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The structure of “guaninediazonium ion” in its aggregate with cytosine has been explored with ab initio and density functional methods. The
hydrogen-bonded aggregate between cytosine and guaninediazonium ion, 1, is a stable minimum, 3. While the isolated enol tautomer of
guaninediazonium ion, 2, is significantly more stable than 1, the tautomeric aggregate 4 that results from double-proton-transfer in 3 is almost
isoenergetic with 3. Most interesting and entirely unexpected is the finding that neither 3 nor 4 is predicted to be the thermodynamically
predominant structure. Instead, single-proton-transfer to cytosine results in the most stable cytosinium—guaninediazo complex, 5.

A variety of disorders in people are likely to result from ally accepted, and this hypothesis has been employed in the
DNA base deamination and interstrand cross-linking due to QM-MM studies of DNA sequence effects on cross-linking.

reaction with HNQ or NO*?1t had been generally assumed  The mechanistic hypotheses invoking guaninediazonium
that the nitrosation of guanine leads to the formation of the jons as the reactive species in guanosine deamination and
guaninediazonium ion which would then react with water cross-linking are based on product analyses and deduction
to give xanthine. AIternativer, the guaninediazonium ion and analogy to the chemistry of aromatic primary amines.
might form cross-links such as dG-to-dG and dG-to-dA by Yet, guaninediazonium ion has never been observed directly.
attack of an amino group of a neighboring nucleoside on The proposed mechanisms for the reaction of water with
the guaninediazonium ichThe assumption of guanine-  guaninediazonium iomll result in the replacement of the
diazonium ions as the reactive intermediate has been gener—N,* function by the—OH group, followed by tautomer-
ization to xanthine, and they differ in the timing of the
tPart 3 in the series Theoretical Studies of DNA Base Deamination. €lemental steps. We have carried out ab initio studies of
For parts 1 and 2, see ref 5. diazonium ions of the DNA base pairs and examined their

§ Presented in the symposium on Applications of Computational Chem- . . . - .
istry to Toxicology, Organic Chemistry Division, 217th National Meeting thermodynamic and kinetic stabilities with regard to loss of
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N5 The free guaninediazonium ion was found to be [ NG

kinetically and thermodynamically unstable toward de-
diazoniation with concomitant pyrimidine ring openihg.

These theoretical results suggested a mechanism for nitro-
sative guanine deamination that also accounts for the recentlyCom

discovered formation of more than 20% of-deoxy-
oxanosine in the nitrosations of-&eoxyguanosine, oligo-
deoxynucleotide, and calf thym@s.

In the course of our studies of guaninediazonium ibn,
we also considered its enol tauton2iScheme 1 and Figure

Scheme 1
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1). Surprisingly, at the RHF/6-31G* level we foudo be
more than 20 kcal/maiore stable tharil (Table 1). Even
though 2 is more stable tharl, the kinetic barrier to
dediazoniation ofl is much less than in the case 2f® For
the isolated ion, it is therefore the dediazoniationldhat
is pertinent. Yet, in the anisotropic environment of DNA it

Table 1. Relative Isomer Stabilities As Computed at the
RHF/6-31G* and the B3LYP/6-31G*//RHF/6-31G* Levels

RHF RHF RHF B3LYP B3LYP BS3LYP
pd AE, AEo+ZPEY AGus® AE, AEo+ZPE AGass
1 0.00 0.00 0.00  0.00 0.00 0.00
2  —2251 —2215 —2214 -1527 —1491 —14.90
3 0.00 0.00 0.00  0.00 0.00 0.00
4 -3.22 -3.04 -2.92 —0.19 0.00 0.11
5 —13.04 -1333 -13.20 -8.95 -9.23 -9.10

aRelative energies in kilocalories per mole relativeltdor the free
guanine derivative and relative 3dn the case of the aggregafeVibrational
zero-point energies were computed at the RHF/6-31G* level, and they were
not scaled® The free enthalpy corrections include corrections for all thermal
contributions to the partitioning function.

up to engage in two hydrogen bonds with cytosine to form
the aggregat8 (Scheme 2). The third strong hydrogen bond
present in the CG base pair, between the C’s carbonyl and
the G’s amino group, has been replaced by a bridging
interaction between the carbonyl and the diazonium function.
Aggregate4 can be seen as the result of double-proton-
transfer in the two hydrogen bonds &f The equilibration
between isomer8 and4 does not need to involve a single
step. Instead, the two hydrogen shifts might occur succes-

might not be warranted to assume that the relative stabilities sively and of the two stepwise options only the path%ia

of the free ions persist, nor is it warranted to assume that

reasonable. The alternative stepwise option would involve

the dediazoniation will emanate necessarily from the same protonation of a cation.

species. With the present paper we begin to address these \ye haye studied the structures and stabilities of the
questions related to the chemical effects of the anisotropic
environment and we consider the effects exerted by the
presence of a single cytosine.

Figure 1. The RHF/6-31G* optimized structures of guanine-
diazonium ion {) and its enol tautomer2j.

The RHF/6-31G* optimized structures df and 2 are
displayed in Figure 1. Guaninediazonium ion is perfectly set

(5) (a) Glaser, R.; Son, M.-S. Am. Chem. S0d.996 118 10942. (b)
Glaser, R.; Rayat, S.; Lewis, M.; Son, M.-S.; MeyerJSAm. Chem. Soc.
1999 121, in press.
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Chem. Soc1996 118 2515. (b) Suzuki, T.; Kanaori, K.; Tajima, K.;
Makino, K. Nucl. Acids Symp. Set997, 37, 313. (c) Suzuki, T.; Yamada,
M.; Kanaori, K.; Tajima, K.; Makino, KNucl. Acids Symp. Set998 39,
177.
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aggregates3—5 with ab initio methods at the restricted
Hartree-Fock level (RHF). All molecules involved are
highly polar, and their adequate functional description
requires employment of a split-valence basis set in conjunc-
tion with sets of polarization functions on all heavy atoms.
The basis set 6-31G* satisfies these needs, and structure
optimizations and vibrational analyses were performed at the
RHF/6-31G* level. The vibrational analyses, while compu-
tationally demanding and expensive, were deemed necessary
for several reasons. First, the structure optimizations were
performed assuming planarity. Amino groups in DNA
always have the potential to pyramidalize, and the assumption
of planarity therefore requires validation. All vibrational
analyses returned only real frequencies, thereby establishing
the Cs symmetry of3—5. Second, the aggregates exhibit
several “soft modes”, and these low-frequency vibrations
greatly matter for binding energies. The large effects of
thermal motion nearly cancel for the relative energies
pertinent to the present discussion as is shown in Table 1.
At the Hartree-Fock level, one neglects large amounts of

(7) (@) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, ARAlnitio
Molecular Orbital Theory John Wiley & Sons: New York, 1986. (b)
Computations were carried out with Gaussian94 on a Silicon Graphics
PowerChallenge L system.

(8) Sponer, J.; Hobza, Rnt. J. Quantum Cheml996 57, 959, and
references cited in this review.
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electron correlation. This approximation often is justified so tautomer and the diazonium function of the enol tautofher
long as the numbers and types of bonds are the same amongf guaninediazonium ion. The lengths of the contacts suggest,
the entities being compared. We are interested in tautomershowever, that this interaction is weaker 4ncompared to
and there are significant changes in bonding associated withthat in 3. The geometry ol is such that the two hydrogen
the single- and double-proton-transfers 3r-5. Density bonds are essentially linear. The effects of the cytosine
functional theory has proven to be a cost-efficient and aggregation on the isomer stabilities bfand 2 are stun-
accurate way to account for parts of the electron correlation ning: The large preference for the free aromatic 20over
effects in a semiempirical fashidilfhe B3LYP functional the amidel all but disappears in the aggregate! The free
was used, which combines Becke’s three-parameter exchangenthalpy preference of 14.9 kcal/mol f@ris reduced to
functional® with the correlation functional of Lee, Yang, essentially zero in the aggregate (Table 1).

and Part! These are both nonlocal functionals whose  Most interesting and entirely unexpected is the finding that
combination is widely used and accepted. The density neither3 nor 4 is predicted to be the thermodynamically
functional calculations employed the 6-31G* basis set and predominant structure. Instead, single-proton-transfer from
were carried out with the RHF/6-31G* optimized structures. 1 or 2 to cytosine results in the most stable cytosinitm
This level of theory is referred to as B3LYP/6-31G*//RHF/ diazoguanine compleX (Figure 2). At the level B3LYP/6-
6-31G*.
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The structure oB exhibits an interesting distortion from Figure 2. The RHF/6-31G* optimized structures for cytosine
ideal linear hydrogen bond3in 3, 1 appears shifted relative  guaninediazonium ior8j, the tautomer derived from double-proton-
to the cytosine in a perpendicular fashion relative to the transfer 4), and the complex derived from single-proton-transfer
direction of the hydrogen bonds in a way that results in short (5)-
contacts between the cytosine carbonyl-O and the N
fragment. We attribute this distortion to strong 1,3-attractive
interactions associated with the incipient nucleophilic attack 31G*//RHF/6-31G*, the aggregateshows a free enthalpy
of the carbonyl-O on the diazonium functiéh. preference of 9.1 kcal/mol with respect 8 The proton

The structure of the aggregadealso indicates a strong transfers are fast processes with activation barriers of

interaction between the carbonyl group of the cytosine AEA(3—5) = 5.7 andAEa(4—5) = 2.2 kcal/mol and show
that the chemical formation of the aggregases 4 will be

(9) St-Amant, A. InReviews in Computational Chemistry.ipkowitz,
K. B., Boyd, D. B., Eds.; VCH Publishers: New York, 1996; Vol. 7, p
217. (10) Becke, A. D.J. Chem. Phys1993 98, 5648.
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followed by a fast and quantitative conversion into aggregate

5. Scheme 3
The description of the diazoguaniBeequires zwitterionic

Lewis structures, such as the one shown in Scheme 2, and Ox

one can write resonance forms that place negative charge N N € N

on both of the heteroatoms that are engaged in hydrogen ‘é\ | \>_H N\%C j: \>_H

bonding to the cytosinium ion. The structuresaf distorted N 1\{ N

in a fashion that is reminiscent of that3nbut the distortion H H

occurs for a different reason. The distortiorbitikely occurs 6 7

to allow for some bifurcation of the hydrogen bonding.
Current studies of the diazoguanine moietpishow that

the dediazoniation is facitt and the guanine derivativ@ easily undergoes ring opening T(Scheme 3). With the
(11) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b) recognition that the pyrimidine ring-opened product of the

2"38“"”* B.; Savin, A.; Stoll, H.; Preuss, KChem. Phys. Letl989 157, dediazoniation ofl is identical to protonated comes the
(iZ) Review on quantum-chemical calculations of hydrogen bonding and reall_zat|on that our previous mechanistic discussion fully
base stacking in DNA: Sponer, J.; Leszczynski, J.; Hobza, Biomol. applies to the aggregate.
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