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Hydrogen-bonding interactions often make substantial contribu-
tions to the specificity of protein-nucleic acid complexes. In a
seminal study, Seeman et al.1 postulated that two hydrogen bonds
between an amino acid side chain and base could be used to
uniquely distinguish among all possible base pairs in the DNA major
groove. Indeed, their predicted Arg-G and Asn/Gln-A doubly
hydrogen-bonded (bidentate) interactions (Figure 1; nos. 9 and 19)
are the most frequently observed in protein-nucleic acid com-
plexes.2,3 Within RNA structures, bases also can be found in non-
Watson-Crick pairs or in unpaired contexts,2 providing new
opportunities for specific amino acid-base hydrogen-bonding
interactions. Using a geometric modeling approach, we previously
identified 28 possible bidentate interactions to the four unpaired
RNA bases.2 Here we present interaction energies of these models,
calculated by ab initio quantum chemical methods, and describe a
correlation between the computed energies and observed frequencies
of the interactions.2,3

Using a similar approach as in previous ab initio studies of amino
acid interactions4 and nucleic acid interactions,5,6 we first optimized
interaction geometries of the 28 modeled interactions at the HF/
6-31G** level, resulting in five models moving away from their
initial geometry and losing one of their hydrogen bonds7 and two
pairs of models each minimizing to identical arrangements.8 The
optimized geometries of the remaining 21 interactions are consid-
ered here and are shown in Figure 1. We include Lys-C (no. 5),
which initially was modeled as a bidentate interaction, but we note
that the geometry-optimized model has lost one hydrogen bond.
Following geometry optimization, we next utilized a local MP2
method (LMP2)9 to account for electron correlation in calculating
interaction energies. A study of hydrogen-bonded formamides,
formamidines, and DNA bases concluded that MP2/6-31G**
energies underestimate the stabilization energy by 0.2-1.3 kcal/
mol compared to aug-cc-pVDZ calculations.6 Because our amino
acid-base interaction energies range from 10 to 50 kcal/mol (see
below), a medium LMP2/6-31G**//HF/6-31G** calculation was
considered sufficient to rank-order our models with some confi-
dence. We calculated in vacuo interaction energies10 by computing
∆E ) Ecomplex - Ebase - Eaa, using the counterpoise method to
correct for basis set superposition error (BSSE) of the HF
component.11

The calculated interaction energies of the 21 modeled interactions
are presented in Table 1. Interactions involving charged amino acid
side chains (Lys, Asp/Glu, and Arg) show the most favorable
interaction energies, consistent with previous experiments indicating
that hydrogen bonds from charged side chains may be energetically
the most favorable, contributing as much as-5 kcal/mol in the
context of a protein.12 The most favorable calculated interaction is
Lys-G (no. 18); it is∼10 kcal/mol more favorable than the Arg-G

interaction (no. 19) predicted by Seeman et al.,1 which uses the
same O6 and N7 acceptors on the base. Despite its apparent
energetic advantage, the Lys-G interaction is observed only about
one-third as frequently as the Arg-G interaction.3b One rationaliza-
tion is that the rotational symmetry of the Lys amino group provides
more ways to interact with the phosphate backbone, thus decreasing
its utility in base-specific recognition. Nevertheless, Lys-G (no.
18) still is the third most commonly observed bidentate inter-
action.2,3 Asp-G (no. 21) and Lys-C (no. 5) interactions, which
involve the Watson-Crick faces of bases and thus cannot occur in
double helices, also are calculated to be more favorable than the
Arg-G (no. 19) interaction. The Asp/Glu-G interaction may be
especially favorable for recognition of unpaired G’s in RNAs, where
repulsive interactions to the backbone are expected to be minimal.
Indeed, there are 17 Asp/Glu-G interactions in the 11-subunit
TRAP-RNA complex, and some have been shown to be essential
for specific binding.13 Of the interactions involving uncharged side
chains, the Asn-G (no. 16) and Asn-C (no. 7) interactions, initially
modeled with bifurcated hydrogen bonds,8 are the most favorable
but have not yet been observed.† Present address: Pfizer DTC, 620 Memorial Drive, Cambridge, MA 02139.

Figure 1. Minimized geometries of side chain-base interactions.
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In Watson-Crick helices, all possible interactions in the major
and minor grooves are observed, except for Asn-G (no. 17) which
ranks as the second least favorable (Table 1). The most frequently
observed interactions are Arg-G (no. 19) and Asn-A (no. 9),
which constitute 43 and 26% of all bidentate arrangements,
respectively (or 61 and 18% when “probable” Arg-G interactions
are included).3 It is interesting that these frequencies roughly parallel
the calculated interaction energies of-36.54 kcal/mol for Arg-G
and-14.85 kcal/mol for Asn-A. The correlation between inter-
action energies and observed frequencies is provocative, but it
should be recognized that our calculations have not taken into
account other important energetic factors, such as solvation/
desolvation and conformational entropy,14 and that the database of
interactions is still relatively small.

The Asn-A (no. 9) interaction, which involves hydrogen bonds
to the N6 and N7 groups of A, is the next most frequent interaction
in DNA complexes after Arg-G (no. 19) but, unexpectedly, is
observed infrequently in RNA complexes.2,3 In contrast, the Ser-A
(no. 10) interaction, which also involves hydrogen bonds to the
N6 and N7 groups of A, comprises 15% of all bidentate interactions
to RNA but relatively few to DNA.3 Our calculations indicate that
the interaction energies of Asn-A (no. 9) and Ser-A (no. 10) are
similar (-14.85 and-14.80 kcal/mol, respectively), suggesting that
factors other than this isolated interaction energy account for the
different frequencies observed. One possible explanation is that the
deep, narrow major groove of an A-form RNA helix can more easily
accommodate the hydroxyl group of Ser/Thr/Tyr side chains than
the bulkier carboxamide of Asn/Gln. However, additional geometry-
based model calculations suggest that both A-form and B-form
helices can accommodate the two types of interactions, at least using
isolated side chains [ACC and ADF, in preparation]. Upon
examining the observed cases further, we noted that eight of the
nine Ser/Thr/Tyr-A interactions (with both DNA and RNA) involve
nonhelical regions of protein structure (Table 2), whereas 56% of
observed Asn/Gln-A interactions are found inR-helices.2,15 Previ-
ous studies have shown that the three-dimensional protein context
critically influences what side chain-DNA interactions are possible
and, in general, precludes a master “recognition code”.16 From the
limited data set so far, it seems that Ser/Thr/Tyr side chains may
be well-suited to the wide variety of binding modes and RNA and
protein tertiary structures found at RNA-protein interfaces.

The results presented here provide a measure of the intrinsic
energies of discrete sequence-specific interactions that may be used

to help deconvolute the various contributions to RNA- and DNA-
binding specificity. Amino acid interactions that span base pairs2

or steps of base pairs in a helix provide additional ways to achieve
specificity, and it would be of interest to calculate their interactions
energies as well. While effects other than isolated interaction
energies clearly influence the selection of a particular hydrogen-
bonding scheme in a sequence-specific complex, it is encouraging
that the statistical distributions of interactions observed in protein
structures, including hydrogen bonds, have been found to be
accurately modeled by thermodynamic Boltzmann distributions,
even when treated in isolation.17
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Table 1. Calculated in Vacuo Energies (kcal/mol) of Interactions

rank model base face PDB ∆E (LMP2) ∆E (HF)

1 Lys-G, no. 18 major yes -47.34 -49.47
2 Asp-G, no. 21 WC yes -43.41 -47.49
3 Lys-C, no. 5 WC yes -41.48 -46.97
4 Arg-G, no. 19 major yes -36.54 -39.12
5 Arg-C, no. 6 WC yes -35.29 -38.31
6 Arg-G, no. 20 major yes -33.16 -35.81
7 Asn-G, no. 16 WC no -20.48 -22.22
8 Asn-C, no. 7 WC no -18.95 -17.85
9 Asn-A, no. 11 WC yes -15.61 -13.59
10 Asn-G, no. 13 minor yes -15.43 -13.82
11 Ser-G, no. 15 WC no -15.33 -14.29
12 Asn-A, no. 9 major yes -14.85 -13.02
13 Ser-A, no. 10 major yes -14.80 -12.26
14 Ser-C, no. 8 WC yes -14.72 -13.01
15 Ser-G, no. 14 minor yes -13.41 -10.99
16 Ser-A, no. 12 WC yes -13.15 -11.16
17 Ser-U, no. 3 WC yes -12.46 -11.13
18 Asn-U, no. 1 WC no -12.30 -13.09
19 Asn-U, no. 4 WC yes -12.19 -14.07
20 Asn-G, no. 17 major no -10.21 -9.24
21 Ser-U, no. 2 WC no -9.85 -10.41

Table 2. Observed Ser/Thr/Tyr Intermolecular Hydrogen Bonds

PDB id type complex interaction structure

1RBJ crystal ribonuclease-DNA Thr45/A201 mid-strand
5MSF crystal MS2 coat-RNA aptamer Thr45/A11 mid-strand
1DZ5 NMR U1A-PIE-RNA Ser45/A25 strand end
1DZ5 NMR U1A-PIE-RNA Thr88/A44 strand end
1IJW crystal Hin recombinase-DNA Ser174/A10 helix end
IG9Y crystal hom. endonuclease-DNA Tyr33/A403 â turn
1KQQ NMR dead ringer-DNA Thr92/A410 â turn
1BP7 crystal CreI endonuclease-DNA Tyr33/A13 â turn
1TN9 NMR Tn916 integrase-DNA Tyr40/A120 mid-strand
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