen, 16.3;
Experimental justification of the relative role of H-bonding and MA---mT stacked, 13.1; m&mC Watsor-Crick, 28.8; mG
stacking is not easy. There exist several stidfedetermining ~ **mC stacked, 18.0. On the basis of comparison with experi-
the relative strength of both contributions, but these experimentsmental datd, it was, however, concluded that they represent
concern the change of the free energy, and furthermore, theythe lower boundary of the true stabilization energies. While the
all include solvation and desolvation contributions. Thus, for H-bonded energies were already close to the true values, the
example, one experiméritindicated that both contributions in ~ stacked energies were estimated to be still too low by about
RNA are comparable and contribute to the total stability by 10%. In our papérwe concluded that surprisingly large values
of stacked energies can change the current view of the
*To whom correspondence should be addressed. E-mail: hobza@ importance of the specific H-bonding interactions and nonspe-

Intermolecular interactions among nucleic acid (NA) bases
play an important role in assembly of various architectures of
DNA and RNA, and by far the most dominant among them are
hydrogen-bonding (H-bonding) and stacking interactibbe
relative importance of these contributions, playing a key role
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Figure 1. Structures of the (a, top) full'®l(GCGAAGC)-3 hairpin Figure 2. Methylated nucleic acid base pairs in the geometries of
and (b! b_ottom) investigated nucleic acid base pairs in the geometry of crystal B-DNA: (a, top) AT step, (b, middle) CG step, (c, bottom) AC
the hairpin structure. step (A, adenine; T, thymine; G, guanine; C, cytosine).

crystal show high similarity, different geometries are expected
for stacked pairs.

The aim of the present work is to study H-bonding and
stacking interactions in experimental geometry. We will inves-
tigate the adeninethymine, cytosine-guanine, and adenine
cytosine steps in the B-DNA crystal geometfi€&and also the

case of B-DNA steps, and just by hydrogen in the case of the
hairpin. The geometry of the hairpin contains all atoms (but
the cutting points) including hydrogen atoms (final refinement
in the original paper was accomplished using the AMBER
empirical potential), while crystal structures do not contain

) = 3 hydrogen atoms. The positions of heavy atoms in the latter cases
5-d(GCGAAGC)-3 hairpin, the geometry of which was \yere considered rigid, and the positions of hydrogen atoms at
determined from the NMR measureméhte will include the bases as well as at methyl groups were determined by the
hairpin structure by intention, since it is expected that stacking gradient optimization (B3LYP/6-31G**) of the respective

interactions here play a more important role than in a B-DNA 1 1),n4eq hase pair. Figure 1 shows the full geometry of the
architecture. The knowledge of H-bonding and stacking energies hairpin (a) as well as of investigated combinations of base pairs

yvill help us to understand the o.rigin.and nature of stabilization (b), and in Figure 2 we present the geometries of AT, CG, and
in DNA, RNA, and other nucleic acid architectures. AC steps.
Methods The interaction energy was always evaluated for one isolated
base pair only, and the rest of the step was neglected. The total
Structures. The geometries of the CG and AC steps were interaction energy was then computed as a sum of the pairwise
taken from the Dickerson decarfiavith PDB ID 5DNB, 5- interaction energies, and many-body terms were neglected. Error
d(CCAACGTTGG)-3 (the pairs considered are in bold), and resulting from this approximation should be small compared to
the geometry of the AT step was taken from a PDB ID 1ENN the total interaction energy; in our previous w&rkhe largest
crystall® 5-(GCGAATTCG)-3. The geometry of the hairpin  three-body term among the AG, AT, and GC steps (in slightly
originated from NMR measuremeht$PDB ID 1PQT, sequence  different geometries) was found to be 1.18 kcal/mol for the GC
5-(GCGAAGC)-3). In subsequent calculations we considered step. Nevertheless, to estimate the role of the many-body
only atoms of nucleic acid bases; phosphate groups wereinteractions, the three- and four-body terms were calculated for
disregarded and sugar units replaced by methyl groups in thethe CG step, in which their contribution is expected to be the
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largest. Calculations were performed at the RI-MP2/aug-cc- TABLE 1: Interaction Energies (kcal/mol) of DNA Base

pVDZ level and corrected for the basis set superposition error Pairs in the Adenine-Thymine, Cytosine-Guanine, and
(BSSE) by the counterpoise technidiie Adenine—Cytosine Steps Evaluated with Various Basis Sets

Complete Basis Set Limit of the MP2 Stabilization RIMP2/ RIMP2/ MP2—
Energies.The HF interaction energy converges with respect to aDz>  aT2 D—T° CCSD(T} AE® B3LYP
the one-electron basis set already for relatively small basis sets, Adenine-Thymine Step
while the correlation interaction energy converges unacceptably ATWC  —14.8 -159 -16.4 00 -164 -134
; ; i —9.2 -9.8 -—10.1 2.0 —-8.1 3.6
slowly to its complete basis set (CBS) limit. To correct the AATS o6 Sog 09 Y 07 o1
computed results for basis set incompleteness error, the ex- ’ ' . ) . ;
. TTIS 0.9 0.8 0.8 0.2 1.0 1.6
trapolation scheme of Helgaker and co-workérsas been ) )
employed: Cytosine-Guanine Step
’ GCWC —-32.7 —346 —354 —-0.4 —35.8
HE e GCS -81 -83 -83 04  -79
Ey" =Ecgs +AexpoX) and GGIS —-49 -54 -56 11 45
E_corm — corr 4 BX—S CCIS 1.4 1.3 1.3 0.1 1.4
X BS Adenine-Cytosine Step
: : . ATWC -166 —17.7 -182 —-02 —-184 -151
whereEx andEcgs are energies for the basis set \_Nlth the largest GCWC -327 -346 —354 04 —358 -327
angular momentunX and for the complete basis set, respec- aAc g 77 -81 -83 16 6.7 4.6
tively, anda is the parameter fitted in the original work. Inthe TGS -70 -76 -7.9 1.7 -6.2 4.1
present study (as in the previous one) we used augmentedAG IS -47 —-49 =50 0.2 -48 —17
Dunning basis setsrather than nonaugmented sets, which we TC 1S -0z -0z -02 01 -01 0.4

believe reduce the extrapolation error remarkably. The BSSE awc, S, and IS are acronyms for Watse@rick, stacked, and

correctiot® and frozen-core approximation were applied through- interstrand stacked structurésaDZ and aTZ mean aug-cc-pVDZ and
out this study. Extrapolation was also applied to the BSSE aug-cc-pVTZ basis set$Extrapolation to the CBS limit using aug-
correction term. cc-pVDZ and aug-cc-pVTZ energiesDifference between CCSD(T)

. . . and MP2 interaction energies determined with the 6-31g* (0.25) basis
All calculations were carried out using the TURBOMOLE set.® Total interaction energy evaluated as a sum of the CBS RI-MP2

5.6 program suité? the aug-cc-pVDZ and aug-cc-pVTZ basis  jnteraction energy and the difference between the CCSD(T) and MP2
sets, and standard (default) auxiliary basis sets. Recently, Weinteraction energie.6-31G** basis set.

explored? the applicability of the RI-MP2 method for nucleic
acid base pairs and larger DNA fragments and have demon-
strated that the method is capable of accurate description of
H-bonded and stacked DNA base interactions. The results
obtained with the RI-MP2 method differ only marginally from
those evaluated with the exact MP2 method, while the time
saving is as large as 1 order of magnitude.

Correction for Higher Order Correlation Effects . The
difference between CCSD(T) and MP2 interaction energies
(AECCSD(M — AEMP?) js known to depend only negligibly on
the basis set siZ€,which allows an approximation of the CBS
CCSD(T) interaction energy as

energy difference is negligible, and this fully agrees with
previous results. The final H-bonding energy agrees very well
with the gas-phase results and is slightly larger. The difference
can be explained by considering the deformation energy in the
gas-phase calculations, which reduces the value of the stabiliza-
tion energy (regarding the crystal DNA step, the deformation
energy of the monomers was not taken into account). Among
three stacked structures, the intrastrand one possesses the largest
stabilization of more than 9 kcal/mol. Passing to the aug-cc-
pVTZ and CBS limit levels brings additional stabilization, while
inclusion of the higher correlation energy contributions yields
destabilization. This destabilization is again in accord with data
known from gas-phase DNA base pairs. The stabilization of
the intrastrand AT pair is considerably smaller (by about 4 kcal/
mol) than that of the optimized gas-phase structure and is due

Our previous studié$® show that the 6-31G(0.25) basis set 4 gifferent geometries in the crystal and gas-phase optimized
provides a satisfactory value of the CCSD{MP2 difference  giner The final stabilization energy of the stacked pair is about

for the DNA basis, and this basis set was systematically usedp it that of the WatsonCrick pair. Both interstrand stacked

for all CCSD(T) calculations. pairs are characterized by small interaction energies (below 1

DFT Calculations. The DFT calculations were performed | o5/mol) and while the AA pair brings small stabilization, the
with the B3LYP functional using the 6-31G** basis set, as this 11 pair provides destabilization.

pombination of the functional and basis set is commonly used Cytosine-Guanine Step.Table 1 presents the interaction
in the literature. , energies for all the base pairs, and the WC H-bonded pair is
Codes. Except CCSD(T) calculations where we used the o}y far the most stable. The final stabilization energy is
MOLPRO 2002.6 suite of program8,all calculations were higher than 35 kcal/mol. Passing from aug-cc-pVDZ to aug-
performed using the TURBOMOLE 5%and GAUSSIAN 03 cc-pVTZ and to the CBS description brings about 2 and 1 kcal/
program packages. mol, respectively. The CCSD(T) correction is slightly negative
(though stabilizing). While the H-bonding energies of the crystal
and gas-phase optimized AT dimers were similar, in the present
Adenine—Thymine step.Table 1 shows interaction energies case a rather large difference of more than 5 kcal/mol was found
for all base pairs in the AT step. A Watsefrick arrangement  (the gas-phase dimer is less stable). The difference is due to
possessing two H-bonds is considerably more stable than allconsiderably larger deformation energies of guanine in com-
three remaining stacking structures. Passing from the aug-cc-parison with adenine. The stacked CG pair is comparably as
pVDZ to the aug-cc-pVTZ basis set enlarges the stabilization stable as the AT pair and again significantly less stable (by about
energy by more than 1 kcal/mol, and extrapolation to the CBS 10 kcal/mol) than the respective pair in the gas-phase structure.
limit yields yet another nonnegligible stabilization energy The GG interstrand pair brings nonnegligible stabilization which
increase 0.4 kcal/mol). The MP2CCSD(T) interaction is much larger than that found in the AT step. The overall

cCSD(T) _ MP2 ccsp(T MP
AE M= AECBS + (AE M— AE 2)|small basis set

Results and Discussion
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TABLE 2: Interaction Energies (kcal/mol) of DNA Base again repulsive for all the stacked structures except one (GG9),
Pairs in the Hairpin Evaluated with Various Basis Set$ where it is, however, negligible.

RIMP2/ RIMP2/ MPp2— Summarizing all H-bonding, we obtain a stabilization of 73.4

aDz’>  aT22 D—T¢ CCSD(T} AE® B3LYP' kcal/mol, while from stacking we have 42.5 kcal/mol.

GA1lHB -102 -114 -119 -06 -11.3 -114 Performance of the DFT Method. Tables 1 and 2 show
CG2WC -27.7 -29.5 -30.3 04 —-307 -321 stabilization energies obtained with the popular DFT method
GC5WC —-284 —-30.2 -31.0 04 —314 -—-327 . . .
GC3S 83 -89 -92 15 “77 10 using the B3LYP functional and 6-31G** basis set. In the case
AG4 S 78 -85 -88 —23 —6.5 5.4 of H-bonded complexes DFT yields reasonable stabilization
CG6S —129 -135 -1338 -14 -124 50 energies which for AT WC and GA complexes are comparable
Gcrs -118 -124 -127 -11 -116 —46 to aug-cc-pVDZ results and for both GC WC pairs even with
A S oS- S S aug-cc-pVTZ ones. On the other hand, in the case of stacking
GG101S 04 01 00 -08 08 57 DFT fails completely; AT S at the MP2/aug-cc-pVDZ level is
cci1ls 29 29 29 —02 31 33 stabilized by about 9 kcal/mol, while DFT yields a repulsion

of about 4 kcal/mol. This means the total error is as large as
Crick, stacked, and interstrand stacked structtya®Z and aTZ mean about Z_LS_kcaI/moI, which is 15(.)% of the most a_cc_urate value.
aug-cc-pVDZ and aug-cc-pVTZ basis set&xtrapolation to the CBS ~ Very similar results were obtained for all remaining stacked
limit using aug-cc-pVDZ and aug-cc-pVTZ energiéDifference pairs. DFT underestimates the stacking attraction in GC3, AG4,
between CCSD(T) and MP2 interaction energies determined with the CG6, and GC7 by about 7, 13, 8, and 7 kcal/mol. DFT gives
6-31g* (0.25) basis set.Total interaction energy evaluated as a sum stacked energies comparable to that of the MP2 method only if
of the CBS RI-MP2 interaction energy and the difference between they are small or repulsive (the data presented concern the
CCSD(T) and MP2 interaction energié$-31G* basis set. hairpin structure, but the same holds for AT and CG steps).
I . . The finding that DFT underestimates the stacking energy is
stab|I|zat|o_n frc_>m H-bonding equals 71.6 kcal/mol, while that definitely not new and does not represent any surprise, and we
from stacking is only 18.8 kcal/mol. The three- and four-body \yere among the first to point out problems of describing stacking
effects in the CG step are more pronounced (equaling about 1y, the DFT method already in 1995 Presenting these data
keal/mol) and are of repulsive origin. explicitly, we stress again that up to now no functional being
Adenine—Cytosine Step.The geometry of the CG pair is  aple to describe the stacking in DNA base pairs exists. This
identical to that of the CG step, and thus, the interaction energiestajlure not only is certainly limited to stacking of DNA bases
are also identical. On the other hand, the AT WC geometry is put concerns any interaction governed by the London dispersion
different from that in the AT step, what is reflected in higher energy. Because of the importance of the London dispersion
H-bonding energies (all energies are 1.8 kcal/mol higher). The energy in biological systems, we must expand our warning by
CCSD(T) correction term is slightly negative (similarly to the  stating that the use of the present DFT methods in solving
case of a GC WC pair). Both stacking energies are slightly problems of the structure, dynamics, energetics, and function
smaller than those of the AT and CG pairs, and again, the of bjiomacromolecules is not justified and the results obtained
CCSD(T) correction is relatively large and repulsive. The AG should be taken with care.
interstrand stacking is comparable to that of GG, while the TC Many-Body Terms. On the basis of a suggestion of a

interstrand stacking is negligible. reviewer, we have also calculated three- and four-body terms
Both H-bonding energies together provide 54 kcal/mol, while for the CG step and the three-body term of the CGT sequence
all four stacks contribute 17.8 kcal/mol. Clearly, the present of bases in the CGT Step geometry_ The dominant contribution
step represents a transition between the CG and AT steps, andp the many-body effects came from the HF calculation (more
there is no remarkable deviation. than 96%), and the effect of correlation (and therefore also
Hairpin. In the case of the hairpin we have two GC WC dispersion) is negligible. This suggests that many-body contri-
H-bonded pairs and one GA mispair. Table 2 shows that the butions to the interaction energy could be evaluated at a lower
H-bonding energy of the mispair is smaller than that of WC (noncorrelated) level of theory than the pairwise interactions.
structures but it is not negligible. The GC WC stabilization Two three-body terms in the (centrosymmetric) CG step amount
energies are similar, and both are smaller than that of the GCto 2.3 kcal/mol (CG/C) and 0.2 kcal/mol (CG/G), and the four-
WC pair in the CG step. Apparently, the hairpin structure is body term is—2.3 kcal/mol. Although these values are not
less organized, which can be attributed to the presence of anegligible, they partially cancel (three- and four-body terms have
mispair. Extrapolation to the CBS limit is important in all three opposite signs), and the sum of pairwise interaction energies
cases and brings for the WC structures more than 2.5 kcal/mol.represents the total interaction energy relatively well. However,
The CCSD(T) correction term is systematically small and similar if accurate results are required, many-body interactions should
in value to those of previously studied GC and AT WC be included. In the case of the CGT stacked trimer, the three-
structures. body term due to stacking amounts to 0.05 kcal/mol and is

Among eight stacked structures, the intrastrand interactions therefore negligible.
are considerably stronger than the interstrand ones. Further, the Relative Importance of Stacking and H-Bonding in Dif-
CG6 and GC7 structures have stabilization higher than 12.5 kcal/ferent DNA Architectures. Extrapolating results from CG and
mol, which is about 3 kcal/mol stronger than in the case of the AT steps to the polyCG and polyAT duplexes, we found that
most favorable stacked pairs in the AT and CG steps of the the dispersion energy contributes about one-third (31%) to the
regular (Dickerson) double helix. Evidently, with respect to a total stabilization in the former duplex and half (50%) in the
regular coil the hairpin structure loses some stabilization from latter. (Numbers in parentheses represent the percent of the
the H-bonded pairs but gains additional stability due to increasedvertical stacking of one base paitwo bases-with respect to
stacking. Among four interstrand stacked pairs, the largest the total stabilization due to this base pair, computed as a sum
stabilization was found for the GG10 pair and only the CC11 of two vertical stacking contributions and one H-bonding
pair brings destabilization. The CCSD(T) correction term is contribution.) This means that in the polyAT duplexes the

aHB, WC, S, and IS are acronyms for hydrogen-bonded, Watson
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H-bonding and stacking contribute similarly to the stability of (v) Stacking contributes equally to the stability of DNA as

DNA. In the case of the hairpin GC step, deformation of the H-bonding does for AT-rich DNAs, while for GC-rich DNAs

structure with respect to the purely double helical one brings it forms about one-third of the total stabilization.

weakening of hydrogen bonds and also increased overlap of (vi) Interstrand stacking reaches surprisingly large values, well

vertical stacking, which results in a larger stacking contribution comparable to the intrastrand ones, and thus contributes

to the total stability (about 40% if polyGC in the geometry of significantly to the overall stabilization.

the hairpin was considered). We can thus conclude by stating (vii) The hairpin structure studied is characterized by a high

that stacking plays an important role especially in AT-rich DNAs portion of stacking stabilization (similar to that found for AT-

and also in the hairpin architectures. rich DNAs), despite the fact that it contains two GC WC pairs
Comparison with Experiment. Throughout the present study  having very large H-bonding stabilization.

only interaction energies in vacuo were considered. In the gas
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