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The optimized geometries, harmonic vibrational frequencies, and energies of the cyclic structures of
monohydrated guanine and adenine are computed using density functional theory (B3LYP) combined with
the 6-31-G(d,p) basis set. The proton affinity of the O and N atoms and the deprotonation enthalpy of the
different NH bonds of guanine and adenine are computed at the same level of theory. The results are compared
with recent data on uracil, thymine, and cytosine. The intrinsic acidities and basicities of the five nucleobases
are discussed. Complex formation with water results in a moderate change of the pyramidal character of the
amino group. For closed complexes where water interacts with the O atom of the nucleobase, the intermolecular
distances and the hydrogen bond energies are correlated to the proton affinities and deprotonation enthalpies
of the sites involved in complex formation.

Introduction guanine computed by MP2/6-31G(d) calculations has been
predicted to be more stable than the two other emater
complexeg* No other calculations at similar levels for water
interacting with the other sites of guanine are available in the
literature.

The complex network of hydrogen bond interactions that
modulate recognition of DNA or RNA bases is based on the
assumption of specific tautomeric and ionic stdt€sThe
interaction energy between two complementary nucleobases )
which are held together by NHO and NH++N hydrogen bonds Nqnplanarlty of .the nucleobases has recently attracted
is expected to depend not only on the intrinsic basicity of the considerable attentioft.*> Water can also have an influence
acceptor atoms but also on the acidity of the NH donor groups. N the amino group nonplanarity, and this has been recently
Léwdin’s mutational mechanistn® which involves a concerted ~ discussed for the oxo-amino-N9H tautomer of guanine com-
transfer of two protons in the interbase hydrogen bonds, must Plexed with one or two water molecules at theQ,N1H side*

also be governed by the proton donor and proton acceptor ability T "€ influence of water on the geometry of the amino group for
of the centers involved in the proton transfer process. In our the other possible complexes on the other sites of guanine has
recent papers, the proton affinities (PA) of the different basic N0t been investigated. The same remark also holds for the
sites and the deprotonation enthalpies of the NH bonds of uracil, different complexes between adenine and water.
thymine’ and Cytosine have been Computed using DFT combined The major result of this work is an accurate calculation of
with the 6-31G(d,p) basis s&t® To our knowledge, however, the PAs and deprotonation enthalpies of the different sites of
only low level quantum chemical calculations of the protonation guanine and adenine. The geometries and energies of these
and deprotonation enthalpies of guanine and adenine have beefiicleobases complexed with one water molecule are considered
reported in the literature. The PA of the different sites of guanine in relation to these parameters and the correlations previously
and adenine have been computed at the HF/4-31G//STO-3Gestablished for uracil,thymine? and cytosing generalized.
level 20 and the relative acidities have been roughly estimated Calculations have recently reported the energies of the different
by AM1 or PM3 method$112In this work, we will consider ~ complexes formed between uracil andewater moleculé?
On|y the tautomers present in the Watsd@rick structure. but no attempt has been made to eXpIain the relative order of
Several papers have discussed the tautomerism of gdaritie  these stabilities.
and adeniné%22 but a review of these studies is beyond the
scope of this work. Computational Methods

Understanding the biological role of the nucleic acids depends
on a knowledge of physical and chemical behavior of the
complexes between nucleobases and water. A precise experi
mental evaluation of the relative stability of monohydrated
guanine and adenine complexes still does not exist, and ab initio
calculations have been carried out only at a low |@véllore
recently, the cyclic structure of monohydrated oxo-amino-N9H

The geometries of the isolated guanine and adenine molecules
and their corresponding water complexes were optimized using
the density functional theory (DFT) with the B3LY#8
exchange correlation functional and 643&(d,p) basis func-
tions. Basis set superposition errors (BSSE) were estimated by
the counterpoise (CP) meth&d.The proton affinities and
deprotonation enthalpies were computed at the same level. For
T University of Leuven. the purpose of comparison, parameters previously computed
* National Institute of Materials and Chemical Research. with the 6-3H-+G(d,p) basis sét® for uracil, thymine, and
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Figure 1. Atom labeling in uracil, cytosine, guanine, and adenine.

cytosine were recomputed at this level. TRaussian 94
packagé® was used for all of the calculations. Harmonic

Chandra et al.

Figure 2. Optimized structures for the A, B, C, and D complexes
between guanine and water obtained from B3LYP/6-G1d,p)

vibrational frequencies were calculated at the same level of geometry calculations (distances in A, angles in deg).
theory to characterize the stationary points and to evaluate the

frequency shifts resulting from complex formation with water.

distances (QH'---N and (Q,)H'---O are also longer for

High-level DFT methods have significantly narrowed the gap complex D. Complex formation results in moderate changes of
between the computed and the experimental frequencies, andhe pyramidalization of the amino group, and this will be

this has been discussed elsewHeéré> Although the DFT

method strongly underestimates the stabilization energies of

stacked DNA base paifé,it gives good results for hydrogen-
bonded complexes. As shown in previous wottke energy

discussed in more in detail in section 3.

The vibrational spectrum of guanine has been thoroughly
discussed®154852 No data are, however, available for the
guanine-water complex in low-temperature matrices, and this

and intermolecular distances obtained from B3LYP calculations probably results from the fact that amino-oxo-N9H, amino-oxo-
for the uracit-water interaction are comparable with the ones N7H, and amino-hydroxy tautomers are simultaneously present
calculated from MP2 calculations performed with the same in these low-temperature materials and thus make the assignment

basis se#>

Results and Discussion

1. Structure and Vibrational Properties of the Guanine—
Water Complexes. The B3LYP/6-3H-G(d,p) optimized
geometries of the four closed guaninsater complexes are

of the absorptions in the water complexes rather speculative.
Relevant B3LYP/6-31G(d,p) unscaled vibrational frequencies
in free guanine and the four water complexes are listed in Table
2. ThevNH, vNH2, andvC=0 vibrations of the bonds involved

in the interaction with one water molecule are shifted downward.
The opposite effect is observed for the in-plaidH modes,

the rocking and torsion vibrations of the NH2 group being

shown in Figure 2. In these optimized geometries, only the coupled with other modes. Interestingly, in both complexes A
amino group hydrogen atoms are considered as nonplanaiand D, where the NH2 bonds are not involved in complex
(NPA). Characteristic geometrical parameters of free guanine formation, thevNH2 vibrations are blue shifted by 7 to 11 ¢

and its four water complexes are indicated in Tabfé 1.

and this effect results from the increasing sparacter of the

The distances and angles in free guanine are very similar toamino nitrogen atom. Upward shifts of more than 200 &m

those computed at the MP2/6-31G(d,p) le¥%elOur DFT

are predicted for the almost pup®l1H vibration (complex A)

calculations show, however, a lesser degree of pyramidalizationand for theyN9H (complex B). ThedNH vibrations appear to
of the amino group. This appears clearly from the sum of the be less sensitive to complex formation and are coupled with

angles around the N2 aton®AH) and the N1C2N10H11
dihedral angle (339°1and 38.7)%° as compared with the values
of 348.7 and 27.3 found in this work. This lesser degree of

other modes. In complexes A, B, and D, the torsion mode
coupled with the wagging mode is shifted to lower frequencies
and this may be related to the increased planarity of the amino

pyramidalization is also reflected by the larger C2N10 distance group. In complex C where one NH bond of the amino group
obtained in this work (1.384 A) as compared with the value of is directly involved in complex formation, three components

1.374 A cited in ref 32. After full geometry optimization, we
found the N10 atom 2°7out of the plane of the guanine ring.

In complexes A, B, and C, one of the water hydrogens is out

having a highyN10H11 character are predicted at 693, 685,
and 661 cm™.
2. Structure and Vibrational Properties of the Adenine—

of the plane of the ring. In structure D, water acts as a bidonor Water Complexes.B3LYP/6-31+G(d,p) optimized geometries

and lies in the plane of the guanine ring. In complex A, the
(Ow)H'++-O and (N)H--O,, distances are very similar to the
values of 1.930 and 1.890 A obtained from MP2/6-31G*
geometry optimizatioR®3® Owing to anticooperativity, the
elongation of the C&0 bond and of the OHbond of water

of free adenine and the three closed adenimater complexes

are shown in Figure 3. Relevant geometrical parameters are
indicated in Table 37 As for guanine, the deviation from 360

of theZAH values and the dihedral angles are smaller than those
computed from MP2/6-31G(d) calculations (349.3, 18.7, and

are smaller in complex D than in complex A. The intermolecular — 21.1)32 The larger=AH value and the shorter GAN10
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TABLE 1: Results of B3LYP/6-31+G(d,p) Geometry Optimization of Free Guanine and the Four Water Complexes A, B, C,
and D (Bond Lengths in A, Bond Angles in Deg

free guanine complex A complex B complex C complex D
C6=0 1.221 1.236 1.220 1.221 1.226
N1-H 1.013 1.025 1.013 1.014 1.014
C2—N10 1.374 1.370 1.374 1.361 1.370
N9—H 1.010 1.010 1.018 1.010 1.010
N10—H11 1.010 1.009 1.010 1.008 1.010
N10—H12 1.009 1.009 1.009 1.019 1.009
[OC2N10H11 118.9 119.3 118.6 119.9 119.6
OC2N10H12 114.2 115.1 114.7 116.5 114.8
[JH11N10H12 115.3 116.3 114.9 117.9 115.9
ON1C2N10H11 +27.3 +22.1 +25.5 +18.3 +24.4
[ON3C2N10H12 —11.5 —-12.3 —-13.4 —8.3 —10.8
o 11.6 9.3 11.8 5.7 9.7
A 15.8 9.8 12.1 10 13.6
free water complex A complex B complex C complex D
O—H 0.965 0.964 0.964 0.964 0.971
O—H' 0.965 0.984 0.979 0.981 0.969
OHOH' 105.7 107.2 107.3 107.2 102.3
Intermolecular Parameters
complex A complex B complex C complex D
H'---O 1.852 H-+-N3 1.995 H:+-N3 1.954 H---N7 2.161
H---Ow 1.929 H--Oy 2.070 H--Oy 2.004 H---O 2.199
[ON1HO, 146.0 ON9HO, 133.2 ON3H Oy 148.7 OowH'o 147.8
OowH'O 145.5 OOWH'N3 147.0 0OOwH12N10 146.2 OOWH'N7 153.8

aOnly the amino group nitrogen atoms are nonplah&vater bonded to the O atorhiWater bonded to the N7 atom.

TABLE 2: Unscaled Characteristic B3LYP/6-31+G(d,p) Vibrational Frequencies (cnT?l) in Free Guanine and Water and the
Water Complexes A, B, C, and B»

assignment free guanine complex A complex B complex C complex D
vNH2 3714 3725¢11) 3713¢1) 3699¢15) 3721¢7)
vN9H 3658 3658(0) 3523(135) 3660¢-2) 3658(0)
vN1H 3600 3391{209) 3601¢-1) 3560¢-40) 3594(-6)
vNH2 3592 360149) 3594+2) 3461¢131) 3601¢-9)
vC=0 1796 1767{29) 1800¢+4) 1798(-2) 1783¢13)
ONH2 + 6R 1665 1669¢4) 1668¢-3) 1687¢-22) 1682¢+17)
ON1H 1337 1366¢29) 1337(0) 134'A10) 1340¢3)

OR + rNH2 1138 1156¢18) 1138(0) 11479) 1144¢+6)

rNH2 + ON1H 1045 1061¢16) 1052(+7) 1056¢-11) 1042¢3)

yN1H 594 815(221) 591 3) 587(7) 599(+5)

yN9H 535 5364¢1) 746(-211) 521¢14) 542(+7)

wNH2 + 7NH2 335 329¢-6) 296(-39y 364(+29) 291¢-44)
Water Modes

assignment free water complex A complex B complex C complex D

vOHas 3931 3891(-40) 3892(-39) 3887(-44) 3825(-106)

vOHSs 3809 3501¢308) 3586¢223) 3542¢-267) 3742¢67)

OHOH 1603 1636¢23) 1634(31) 1630¢-27) 1623(+20)

2y = stretching,0 = in-plane deformationy = out-of-plane deformation; = torsion,w = wagging,r = rocking vibration.” The numbers
between parentheses indicate the frequency shifts resulting from complex formation with water.

distance of 1.354 A in free adenine as compared with the value the adeninewater complexes could emerge from our calcula-
of 1.370 A in free guanine indicate a greater delocalization of tions, these modes being strongly coupled with the water
the N10 lone pair into the aromatic ring. vibrations.

Relevant vibrational frequencies in free adenine and the three  Comparison of earlier results on uratithymine and
water complexes are indicated in Table 4. The infrared and cytosiné with the present data allows us to deduce, for the five
Raman spectra of adenine in several environments are wellnucleobases, a correlation betweer{OH), the mean frequency
documented!2253-58 Qur data are, in general, in good agree- shifts of thev2{OH) andvS(OH) vibrations of water, and the
ment with previous calculatiorf$. In complex A, unlike in elongation of the OHbond involved in complex formation
guanine, theeNH2 vibrations remain unchanged, and this results 1
from the fact that the NH2 group in free adenine is already Av(OH)(cm ') =740+ 144 InAr(OH) (A) (r = 0.9874)
nearly sp hybridized. In complexes B and C where the NH2 (1)
group is involved in complex formation, downward shifts of This correlation is rather predictable on intuitive arguments, but
thevNH2 vibrations and upward shifts of the in-plane, rocking it is interesting to observe that the anticooperative structure D
and wagging vibrations of the NH2 group are predicted. No of guanine where water acts as a bidonor strongly deviates from
clear frequency shifts of the torsion and wagging vibrations in the straight line of Figure 4.
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TABLE 3: Results of B3LYP/631+G(d,p) Optimization

Lengths in A, Bond Angles in Deg)

Chandra et al.

of Free Adenine and the Three Water Complexes A, B, and C (Bond

free adenine complex A complex B complex C
N6—C10 1.355 1.353 1.347 1.347
N10—-H11 1.008 1.008 1.008 1.017
N10—-H12 1.008 1.007 1.020 1.008
N9—H 1.010 1.019 1.010 1.010
[JC6N10H11 118.9 119.1 117.5 119.5
OC6N10H12 120.2 120.3 121.9 119.4
[OH11N10H12 120.2 120.3 120.6 1211
OC5C6N10H12 -5.1 -2.9 -1.7 -1.2
[ON1C6N10H11 4.7 3.2 2 0.7
0 0.7 0.3 0 0
A 0.4 0.3 0.3 0.5
free water complex A complex B complex C
O—H 0.965 0.964 0.964 0.964
O—H’ 0.965 0.982 0.985 0.984
HOH' 107.2 107.4 107.1 107.1
Intermolecular Parameters
complex A complex B complex C
1.969 N7--H' 1.886 NZ--H' 1.918
2.059 H12--Oy 1.945 H11--Oy 2.045
145.5 [ON10H12Q, 161.3 OOwH'N10 142.4
130.3 OOwH'N7 155.4 ON7H' Oy 151.2

TABLE 4: Unscaled Characteristic B3LYP/6-31+G(d,p)
Vibrational Frequencies (cnm?!) in Free Adenine and in the
Three Water Complexes A, B, and G

free
assignment adenine complex A complexB  complex C
vNH2as 3756 3755(1)  3692(-64) 3711(45)
vN9H 3662 3510(152)) 3662(0) 3661{1)
yNH2s 3615 3615(0) 3424{191) 3458(157)
ONH2 1665 1669¢4) 1694(+29) 1678(-13)
rNH2 1011 1011(0) 1044¢33) 1036(+25)
yR+ yN9H 666 695(-29) 662(-4) 657(9)
yN9H 575 64873) 576¢1) 575(0)
wNH2+ tNH2 537 541¢4) 721 685(N10H11)
657(N10H11)
Water Modes
free
assignment water  complex A complex B complex C
vOH?s 3931  3898(33) 3890¢-41) 3889(-42)
vOHs 3809 3542(267) 3487(322) 3511{-298)
OHOH' 1603  1633¢30) 1638(+35) 1634(+-31)

a2 Same remarks as below Table 2.

©

Figure 3. Optimized structures for the A, B, and C complexes between
adenine and water obtained from B3LYP/6+3&(d,p) calculations
(distances in A, angles in deg).

somewhat larger for complexes A and C. The difference between
the A values in free guanine and complex A obtained after full
geometry optimization is 9°5** somewhat larger than the value

of 6° found in this work. This cannot affect the general
discussion of the present work which was intended to compare
the different water complexes of the nucleobases. The degree

3. Pyramidal Character of the Amino Group in the Water
Complexes. As discussed in recent wofR,there are two
structural sources of nonplanarity for the nucleobases. The

. , ) =
nonplanarity of the first type is related to the partia sp of nonplanarity, which originates from the balance between the

hybridization of the amino group and can be estimated as the e - .
I ; sp?-sp? hybridization of the amino group nitrogen, can be well
deviation of the sum of the angles around the nitrogen atom predicted from the €N(H2) bond lengtr:3

(2AH) from 360 (6 in Tables 1 and 3). The nonplanarity of . } .
the second type is related to the interaction of one of the H Comparison with the data of the present work on free guanine,

atoms of the amino group with the closest H atom and can pe free adenine and their water complexes (Tables 1 and 3) shows
estimated from the difference of the absolute values of the that C-N(H2) distances decrease with th¢AH) values. This
dihedral angles/ in Tables 1 and 3), provided that the NPA correlation is illustrated in Figure 5. The pyramidal properties
structure of the amino group is considered. The effects are veryof the amino group have also a marked influence orvtkie2
weak in adenine. In guanine, both effects are operating, the effectstretching frequencies. For the cytosine, guanine, and adenine
of the first type being somewhat larger for complex C where complexes where the amino group is not involved in complex
one of the NH bonds of the amino group is directly involved in formation, the average of thé{NH2) andv(NH2) frequencies
complex formation and the effect of the second type being are correlated t&(AH) (Figure 6).
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Cy, G, and Ad refer to the free molecules. The complexes are indicated
by the corresponding letters between parentheses. Cy(B) is formed
between the N3 atom and the N7H8 bond of cytosine.
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4. Energies of the Complexes Formed between the
Nucleobases and Water.The B3LYP/6-3%G(d,p) binding
energies for the different complexes of guanine and adenine
including ZPE and BSSE corrections are reported in Table 5.
This table also reports the energies for the uracil, thymine, and
cytosine complexes calculated at the same level. These energie
differ by only 0.1 to 1.4 kJ moti! from the ones computed with
the 6-3H-+G(d,p) basis set® The energies of the guanire
water complexes obtained after full geometry optimization of
the NH2 group are the same for complexes C and D and are
0.2 kJ mot? lower for complexes A and B.

J. Phys. Chem. A, Vol. 103, No. 44, 1998857

TABLE 5: B3LYP/6-31+G(d,p) Binding Energies (kJ mol?)
Including ZPE and BSSE Corrections for the Different
Cyclic Structures of Uracil, Thymine, Cytosine, Guanine,
and Adenine Complexed with Watef

nucleobase complex A complexB complexC complex D
uracil 32.7 24 .4 26.7

thymine 32.2 24.6 26.14

cytosine 37.2 34.4

guanine 37.7 25.9 25.1 23.9
adenine 33.6 29.8 26.8

a2 The numbers in italic refer to the cyclic complexes formed between
the O atom and the vicinal NH bond of the nucleob&ggomplex
formed between the N1H bond and the O2 até@omplex formed
between the N3H bond and the O2 atshComplex formed between
the N3H bond and the 04 atohiComplex formed between the N1H
bond and the O atoniComplex formed between N3 atom and the

I£\IH7 bond.

TABLE 6: B3LYP/6-31+G(d,p) Proton Affinities (PA(B))
and Deprotonation Enthalpies (PA(A7)) (kJ mol~?1) of Uracil,
Thymine, Cytosine, Guanine, and Adening

PA(B)

nucleobase

uracil 0O4(N3 side): 849

04(C5 side): 859.8

O2(N1side): 815.1
O2(N3 side): 820.1

thymine  O4(N3 side): 854.4 O2(N1 side): 830.2
04(C5 side): 865.7 O2(N3side): 843.1
cytosine  N3: 955.5 O(N1side): 921.7
O(N3 side): 956.8
guanine  N3: 887.4 N7: 960.1 O(N1 side): 900.8
O(N7 side): 936.7
adenine N3: 937.6 N7: 909.6 N1: 943.8
PA(A7)
nucleobase NH NH2
uracil N1H: 1391.0
N3H: 1447.1
thymine N1H: 1398.1
N3H: 1450.0
cytosine N1H: 1444.5 N7H8: 1481.8
N7H9: 1457.1
guanine N1H: 1415.8 N10H11: 1412.4
N9H: 1407.4 N10H12: 1435.0
adenine NO9H: 1409.1 N10H11: 1488.5

N10H12: 1486

aIncluding ZPE energies computed at the same level. The proton
affinity PA(B) is defined as the negative enthalpy change associated
with the gas-phase protonation reactiontBH* < BH*, and the
deprotonation enthalpy PA(A is defined as the enthalpy change
associated with the gas-phase deprotonation reactiosA& + H*

5. Proton Affinities and Deprotonation Enthalpies of
Guanine and Adenine.The B3LYP/6-34-G(d,p) computed
proton affinities (PA(B)) and deprotonation enthalpies (PA)A
of the different proton donor and proton acceptor sites of guanine
and adenine are indicated in Table 6 together with the same

goarameters for uracil, thymine, and cytosine computed at the

Same level of theory. These values differ from 0.5 to 2 kJthol
from the ones computed by the same DFT method but using
the slightly larger 6-3%+G(d,p) basi$. The PA(B) of the N1
atom of adenine recently computed at the HF/6-31G level 6 is
993.8 kJ motl, being more than 50 kJ midl higher that the
one computed in this work. Our values differ by less than 10
kJ mol* from the experimental values reported for guanine (950
&J mol!) and adenine (937.2 kJ ma)>® which probably refer

to the most basic sites, namely the N7 atom of guanine and the
N1 atom of adenine. Recent higher level calculations (MP4/
6-311++G(d,p)//IMP2/6-31G(d)) have also shown that the
amino-oxo-N9H tautomer of guanine is protonated at?N7.
Comparison of PA(B) values of cytosine and guanine deter-
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TABLE 7: Intermolecular Distances (A) in the Closed order of acidity of the NH sites involved in the Watse@rick

NH---Oy*O=C Structures of the Complexes of Uracil, structure, which is as follows: guanine (N10H11 and NZH)

Thymine, Cytosine, and Guanine with Water thymine (N3H)> cytosine (N7H8)> adenine (N10H11).

complex r(Ow(H'+++0)) r(NH-:-Oy) 6. Correlations between the Hydrogen Bond Parameters

uracil(A)2 1.941 1.927 and the Protonation and Deprotonation Enthalpies. The
uracil(BY 1.975 1.988 correlations between the hydrogen bond parameters and the
uracil(Cy 1.921 1.968 proton affinity are well documented for neutral and ionic
mgm:gzgg i-gig i-ggé hydrogen bond&%64 71 The correlations between the hydrogen
thymine(Cy 1914 1979 b_ond properties z_md the_ intrinsic acidity have been much less
cytosiné 1.813 1.947 discussed. We will consider the closed (NjtD,,(H2)---O=C
guaniné 1.852 1.929 complexes formed between uracil, thymine, cytosine, and

a Cyclic complex formed between the NIH bond and the O2 atom guanine and water. F(_)r the purpose of comparison, itis useful
(ref 8).® Cyclic complex formed between the N3H bond and the 02 !0 note here that the six-membered structure is planar or nearly

atom (ref 8).¢ Cyclic complex formed between the N3H bond and the S0 and that the (()H'---O and (N)H--O, angles range between

04 atom.? Cyclic complex formed between the N1H bond and the 02 143 and 152. The data of Tables 1, 3, 6, and 7 show that the

atom (ref 9).° This work. intermolecular distances are not ordered according to the
PA(B) values. In these six-membered-ring structures, the two

mined at the MP4 level of theory suggests that protonation of hydrogen bonds are mutually strengthened by cooperativity. It

cytosine is easier by about 5 kJ mél whereas an opposite  can then be expected that th@®,)H'---O distances will also

trend is found in this work. Unfortunately, the experimental depend, although to a lesser extent, on the acidity of the NH

results are controversial. Thus, the PA(B) value of cytosine has bonds involved in the formation of the ring structure. The best

been reported to be 3 kJ méllarger than that of guanirfé;5 correlation coefficients are found for the following exponential

but another study found the PA(B) of guanine to be greater by equations:

6 kJ moi 159 This suggests that the difference in PA(B) is too

small to fully guarantee the reliability of either experimental or r(O)H' -0 = 2 532g0-008[PAB)-035(PAA)] | — 0. 9976

theoretical estimates. Perhaps more relevant is the order of @)

basicity for the sites involved in the Watsefrick structure

which is as follows: cytosine (N3 and O(N3 side))adenine r(N)H---Q,, = 1.0648000548 [PAY) —03TPABI | — ) 9683

(N1) > guanine (O(N1 side)y thymine (O4(N3 side). Such ()

an energy order is the same as that predicted from HF/4-31G

calculations? but all of the PA(B) values are about 50 kJ mbl ! .
thymine-water complexes can thus be extended in a much

larger than the ones computed in this work. ~ A
No experimental data for deprotonation energies or enthalpies_broaOIer PA(BYPA(A7) range. They indicate that the mutual

are available in the literature, and results from ion cyclotron influence of the two hydrogen bonds on each other is about the

resonance mass spectroscopy give only the relative order of>@me. The cooperativities which n the present case can be
acidity 1! The reliability of our calculations can be judged from evaluated from the ratio of the coefficients Of. PA(B) and PA(A

the fact that the experimental value of the deprotonation enthalpyOf egs 2 and 3 are 0.35 and 0'.37' _respectwely.

of 2-aminopyridine is 1516 kJ mot 63 which differs by only The hydrogen bond energies in the closed,¥®--0
1.7 kJ mot? from our computed value of 1517.7 kJ mal co.m.pllexes can f';\l.s.o be represgnteq as afun.ctlon of the intrinsic
Calculations carried out at the HF/6-31G(d) level gave PA(A aC|d|t|e_s or baS|C|t|_es of the sites involved in hydrogen bond
values of 1495.6 and 1494.3 kJ mbfor the NIH and N10H11  formation. Comparison of the data of Tables 5 and 6 leads to
sites of guaniné;these values are about 80 kJ mohigher the following exponential expression (energies in kJ THol

than the values computed in this work, although their difference
is of the same order of magnitude.

The deprotonation enthalpies of the NH bonds in the five ) N .
The data, illustrated in Figure 7, show that the correlation

nucleobases computed in this work vary across a broad range, ) ) ) .
from 1391 to 1486 kJ mok. In guanine and cytosine, the established for the interaction between water and uracil or

PA(A") values of the two NH bonds differ by 22.6 and 24.7 kJ thyminé® can be now extended to a broader domain. In most of
mol-1 respectively, and this effect results from the repulsion the correlations between the hydrogen bond properties and the
between the NH bond and the vicinal CH bond. In adenine. Intrinsic basicities, the coefficients of the PA of the two partners

where this effect is not operating, the difference between the M@y be taken as one; for homomolecular hydrogen bokBA(
PA(A") of the two NH bonds amounts only to 2.5 kJ mbl = 0) one usuz_ally conS|d_ers the average compl_exqt_lon energies
Further, the PA(A) values which are the lowest in guanine I @ given series. Equatpn 4 shovys some similarities with the
seem also to depend on the pyramidalization of the amino groupduf;I substituent regression equation prqposed by Caldwell et
which is the highest in guanine and the lowest in adenine. &' for the alcohot-alkoxide complexes in the gas phase.
Some attempts have been made to discuss the acidities of @St we could not deduce, for closed (N)HDyH'":+N
the nucleobases or nucleotides, but the experimental andStrUctures, expressions similar to eqs4 The reason lies
theoretical results disagree. Experimental results obtained frompmba,bly in the fact that the angular properties in these structures
Fourier transform ion cyclotron spectroscopy have suggested'© different, the NH-Q,, angle varying from 130 (adenine
that therelative acidities of the nucleic bases follow the order: (A) to 161” (adenine (B)).
adenine> thymine > guanine> cytosinel! This order does
not correspond to PM3 calculations which suggest the following
order: thymine> guanine> adenine> cytosine!! The order In the present work, the PAs of the different basic sites and
found in this work for the most acidic site is: uragilthymine the deprotonation enthalpies of the NH bonds of the five
> guanine> adenine> cytosine. Perhaps more relevant is the nucleobases are for the first time computed at an accurate level

These correlations recently proposed for the uragiter and

E,p= 53476 0-00401 [(1L5PA) —PA®)] | — 9929 @)

Concluding Remarks
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for the closed (N)H-O,H'---O structures of uracil, thymine, cytosine,
and guanine complexed with water. U(A) and T(A) refer to the cyclic
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complexes formed between water and the N1H bond and the O2 atom

of uracil or thymine; U(B) and T(B) refer to the cyclic complexes
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water and the N3H bond and the O4 atom of uracil and thymine (ref
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of theory and compared. It is shown that intrinsic acidities and

basicities can be considered as key factors for understanding
the energies and vibrational properties of hydrogen bonds
formed between nucleobases and a water molecule. The present
discussion is based solely on computational results on singly
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DNA base pair interaction8:74 Specific solvation of the N3

and N7 sites of guanine and adenine can modify the intrinsic
acidities or basicities of the other sites. However, the solvation

effects on the structure of the different uragdenine base pairs
have been recently investigated by explicit inclusion of seven
water molecules on the first coordination sphestowing that
therelative stability order of the complexes remains unchanged
upon interaction with this number of water molecules. This is
also likely to be the case for the intrinsic basicities or acidities
discussed in the present work.
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