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The recent recognition that trans-hydrogen-bond (trans-H-bond)
NMR J couplings in biomolecules can be resolved and interpreted
in structural term’s 8 offers an unambiguous way of detecting and
analyzing H-bonds in biomolecules. However, measurements of
trans-H-bond couplings in NHN H-bonds, for example, NHz;—

N3 in the DNA A—T base pair (Figure 1), provided the counter-
intuitive finding that thetwo-pondcoupllng ("Jw ~ 9 Hz)' s Figure 1. DNA A—T base pair model. The box highlights the hydrogen
larger than th@ne-bondccoupling (MJyy ~ 3 Hz) 38 Natural bond bond between Nof adenine (A) and Blof thymine (T).

orbital (NBO) analysis described here demonstrates"®g and

"Jwn, are determined largely by three terms: two Lewis-type heqry. Briefly, the NBO package includes a suite of methods for
coptributions (the‘single-orbital contribution from the qdenine lone describing theN-electron wave functiony(1,2,...N) in terms of
pair and the contribution from thesus natural bond orbital of the  |5cajized orbitals or configurations that are closely tied to chemical
thymine ring) and one contribution from pairwise delocalization bonding concept&16 Underlying these methods are sets of
of spin density (between the lone pair in adenine anhd ahe  |ocalized intrinsic “natural” atomic orbitals (NAO), natural bond
antlbqndlng orbital Ilnklng N and H of .thymlne). For "2y orbitals (NBO), and semi-localized molecular orbitals (NLMO) that
coupl!ng, all three co_ntrl_butlons are posm_ve; whereas "k correspond closely to the Lewis structure representations used by
coupling, the delocalization term is negative, and the other two chemists. To calculate the Fermi-contact contributions tmu-
terms are positive, resulting in a small net positive coupling plings, the single finite perturbation method of Pople et,

o e o et e o T b oo ecenty by el andc-oers
. P JUGE e Was used to produce wave functions witltoupling information
that stabilize the H-bond are involved in the transmission] of

coupling information. The N..Hs—Ns H-bond of the DNA A-T “built-in’.’, which Wc(]ere then analyzed ip the framework of natural
base pair is found to exhibit significant covalent character, but steric J coupllnlg (NJC) as implemented in the NBO 5.0 software
effects contribute almost equally to the trans H-bond coupling. package’ The re_sultlng set Of.NBOS was us'ed o decompgse the
Unlike other properties of NMR that can be understood in terms caIcuIated_J coupllng constan_ts |r_1to their constituent contributighs.
of pseudo-classical physics] coupling is purely a quantum The resulting goupllng contributions (Table 1) coul_d then be related
mechanical phenomenon. Trans-H-bahebuplings, which speak to the_ en_ergetlc f_eatures_ of the H-bond to determine whethel the
directly to the nature of the hydrogen bond, have motivated a coupling is associated with covglent or noncovalent features of the
number of computational studie8:13 The discovery of trans-H- bond. The net c_alculate.ﬂjcoupllngs, 9'31 Hz foP“Jyy and 2'_64
bondJ coupling has lead some to conclude that H-bonds exhibit Hz for "Jyy, are in goqd agreement W'_th the ex.pecFed experimental
covalent charact&f- (in accord with previous theoretical sug- values’ Table 1 also displays the leading contributions toda
gestions}s while others have stressed that covalency is not a @nd" I couplings® Y ey, the single NBO Lewis contribution
requirement for trans-H-bond coupli§The goals of the present  fom the adenine Nione pair (LRa); Jonsks, the contribution
model study of the DNA AT base pair were: (1) to determine, 70 the Lewisonais NBO of the thymine; and“e % piy—gara)
by directly computing NBO contributions to couplings, the relative the pairwise delocalization of spin density between the adenjne N
importance of covalent and nonbonding interactions to the transmis-0n€ pair (LR:) NBO and the thymine’”zus NBO.
sion of coupling through H-bonds, and (2) to delineate the major  The total contribution from the natural Lewis structudé), to
contribution to the observed coupling in terms of localized  the " coupling (4.16 Hz) is smaller than the corresponding
energetics responsible for H-bonding so as to determine what contribution to thé™Jyy coupling (6.71 Hz). The total contributions
relationship exists betweeh coupling and the covalency of the from delocalizationJ°%), are nearly equal and opposite for the

H-bond. two couplings (4.85 Hz fof2Jyy and —4.54 Hz forMJyy). The
In contrast to previous studies in whidtcoupling was related ~ contribution from repolarization of the NBOg{**, is small.
indirectly to computed valence-bond ordeesd charge densitié3, From Table 1, it is apparent that contributions from the

the present analysis utilized the concepts and methods of NBO delocalization of spin density play a significant, if not dominant,
role in determining the sign and magnitude of the trans-H-hbnd

+ oo whom E%;eri‘?ﬁ?ﬁeé‘iﬁﬁﬁyhs?ﬁéd be addressed. couplings. The importance of hyperconjugative delocalization in

;Department of Biochemistry. determining the2Jyy and "Jyy couplings indicates appreciable
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Table 1. Leading Calculated Contributions? to the "2Jyn and

; J associated with the exchange region [i.e., the short-range region of
h jyn Couplings for the A—T Base Pair@

“chemical” or “valence” forces, dominated by quantum-mechanical

IOppy  IVonas Iy IO JEEO glem) et orbital interactions of filled-unfilled (hyperconjugative) or filleg
2w (Hz)  2.04  3.08 3.68 416 485 030 931 filled (steric) type], and reflect their essentglantalnature. Both
" (Hz) 129 633 —5.80 6.71 —4.54 048 264 mechanisms can play an important role in trans-H-bond coupling.

a Calculations on the model (Figure 1) were performed with the B3EBYP
hybrid density functional using the 6-311G** basis set as implemented in
Gaussian 98 The three terms on the right are the full calculated values
for the Lewis, delocalization, and repolarization contributions, which sum
to the net calculated coupling.

Acknowledgment. Supported by NIH Grant RR02301 to J.L.M
and a traineeship to S.J.W. from NIH Molecular Biophysics
Training Grant GM08293. Software development and computations
utilized a four-processor server graciously donated by the Microsoft
Corporation. We thank Professor David Case (Scripps Research

Figure 2. Pre-natural bond orbital contours: (A) overlap between the N
lone pair in adenine (L) and theo-bonding orbital between Nand H;

of thymine Ensna); (B) overlap between the None pair in adenine (L)
and theo* antibonding orbital between N\and H of thymine ¢"nana).

bond in the A-T base pair plays a key role in determining the
h2Jwn and Mgy coupling constants.

Previous work has demonstrated that the Lewis NBO contribu-
tions toJ couplings correlate with their corresponding unfavorable
steric exchange energi&swhich can be estimated from natural
steric analysis (NSA3 Pre-NBOs (PNBOs), which are a set of
localized Lewis NBO precursors that lack the final interatomic
orthogonalization step, provide a convenient way to visualize
interactions between orbitals in different bond regions, because their
overlap is proportional to their interaction enef§yror the A-T
base pair, the steric interactions between dhgi; and the LR,
PNBOs (Figure 2A), which are associated with the leading Lewis
contributions toJ coupling @ snans) and IV pyy; see Table 1)
give a computed energy of 27.19 kcal/mol. The existence of Lewis
coupling contributions of such a large magnitude mediated by
noncovalent Pauli repulsion between thgys and the LR; NBOs
supports previous ideas that covalent bonds are not necessary fo
the transmission of coupling across a hydrogen bo#d.

In analogy to the steric-exchange energy, pairwise NBO delo-
calization contributions Xlc) correlate with donotacceptor
delocalization energies, which can be calculated from second-order
perturbation theory® For the A-T base pair model, the NBO
interaction associated with t#€1°¢} p1)-+narz) can be regarded
as the second-order hyperconjugative delocalization energy arising
from the donation of electron (spin) density frompsPnto o* naps
(LPn1—0* n3ng)- Figure 2B displays a two-dimensional contour plot
of the donor-acceptor interaction between the \sPand 0* \3ns3
PNBOs. This interaction energy is computed to-b85.16 kcal/
mol; this outweighs the steric energy, providing a net stabilization
of 7.97 kcal/mol. Although a number of additional, smaller
interactions contribute to the strength of the H-bond, this example
illustrates how the H-bond can be visualized as a delicate balance
between favorable hyperconjugative interactions and unfavorable
steric interactions. Both of these interactions are intrinsically

A B Institute) for the A-T base pair structural model and helpful
discussions.
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