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Doubly hydrogen bonded, “reverse Watsd@rick” thymine—adenine base pairs make possible the formation

of parallel-stranded DNA double helices. Although the presence of guanine and cytosine reduces the stability

of parallel-stranded DNA, the rather modest experimentally determined reduction in stability (less than 1
kcal/mol for each € G pair) has been ascribed separately to favorable anginono contacts, tautomerizations,
and a wobble pair geometry. Earlier studies predicted that favorable ammmimo contacts could yield an
interaction energy (gas phase) of abet# kcal/mol for a twisted, reverse Watso@rick C—G base pair. It
is shown here that either a minor tautomer pairing or a wobble pairing can much more strongly stabilize
reversed G base pairs. The calculated gas-phase interaction energielsidécal/mol each are comparable

to the gas-phase stability of &R base pair. AQueous-phase calculations, however, greatly favor the wobble
pair geometry by 9 kcal/mol.

1. Introduction amino—amino contacts and the presence of only a single
hydrogen bond. foner and Hobza published ab initio quantum
chemical calculations showing that the amiraomino contacts
could actually be energetically favoral§l@hey showed that,
for a propeller-twi metry similar to that of the Ri

the Watson-Crick (WC) hydrogen-_bond don.ors and acceptors ac|>. r?wgdglr?)z ENitSvtvezt’er%\?:rcs)e s\t,éée szteOptaiar‘itn% \;[vaes mﬁg@ o
about the central thymine-Nadenine-N1 axis of a¥Abase 3 raple in energetic terms: they found an electronic interaction
pair allows hydrogen bonds to be formed for eachATbase energy of—4.8 kcal/mol [MP2/6'316(d,p)//HF/G-SlG(d), coun-

pair in almost the same place for parallel-stranded DNA as for 1o 5ige corrected] using constrained optimization technigues.
antiparallel-stranded DNA. The hydrogen-bonding arrangement 1, equivalent calculation on the optimized geometry for WC

for T—A pairs in parallel-stranded DNA has thus been called ~_q yields —24.4 kcal/mol. The authors conclude that the
‘reverse WatS.OHC”CkH'Z . stabilization energy of the reverse WC pairing, due to the
~In 1988 Jovin and co-workers reported experimental observa- amino-amino bifurcated hydrogen bonds, is sufficient to explain
tions of parallel-stranded hairpin DNA (containing am3 the incorporation of the €G pair into parallel-stranded DNA.
linkage} and parallel-stranded DNA duplexes consisting of |mportantly, this predicted twisted, reverse WG-G config-
alternating poly d(Ajpoly d(T) tracts® It was later verified by yration is not a local minimum for the isolated base pair. Also
Raman spectroscopy that the base-pair hydrogen bondingimportant is that this is a gas-phase result; effects of the solvent
structure is reverse WEIt was not known what effect the  \yere not included.

presence of reverse<3 pairs (Figure 1, IV) would have on Two alternative arrangements leading to the relative stability
the formation, stability, and structure of parallel-stranded DNA. ¢ c_G in parallel-stranded DNA are the appearance of the

A WC C-G base pair (Figure 1, 1), unlike JA, is not minor tautomer forms of C and G (Figure 1, VI) and the
symmetric about a central axis with respect to hydrogen-bond ¢5mation of a wobble base pair (Fig. 1, ¥)1* As we will

In 1986 Pattabiraman reported model-building studies which
demonstrated the feasibility of parallel DNA double helices
composed of poly d(Apoly d(T) strands. The symmetry of

donors and acceptors. N show here a favorable feature of the minor tautomer reverse
In 1990 Rippe et al. reported the stability of a 25-nt parallel- c—G base pair (V1) is that the shape is very close to that of
stranded DNA duplex containing four-G& pairs. Each €G reverse T-A and can be accommodated into the parallel double

pair lowered the melting temperature by aboutGand thus  helix without distortion of the DNA backbone. In contrast, the
destabilized the parallel duplex by 0.7 kcal/midtor a single  reverse wobble €G (V) requires a small distortion of the
base pair this destabilization is mit¢omparable to a hydrogen-  packbone. In antiparallel DNA occurrence of minor tautomers
bonded G-A mismatch in the least favorable contéxRippe has long been postulated as a source of substitution mutations,
et al. also proposed a model, based on molecular mechanicalnd based on the experimentally observed frequency of the
energy minimization, where the reverse G pairs are propeller-  minor tautomers, the predicted frequency of occurrence of non-
twisted and form a single hydrogen bond about the central base-\yatson-Crick base pairs including AC, G-T, A—A, G—G,
pair axis [(C)N3--H1-N1(G)P°. This is depicted schematically  and G-A seems to correlate well with frequencies of spontane-
in conformation IV in Figure 1. ous substitution mutatior’8 Recently, an investigation of DNA
The relative stability of the twisted, reverse-G pair is helices containing deoxyisoguanosine (iG) revealed both minor
surprising because of the unfavorable carbergrbonyl and tautomers and wobble pairs for the4@ pairing by both X-ray
crystallography and NMR} and in RNA helices GU base
* Corresponding author. E-mail: barsky@IInl.gov. pairs were observed in wobble forh.
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Figure 1. Top row: Watsor-Crick (antiparallel) orientation for €G (l) and two rotamers of the CimireGenol minor tautomer base-pairs(ll &
). Bottom row: Reverse WatsenCrick (parallel) orientation for reverse-S (IV), reverse wobble m€mG (V), and reverse CimineGenol
(V1) base pairs. Below each base pair are the gas ph®&®) and solvent phaseAE®@?) interaction energies (kcal/mol), taken from Tables 1
(column 3) and 3 (column 3), respectively.

A third possibility, other than minor tautomer or wobble pairs, usual base pair | in Figure 1. They showed that in dual
is that the G and C bases could rotate out of the helix altogether.tautomerizations the minor tautomer pair (iCCc) is only 9 kcal/
In light of the following evidence, we consider this possibility mol less stable than the major tautomer base pair (iCC1) in
very remote. In 1960 Fresco and Alberts showed that in pairings gas-phase MP2/6-31G(d)//HF/6-31G(d) calculations and 15
of long poly(AU) tracks with poly U oligomers, the “extra” U  kcal/mol less stable in supermolecule calculations involving

bases of the poly(AU) are looped (bulged) out of the h#lilt. six explicit water molecules to simulate the first layer of
turns out that the BU (or T—T) base pairings are among the hydration?%:22
least stable base pairing&t®presumably because pyrimidine Considering C and G directly and employing higher level

pyrimidine (pyr-pyr) pairs do not stack as favorably as purine  optimizations together with a polarizable continuum solvent

pyrimidine (pu-pyr) pairs or because they distort the backbone model (see Methods below), we investigate here the rela-

of the helix. Even so, in one of the few crystal structures tive stability of the various forms possible for aG base pair

containing mismatched bases, that of an RNA double helix in parallel-stranded DNA as discussed above and shown in

containing both €U (which is pyr—pyr) and G-U (pu—pyr) Figure 1.

mismatches, all bases remained inside the helix and formed

“intrahelical” base paird? The least stable base pairings are 2. Methods

those that can form only one hydrogen bond:-A A—C, and

C—C. The least stable of these,—C, has combined the Because the computational cost of ab initio quantum chemical

disadvantages of a single hydrogen bond and weak stackingoPtimizations goes up rapidly with the number of atoms, we

interactions, and is the only “base pair” so far observed to exist have simulated the bases with a hydrogen replacing the sugar

outside the heliX? Since an intrahelical €G pair in parallel-  (deoxyribose), except in a few cases where we represent the

stranded DNA would have both the favorable-yr stacking sugar as a methyl group.

and, in the two arrangements mentioned above, at least two We calculated the association energies of various orientations

hydrogen bonds, we conclude that these arrangements are fagnd chemical forms of the base pairs by unconstrained geometry

better candidates than an extrahelical arrangement. This viewoptimizations in the gas phase. Solvation effects were included

seems even more reasonable when it is realized that#@ C in single point energy calculations (see below). In addition to

pair destabilizes the parallel stranded duplex by much less thanthe unconstrained optimizations, we have in some cases

the removal of even one-AT base pair in anti-parallel DNA  performed geometry optimizations i€s symmetry which

(1.5 kcal/mol). Finally, the recent study of parallel-stranded constrains the bases to be coplanar. We have then compared

DNA by FTIR and UV spectroscopy gives strong evidence of the Cs symmetry minimum energies with the energies of the

C—G base pairing! unconstrained minima to estimate the energy required to
Using isocytosine (iC) as a model for guanine (iC and G have maintain the planarity of the base pairs.

the same polar groups at the WC-like interface), Zhanpeisov et Using Gaussian 94 and Gaussian?®8ve fully optimized

al2! have calculated association energies for a reverse WC-the structures of the following compounds and their base pairs:

like enol-isocytosine keto-cytosine (“iCCc”) base pair that is  adenine (A), thymine (T), 9-methyl-A (mA), 1-methyl-T (mT),

analogous to the minor tautomer pair VI in Figure 1, and a guanine (G), cytosine (C), 9-methyl-G (mG), 1-methyl-C (mC),

WC-like base pair (“iCC1") that is analogous to the WE-G enol-guanine (Genol), imino-cytosine (Cimino), enBM
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guanine (GenoE), and imino-g)-cytosine (CiminoZ), where the energies were within 1 kcal/mol of each other and also within
“E” and “Z” designate the opposite rotamers of the hydroxyl 1 kcal/mol of the BSSE-free energiés.

or imino group. The base pairs evaluated are shown in Figure

1. For every monomer and base pair, we have done a geometnB. Results

optimization using the Hartreg=ock (HF) method* with a

6-31G(d) basis set [HF/6-31G(d)], and also density functional 1 n€ quantum chemically optimized structures of the various
theory (DFT) optimizations with larger 6-31G(d,p) basis sets, base pairings are depicted in Figure 1, where hydrogen-bonding

using the Becke three parameter exchahged Lee-Yang— distances are indicated. Each geometry/tautomer is iertifieq
Parr correlation functionalé (B3LYP). For the base-pair Y @ Roman numeral. The base pairs, gas-phase optimized in
optimizations we started with the geometries analogous to the absence of constramts_(usﬁgsymm_etry), are essentially
antiparallel B-DNA or the parallel analogue, obtained by rotating flat except for conflguratlon V as discussed below. The
(“reversing”) the pyrimidine about the N3C6 axis. The HF Wats.orfCrlck base pairs, &C 1), nG-mC, mT—mA, as well
calculations have been followed by MP2/6-31G(d,p) (second- as C|m|noZ—GenoIE (!I) and reverse m¥mA (not in Figure
order Mgller-Plesset perturbation theory) single point energy 1), are all planar W_'th'n several_ thousqndths of an angstrom.
calculations at the HF optimized geometries. For each pair we Except for a very s_hg_htly pyramidal amino group on guanine,
have also calculated the BoyBernardi counterpoise (CP) the bases of thg C|m|'no-GenoI.(III.) 'and the reverse Cirino
correction to the basis set superposition error (BS3&j,the Genol (V) _conflguratlons are individually very fla_t but are
MP2/6-31G(d,p) level. For these basis sets, the CP correction'orope”er twisted by_ a feV_V degrees. The uqconstramed reverse
reduces the BSSE (see Sponer and H¥baad references wobble mC-mG pair (V) is buckled and twisted and contains

therein), and has been shown to increase the accuracy Of{oyra}midal 'amino groups, bu.t the energy Of the planar con-
predicted hydrogen-bonding energ@sit strained (viaCs symmetry) optimization of V (“rev wobble CS

. mC—mG”) is only 0.56 kcal/mol higher in interaction energy.
The gas-phase association energhd9 are calculated by ) y 9 9y

btracting th - f the isolated b I th . Since this very small energetic penalty would be easily
subtracting the energies of the isolated bases (always the majolyercome by the helical structure which tends toward planar

tautomer forms) from the base-pair energy, adE? = EZ g base pairs, we consider only the planar optimization (CS) to be
— (EY + EY)). The association energies reported here are relevant in what follows, and for comparisons with other
calculated directly from the quantum chemical electronic configurations and for solvent-phase calculations, the planar-
energies. To obtain true association enthalpies, the associatiortonstrained geometry is used. As mentioned, the twisted, reverse
energies would have to be summed with the relative zero point C—G pair does not constitute an energetic minimum, and
nuclear vibration energies and other thermal corrections. The therefore configuration IV could not be optimized. The-N1
zero point corrections to the enthalpies are calculated from the N9 distances are 8.9 and 9.0 A for mMA and reverse m¥
ab initio-derived harmonic vibrational frequencies, and typically mA base pairs, and those distances were 9.0, 9.1, 9.0, 9.1, and
have little effect on relative association enthalpies. For th6&C 8.9 Afor I, II, Ill, V, and VI, respectively. The coordinates of
and T-A pairs at a comparable level of theory but smaller basis the B3LYP/6-31G(d,p) optimized structures are available in the
sets than used here [MP2/6-31G(d)//HF/3-21G], inclusion of Supporting Information. For visually comparing the six con-
zero point corrections changes the association energy by 2.6figurations and FA base pairs, a figure (Figure S1), based on
and 1.5 kcal/mol, respectively, but the relative association energythe optimized coordinates, is also available.
differs by only 1 kcal/moP? The absolute electronic gas-phase energies of the bases and
Solvent Phase CalculationsThe gas-phase calculations do base pairs optimized at the HF/6-31G(d) and B3LYP/6-31G-
not take into account solvent effects which reduce the base-(d,p) levels of theory, as well as energies using MgiRlesset
pair electrostatic interactions. To remedy this, we have done theory with the HF geometries [MP2/6-31G(d,p)//HF/6-31G-
solvent-phase (aqueous-phase) HF/6-31G(d,p) and B3LYP/6-(d)] are listed in Table S1 of the Supporting Information. In
31G(d,p) calculations of the bases and base pairs, using aTable 1 we present the derived gas-phase base-pair association
conductor solvent model (COSM&)s implemented in Gauss-  energies. In Table 2 we present the free energies of solvation
ian 98 [keyword: scrH(cpcm,solventwater)]2 The conductor for the bases and base pairs. Finally, in Table 3 we present the
solvent model accounts for electrostatic watsolute interac- base-pair association energies in the aqueous phase. In Figure
tions, and the Gaussian 98 implementation includes approximatel we also present the gas-phase and agueous-phase energies
nonelectrostatic terms for the solutgolvent interaction, includ-  from Table 1, column 4, and Table 3, column 4, respectively
ing a cavitation term based on a scaling of the molecular surfacevalues that were obtained with the same level of theory and
ared* 36 and dispersion and repulsion terms based on hard- basis set [B3LYP/6-3t+G(d,p)//B3LYP/6-31G(d,p)].
sphere models. The solvent calculations yield an estimate of Which base pairs are most stable depends on whether they
the solvation free energy of the bases, as well as associationare in the gas phase or the aqueous phase. Inspection of Table
energies of the solvated base pairs. The solvent-phase associatioh, column 4, shows that in the gas phase the reverse Cimino
energiesAE®@ are calculated by subtracting the energies of the Genol conformation VI is slightly favored over the reverse
isolated bases (the major tautomers) from the base-pair energywobble G-G pair V, by about 1 kcal/mol. The aqueous-phase
as inAE@D = E@). — (E®Y+ ERY). Since it is not possible in  results, however, indicate that the wobble pair V is favored by
the current implementation of the solvent model to apply the about 9 kcal/mol over the minor tautomer pair VI (Table 3,
counterpoise correction to the solvent-phase calculations, wecolumn 4).
have recalculated the B3LYP/6-31G(d,p) geometries with a The aqueous phase results for the individual bases can be
larger basis set [6-31:6+(d,p)], including diffuse functionsto ~ compared with earlier computational studies, as done previ-
reduce the basis set superposition error. A recent study-@ C  ously3738 Our results produce relative energies similar to
and T—A base pairs compared optimizations using Gaussian- previous results, obtained by a variety of methods. The absolute
type functions with BSSE-free optimizations using plane-wave solvation free energies obtained from our best methodology
functions, and found close agreement between CP-corrected CPCM-B3LYP/6-3H-+G(d,p)//B3LYP/6-31G(d,p)] (Table 2,
6-31G(d,p) energies and the uncorrected 6-83@l,p) energies column 4) agree within 1 kcal/mol of the experimental values
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TABLE 1: Gas-Phase Association EnergieAE® [kcal/mol] Derived from Optimizations of Single Bases, Tautomers, and Base

pairs?
optimized optimized B3LYP/6-31++G(d,p)// MP2/6-31G(d,p)//
HF/6-31G(d) B3LYP/6-31G(d,p) B3LYP/6-31G(d,p) HF/6-31G(d)

C&G() —25.53 (0.0) —30.32+25.54 —26.17 (0.0) —30.38/-24.39 (0.0)
mC & mG (la) —26.77 (0.0 —31.45 —27.04 (0.0 —32.58/-26.42 (0.09
Cimino-Z & GenolE (I1) —7.89 (17.6) —11.87 —8.11 (18.1) —13.75(9.11 (15.3)
Cimino & Genol (I1) —14.39 (11.1) —21.06 —16.36 (9.8) —21.51/-15.67 (8.7)
rev wobble CS mC & mG(V) not wobble' —15.95 —13.59 (13.5)
rev Cimino & Genol (VI) —13.16 (12.4) —19.03+14.45 —14.31(12.1) —19.81/14.06 (10.3)
mT & mA —11.78 (15.0) —16.38~12.21 —12.75 (14.3) —17.40/12.48 (13.9)
revmT & mA —11.56 (15.2) —15.78 —12.25 (14.8) —17.02+12.15 (14.3)

a|n this notation “C & G” mean€¥c_c — Ec — Eg, where the isolated monomer energi€s, (Es, etc.) are consistently those of the major
tautomer forms (C, G, mC, mG, mT, mA), and thus the association energies include the energy to form the minor tautomers. Columns 2 and 3 are
unconstrained optimizations. Columns 4 and 5 are single point energy calculations using the B3LYP/6-31G(d,p) and HF/6-31G(d) optimizes, geometrie
respectively. In the column headings, we use the usual double slash (//) notation where the single point method appears left of the optimization
method. Bases with an “m” prefix are methylated at N9/N1 (purines/pyrimidines). Relative energies, by column, are given in parentheses, where
unmethylated bases are compared toNlethylated bases are compared to la. For some calculations, CP-corrected energies are given after a slash
(/). ¢ A planar constrainedds symmetry) optimization? The HF/6-31G(d) optimization did not yield a wobble geometry, even when starting from

the B3LYP/6-31G(d,p) optimized geometry.

TABLE 2: Solvation Free Energies AAG@d [kcal/mol] Calculated by COSMO33 at HF/6-31G(d,p), B3LYP/6-31G(d,p), and
B3LYP/6-31++G(d,p) Levels Using HF/6-31G(d) and B3LYP/6-31G(d,p) Optimizations

CPCM-HF/6-31G(d,p)//
HF/6-31G(d)

CPCM-B3LYP/6-31G(d,p)//

CPCM-B3LYP/6-31+G(d,p)//

B3LYP/6-31G(d,p) B3LYP/6-31G(d,p)

C —19.73
G —23.92
Cimino —15.78
Genol —19.12
mC —16.96
mG —22.12
mT —10.24
mA —12.20
C-G () —24.06
Cimino-Z—GenolE (Il) —21.58
Cimino—Genol (llI) —21.75
rev wobble CS m&maG (V) not wobblé
rev Cimino—Genol (VI) —21.70
mT—mA —11.87
rev mT—mA —12.05
aSee Table 1.

—16.81 —19.14
—21.38 —23.81
—13.49 —15.77
—17.24 —18.81
—14.14 —16.22
—19.60 —21.97

—8.09 —10.05
—11.31 —12.67
—20.55 —23.21
—18.49 —20.92
—19.76 —22.17
—23.91 —26.78
—19.48 —21.88

—8.98 —11.16

—9.24 —11.44

TABLE 3: Solvent-Phase Association EnergieAE®@® [kcal/mol], with Methods as in Table 2

CPCM-HF/6-31G(d,p)//
HF/6-31G(d)

CPCM-B3LYP/6-31G(d,p)//

CPCM-B3LYP/6-33+G(d,p)//

B3LYP/6-31G(d,p) B3LYP/6-31G(d,p)

C&G(l) —6.14 (0.0)
mC & mG —6.20 (-0.1)
Cimino-Z & GenolE (Il) 12.40 (18.5)
Cimino & Genol (l11) 5.75 (11.9)
rev wobble mC-mG (V) not wobble
rev Cimino & Genol (VI) 7.09 (13.2)
mT & mA —1.26 (4.8)
revmT & mA —-1.23(4.9)

a Relative energies for each column are given in parentheses.

of —13.6 kcal/mol and-9.1 to —12.7 kcal/mol for mA and
mT, respectively, values originally reported in a logarithmic
plot®® and later converted to standard temperat@iaterest-
ingly, the CPCM model with HF theory at the 6-31G(d,p) basis
set agrees with the CPCM model with B3LYP theory at the
much larger basis set 6-3H-G(d,p). It is also interesting to

—12.71 (0.0) —6.49 (0.0)
—12.90 (-0.2) —6.47 (0.0)
7.84 (20.5) 13.85 (20.3)

—2.61(10.1) 4.40 (10.9)
—6.15 (6.6) —2.18 (4.3)
—0.32 (12.4) 6.70 (13.2)
-6.02 (6.7) -1.19 (5.3)
—5.67 (7.0) —0.97 (5.5)

ours by about 3 kcal/mol. Compared to the experimental
solvation free energy (see above), the Langevin dipole method
(—10.8 and—12.6 for adenine and thymine, respectively) agrees
only to within about 3 kcal/mol.

In considering the issue of basis set superposition error
(BSSE), we note that there is fairly close agreement between

compare the solvation free energies for the base pairs with thosethe gas-phase B3LYP/6-314-G(d,p) and the CP-corrected
recently obtained for base pairs using the Langevin dipole B3LYP/6-31G(d,p) results (the numbers appearing in column

method!! By the latter methodology, solvation free energies
of —13.3,—4.0, and—4.1 kcal/mol for (unmethylated) -€G,
T—A, and reverse FA base pairs are considerably reduced in
magnitude from our respective values ©23.2, —11.2, and
—11.4 kcal/mol (the last two values for mMmA and reverse
mT—mA), yielding relative solvation energies that differ from

3 of Table 1 to the right of the slash), indicating that B3LYP/
6-31++G(d,p) results contain less BSSE than the B3LYP/6-
31G(d,p) results. We infer from this that the CPCM-B3LYP/
6-31++G(d,p) results will have less BSSE than the CPCM-
B3LYP/6-31G(d,p) results. Coincidently, the CP-corrected MP2/
6-31G(d,p)//HF/6-31G(d) energies, the uncorrected HF/6-31G(d)
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energies, and the B3LYP/6-31-G(d,p) results all agree within  solvent effects are well-known and even qualitative ordering
1 kcal/mol. of tautomer stability can be very different in the gas phase
We employed methylation at the glycosyl nitrogens to assist compared to that in the aqueous ph&s&.The effect of the
in some of the optimizations. An unmethylated reverse-wobble solvent, however, is strongly dependent on the compound; in
C—G pair optimized [HF/6-31G(d)] to a completely different some cases the solvent makes little difference, as observed in
structure involving (C)NtH1---O6(G) and (C)O2-H1— the unchanged relative populations of the lactam/lactim tau-
N1(G) hydrogen bonds, a structure impossible for full nucle- tomers of hydroxyquinolone in water versus benz&n®ur
otides since the cytosine H1 would be replaced by. @l results here are comparable to earlier determinations of the
reverse-wobble-pair optimized geometry V was also not reachedtautomeric constants as we discuss below.
for methylated bases by HartreBock theory [HF/6-31G(d)], An important question is whether a base pair within a DNA
but was achieved by density functional theory [B3LYP/6-31G- helix is better described by gas-phase or aqueous-phase calcula-
(d,p)]. Replacing the hydrogen by a methyl at the glycosyl site tions. Both crystallographic and model studies of DNA show
has only a small effect on the base-pairing energies; for the that mainly the edges of the bases are solvent exposed while
standard WatsonCrick pairings of G and C, the methyl  the flat surfaces are mainly stacked against the flanking bases.
increases the pairing stability (i.e., gives more negative associa-From a purely electrostatics point of view, this is consistent
tion energies) by +2 kcal/mol (See “G & C"and “mG & mC”  jith the use of the polarizable continuum solvent for just the
rows of Table 1). The methyl groups change the solvation eqges of the bases. Analysis of the solvation free energies of
energies by 43 kcal/mol for the isolated bases (see Table 2). pairs V and VI revealed that they differ mainly in the
As noted in the Introduction, the symmetry of the thymine  electrostatic component (10 kcal/mol) and little in the nonelec-
adenine hydrogen bonds provides an obvious route to paralleltrostatic component (1 kcal/mol), suggesting that the difference
DNA formation. The Optimizations carried out reveal that the is main|y due to exposed hydrogen_bonding edQES, and not

Watson-Crick and reverse WatserCrick mT—mA configura-  water—solute dispersion interactions at the unexposed nonpolar
tions are very close in energy. The difference between the syrfaces. This suggests, therefore, that the continuum solvent
Watson-Crick pairing and the reverse-Watse@rick pairing calculations more closely describes the true DNA environment
was well under 1 kcal/mol by all methods (cf. “mT & MA”  than the gas phase. The experimental evidence, however, also
and “rev mT & mA” rows of Table 1), with the WatserCrick reveals a very slow exchange of “outside” amino hydrodgerfs.

pairing predicted to be slightly more stable by all methods.  The most plausible explanation, then, is that the water structure
_ ) is changed in the vicinity of major and minor grooves of DNA,
4. Discussion relative to the bulk. By correlating the density fluctuations in a

Energies of AssociationAlthough earlier quantum chemical ~ © NS molecular dynamics simulation with the highly ordered
studies predicted that the favorable amirganino contacts in water seen in crystal structures, it was recently shown that the
the reverse WC €G base pair yield an interaction energy of Water in the major ar:gd minor grooves of B-DNA is twice as
about—5 kcal/mol (in the gas phas&)ve have found that the ~ ©ordered as the butk:° A worry then is that a PCM solvent
pairing of the minor G-G tautomers VI (i.e., G to enolguanine alone does not account for non-bulk-solvent effects such as
and C to iminocytosine) and a wobble pair geometry V each Solute-solvent hydrogen bonds. While this remains a concern,
yield much stronger interaction energies of abetit4 kcal/ it has been shown that at least for weak hydrogen bonds XH
mol each-binding energies even stronger than the gas-phaseNH3 (X = F, Cl, and Br) the continuum solvent reproduces
stability of a T-A base pair (ca—13 kcal/mol). This energy, the solute-solvent interactions quite wélf.Furthermore, for a

however, is about 12 kcal/mol higher in energy (less favorable) féw C and G tautomers (including Cimino and Genol) Colo-
than the conventional WC -€G pairing energy, a result ~Minas et al. found the same results to within a few tenths of

qualitatively similar o a 9 kcal/mol reduction obtained by kcal/mol for a similar PCM methéd and by Monte Carlo free
Zhanpeisov et al. for an enol-isocytosirleeto-cytosine base ~ €nergy perturbation calculations employing discrete water
pair2t When considering the minor tautomer pair VI relative molecules® The supermolecule approach mentioned in the
to WC C—G and the wobble pair V relative to WC mC-mG, Introduction, where water molecules are explicitly present in
we find the minor tautomer pair VI is slightly favored by 1.4 the ab initio optimization, may better account for the sotute
kcal/mol. solvent interactions, but is limited to a small number of water
Generally, when hydrogen-bonded paired molecules are molecules for which there are multiple minirflaand it does
solvated (in an agueous environment), their interaction energy ot include the dynamical effects of the solvent.
drops considerably due to competition by the solvent (water) As mentioned above, all base pairs interact less favorably in
for the hydrogen bonds involved in the pairing. This happens the aqueous phase due to competition by the solvent for the
for all DNA base pairs, as observed in Table 3G stability interbase hydrogen bonds. Comparing Table 1, column 4, with
drops by a factor of more than 4 and minA stability drops Table 3, column 4 (which have same level of theory and basis
more than 10-fold. The wobble pair V, however, has a lower set-see also Figure 1), we see that, except for the reverse
(more favorable) solvation energy than any of the other pairs wobble pair (V), all forms of the €G base pairs are
considered (see Table 2), likely because the cytosine aminodestabilized by 2622 kcal/mol in the solvent, relative to the
group and the guanine carbonyl group remain exposed to thegas phase. The high favorability of the minor tautomer pair VI
solvent in the base pair. This yields a reduced destabilization in the gas phase is greatly reduced in the aqueous phase. Our
due to solvation of the wobble pair V; it remains mildly finding, that in the solvent the WC -GG pair | is favored by
favorable in water, more so than mmaA. 14 kcal/mol, is similar to the 15 kcal/mol aqueous-phase result
The remarkable stability of the minor tautomer pair VI in  found by Zhanpeisov et & .who examined the analogous the
the gas phase is partly due to the small cost in energy (ca. lenol-isocytosine keto-cytosine base pair, relative to an isocy-
kcal/mol each, cf. Table S1) to form the Genol and Cimino tosine-cytosine base pair by a supermolecular approach. The
tautomers. In the aqueous phase, however, the cost for such agreement is remarkable considering that we obtain very
tautomerization is around 4 kcal/mol each (cf. Table 2). Such different values for the solvation energies of the base pairs.
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Importantly, this comparison of the gas-phase and agueous-corrections, and an entropy term to obtain free enerfy®@298
phase results shows that the solvent destabilizes the wobble paiK) as in Colominas et al., but the values differ fraRiE(0 K)
by only 11 kcal/mol. This favoring of the wobble pair V over by only a few tenths of kcal/mol. Note that in this study the
the minor tautomer base pair VI can be understood in terms of Cimino tautomer was detected in water, but the tautomeric
the solvent access to two otherwise partially buried amino constant was not determinétl.
groups, as in a WatserCrick base pair I. While we have not Very recently, an imino tautomer of a related compound,
considered the effects of pH on the tautomefsand base-  5-hydroxy-2-deoxycytidine, was detected by UV resonance
pair association energies, we can expect that under acidicRaman spectroscopy, and it was estimated that the imino form
conditions the association of VI would be even less favorable js only 3 x 1073to 7 x 103 as populated as the amino form,
due to protonation of N3 in C (major, or amino, tautomer) and and thus is 19to 16*-fold more prevalent than the imino form
loss of the central hydrogen bofi¥l. (Cimino) of the natural base (C). The highly mutagenic character
Energies of Tautomers.Although the focus of this paperis  of OH’Cyt has been ascribed to the increased prevalence of
on the nature and geometry of-G base pairs in parallel- the imino form? although other explanations have been
stranded DNA, the accurate determination of tautomeric con- proposed (see the discussion in Suen ébal.
stants is an important aim by itself and sheds light on the likely  wobble Pair Energies.We have argued that the base pairs
accuracy of the proposed minor tautomer base pairs. There haveyre best described by the aqueous-phase calculations, and we
been many theoretical studies of DNA base tautomers, mosthave seen that in the aqueous phase the wobble pair V is highly
recently a study by Colominas et al. of the G and C tautomers favored over the minor tautomer pair VI by about 9 kcal/mol
in the gas phase at a higher level of theory and with larger basis(Table 3, column 4). In these calculations we did not calculate
sets than here [MP4/6-3%1-G(d,p)//MP2/6-31G(dff—see  the CP correction, but we expect the B3LYP/6+31G(d,p)
also some 26 references therein. Of course, it would be calculations to involve rather little basis set superposition error,
prohibitive to use such methods for the complete base pairs based on our results in the gas phase, showing that CP-corrected

considered here which contain many more atoms than cytosineB3LYP/6-31G(d,p) energies were very close to B3LYP/
or guanine alone. Nevertheless, our B3LYP/6-31G(d,p) opti- 6-31++G(d,p) energies.

mized tautomerization energied), 0.8 and 1.3 kcal/mol for It has been suggested elsewhere, however, that strain induced
G — Genol and C— Cimino, respectively, correspond fairly  py the wobble configuration on the DNA backbone may destroy

well to the Colominas et al. gas-phase energies of 1.8 and 0.96 energetic advantage of the wobble Bailhe favorable
kcal/mol, respectively. The paper by Colominas et al. also gnergetics of basebase stackingt565which can significantly

includes aqueous-phase calculations by the continuum modelincrease the helical stability, may also be reduced by wobble
of Miertus, Scrocco, and Tomasim (MST-HF/6-31G(@)snd pairing. Simple molecular mechanical minimizations have been
by free energy perturbation. In the aqueous phase, the differences o ried out to investigate such factors. For a parallel-stranded
AAG@Din our free energies of solvation (c_f. _Table 2,_co|umn DNA dodecamer containing only-6G base pairs, Lui et &P
4) of 5.0 and 3.4 kcal/mol for Genol and Cimino (relative to G 4nd |ess tha a 1 kcal/mol increase for backbone strain, but
and C), respect|yely, are S|m|Ia_r to the val_ues of 6.2 and 4.5 they fourd a 4 kcal/mol penalty (increase) in base-stacking
kcal/mol, respectively, by Colominas et al. Finally, the aqueous- energy and 4 kcal/mol in penalty in base-pair electrostatic
phase tautomerization energiesG*?, calculated from the interactions, per base pair, relative to antiparallel-stranded DNA.
gas-phase tautomerization energies and the solvation energieshe rise in base-pair electrostatic energy should be mainly due
AE;+ AAG®9), yields here 5.8 and 4.7 kcal/mol for-6 Genol to the lack of the third hydrogen bond. Note that these results
and C— Cimino, respectively, compared with 8.0 and 6.1 kcal/ ere obtained from gas-phase minimizations and depend
mol by Colominas et al. sensitively on the empirically parametrized molecular dynamics
These last quantities determine the tautomeric constant  force field, which is parametrized for use in the aqueous phase.
the equilibrium constant between major and minor tautomers. Nevertheless, if we ignore the base-pair electrostatic -term
There have been very few experimental numbers published,because it is already included in our ab initio calculatiamd
owing to the difficulty of detecting scarcely populated species. sum the other two terms, we arrive at a “helix penalty” on the
Early experimental numbers for cytosine were obtained by order of 5 kcal/mol which falls well short of the 9 kcal/mol
Kenner et al. based on protonation of 3-methylcytosine versus advantage that the wobble pair has over the minor tautomer
1,3-dimethylcytosine, yielding a ratio of amino to imino pair in the aqueous phase. Based upon these results, we would
populations Kt) of 5 x 10% which at 300 K corresponds to a  predict that the wobble pair V should be the predominant form
free energy of 6.4 kcal/méPin close agreement with 6.1 kcal/  in parallel DNA. Should this prediction not hold true, it would
mol calculated by Colominas et al. Note that the experimental imply that the combined forces of stacking interactions and
results are based on the acid constantd\fonethyl-substituted backbone strain must contribute 9 kcal/mol to the overall energy.
cytosines and therefore are not identical to the free energy of  The wobble pair prediction V agrees with that of Mohammadi
actually converting the major (amino) tautomer to the minor et al.}* who employed FTIR and UV spectroscopy to look at
(imino) tautomer of neutral cytosine. base pairing in antiparallel and parallel DNA. The observed
Recent argon matrix isolation FTIR studies determined an stretching frequency of 1664 crhwas assigned to both the
approximate tautomeric constatt = 7.2 (i.e.,AG = 1.4 kcal/ C6=06 group of guanine and the €&D4 group of thymine.
mol for T = 348 K)** for the C/Cimino population ratio which ~ From the spectra, it appeared that the guanine O6 is not involved
corresponds very closely to our gas-phase result of 1.3 kcal/in hydrogen bonding, which is evidence against the minor
mol. Nevertheless, there is some question whether the experi-tautomer model VI but which is consistent with both models
mental procedure yielded an equilibrium distribution of tau- IV and V. Furthermore, substitution of guanine by hypoxanthine
tomers, so that their relative concentrations may depend on(essentially guanine without the 2-amino group) disallowed the
kinetic factors that will complicate their estimation AG°. In formation of parallel-stranded DNA, which was interpreted to
fact, we have not adjusted the ab initio energhd¥0 K) that mean that the amino group is required to hydrogen bond with
we computed by zero point vibrational energies, thermal cytosine in parallel-stranded DNA. While this may suggest that
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two hydrogen bonds are required for-G base pairs, this fact
alone rules out neither the minor tautomer stabilization theory
VI nor the amine-amino stabilization theory V.

Two recent studies, although dealing with antiparallel helices,
may shed further light on the problem. Robinson et al. have
studied by NMR and X-ray crystal structure analysis the related
problem (lacking, however, a potential amir@mino interac-
tion), of iG—T base pairs in antiparallel DNA.Both a minor
(enol) tautomer form of iG and a wobble pair conformation were

observed (at different sites) in the crystal structure. These forms

were also seen by NMR, with the wobble pair predominant at
2 °C, exchanging readily at room temperature with the enol
form of iG which is populated to about 40% at 4CQ. In a
separate X-ray crystallography study, RNA helix-G base
pairs were observed in wobble fodhBoth studies suggest that
the DNA backbone is sufficiently flexible to allow wobble base
pairing in antiparallel helices.

In summary, we have argued that the weight of experimental
and theoretical data indicates that the-@ wobble pair is
formed in the parallel-stranded DNA helix. More generally, this
problem is a good illustration of the fine balance between inter-
and intramolecular interactions that determine macromolecular
structure. The ultimate disentangling of these subtly balanced
energies requires both experimentally structures and equilibrium
constants and accurate calculations of the individual energy
terms.
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