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Reverse Watson-Crick Isocytosine—Cytosine and Guanine-Cytosine Base Pairs Stabilized
by the Formation of the Minor Tautomers of Bases. An ab Initio Study in the Gas Phase
and in a Water Cluster

I. Introduction

The DNA molecule mostly contains the so-called standar
Watson-Crick (WC) base pairs where guanine (G) is paired
with cytosine (C) through three H-bonds while adenine (A) is
complexed with thymine (T) through two H-bonds. The mutual
recognition of adenine by thymine and cytosine by guanine uses
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The inclusion of the GC base pair into parallel stranded (ps) DNA requires a counterrotation of the two bases
by 18C with respect to the standard Watse@rick (WC) arrangement. This brings the two amino groups

into close contact and leads also to a repulsive interaction between the two carbonyl groups. The repulsion
can be eliminated by a transition to a base pair with two hydrogen bonds; however, such a structure significantly
violates the backbone geometry of the ps DNA. The repulsion can also be partly relieved by involving amino
group pyramidalization without major changes to the intermolecular geometry. In the present study we
investigated another way to stabilize the GC base pair within ps DNA. Ab initio quantum chemical studies
were performed for all three possible triply bonded hydrogen bonded reverse \Weatsok isocytosine-

cytosine (RWC iCC) base pairs with one or two minor tautomers of bases. The iCC base pair is a realistic
model of the GC base pair since it has the same base pairing. The solvent effects were estimated using
explicit inclusion of the first solvation shell of the base pair. Full geometry optimizations were carried out
without any constraints at the HF/6-31G* level followed by single-point calculations at the correlated MP2/
6-31G* level. The interaction and hydration energies were corrected for the basis set superposition error. The
three base pairs investigated are higher on the potential energy surface both in the gas phase and in a water
cluster as compared to the standard (antiparallel) WC base pair. However, for one structure the difference is
only 9 kcal/mol in the gas phase, i.e., it is more stable than the previously postulated model with the amino
amino donot-acceptor interaction. Inclusion of hydration destabilizes the pair with respect to the standard
WC pair by an additional 6 kcal/mol. The remaining two rare-tautomer RWC pairs are around 20 kcal/mol
less stable than the WC base pair.

tautomer for pyrimidine-purine—pyrimidine triplexes with
d consecutive (CH)GC trimerg and for the four-stranded inter-
calated i-DNA& with consecutive hemiprotonated (Ct) pairs®
Rare tautomers were observed in many crystals of metalated
nucleobase$their formation may be influenced by the crystal
environment or due to metalation itself.

these hydrogen bonds to establish the fidelity of DNA transcrip- ~ The standard double helices are formed by two antiparallel
tion and translation. There are many other H-bonding patterns strands. However, DNA can also form parallel stranded (ps)
(mispairs, triplexes, and quadruplexes) involving the standard double helix¢ Formation of the ps structure requires counter-
nucleic acid bases (for the nomenclature, see ref 1). Also, rotation of the two bases along the €68 axis by 180 with
protonated bases are known to be involved in certain nucleic respect to the WC arrangement. Such structures are called
acid structures. Another possibility is the involvement of the reverse WatsonCrick (RWC) base pairs. There is no problem
minor (rare) tautomers of nucleobad&he temporary formation  in forming the AT RWC base pair since its H-bonding pattern
of rare tautomers was postulated as being a result of doubleis almost the same as that for the WC AT base pair. Indeed,
proton-transfer processes which might be involved in point first parallel stranded structures were formed exclusively by the
mutations’3 Nevertheless, the minor tautomers are not expected AT base pairs. Of course, any biologiocal role of ps DNA would
to be essential for stabilization of any three-dimensional mean that also the GC base pairs must be involved. However,
structures of nucleic acids; they are considered as “errors” or the RWC GC base pair is very inconvenient with one H-bond
fluctuations. One noticeable exception is the recently proposedin the middle of the pair surrounded by repulsive amiamino
partial replacement of protonated cytosines by the cytosine iminoand carbonytcarbonyl contact& This repulsion can be

eliminated by shifting the RWC base pair into the GC2 base

T Computational Center for Molecular Structure and Interactions. pair (see, Chart 1) with two H-bonds, which is very stafle
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CHART 1

clearly demonstrate that ps DNA can incoporate certain amount
of GC base pairs, but their presence is destabilizing in sharp
contrast to antiparallel DNAS¢

Sponer and Hobza have performed ab initio studies of

H-bonded RWC isocytosirecytosine (iCC) base pairs at the  jncjysion of six water molecules attached to the polar exocyclic
Hartree-Fock (HF) and second-order Mo_lk;PIess_et (MP2)  and NH groups of the iCC complex. We have modeled the
levels of theory using a medium-sized basis’sktie iCC pairs  go|yent effects using a water cluster rather than attempting to
have been chosen as a model for the RWC GC base pair sincg;se some continuous solvent treatment because of the impor-
they have the same H-bonding pattern. Sponer and Hobzai,nce of specific H-bonds between bases and wWatearther,
suggested that the amino group hydrogens in the RWC iCC yegpite the rapid development of various techniques modeling
base pair adopt a highly nonplanar geometry due to the mutualgo|yent effects, the results provided, say, for hydration of

interaption between the amino group hydrogens and the nucleobases in water, are still highly method dependent and
negatively charged lone electron pair of nitrogen of the opposite |,ncertainté

base. Although this structure does not correspond to any local
minimum on the potential energy surface of the isolated dimer

(the mtermoltec:Jhlar geometry has beer!(;‘rcl).zen to keeﬁ) ththWCincludes all contributions: base-pair interaction energy, tauto-
arrangement), the amino group pyramidalizatiqsee also the meric equilibria, and the hydration contributions. Further, we

recent studies in ref 10b) improves the energy substantially o\ 5|,ateq the interaction and hydration energies for the different
especially when combined with a propeller twist. The gas-phase ., jjexes. These energies were corrected for the basis set

stability of such a pair has been estimated to be arouBd su . : .
. perposition error (BSSE) by using the full BeyBernardi
kcal/mol, i.e., ca. 18 kcal/mol less than that for the GC WC counterpoise correction scheifeThe effects of electron

base paif? In the present paper we extend _these studies anOIcorrelation were accounted for by using the second-order
propose qnotlher way to stabilize the RWC. ICC (or GC) b‘.”lse Moller—Plesset (MP2) perturbation theory with frozen-core
pair considering the triply bonded base pair pattern involving approximations and with single-point calculations.
the minor tautomers.

In a recent series of papers an ab initio quantum chemical . .
method at the HF and the correlated MP2 levels of the theory !Il- Results and Discussion
with the 6-31G* basis set were applied for studies of the specific lll.1. Geometries and Relative EnergiesThe structure of

solvation effects on DNA base pair interactidds!® These i ) . ) . -
studies include the standard WC iCC base pair (denoted asg_he Egyectﬁcnb?nst?e?i" Co(;rlﬁge;;(:r:g 'rsefagl)slos 32?\;1\/2 d'”gégs“'ftee
ICC1) in the gas phase and in water modeled by explicit tht:vfact that tﬁe int;rrgrllolecular eomletr of thils RWC iCpCI:
inclusion of one, two, four, and six water moleculé#lso all 9 y of this

structure was froze?# they found some stabilization under

the four different H-bonded iC€ and the three adenirairacil ; )
(AU) complexe®® have been considered. The solvent effect is complexation as compared to the isolated bases. We started our
: calculations using the same trial geometry for the RWC iCC

modeled by explicit inclusion of a different number of water base pair. The full optimization did not lead to the parallel

molecules, up to seven, which creates the first hydration sphere . . .
around the studied base pairs. Inclusion of six instead of One,double-bonded ICC2 (correspo_n.d_mg to the GC2 according to
Hobzas nomenclatutebase pair; instead, we have observed

two, or four, water molecules has a crucial effect on the immediate counterrotation of the bases toward the most stable
geometry of the iCC1 base pair.Complexes involving six standard WC iCC base ndft.

water molecules become also strongly nonplanar in the case o .
To further analyze the potential energy surface around the

four different iCC structures as compared to the case of four or . T
fewer water molecules where only a slight deviation from RWC arrangement, we performed some restricted optimizations
in which the dihedral angle C&N1—-N3—C4 (Figure 1) was

planarity is observe# Moreover, the relative stability order . . . .
changes when one considers six water molecules, and theconsidered as a reaction coordinate at the range-860° while

zwitterionic form (denoted as iCC4) becomes the second mostthe remaining parameters were fully optimized. Note, the
stable species after the WC iCC1 base pair dihedral angle C6N1—-N3—C4, equal to 0, corresponds to
' the standard WC iCC base pair while its value is equal td 180

for the RWC iCC. This value is 90when the two base planes
are perpendicular to each other. The relative energy dependence
The ab initio molecular orbital calculations were performed on this dihedral angle is depicted in Figure 2. As is clear, the
using the Gaussian92 and Gaussian94 program packtigek. RW(C iCC structure corresponds to a maximum on this energy
geometry optimizations of the different H-bonded RWC iCC diagram. We further fixed the NAN3 bond length at different
complexes in the gas phase and in a water cluster were carriedvalues for the mutually perpendicular bases, and the rest of the
out at the HF level of theory using the standard split-valence geometry was optimized. Note that a curve representing the total
6-31G* basis set. The water environment (the first hydration energy dependence as a function of the-NB bond length at
shell) around the RWC iCC base pair was modeled by explicit this mutually perpendicular base planes was found to be very

Figure 1. RWC iCC base pair stabilized by mutual carbonyl group
and amino group contacts. Numbered atoms correspond to distinct
atomic sites.

The stability order of the base pairs is based on an evaluation
of the total electronic energies since the total electronic energy

Il. Method
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Figure 2. The calculated relative energy dependence of the RWC iCC
on the dihedral C6N1—-N3—C4 angle and its animation by conven-
tional polynomial regression.

a

Figure 3. The isolated (a) RWC iCCa, (b) RWCiCCb, and (c) RWC  Figyre 4. The considered RWC iCC complexes with six water
iCCc complexes. Numbered atoms correspond to distinct atomic sites. polecules: (a) RWC iCGEH,0, (b) RWC iCCB6H,0, and (c) RWC

) ) o iCCc-6H,0. Numbered atoms correspond to distinct atomic sites.
flat. The optimal N+-N3 distance is higher than that suggested

in ref 9a which might be due to the neglect of dispersion acts as a diimino one due to the rearrangement of its amino
attraction in our calculations. Nevertheless it is clear that there group’s H atom to the N3 site (Figure 3c). All three structures
is a strong tendency for counterrotation (propeller twisting) of are triply H-bonded, and the isocytosine fragment acts as a
the base pair at the RWC arrangement. double proton donor to and a single proton acceptor from
Let us now consider the three possible neutral rare-tautomercytosine. Base pairing within a water cluster was studied for
structures which can be obtained from this RWC iCC base pair all three structures (Figure 4).
through rearrangement of the hydrogen atoms. In the first In addition to the studied complexes, there are two possible
structure denoted as RWC iCCa, the amino group’s H atom of structures which correspond to the complexes having all three
isocytosine is removed and attached to its O6 site (Figure 3a) hydrogen bond donors on one base and all three acceptor groups
while the second structure denoted as RWC iCCb correspondson the other base. However, these structures are highly unstable.
to a removal of the amino group’s H atom of cytosine and its Both structures can be viewed as a zwitterionic complex, which
attachment to the O2 site (Figure 3b). The last structure, denotedin one of the considered cases consists of doubly charged
as RWC iCCc, contains the minor tautomer of both bases: here,monomers. Full geometry optimization of such a structure leads
isocytosine occurs as an amino-hydroxy tautomer while cytosine to the formation of a more favorable RWC iCCa complex.
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TABLE 1. Geometry of the Isolated RWC iCCa, RWC
iCCb, RWC iCCc, and Their Complexes with Six Waters

J. Phys. Chem. A, Vol. 102, No. 50, 19980377

The water environment has a rather small influence on the
relative stability order of these complexes although the changes

bond/angle RWC iCC& RWC iCCly RWC iCC¢ on the O2-06 bond distance are quite opposite for the RWC
NA—N2 3.001(3.042) 3.131(3.034) 3.205(3.085) ?CCb and RWC iC_ZCa or RWC iCCc structures (Table 1). An
N4—H, 1.017(1.009) 2.133(2.027) 2.206(2.094) important change in geometry upon hydration is a further slight
N2—Ha 1.987(2.044) 1.005(1.009) 0.999(1.005) deviation from linearity of all H-bonds. The amino groups are
’(\l:i—nz—';f ﬂg-g(i?g-;) gé-g(gg-é) ﬂg-é(%g?-g) perfectly planar (see HN2—C2—Ha and H-N4—C4—Ha
C2—N2—H: 128.1%123.8; 122.2&21'2; 122.55119.83 dlh_edral angles, see Table }) for _thes_e isolated RWC iCC base
N3—N1 2.949(2.924) 2.954(2.952)  3.052(3.052) pairs. I_—|_owever, _thelr hydration vylth six water molecu_les leads
N3—Hy, 1.940(1.933)  1.955(1.944)  1.011(1.004) to significant amino group pyramidalizatidhThe RWC iCCh
N1—Hp 1.009(1.013)  1.010(1.013)  2.048(2.098) 6H20 structure is slightly nonplanar as the isolated RWC iCCb
N3—H,—N1 179.9(165.3)  169.7(173.0)  172.1(157.9) complex while the RWC iCG&H20 and RWC iCC&H20
02-06 2.787(2.685)  2.683(2.734)  2.851(2.815) complexes are strongly nonplanar and adopt buckled and
82::C é'géé(l'nl) 0.980(0.270) 1.898(1.874) propeller twisted structures (cf. the E8l1—-C6 and C6-N3—

. 967(0.977)  1.705(1.772)  0.969(0.965) - - . .
02-H.—06 173.2(168.1) 175.8(170.4) 171.7(164.2) C4 angles, Tabl_e 1). These f|_nd|ngs arein Ilne_W|th the previous
C2—-02—H, 122.5(120.5) 112.4(111.5) 124.6(122.1) study of the major-tautomer iCC compleX&&hich show that
C6—06—H; 115.5(115.2) 130.7(126.8) 112.7(111.9) the water molecules in the first coordination sphere play an
H—N2-C2-H, 180.0¢-154.3) 179.8¢179.7) 179.1{151.6) important role in determining the base pair structure.
H—N4—C4—H, 179.9(164.3)  180.0(168.7)  179.8(164.5) . . .

C4—N1-N3 176.6(164.9) 174.2(176.2) 177.7(164.0) IlI.2. Interaction and Hydratlon E_nergles. The HF/6-
C6—-N3—N1 173.8(160.2) 179.8(170.7) 173.2(157.5) 31G*//HF/6-31G* and the single-point MP2/6-31G*//HF/6-
C4—N1-C6 179.6(156.4) 174.1(175.2) 179.1(154.1) 31G* calculations show that the BSSE corrected interaction
C6-N3-C4 175.4(154.0) ~ 177.0(171.1)  174.3(150.6) energies (calculated as the energy difference between the

aBond length, A-B, in angstroms; bond angle, —C, and
dihedral angle, AB—C—D, in degrees® For the atom numbering, see
Figures 3 and 4¢Two numbers in each column correspond to the structure both in the gas phase and in a water environment
isolated base pairs and their complexes with six waters, respectively. (Tables 2 and 3). The lowest interaction energy value has been

The optimized bond distances, bond angles, and the major

complex and the sum of isolated monomers) for two of the three
RWC iCC forms are lower than that of the canonical WC iCC1

found for the RWC iCCa complex.
Interaction energy for the isolated RWC iCCa base pair is

dihedral angles of these complexes are collected in Table 1.:zjculated to be-32.1 kcal/mol at the HE/6-31G*//HE/6-31G*
Tables 2 and 3 show the energetic characteristics of thesejeye| of theory which is—1.3 and—18.1 kcal/mol lower than

Complexes obtained at the HF/6-31G*//HF/6-31G* and MP2/ those of the RWC iCCb and RWC iCCc Comp|exes’ respec-

6-31G*//HF/6-31G* levels of the theory, respectively. At both

tively. However, the iCCa complex involves a high-energy

applied levels, the RWC iCCc is found to be relatively more jmino-hydroxy tautomer of isocytosif® so that the total
stable than RWC iCCa and RWC iCCb for the PES of the energy of this structure is not favorable, despite the favorable
isolated and hydrated base pairs. The former complex is jntermolecular contribution. Even though, as mentioned previ-
energetically rather close to the canonical WC iCC1 base pair; ously, the O2-06 bond becomes relatively stronger in the RWC
however, the latter two structures are much higher comparedicch complex than that of the RWC iCCa, the overall gain in
to the WC iCC1 complex (Tables 2 and 3). Therefore, the iCCC jnteraction energy is higher in the RWC iCCa complex due to

structure is the most likely minor-tautomer arrangement to be optimal orientations of the other two H-bonds (see Table 1).
formed in ps DNA.

Probably, the relatively high stability of the RWC iCCc

Note also that the interaction energy value is the highest one in
the RWC iCCc complex because of its relatively weak and

structure is also due to the involvement of more favorable |onger H-bonds. The reason for this is that the amino-hydroxyl
tautomers in this complex as compared to the RWC iCCa and tautomer of isocytosine and the diimino tautomer of cytosine
RWC iCCb structures. The relative energies (in kcal/mol) of has the lowest dipole moments among the considered isocytosine
tautomers of isocytosine and cytosine involved in these struc- and cytosine tautomers, respectivélyHowever, this RWC
tures are as follows (the positions of protons attached to thejccc complex involves two low-energy tautomers; therefore,
exocyclic or amino groups in the middle are given in paren- it s in fact much more stable than RWC iCCa and RWC iCCb.

theses): The hydration shell has only a marginal effect on the net
isocytosine: 0 (N2H, O6—H), 0.6 (N1-H, N2—H), (pairwise) basebase interaction energy (it increases ca-0.4
30.3 (N1-H, O6—H) 1.6 kcal/mol due to some solvent-induced deformations of the
structures).
cytosine: 0 (N4H), 0.5(N3-H), 24.1(0Z-H) The BSSE-corrected hydration energies are also calculated

The 02-06 bond distance in the isolated RWC iCCa as the energy differences between the complex with the water
complex is shorter as compared to the-NBL and N4-N2 molecules and the sum of the isolated complex and water
bond distances, indicating a relatively strong proton acceptor molecules in the same way as the interaction energies described
ability for the O2 site of the cytosine fragment than its N3 site above. All these RWC iCC complexes with six water molecules
or the imino group‘s N2 site of isocytosine' A similar result is have lower solvation energies as Compared to that of the standard
also obtained for the isolated RWC iCCb complex where the WC iCC1:6H,O complex. This is in line with the fact that a
O6 site of isocy[osine disp]ays a re|a’[ive|y h|gh proton acceptor polar environment further stabilizes the canonical WC base pair
ability as compared to the proton acceptor abilities N3 and N4 and the zwitterionic structuré$2-2t
sites of the cytosine fragment. Note also that this bond is shorter 111.3. RWC GC Base Pair in Parallel Stranded DNA. Let
and stronger than those in the RWC iCCa and RWC iCCc us briefly summarize what the present results indicate for
complexes and even shorter than common weak hydrogenincorporation of the GC base pair into ps DNA. It is clear that
bonds!8.19 the involvement of minor tautomers leads to structures which
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TABLE 2: Total ( E;, au), Relative €, kcal/mol), Interaction (Ejy, kcal/mol) and Solvation Eso, kcal/mol) Energies Calculated
at the HF/6-31G*//HF/6-31G* Level of Theory for the Canonical Watson-Crick and the Reverse Watson-Crick
Isocytosine-Cytosine Base Pairs in the Gas Phase and in a Water Solution Modeled by Explicit Inclusion of Six Water
Molecules

property phase state ic€l RWC iCCa RWC iCCb RWC iCCc
E¢ gas phase —785.273 11 —785.236 10 —785.242 15 —785.257 42
Erel 0 23.2 19.4 9.8
—Eint 24.9 32.1 30.8 14.0
E with 6 waters —1241.434 67 —1241.394 28 —1241.396 61 —1241.410 17
Ere 0 25.3 23.9 15.4
—Eint 24.7 31.3 30.2 12.4
—Esol 38.8 34.5 30.8 30.8

2 Reference 122 Total energy of the isolated iCC1 base pair is taken as an internal refeféfmtal energy of the iCCBH,O complex is taken
as an internal reference.

TABLE 3: Total ( E;, au), Relative €, kcal/mol), Interaction (Ejn, kcal/mol), and Solvation Esq, kcal/mol) Energies Calculated
at the MP2/6-31G*//HF/6-31G* Level of Theory for the Canonical Watson-Crick and the Reverse Watsor-Crick
Isocytosine-Cytosine Base Pairs in the Gas Phase and in a Water Solution Modeled by Explicit Inclusion of Six Water
Molecules

property phase state iC€1 RWC iCCa RWC iCChb RWC iCCc
E: gas phase —787.572 68 —787.539 97 —787.545 07 —787.558 20
Erel 0 20.5 17.3 9.1
—Eint 26.2 34.0 32.3 16.8
E with 6 waters —1244.877 24 —1244.840 54 —1244.841 26 —1244.853 07
Ere 0 23.0 22.6 15.2
—Eint 25.9 33.3 31.9 15.4
—Esowv 43.1 38.9 35.1 35.3

2 Reference 12 Total energy of the isolated iCC1 base pair is taken as an internal refefératal energy of the iCCBH,O complex is taken
as an internal reference.

fully satisfy the geometrical requirements of ps DRI®ne of which pairing pattern is adopted for the GC base pairs in ps
them, iCCc, is energetically more favorable than the previously DNA, and both nonplanar major tautorf@nd minor tautomer
proposed model with major tautomers and derarceptor models should be considered. These base pairing patterns could
amino—amino interaction§ Furthermore, all the rare-tautomer coexist, and their actual mutual balance (balance between rare
base pairs have a local minimum exactly at the RWC geometry, tautomer formation, amino group pyramidalization, and RWC
while a strong gradient mainly toward propeller twisting exists GC <> GC2 transition) can be influenced by other interactions.
if the major tautomers and nonplanar amino groups are involved.
Hydration destabilizes the minor tautomer pairs. Unfortunately, |v. Summary and Conclusions
the hydration effects could not be investigated for the nonplanar
major tautomer structure since it does not correspond to a local Ab initio quantum chemical studies at the HF/6-31G*//HF/
minimum and no optimization of the clusters could be made. 6-31G* and MP2/6-31G*//HF/6-31G* levels of theory have
All these data suggest a possible involvement of the minor been performed for three hydrogen bonded RWC iCC com-
tautomers in stabilization of the GC pairs in ps DNA. plexes (model of GC base pairs) involving the rare tautomers
Let us emphasize that the iCCc structure is only about 9 kcal/ Of bases in the gas phase and in a water cluster of six water
mol less stable than the WC arrangement in the gas phase'molecules Creating the fII’St hydrat|on She” around these base
However, the WC arrangement is out of the question since it pairs. All three structures are higher on the PES both in the gas
would require transition to an antiparallel structure. The only Phase and in water compared to the antiparallel WC iCC base
close (parallel) and stable base pair with major tautomers is the Pair. However, at least the RWC iCCc structure involving two
GC2 base patwhich is by about 56 kcal/mol less stable than ~ fare tautomers seems to be energetically acceptable, mainly
the GC WC base pair, fairly close to the iCCc type of paiftfig. considering the expected restraints on the base pair geometry
Nevertheless, there are at least three points which would ratherdue to the geometrical requirements of ps DNA. ps DNA with
bolster the original model with major tautomers and nonplanar GC base pairs is thus one of the few nucleic acid structures
amino groupd. First, formation of the minor tautomers could (besided i-DNA and (CHY GC* triplexes) where formation of
be hindered by energy barriers. Second, the nonplanar aminoMinor tautomers could be enforced by the three-dimensional
groups predicted in the major tautomer model could form very structure of the nucleic acid.
efficient out-of-plane H-bonds with some acceptor groups of ~ The calculations thus indicate that the possible involvement
the adjacent base pairs, gaining nonnegligible stabilization in of minor tautomer pairs should be considered when discussing
this way. Finally, the major tautomer RWC GC base pair could the inclusion of the GC base pairs into ps DNA.
be stabilized by some conformational shift toward the GC2 base
pair structure. Despite that a full RWC G€ GC2 transition Acknowledgment. This study was supported by NSF Grant
is expected to be prohibited by the backb&heyen a partial OSR-9452857, ONR Grant N00014-95-1-0049, GA CR Grant
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