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Proton affinities of a large number of tautomeric adenine and guanine structures
have been calculated using the ab initio Hartree-Fock—-Roothaan SCF method.
For guanine, and to a lesser extent for adenine, it is likely that several pro-
tonated forms may co-exist in acidic solutions. Protonation at the “free”
adenine and guanine positions in DNA may introduce effective acceptor levels
between the energy bands of the polymer that may cause fundamental changes
in the conduction properties of DNA.
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1. Introduction

Protonation of nucleotide bases at various electronegative centres plays an im-
portant role in certain biochemical-biophysical processes [1]. A protonation follow-
ed by deprotonation at a different site leads to an actual tautomerization of the
nucleotide base. While direct tautomerization of nucleotide bases as a cause of
spontaneous mutation in DNA is probably less important [2, 3] than it has been
thought previously, several tautomeric forms may have important roles in the
replication process.

There are many possible tautomeric forms of both adenine and guanine and
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protonation further increases the number of distinct structures. For many of the
possible protonated forms experimental information is scarce or non-existent,
although fluorescence studies carried out on protonated adenine in acidic solution
indicated the presence of several tautomers [4]. While it is difficult to assess the
solvent effect on various protonated forms properly, this finding suggests that the
total energy difference between some of the most stable protonated adenine struc-
tures is probably small. Due to the experimental difficulties in observing and
studying a large number of possible protonated tautomeric forms, theoretical
techniques appear as the natural choice for studying the problem.

Protonation may also cause fundamental changes in the conductance properties
of biopolymers. Protonated units in the polymer may introduce new energy
levels in the band gap and these may become effective acceptor levels. The actual
location of such new energy levels depends on the electronic structure of the bio-
polymer as a whole that may “readjust” to accommodate the extra positive charge.
Nevertheless, the most important determining factor is the electronic structure of
the protonated monomeric unit. Consequently, by calculating the energy level
shifts of the monomeric unit due to protonation, an approximate model may be
constructed for the analysis of the new acceptor levels in protonated biopolymers
[5]. Using this simple model it was suggested that isomerization or conformational
change in the side chains of a series of amino acids. (Arg, His, Ser, Tyr, Lys) do not
alter the energy band structure of a polypeptide significantly. In contrast, side chain
protonation may introduce effective acceptor levels according to earlier ab initio
calculations using the above mentioned model [5].

In the present study a similar technique is used to investigate the effects of pro-
tonation of purine bases adenine and guanine, and of their various tautomeric
forms. In addition, gas phase proton affinities are calculated for a large number of
protonation reactions involving various tautomeric forms of adenine and guanine.

The protonation of purine bases in DNA is considered more important than
protonation of pyrimidine bases since in the latter all locations that are primary
targets for protonation are occupied either by hydrogen bonds or by the sugar
group.

2. Method

Throughout this study the one-determinant Hartree—-Fock-Roothaan LCAO
SCF MO method [6] was used with the STO-3G (minimum) basis set [7]. Due to
the large size of the protonated adenine and guanine molecules (protonated adenine
and guanine have 16 and 17 atoms, respectively), geometry optimization was not
attempted and standard or designed geometries were used throughout. With the
exception of the immediate neighbourhood of the extra proton, the geometries were
kept the same as in an earlier study on purine base tautomerization [3].

For protonated N or O moieties the same geometry changes were adopted as in an
earlier study on amino acid side chain protonation [5]. In order to avoid reference
to an excessive number of figures the following convention is used when referring to
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Fig. 1. A) Adenine skeleton; G) Guanine skeleton

various protonated purine bases: The atoms in the purine ring skeleton are
numbered according to the usual convention by 1, ..., 9 and numbers 10 and 11 are
assigned to heavy atoms N and O outside the ring system, as shown in Fig. 1. These
atoms form the adenine and guanine skeletons.

When referring to a given protonated tautomeric form, the serial numbers of the
hydrogen bearing skeleton atoms are listed. Thus, the most common tautomeric
(neutral) form of adenine is referred to as Adenine (2, 8, 9, 10, 10) or A(2, 8, 9, 10,
10). This tautomer is the same as form Al of Ref. [3].

It should be mentioned that solvent interactions usually play a more important
role for charged species than for neutral molecules and an error estimate that one
may try to apply for the results of such minimum basis ab initio calculations is even
less rigorous for positive ions than for the neutral tautomeric forms. We arbitrarily
set 10 keal/mole calculated energy difference between tautomeric protonated forms
as the lower limit of significant difference, similarly to the limit applied in an earlier
tautomerization study [3]. That is, no attempt has been made to draw chemical
conclusion based on a calculated energy difference between protonated forms which
is less than 10 kcal/mole. However, for the gas phase energy difference between a
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protonated form and the neutral parent tautomer the above “limit of significance”
appears somewhat excessive and smaller energy differences have also been subjects
of cautious interpretations.

3. Result and Discussion

The calculated total molecular energies (in atomic units), the relative energies and
protonation energies (in kcal/mole) together with HOMO and LUMO orbital
energy levels (in eV) of various protonated forms of adenine and guanine are listed
in Tables 1 and 2, respectively. The relative energies are given with respect to the
most stable protonated form, that is, form A(l, 2, 8, 9, 10, 10) for adenine and
G(7, 8,9, 10, 10, 11) for guanine. A given protonated form may be obtained by
protonation from several neutral tautomeric forms as reflected by multiple entries
under E,.. The reference to the actual neutral “parent” tautomer is given in
parentheses after each protonation energy value. For the neutral forms these
numbers represent proton affinities and in each row the proton affinity of the most
stable neutral tautomer is listed first. If the protonation of a less stable neutral form
results in the same ion, the proton affinity is larger, as shown by subsequent
numbers.

Form A(l, 2, 8,9, 10, 10) is clearly preferred among the protonated adenines,
although the relative energies of four different forms listed subsequently in Table 1
are only a few kcal/mole above the arbitrarily set 10 kcal/mole “limit of significant
difference”. All the other eight protonated adenines are of much higher relative
energy and are not expected to be present in acidic solutions in any significant
concentrations. In general, forms with —NHj; and =NH groups are the least stable,
while protonation at one of the nitrogen atoms of the six numbered rings is preferred.
The calculated energy values and the uncertainties involved in their calculation
suggest that in addition to the most stable form, forms

A(2,3,8,9, 10, 10)

A2, 3,7,8,10, 10)

A(1,2,7,8,10,10)
and

AQ2,7,8,9, 10, 10)

may be sufficiently stabilized by favourable solvent effects to have non-negligible
concentrations in a biochemical system.

In contrast to the adenine results, there is no clearly preferred protonated guanine
structure, although protonation at the oxygen atom is preferred. According to the
calculations the most stable form is

G(7, 8,9, 10, 10, 11),



‘(A9 u1) [9A9] A815Ud QN T JO 23ueyd 3Y) s1 1o)oeIq dlvnbs Ul USAIZ JequUUINU PUOISS YT o
"WIIOJ [eNNSU oY) 03 109dsa1 M (A3 UI) [349] A510U9 OIWOH JO 98ueyd oY) st A310us uopruolold Yorad JSPUN $19MIRIQ SIBnDS Ul USALS ISqUUNU JSIY YT o
‘sasoyuared ur PagIodds ULIOY JLIOWOINE] [BIINSU 03 103dSal YIM 4

"WIIOJ BQBIS JSOUI A1) O} ANB[OY «

[19v°¢— ‘12051

[985°s— ‘618% ]

(01 ‘6 ‘8 ‘T ‘DSY6LT 01 ‘8°L ‘T DIV'8LT SLTO Y1501 — 88V  PEE66'8SH— 01°6°8°LT DV
[0SL9— ‘099'§—] [L6S9— ‘8Lt —1
01 ‘8 °L ‘€ “0)8T'18T (0T ‘8 ‘L ‘T ISL6LT 9€L’0— LT TI— 6S'Eh  6£S66'8SY— O1°'8°LcTDV
[L009— ‘688¥—] [s¥8's— ‘008 ¥ —1
(01 ‘6 ‘8 ‘€ “0)6S°8LT (01 8 “L ‘€ “0)£S'89C 691°0 €1€°01 — PE9S  60SL6'8SY — O168°Lc DV
[t61°L— ‘8L9°S—] {159~ ‘609's—1
(01 6 8 ‘€ “0)00°26C (01 ‘6 “8 ‘T ‘DOY' 18T SI0 T~ 0 - €6'Th  SY966°8SH — ores‘ccnv
[£209— ‘911's—1
(01 ‘01 8 ‘€ “2)SS'SET YT I~ 892" 11— LTLL  PLIVE'SSY— (O ‘Ol ‘01 ‘8 ‘€ ‘OY
[6gs'9— ‘110°6—1
(01 ‘01 ‘8 ‘T “18O°LIT 991° [ — 920°'TI— 6£°66 15906°'8SF— (O ‘01 ‘01 ‘8 ‘T DV
[852°9— ‘eges—1 [#99's — ‘961°¢—1
Or‘or ‘82189 cLT (01 ‘0T ‘8 ‘€ “VW0°692 $88°0— 8Ye Il — L'€Y 60566'8SY— Or019°c‘TDV
[€20'9— ‘Tis's—]
(01 ‘01 ‘8 “L “T)8L'LET 10070~ Wl — 9509  L£896'8SY— (01 ‘01 ‘0L ‘8 ‘L DV
[¥pe9— ‘cTeL—] [601'S— ‘€89°9—] [zse9— ‘so19—1
1L ‘c‘Dszore (01 ‘01 ‘8°€ ‘V61'86T (O ‘0L “8 °L ‘TIIL'€EST 0€€'0— SES'TI— €9PT  PSTHO'6SY— (01 ‘01 ‘8 °L ‘€ ‘OV
[zve9— ‘8v6'9—1 [¥s8s— ‘87991 [£0s'9— ‘c16's—1
OI ‘8T DIE80E  (OI°OT ‘8T Dev'10e (0T “OI ‘8 °L “T)0E'€8T I8v°0— £h9TI— €0'ST  680v0°6SY— rorgLeTnNv
fozz9— ‘6L6'v—] fogs'9— ‘oLzs—!
(01 ‘01 ‘8 L ‘V)8P°08T (O “OT ‘6 ‘8 “TILL'8IT AV ES 60L 11— S8'LT  OV9£0'6SY — (0T ‘0T ‘6 ‘8 ‘L ‘Y
[ove9— ‘¥8L9—1 [6v6v— ‘950'9—1 [zss9o— ‘69L°s—1
01 ‘6 ‘8 ‘¢ ‘V9E1ZE (01 ‘01 ‘8 ‘€ ‘0)sT 66T  (OI ‘O ‘6 ‘8 “TISOELT oL10— 80T°CI— LS €T TTEVO'6SY— 101 ‘6 ‘8 ‘€ OV
[L19°6— ‘9vp9—] [pie's— ¥T6°s—1 [o€2€9— “66%"S—1
©r68TNecryee  OT0I‘8°TDLP9IE (O ‘01 ‘6 ‘8 “VIT998T 650°0 65611~ 000  ¥8V90°6St— ©101 ‘68T DV
(orow/jeay)**ey (A9 (AQ)omoHy (sjowy/[eo )iy (neyy WIoj pAreuoiold

SAINJONIIS SUIUSPE SNOLIBA Jo (*°3957) (sa1d1ous uoneuolold pue sa13Us OINNT PUe QIWOH ‘(®'F) »$91810us aAnje[al ‘(*y) S91310Ud [2JO], °T IqEBL



256 P. G. Mezey et al.

Table 2. Total energies (E:), relative energies® (Ere1), HOMO and LUMO energies and protona-
tion energies® (Epror) Of various protonated guanine structures

Protonated form Ey(a.u.) E,e(kcal/mole) Exoumo(eV) Eyymo(eV)
G(1,7,8,9, 10, 10) —532.89876 5.62 —10.590 0.787
G(1, 3,7,8, 10, 10) —532.88494  14.30 —11.484 0.866
G(1,8,9,10,10,11)  —532.90039  4.60 —-11.315 0.374
G(3,8,9,10,10,11)  —532.88809 12.32 -11.976 0.105
G(7,8,9,10,10,11)  —-532.90772  0.00 —11.247 0.093
G(8,9,10,10,11,11) -—532.81268 59.66 —-9.057 0.672
G(1,7,8,10,10,11) -532.87742 19.02 —11.811 0.757
G(3,7,8,10,10,11)  —532.89886 5.56 —-12.410 0.274
G(7, 8,10,10,11,11) —532.78068 79.74 -10.775 0.460
G(1, 3, 8,9, 10, 11) —532.84565 38.96 —11.310 0.644
G(1,3,7,8,10,11) —532.83209 47.47 —~11.565 -1.024

& Relative to the most stable form.

® With respect to neutral tautomeric form specified in parentheses.

© The first number given in square brackets under each protonation energy is the change of
HOMO energy level (in eV) with respect to the neutral form.

4 The second number given in square brackets is the change of LUMO energy level (in eV).

however, there are three other forms,

G(1, 8, 9, 10, 10, 11)
G(3,7, 8, 10, 10, 11)

and
G(1,7,8,9, 10, 10)

within a 10 kcal/mole range of the most stable form, and three further forms within
a 20 kcal/mole range:

G(3, 8,9, 10, 10, 11)
G(1, 3,7, 8, 10, 10)

and

G(1, 7, 8, 10, 10, 11).
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Eoi(kcal/mole)

293.23(1, 8, 9, 10, 10)
[—5.286°, —6.0179]
288.53(1, 7, 8, 10, 10)
[—5.916, —5.627]
282.55(8, 9, 10, 10, 11)
[—5.241, —5.837]
274.83(8, 9, 10, 10, 11)
[—5.902, —6.106]
287.15(8, 9, 10, 10, 11)
[—5.173, —6.118]
227.49(8, 9, 10, 10, 11)
[—2.983, —5.539]
273.55(7, 8, 10, 10, 11)
[—5.440, —5.044]
287.01(7, 8, 10, 10, 11)
[—6.039, —5.527]
212.83(7, 8, 10, 10, 11)
[—4.404, 5.341]
274.64(1, 3, 8, 9, 10)
[—4.968, —6.154)
262.04(1, 3, 7, 8, 10)
[—5.076, —7.027]

297.20(1, 7, 8, 10, 10)
[—5.022, —5.706]
295.21(1, 3, 7, 8, 10)
[—4.995, —5.137]
294.26(1, 8, 9, 10, 10)
[—6.011, —6.430]
297.85(3, 8, 10, 10, 11)
[—5.929, —4.843]
292.57(7, 8, 10, 10, 11)
[—4.876, —5.708]

283.81(1, 7, 8, 10, 10)
[—6.243, —5.736]
304.61(3, 8, 10, 10, 11)
[—6.363, —4.674]

286.21(3, 8, 9, 10, 11)
[—5.857, —5.215]
272.83(3, 7, 8, 10, 11)
[~6.158, —6.292]

303.94(3, 7, 8, 10, 10)
[—5.799, —5.712]
321.89(1, 8, 10, 10, 11)
[—5.832, —4.610]
312.85(3, 8, 9, 10, 11)
[—6.523, —5.754]

307.47(1, 8, 10, 10, 11)
[—6.328, —4.227]
312.67(3, 7, 8, 10, 10)
[—6.725, —6.304]

295.48(1, 3, 8, 10, 11)
[—5.457, —3.790]
286.96(1, 3, 8, 10, 11)
[=5.712, —5.458]

342.65(1, 8, 9, 10, 11)
[—6.440, —4.500]
315.16(3, 8, 9, 10, 10)
[—6.432, —7.103]

335.59(1, 7, 8, 10, 11)
[—6.934, —3.754]
314.75(3, 7, 8, 10, 11)
[—7.003, —4.994]

308.29(1, 8, 9, 10, 11)
[—6.435, —4.230]
307.13(1, 7, 8, 10, 11)
[—6.688, —5.535]

These results suggest that in actual acidic biochemical systems there is likely to co-
exist a group of diverse forms of protonated guanines.

In general, protonated guanine structures containing —OH, or =NH groups are
the least stable. For both adenine and guanine positive ions structures with hydro-
gen atoms in both 1 and 3 positions of the six-membered ring are also somewhat
disfavoured.

The calculated highest occupied and lowest unoccupied (HOMO, LUMO) orbital
energy levels are also listed in Tables 1 and 2. Both the Fgomo and Eyyme values
show rather large variations from tautomer to tautomer.

Protonation energies for several protonation processes and the accompanying
changes in the HOMO and LUMO orbital energy levels have been calculated. The
relevant data for the neutral tautomeric forms (specified in parentheses after each
protonation energy value in Tables 1 and 2) have been taken from an earlier study
[3]. As expected, the most stable protonated forms may be obtained by direct
protonation from the most stable neutral tautomeric forms. All neutral forms of
adenine, and nine neutral forms of guanine, may be converted into one of the first
four most stable positive ions by direct protonation, i.e. without an additional
tautomerization process. The calculated proton affinity values for these most likely
protonation processes spread over a rather wide range. It is expected that this
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interval could be reduced somewhat by full geometry optimization for all the
structures involved, however, the general trends are not expected to change.

Also listed in Tables 1 and 2 are the HOMO and LUMO energy level changes as-
sociated with the most likely protonation processes. Most shifts in these MO levels
are of the order of 0.2 a.u. ~ 5-6 eV. Particularly important are those protonation
processes that correspond to protonation in positions 3 or 7. These positions are
“free” for both adenine and guanine, built in a DNA chain. Protonation in posi-
tions 1, 10 and 11 would, on the other hand, interfere with the existing H-bond
system. The 5-6 eV value indicates that, assuming no major readjustment of the
band structure of the polymer, a protonation process may introduce new, discrete
energy levels in the band gap, several ¢V above the upper edge of the valence band.
In earlier studies [8] with a different basis on the energy band structure of homo-
polynucleotides, polyadenine and polyguanine, the upper edge of the valence band
was calculated as —8.767 eV and —7.398 eV, respectively, while the lower edge of
the conduction band was obtained as 2.815 eV and 3.679 eV, respectively. The 5-6
eV lowering of the LUMO levels in the protonated forms, according to the present
results, would generate new levels approximately half way within the band gap.
These new energy levels may serve as effective acceptor levels in DNA. The re-
organization of the band structure may possibly lead to semiconductive properties
by producing holes in the valence band.
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