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The z-stacking energy between parallel layers of hydrogen- contribution thus aims at providing accurate values for both the
bonded base pairs is one of the important factors stabilizing the total interaction energies and all of its contributions.
structure of DNA! It is of considerable interest to achieve a detailed In contrast to our previous wdtknot only dimers but rather
qualitative and quantitative understanding of the physicochemical tetramers consisting of two stacked complementary dimers of the
nature of these interactions, for example, in the notions of inter- pNA bases were considered. While the dimer structures used
molecular perturbation theory such as the first-order electrostatic, previously came from ab initio gas-phase geometry optimizations
EY, second-order inductiorE{s, and dispersionE(,, contribu- and were not representative for their arrangement in DNA, the
tions to the interaction enerds.. These terms have been defined tetramer structures in this study correspond more closely to those
in the early days of quantum mechanics and continue to form the they assume in B-DNA. They were generated with the 3DNA
basis of our understanding of the interactions between molecules.programo using the complementary base pair € 0., = =
They also form the conceptual framework of the intermolecular —11 #, 6 = 0.6°, S, = 0.00 A,Sy = -0.15A,5=0.09 A) and
part of most force-fields actually in use to simulate biopolymers pase-pair step parametets< —0.1°, p = 0.6°, w = 36.0%, Dy =
such as DNA. For example, in present force-fiel:?fﬁ usually is -0.02 A, D, = 0.23 A, D, = 3.32 A) for B-DNA obtained as
approximated through Coulomb interactions between partial chargesaverage values from high-resolution crystal structéétse of these
located at the atoms anﬂffgp through atom-atom potentials parameters provides a well-defined point of reference for later
decaying as . In particular these two contributions also play studies investigating the influence of deviations from these average
an important role in the framework of quantum chemical calcula- values. The hydrogen atom positions were determined in second-
tions of stacking interactions: the former in attemptscorrelate order Mgller-Plesset (MP2) geometry optimizations of the comple-
Eint from supermolecular calculations with more or less elaborate mentary AT and CG dimers, employing the TZVPP basi&setd
approximations t&y’, andE{), in methods aiming at improving  constraining the positions of the C, N, and O atoms to those gen-
density functional theory (DFT) for stacking interactions via direct erated by 3DNA. Since the current version of DFT-SAPT is
addition of damped atoratom dispersion energiés. restricted to dimer interaction energies, each complementary dimer

In the present study stacking energies for all possible combina- was considered as a supermolecule, thus treating it actually as one
tions of two base pairs arranged as in an averaged B-DNA structureof the monomers in DET-SAPT. All DET-SAPT and accompanying
were obtained directly from intermolecular perturbat@on Fheory. To supermolecular calculations were done with Molprkeeping core
this end the recently developed DFT-SAPTombination of orbitals frozen. Density-fitting techniques as detailed in ref 4f were
sylgwg_lregy-ad.apt).ted |r}tte|:molecular perturbattlpn the?ry (S’ngg‘_r h employed. The aug-cc-pVTZ basis ¥atas used throughout, com-
a escription of the monomer properties entering 8S bined with the corresponding MP2 auxiliary basissfir density-
been employed. DFT-SAPT and the related SAPT(D&Pproach iy of DET-SAPT dispersion contributions and supermolecular

]Eiuo”r::ct)}tarrelg 82na}s?t)i/e?g;:got:sei‘?grﬂ)grrﬂ:a?gg %L:]t dr:rg?(ﬁ:}ggprlgg tgﬁsecorrelation energies, while density-fitting of all other SAPT
narg . . q y-dep 2 P contributions was done with the cc-pVQZ JK auxiliary basis'&et.
densities of the interacting molecules to evalugfg, E?), and

2 ] ) ' SupermoleculaE,; were counterpoise-correctétivhich, by con-
Egisp Thus the important charge density penetration effects are stryction, is not necessary with DFT-SAPT. The exchange-
fully taken into accountnot only in the first-ordetbut also inthe  ¢orrelation potential and kernel entering the DFT calculations were

second-order contributions. Furthermore, the simultaneous exchangeypyroximated with the LPBEOA®ALDA 19 combination justified
of electrons between the interacting molecules due to the antisym-j, ref af.

metry requirement of the total wavefunction is taken care of in Figure 1 compares totd, from DFT-SAPT to results from

SAPT Ey adding the repulsive exchange correctigfs, . (x)clf‘rind' supermolecular electron correlation methods applicable to systems
and Efex)cwisp to the above terms. To these contributions the of this size, that is, MP2 and spin-component-scaled MPCS-
Hartree-Fock estimate of the third and higher order induction and MP2), also using the aug-cc-pVTZ basis set. MP2 is known to
exchange-induction contributions denoted>@dF) is added. Ina  strongly overestimate the electron correlation contribution-tor
number of previous benchmark studies including the benzene-interacting systems, while SCS-MP2 yiel&s, in much better
dimer;" the acetylenebenzene complekand WatsonCrick (WC) ~ agreement with CCSD(T).The stacking energies from DFT-SAPT
and stacked structures of the guanine-cytosine (GC) and adenineynq the 3.5 times less time-consuming SCS-MP2 agree quite well,
thymine (AT) dimers; it was shown that the resulting total  gegpite their entirely different theoretical background. Depending
interaction energies are in excellent agreement with the Outcome g, the base pair stefy, varies between-30.7 (AT-TA) and—55.0
of expensive coupled-cluster calculations including up to non- kd/mol (CG-GC) witr;nDFT-SAPT and be'tweef127 7 and—49.5
iterative triple excitations (CCSD(T)). CCSD(T) is accepted to yield kd/mol with SCS-MP2. SCS-MP2 underestimates the magnitude
the most accuraté; for these systems to date. The present of Ene with respect to DET-SAPT by 0.6 (GC-AT) to 5.5 kd/mol

F Universita DUISOUT-E (CG-GC), on average by 2.5 kJ/mol. MP2, on the other hand, yields

niversi uisburg-essen. : B H
 Universita Er,angeﬁ_,\-,mberg_ drastically larger magnitudes &y, that is, by 17.8 (CG-AT) to
8 Universita Regensburg. 21.7 kJ/mol (GC-CG), and on average by 20.1 kJ/mol.

1802 = J. AM. CHEM. SOC. 2008, 130, 1802—1803 10.1021/ja076781m CCC: $40.75 © 2008 American Chemical Society



COMMUNICATIONS

MP2
SCS-MP2
DFT-SAPT(LPBEDAC)

Energy [kJ/mol]

| 1 | 1
:\‘2‘
8

S O SO A
o LS . o
™ oy o"&& & ¥
Figure 1. Comparison of total stacking energies for the ten unique steps
of two DNA base pairs in average B-DNA from various methods.
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Figure 2. Stacking energy contributions for the ten unique steps of two
DNA base pairs in average B-DNA from DFT-SAPT.

Figure 2 shows the DFT-SAPT contributionsEg;: the first-
order energie€$’ and E&)\,, the sum of all induction and ex-
change-induction energieSngor = E& + EQ, 4 + O(HF),
and the second-order total dispersion enefgy, o = Ef, +
E%)_aisp (Cf. Supporting Information for complete data). By and
large, the relative importance of the various contributions for all
base-pair steps is similar to that found foistacked structures of
the benzene diméf.In detail, Egisp-tor iS the largest contribution,
in which the repulsiveEey;, 4, cancels only 11 to 14% dE),
Depending on the base-pair sty varies betweer-77.3 (TA-

AT) and —94.9 kJ/mol (CG-GC)Ejng-1ot IS the least important and
most constant among all contributions. It lies betweén0 (TA-

AT) and —10.6 kJ/mol (CG-GC) and on average amounts- %5
kd/mol. Note thatE() is much larger and varies much more
strongly, that is, betweer24.6 (TA-AT) and—52.7 kd/mol (CG-
GC). Yet, about 80 to 90% of this is compensated by the repulsive
E@, .. To the remainder the higher-order induction and ex-
change-induction estimatéHF) adds between1.7 (GC-AT) and
—4.2 kJ/mol (CG-GC). The two first-order contributior;’ and
ES.,, vary strongly with the base-pair step. While the electrostatic
interaction energy is always negative, with values betwedr8
(CG—CG) and—43.5 kJ/mol (CG-GC), the repulsive first-order

exchange energy is the decisive factor counterbalancing the

dispersion contribution. It ranges from54.0 (TA-AT) to +94.0
kJ/mol (CG-GC). The strikingly large contributions in the CG-GC

pensating trends tE(eP does not help:ry,, now drops to 0.687.
There are, however, reasonable correlatibeswveenindividual
interaction energy components, the strongest of which is that
betweenE?, and EZ, ., with r,, = —0.987. As mentioned
above, these two contributions cancel each other to a large extent,
and their sum has about the same sizé(&~). The latter, however,
does not correlate witte®, + E@ .. (r,, = 0.207), thus
preventing prediction ofEj4—ir from any of its contributors.
Reasonable correlations also exist betwefh, andEZL, e, (rxy

= —0.949) andEy), and ES), (ry = —0.920). The most useful
correlation for quantitative purposes, however, is that between
Eind-tor and Egisp-tor: 'y here is merely 0.776, but because of the
relative smallness dEing-tor @ simple scaling oEgisp-tor With 1.09
reproduces the sung—tot + Edisp-tot Within about+2 kJ/mol. This
appears to be good enough to effectively account for the total
induction contribution in a classical nonpolarizable force field for
DNA simulations—at least as long as the surrounding environment
(backbone, water, counterions) of the base pairs is neglected.

In summary, reliable modeling of DNA stacking requires accurate
models of at least the first-order electrostatic and exchange and
the second-order total dispersion contributions. The results presented
here provide a well-defined basis for future developments of force-
fields and quantum chemical models in this important area.

Supporting Information Available: Complete refs 11 and 13,
further computational details, tables with energies and atomic coordi-
nates, and figures of calculated structures. This material is available
free of charge via the Internet at http://pubs.acs.org.
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