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Theoretical Study of Uracil Tautomers. 2. Interaction with Water
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The interaction of 2-hydroxy, 4-hydroxy, and 2,4-dihydroxy tautomers of uracil with a water molecule is
studied at the B3LYP/6-3tG(d,p) computational level. Depending on the nature of the tautomers, cyclic or
open structures are formed. In most of the cyclic structures, water accepts the OH or NH protons and donates
its proton to the O or N atoms of the uracil tautomers. Two anticooperative structures where water acts as a
biacceptor are also formed. The intermolecular distances, binding energies, and frequency shifts of the stretching
vibrations are rationalized in terms of the deprotonation energies and the proton affinities of the sites involved
in complex formation. The relative order of stability of the uracil tautomers, free and complexed with water,

is compared. Deprotonation of thed8l bond of the 3,4U tautomer greatly influences the geometry and the
binding energies of the water complexes. Complex formation with water also results in a decrease of the
deprotonation energy. The concerted double-proton transfer of the tautomerization preedsé, A\ mediated

by a water molecule is also examined. The lowering of the proton-transfer barrier because of excess entropy
is discussed.

Introduction Uracil
In the Watsor-Crick model of RNA, uracil (U) adopts the 8210 Og 815.3
dioxo tautomeric form to be in the complementary conformation 14481 5 13926
to the normal amino tautomer of adenodirfsee Figure 1). HN; NqH
However, it has been known for a long time that uracil may 848.2 4
also exist in other tautomeric forms whose appearance in RNA 860.0010
causes the formation of the nucleobase pairing mismaftches.
The appearance of tautomeric forms depends on their relative 2-Hydroxy-4-Oxo Tautomers
order of stability, which has been the subject of numerous studies duno 13143 1368.0 13265
in the last two decades, at both experime¥ftahd theoretic&t® 8 HOg HOg OgH
levels. However, most of these studies have been focused on 14115 )2\860-9 13732 /&99.2 950.9/&3715 936-9/k1335~5
examining the relative order of stability of uracil tautomers in HN; N1 N3H Ni Ny NH N7 2 NGH
the gas phase, despite the fact that the most intriguing biochemi- s‘g 8)\% 8524 _J4 945.1)4\5) 991.9 )4\5)
cal processes of the RNA functioning occur in solutions, e.g., 4803 872‘10 ;;1701 O1g
water, and besides, these studies have been also restrained to ’ : 930.4
only five tautomers in the gas phase and to the continuum model 32U 32U 12+-U 1,2;-U
of solvent.
In the last two years, there has been a breakthrough in the 2-Oxo-d-Hydroxy Tautomers
study of uracil and its tautomers which has been developed in 914.303 8808 92510g 886.6  882.7 Og 921. 8721 Og 9152
two directions?*? One of them is related to an enlargement of 8973 o 14209 937, 9)j\14190 1410)J\9466 13716 3946.2
the possible uracil tautomers. Two additional tautomers of uracil 13189 N+H H 12946 N4
have been found in ref 9a at the B3LYP/6-31G(d) computational H_ U /K% U
level, and the complete list of the 12 uracil tautomers has been G0 13701 306,010 °1o
then accomplished in ref 9b. The relative order of stability of H
all uracil tautomers at the B3LYP/6-315(d,p) level is as 1,4;-U L4,-U 341-U 34,-U
follows: 2,4-Dihydroxy Tautomers
1416 69 14214
U 42 63 2-U 3>61 AU o> % 821,41 U 4>2 2,,4,-U 11 ! 14100 HOg OgH 14215 HOg
870.. 2%8846 8318 922.9 910.1/2 884.2 871.6/2 922.7
2,4, UQJ:LZ 4,-U 2>'41 4,-U (1443 2,-U ]:7 14044U 13933&}!“ Nu‘h Ng Ny
1Y Y L5507 Tt 9,57 P /U
67 114 241 O NS g N
1,2-U > 34-U > 34-U > 12-U (1) 241U 29U P 240 Ty 4u
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H H }Rw frequencies and ZPVEs were kept unscaled. All reported energy

o \Q/ Mgy H, values were rescaled to the energyZ PVE given in kJ mot?.
Y \g w ‘ wy @g The basis set superposition error (BSSE) effect was not
2 accounted for because of its smallness, varying between 0.7

3 2 H and 3.5 kJ moit.10a.12
H, AN Ny

OI? ws

w

Complexes of Uracil Tautomers with Water

It is useful to remember here that if a water molecule is
involved in a sequential hydrogen bonding, or in the other words,
if water acts both as proton acceptor and proton donor, the
relevant structure is energetically favored over the alternative
double donor or double acceptor hydrogen bond§These
structures are cooperative and the binding energies with water
Figure 2. Preferential sites of water molecules in the uracil vicinity. 5re expected to be larger than the energies of the two open

structures. In some of the complexes of the uracil tautomers,
In eq 1, the quantity above the inequality mrsign indicates  \yater acts as a bidonor toward the N or O atoms; in two
the corresponding energy difference, in kcal/mol, between the taytomer complexes where two neighboring OH and NH groups
right-hand complex and its left-hand one and the notations are formed, water acts as a biacceptor. These structures are
analogous to ref 9b for uracil tautomers are employed, viz., the gnticooperative, and the interaction energies with water are
2-hydroxy-4-oxo tautomers are referred toNj2q-U, 2-ox0-4- expected to be lower than the energies of the two open
hydroxy asN,4,-U (N =1 and 3), and 2,4-dihydroxy ag,2-U structures.
(I = n, k = 2). This list includes the 34U and 1,2-U A. Optimized Geometries and Energies of Uracil Tau-
tautomers whose B3LYP/6-315(d,p) energies _relatlve touracll  {ymer—Water Complexes.The optimized H-bond geometries
are equal to 98.0 and 122.1 kJ mbl respectively, after the  of yyenty-nine complexes of uracil tautomers with water are
zero-point vibrational energy (ZPVE) correction. They show given in Table 1 where a few of them are compared with the
unusual acidic or basic propertiégsee Figure 1 where the geometries optimized at the MP2/D¥Pand MP2/6-31%+G-
proton affinity (PA) and deprotonation enthalpy (DPE) of each (g yy10d computational levels. Some representative structures are
uracil tautomer are indicated). shown in Figures 3 and 4. Table 2 lists the interaction energies

The other direction focuses on the study of the interaction of g5 of the studied complexes of uracil tautomers with water.
uracil with watet® (see also ref 8c,d). In ref 10a, the authors They are classified into cyclic and open structures. In the former
reveal three favorable sitesiww, and v of a single water  ones, the water molecule mainly acts as a proton donor and as
molecule to be placed in the uracil vicinity (see Figure 2). Their a proton acceptor. These H bonds form six-membered rings. In
findings are consistent with analogous studies on the uracil the open structures, water acts only as a proton donor.
water complexe&:d-19¢dThe fourth site w between the ¢= Five cyclic complexes 3:2U—ws, 3,2-U—ws, 1,4-U—wi,

O10 and G—Hua bonds has been recently found in ref 10c,d. 1 4,-U—w,, and 4-T-w, involving the N-H bond and the

At the B3LYP/6-31+G(d,p) computational level, the binding  carbonyl oxygen atom of the corresponding tautomer are formed
energy of uracil with water molecule placed at thesite is  and shown in Figures 3 and 4. It is worth mentioning that the
equal to 23.4 kJ mo, in good agreement with the binding  tautomers 3,2U and 3,2-U structurally differ from each other
energy of 25.3 kJ mol calculated at the MP2/DZP levét by the different position of the £-H group being on the N
and 29.7 kJ mot' at the MP2/6-31++G(d,p) level® The  anq N side, respectively. A similar difference exists between
order of stability of these four uraciwater complexes is as  the 1 4-U and 1,4-U tautomers relative to the position of the

follows (see also ref 10d): O10—H group nearby the Nor Cs atom, respectively. In the
former case, as shown in Figure 1, the deprotonation enthalpies
6.5 2.4 4.1 of the Ne—H and Q—H groups of the 32U tautomer are
U-w; > U-wz > U-w, > U-w, 2 smaller than those of the 3;2) because of a larger repulsion

of these two bond dipoles. It is seen in Table 1 that the (N)H

However, the question of how the tautomeric order of stability --O,, intermolecular distances vary from 1.867 to 1.924 A and
is influenced by a presence of water has not been fully answeredthe (Q,)H;,:++O(=C) ones from 1.839 to 1.884 A, where, H
so far. indicates the hydrogen atom of water molecule H bonded to

The present work is undertaken to address two issues. Thethe tautomer. They are somewhat shorter than those in the
first one is to study the complexes of uracil tautomers with water corresponding complexes of any dioxo tautomer with water.
and to show how water affects their relative order of stability, The N—H---O,, and QH,,--O bond angles do not markedly
whereas the second issue is to rationalize this relative order ofdiffer from each other and range between 14k60d 148.1.
stability of tautomer complexes with water in terms of the acidity Except the 3,2U—ws complex, the interaction energi€ss
and basicity of the different sites involved in the complex of these uracil tautomers with water are larger than those

formation. involving the conventional uracilwater structures, ranging from
40.0 to 45.9 kJ mol'. The latter corresponds to the binding
Computational Methodology energy of the 4-J-w, complex, which possesses the smallest

H-bond lengths among the aforementioned ones. Besides, it is
The computational methodology remains the same as that inalso interesting to notice that the 4-fautomer has the smallest
part 1% namely, the computations were performed at the DPE at the w site among the other five mentioned tautomers.
B3LYP/6-31+G(d,p) computational level using the Gaussian This is also due to the large dipetdipole repulsion of the
98 suit of packages.No constraints were imposed on a possible N3—H bond with the neighboring 9—H bond. The energizns
planarity of the tautomerwater complexes. The harmonic of the 3,3-U—ws; complex is equal to 36.1 kJ n1dl
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TABLE 1: Optimized Hydrogen-Bond Geometries of Uracil-Water and Uracil Tautomer—Water Complexes (Bond Lengths in
Angstroms, Bond Angles in Degrees)]

T r(X2—H-+-0y) OX2HO,, 10, — Hi-+X?% OOWH;X?2 r, — H.) OHyOWHw
U—wyP 1.929 144.3 1.943 142.6 0.978 107.6
(1.890 (1.926Y (143.4y (1.889¥ (2.002 (149.1y (0.970Y
U—w 1.989 142.6 1.964 1416 0.976 107.6
(1.950§ (1.977) (141.7y (1.897) (2.023) (148.9% (0.968Y
U—ws 1.969 143.0 1.923 141.0 0.979 107.6
(1.929¥ (1.959} (142.4y (1.874¥ (1.990 (150.9§ (0.969y
U—w, 2.401 129.8 1.902 157.8 0.977 106.8
(2.219y (2.374Y (129.7% (1.865} (1.946Y (159.8§ (0.969y
3,2-U-w; 1.700 159.3 1.977 136.5 0.976 108.1
(1.717y (2.032) (0.973}
3,2-U—w; 2.077 145.1 2.128 130.2 0.968 106.2
3,2-U—w;s 1.922 142.6 1.884 145.6 0.981 107.7
3,2-U—w, 2.486 128.0 1.888 160.3 0.977 106.6
3,2-U-w; 1.983 X= N, 161.9 0.976 106.1
3,2-U—w; 1.842 X=Og 168.6 0.967 106.6
2.228 X=N; 138.5
3,2-U—ws 1.880 146.0 1.870 146.4 0.984 107.7
1,2-U-w; 1.944 149.8 2.176 126.1 0.969 107.7
1,2-U-w; 1.688 159.1 1.965 135.4 0.985 107.8
(1.710y (2.012y (0.975y
1,4-U-w,; 1.924 144.3 1.855 147.8 0.984 107.5
1,4-U-w, 1.939 X= O 174.0 0.975 104.4
1,4-U—ws 1.731 160.1 1.974 1355 0.983 107.7
(1.749Y (2.030 (0.973}
1,4-U—w; 1.918 144.4 1.848 148.1 0.984 107.5
1,4-U—w, 2.089 X= O 153.4 0.971 102.2
1,4-U—ws 2.128 X=Ns 160.8 0.973 103.9
3,4-U-w; 1.958 X= N, 167.9 0.978 105.4
3,4-U—W; 1.867 146.7 1.839 147.8 0.986 107.5
3,4-U—w; 1.823 X= Oyp 168.3 0.967 106.7
2.264 X=Ns 136.7
20,4-U—w; 1.777 160.4 1.956 139.6 0.983 107.8
21,4-U—W; 2.016 X=Og 166.0 0.970 105.7
21,4-U—ws 1.755 160.8 2.010 135.0 0.980 107.7
22,4-U—w; 1.965 X=N; 163.1 0.977 105.9
25,4-U—W> 1.794 161.8 2.028 138.4 0.978 107.8
22,4-U—ws 1.764 160.9 2.027 137.7 0.979 107.9
21,40-U—w; 1.785 160.6 1.959 139.6 0.982 107.8
21,4-U—wW, 2.083 X=Ns 170.9 0.974 104.4
21,4-U—ws 2.098 X=Ns 167.8 0.973 104.2
25,4-U—W; 1.963 X= N, 160.5 0.978 106.0
25,40-U—W> 1.778 161.9 2.018 135.3 0.979 107.6

aX =N, O of uracil or its tautomer T2 B3LYP/6-31-G(d,p) calculation?® ¢MP2/DZP calculation$? 4 MP2/6-311+G(d,p) calculation

Nine closed complexes 3;2)—ws, 1,2-U—wp, 1,4-U—ws, than the @ — H,,*-*N ones taking values between 135dhd
21,41-U—w1, 21,41-U—W3, 25,41-U—Wo, 2,41-U—w3, 21,4-U— 139.6. These geometrical data show that the cyclie-N,—

wy, and 2,4,-U—w; are formed between the-&H group and O -*H—O-type complexes are more asymmetric than the
the N atom of the uracil tautomer and the water molecule (see (C=)O-:-H,, — O,:**H — N ones. Their interaction energies
Figure 3). By comparison of the 3;2)—w; complex with the with water are spread over a rather broad interval, from 26.3
U—w; one, where, placed at the most energetically preferable kJ mol! which corresponds to the,2;-U—w, complex to 49.1

site wy, the water molecule donates its H atom to theafdm kJ moit, the interaction energy of the 4;2—w; one. It is

and accepts the NH7 bond, the most stable tautomer 3|2 the largest interaction energy revealed in the present study.
behaves in a different way because its-® bond is turned Notice that this complex is characterized by the shortest {O)H
out directly to this site. This bond possesses a DPE smaller by--O,, bond length equal to 1.688 A.

45.6 kJ mot?! than the N—H bond of uracil. Therefore, as seen Ten open structures of the uracil tautomers with water are
in Table 2, the binding energy of the 3;@—w; complex is also predicted by the present calculations. In the seven structures
larger by 5.4 kJ moi! than the one of the parental-v; 3,2-U—wy, 1,4-U—wWs, 21,41-U—Wp, 25,41-U—W1, 21,40-U—w5,
complex. A similar structure in the vicinity of thevsite is 21,4-U—wj3, and 2,4,-U—w;, the water molecule resides
predicted by the present calculations for thgd2U tautomer, between the N atom and the-® group in the trans position
although it appears to be less stable than that-eiJbecause with respect to this atom (see Figure 3). In these structures, the
the DPE of the 244,-U group Q—H is higher by 28.9 kJ molt N atom acts as a proton acceptor. In the;14w; and 1,4-

than the DPE of the N-H group. In these nine cyclic = U—w, complexes, the oxygen atom of the carbonyl group
complexes, the (O)H-O,, distances ranging between 1.688 and becomes the preferential site for the hydrogen bonding. The
1.794 A are significantly larger than the (JB,--*N ones, latter possesses the largest total dipole moment of 11.2 D among
which fall in the interval of 1.956 and 2.028 A. The-®i--- all of the studied complexes. In the 3;d—w; complex where

Ow bond angles varying from 159.10 161.9 are also larger  the water molecule lies between the carbonyl group and the N
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Figure 3. Examples of cyclic and biacceptor complexes of uracil
tautomers with a water molecule.

3,4,-U-w;

3,42-U-W2

3-U-W1

Figure 4. Complexes of the 34U tautomer and their @-deprotonated
analogue with a water molecule at the and w sites.
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TABLE 2: Binding Energy Epg (kJ mol~1) and Total Dipole
Moment (D) of Uracil Tautomer —Water Complexe$

U—w EHB D
U—w; 36.40 (38.8M(37.2F 4.1
U—w; 27.49 (30.79)(29.7¥ 5.1
U—ws 29.87 (32.42)(31.0¥ 4.6
U—wy 23.35 (25.319(24.3¥ 29

2-hydroxy-w
3,2-U-w; 41.80 (42.3) 43
3,2-U—w; 16.23 5.1
3,2-U—w3 36.11 2.3
3,2-U—w, 22.68 3.7
3,2-U—wy 18.62 4.5
3,2-U—w;, 42.73 5.7
3,2-U—ws3 43.14 2.0
1,21-U_W1 27.15 8.0
1,2-U—w, 49.08 (48.5) 55
4-hydroxy-w
1,4-U-w; 40.00 3.8
1,4-U—w, 20.75 8.3
1,4-U—ws 42.55 (43.19 43
1,4-U—w; 40.79 6.5
1,4-U—w, 22.68 11.2
1,4-U—ws 17.32 10.8
3,4-U—w; 23.97 7.9
3,%-U—w;, 45.94 4.8
3,4-U—ws3 43.72 8.3
2,4-dihydroxy-w
21,41-U_W1 34.31 2.9
21,4,-U—w; 11.38 3.3
21,4-U—ws3 37.53 16
2,41-U—w; 21.09 4.6
22,41-U*W2 26.28 3.8
25,41-U—w3 26.36 25
21,4-U—wy 33.18 5.6
21,4-U—w;, 17.82 6.3
21,4-U—w3 16.86 7.0
22,4-U—w1 21.67 4.0
22,40-U—w; 34.69 5.1

aThe B3LYP/6-31%G(d,p) energy of uracil is equal to414.8473621
hartree, and its ZPVE= 54.5703 kcal/mol® MP2/DZP + ZPVE
energies? ¢MP2/6-31H-+G(d,p) + ZPVE energied™

(915.2 kJ matl). In these open complexes, the-NH,, or
O--+H|, distances range between 1.939 and 2.089 A. The
hydrogen bond is not linear, as seen from the corresponding
N:--H;, — O,, or O--:H;, — O,, angles varying between 153.3
and 174.0. The interaction energies of these uracil tautomers
with water are substantially lower compared to those of the
cyclic complexes and take values from 11.4 to 22.7 kJ ol

In the 3,3-U—w5 and 1,2-U—w; complexes, the ©H group
of the 2-hydroxy-4-oxo tautomers functions as a proton acceptor.
In these closed structures, the, @8, ---O distances which are
equal to 1.977 and 2.176 A, respectively, are markedly longer
than the (N)H--O,, distances which are 1.700 and 1.944 A long.
Their binding energies of 16.2 and 27.1 kJ mipkespectively,
are lower than in those in the other cyclic structures involving
these tautomers. These features can be explained by the lower
proton acceptor ability of the lone pairs of the oxygen atom of
the OH group.

In the 3,2-U—w, and 3,4-U—w3; complexes, water acts as
a double-proton acceptor, being bonded to both theHNand
O—H groups of these monohydroxy tautomers (see Figure 3).
In these anticooperative structuféshe (Q,)H;,---N distances
are rather large, viz., 2.228 and 2.264 A, respectively, whereas
the corresponding (QH,,:-O ones are relatively short, 1.880

atom (see Figure 4), the hydrogen bond is formed on the latterand 1.870 A. Their interaction energies with water comprise

one. This may be accounted for by the larger PA of the N
atom (946.2 kJ mol') as compared with that of theg@tom

42.7 and 43.7 kJ mol, respectively. The origin of such an
anticooperative structure is likely due to the lower DPEs of the
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N3—H and O-H groups of the 3,2U and 3,4-U tautomers 1.98 +
(see Figure 1) which enable them to form a cyclic structure 1.96
with a water molecule. The lardgg of the 3,4-U tautomer at £ 194-f D
the ws site can be explained by the exceptionally large acidity E:" 1.92 +
of the Qp—H group of the 3,4U tautomer whose DPE appears S 19 :
to be equal to 1294.6 kJ md}, which is much lower compared ; 188 : e
with the DPEs of the other ©H groups of the hydroxy z 1'86 3 8 ]
tautomers. It follows that the less stable ;34 tautomer can g e ]
be considered as a “super acid”. The lone pairs of water 184 : M
molecule are bonded asymmetrically to the-i® and N—-H ’-82300 320 340 360 380 400
groups. A similar situation is found in “super bases” such as PA-0.35DPE / kimol-1
proton sponges, where the proton donor is bridged symmetrically a
or asymmetrically to the two vicinal N atoms of the base.
No stable cyclic structure at theswsite of the 1,2-U tautomer 21
are predicted by the present calculations. 1.98 ¢ / 2
The last complex studied in the present work is that formed § 1.96 +
by the 3,2-U tautomer with a water molecule placed at the w £ 194
site (see Figure 2). The (CYHO,, distance is slightly longer, g 192 : oy
whereas the (QH,,--O one is slightly shorter than in the LT =2
corresponding bBw, complex. Its interaction energy with water g 197
is lower by 0.7 kJ mol' compared with that of the Bw, 1.88 i‘/‘/
complex. These data indicate that the less favorabiédi G- 1.86 -+
Oy interaction is not very sensitive to the tautomeric structure 1060 1080 1100 1120 1140 1160 1180

of the molecule, and this is likely the case for the complexes DPE0:35 PA / timort

containing the other tautomers with water molecule at the w b
site. Figure 5. (a) r((O)H,--O) bond length as a function of PA

The optimized Q—Hy distance in the free water molecule  0-35PPE: (PY((N)H=-O.) bond length as a function of DPE0.35PA.

is equal to 0.965 A at the present B3LYP/643&(d,p)
computational level. As indicated in Table 1, thg, & H|,
distances in the cyclic complexes of the uracil tautomers with
water range between 0.976 and 0.985 A and in the open one
from 0.970 to 0.978 A. The larger elongation in the cyclic
complexes results from the cooperativity. This will be discussed
more quantitatively in the next section. When a water molecule "((QOy)H,,*+*O) = 2.55 exp[-0.83 x 10°(PA — 0.35DPE)],

best correlation coefficients are then found for the following
exponential expressions which include the conventional uracil

water complexes as well (bond lengths in A, PA and DPE in
%I moi):

acts as a mono- or bi-acceptor, as in the-8J2w,, 1,2-U— r=0.9979 (3)
wi, and 3,4-U—ws complexes, the ) — H,, bond length is
slightly elongated by 0.0620.003 A. r((N)H-:-O,) = 0.944 exp[0.64x 10°(DPE — 0.35PA)],

B. Correlation Between the Hydrogen-Bond Parameters r=0.9935 (4)

PA and DPE. The correlation between the hydrogen-bond
parameters and the PAs are well-documented in the literatureThey are displayed in Figure 5. Such correlations, very similar
for the neutral H bonds and the ionic ones as W&lMuch to those proposed for the conventional complexes of nucleobases
less data related to cyclic complexes where the interacting with water, can thus be extended to the less stable tautomeric
species act both as proton donor and proton acceptor arecomplexes with water. As indicated by the corresponding
available. In a recent worl® the stabilities of the different  coefficients for PA and DPE, the mutual influence of the two
uracil-water and thyminewater complexes have been ratio- N—H-:-O, and Q, — H,,-*O hydrogen bonds is the same.
nalized in terms of the differences in the PAs of the oxygen This likely results from the fact that, as previously studied, the
lone pairs and DPEs of the-\H bonds. In the hydrogen bonds intermolecular distances and angles do not markedly differ in
between simple substituted carbonyl bases (HR}and water, both cases. We could not deduce expressions similar to egs 3
their parameters are correlated with the PAs of the correspondingand 4 for the cyclic (N)F-O,, — H,,**N structures. The
sites, and positive departures from the correlations are observedeason is probably because the intermolecular distances and
for the cyclic dimers where the distance between the hydrogenangular properties in these structures vary within much broader
atom of the R substituent and the oxygen atom of water is limits.
lower than 2.5 A. As demonstrated in Table 1, this is actually ~ The hydrogen-bond energies in the closed (M@, —
the case for the complexes of uracil and its tautomers with H;:--O complexes, where, as suggested by the intermolecular
water. distances, both hydrogen bonds contribute equally to the binding
Let us now consider the closed (N}, — H.++O(=C) energies, can also be represented as a function of the intrinsic
complexes formed by uracil and its tautomers with a water acidities or basicities of the groups involved in the hydrogen-
molecule. Table 1 and Figure 1 indicate that the intermolecular bond formation. The analysis of the data collected in Table 2
distances r((Q)H;,++O) are not ordered according to their PAs and Figure 1 leads to the following exponential expression
and DPEs values. In these six-membered rings, the two hydrogerfor the interaction energyEus (Exs, PA, and DPE in kJ
bonds are mutually strengthened because of a cooperativityMol™):
effect. It can be then expected that these distances will also
depend, although to a lesser extent, on the acidity of théeiIN  Epg = 2419 expf-0.003 322(1.5DPE- PA)], r =0.9847
bonds involved in the formation of the closed structure. The (5)
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Figure 6. Eus as a function of 1.5DPE- PA.

The data illustrated in Figure 6 show that the correlation
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hydrogen-bond formation, and as discussed in ref 1b, the
elongations of the XH bond are inversely related to the
intermolecular H--B distances. From these considerations, it
can be anticipated that the frequency shift of #{&H) and
v(NH) vibrations of the present complexes will be governed
by both the DPE and PA of the interacting sites. Furthermore,
the coefficients of DPE and PA are expected to be very similar
to those of eq 4. For the complexes between the hydroxy
tautomers and water, the correlation is indeed as follows
(Av(OH) in cm 1, DPE and PA in kJ mol):

Av(OH) = 3.36 x 10° exp[~0.0063(DPE- 0.40PA)],
r=0.9727 (7)

established for the interaction energy between five nucleobasesyhere DPE and PA refer, in this case, to the DPE of the OH
such as uracil, thymine, cytosine, adenine, and guanine, on theponds and the PA of the N atoms. It must be mentioned that in
one side, and the water molecule, on the other one, is NnoWsome other complexes thgNH) and they(OH) stretching
extended to the complexes of the less stable tautomers of uraciliprations are strongly coupled. In the case of the-812w;

with water. An analogous correlation has been recently proposedcomplex belonging to the group of cyclic complexes, the

for the enot-enolate hydrogen bond&The dominant contribu-

vy andvy stretching vibrations of water are shifted toward

tion of the proton donor to the interaction energy has been |ower wavenumbers by 275 and 47 chrespectively, and

discussed in refs 10a,b and 15a.

For the N--H,—0,--H—0 cyclic structures, eq 5 is char-
acterized by a worse correlation coefficient= 0.9238. This
is likely because the (O)+0O,, bond provides a larger contribu-
tion to Eyg. This (O)H--O,, bond is indeed significantly shorter
and its deviation from linearity is significantly lower than in
the QH;,-*N hydrogen bond.

For the open complexes where the water molecule acts as

hydrogen-bond system& In a small range, the correlation is

generally linear. In the present complexes where, on one hand

the Exg values range between 11 and 24 kJ nd@nd the PA,
on the other one, varies between 870 and 950 kJ nthe
best fit is given by the exponential expression (energies an
PAs in kJ mot?)

E.s = 0.002 13 expf-0.009 97PA], r = 0.9557 (6)

It must be mentioned at last that the large binding energy of

43.7 kJ mof* calculated for the 34U—w3 complex is due to
the exceptionally large acidity of theg©H bond. Only two

S

enhanced by a factor of-®. The formation of the 1,2U—w;
complex results in a red shift of the’ stretching vibration
of water by 304 cm! and a very large increase of its IR
intensity.

It is also interesting to analyze the stretching vibrations in
the uracil tautomerwater complexes where water acts as a
biacceptor of the hydrogen bond. These are the 3;2w, and

; A . &3 4,-U—w; complexes. One may expect then that the red shifts
proton donor, the interaction energies are correlated to the PA

of the acceptor atom. This has been discussed for numerou

of the s andvj stretching vibrations of water are quite small
and actually equal to 7 and 18 cinfor the vy andvy
vibrations, respectively.

" The out-of-plane deformation of the OH bong(QH)) is

predicted around 600 cm, with an infrared intensity of 60 km/

d mol. This mode is very sensitive to the interaction with water.

In the 1,4-U—ws3 complex for example, it is computed at 925
cm™, with an intensity of 130 km/mol.

C. Relative Order of Stability of the Tautomer—Water
Complexes.As discussed in sections A and B, the interaction
between the uracil tautomers and water leads to various cyclic
or open complexes. We have shown that the interaction energies
are ruled by the acidity or basicity of the groups or atoms
involved in the formation of the hydrogen bonds or, in other

complexes where water acts as a biacceptor are predicted by, ,4s by theocal propertiesof the tautomers. In a previous

the present calculations, and therefore, these data are insufficien; | ob

to deduce a correct correlation.

Thev(OH) andy(NH) stretching frequencies of the free uracil
tautomers and the frequency shifts resulting from complex
formation with water are presented in Table 3. In the cyclic
N)H-:-Q,, — H,,-*O complexes, the(NH) stretching vibra-
tion is shifted to lower wavenumbers by 19267 cnt! and
substantially enhanced by a factor of-4. As expected, the
largest shift of 267 cmt is predicted for the strongest complex
3,%-U—w, (see Figure 4). The second group of cyclic
(O)H:---O,, — H,***N complexes is characterized by red shifts
of the »(OH) stretching vibration ranging from 357 to 604 cn
The lower limit corresponds to the,2;-U—w, complex, which

we have demonstrated that the relative stability of the
uracil tautomers is inversely related to the differemfeE —

PA, whereDPE refers to the mean value of the deprotonation
enthalpies of the two functionalNH or O—H groups andPA

to the mean value of the proton affinities of the two O or N
atoms. Thus, the relative order of stability of the tautomers is
governed by the acidic or basic propertiesatif of the sites
present in the tautomers. From this, it can be anticipated that
the relative order of stability of the tautomewater complexes

will not be the same as that established for the free tautomers.
For instance, the calculated order of the interaction energies of
the most stable tautomers with water moleculebscomes as

is the least stable one, whereas the upper limit is assigned tofollows:

1,2-U—ws,, the strongest complex. For open complexes, the
frequency shifts of the(XH) stretching vibrations are related
to the PA of the acceptor atotff So far no correlations between

these shifts and the PA have been established for cyclic

complexes. As shown in our previous wotR&152the frequency
shifts are related to the elongation of the XH bond involved in

13.2
2,4-T,—w,

1.8 5.7
2-T,—w, ~ 4-T,—w, ~ 2,4-T,—w,

(8)

In eq 8,Exs = 41.80 kJ moi? of the 3,2-U—w; complex is
chosen as the reference energy. In general, the relative order of
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TABLE 3:

in the Water Complexes (cnr?)

Kryachko et al.

v(OH) and »(NH) Stretching Frequencies in Free Uracil Tautomers and Water and Corresponding Frequency Shifts

U—w UNg—H7% AUNG—Hy UNag—Ho® AUNg—Hqg U\lN a Av‘lN UZV a AU‘;V
U 3649 (109) 3607 (69) " = 3809 (6) v =3931 (57)
U-w;, —222 (—193Yy (508) —1 (—4) (94) -192 (360) —32(108)
U—w; 0 (—=5)° (131) —191 (360) —152 (238) —28 (104)
U—ws —2 (=5)° (104) —206 (—165) (356) —196 (386) —31 (100)
U—w, —2(97) —1(81) —182 (483) —29 (102)
2-T—w VOg—H; AUngH UN—H, AUNfH v, \INAU‘lN v, WAZ/W
3,2-U 3777 (123) 3593 (71)
3,2-U—w; —554 (947) 1(69) —275 (710) —47 (117)
3,2-U—-w; —6(128) —147 (359) —24 (24) —20 (120)
3,2-U—w3 —1(125) —239 (398) —239 (398) —33(96)
3,2-U—wy 0(131) —1(85) —32 (131) —30 (96)
3,2-U 3826 (91) 3575 (37)
3,2-U—w; 1(102) 3(45) —176 (630) —36 (110)
3,2%-U—-w; —224 (805) —29 (24) —7(25) —18(125)
3,2-U—wj3 —12 (106) —236 (338) —297 (569) —38 (95)
1,2-U 3775 (115) 3648 (115)
1,2-U—w; -9 (122) —167 (590) —26 (33) —7(132)
1,2-U—w, —604 (893) -2 (112) —304 (708) —45 (102)
4-T—w V0Oy0-H» Al/owa UN—H, AUNfH v, ‘1NAU‘1N v, 3WAUW
1,4-U 3744 (90) 3624 (81)
1,4-U—w; 2(91) —227 (343) —291 (694) —35(93)
1,4-U—w; 5(100) —3(98) —128 (437) —39 (66)
1,4-U—ws3 —484 (760) 4 (81) —272 (672) —44 (102)
1,4-U 3828 (77) 3621 (83)
1,4-U—w; —4 (80) —237 (341) —301 (727) —36 (92)
1,4-U—w, —3(95) —5(89) —57 (165) —67 (39)
1,4-U—ws3 —1(95) —4 (88) —99 (330) —43 (75)
3,4-U 3809 (88) 3585 (47)
3,4-U—w; 1(62) —1(98) —213(769) —43 (96)
3,4-U—w, —12(107) —267 (349) —333 (661) —38 (93)
3,4-U—w3 3577 (660y 3553 (2579 —7(25) —-18(127)
2,4-T-w V0g—H, AVog—H V0y9-Hy, Avoy-H v, ‘:VAU:N v, YA
21,4-U 3785 (101) 3758 (92)
21,4-U—wy —404 (504) -3 (91) —274 (936) —45 (107)
21,%4-U—w; —4(130) 3(175) —51 (138) —26 (146)
21,41-U—w3 1(102) —425 (767) —223 (573) —43 (110)
22,4-U 3796 (96) 3766 (78)
25,41-U—wy 1(105) 1(84) —202 (725) —38 (102)
22,4-U—w, —357 (558) 18 (71) —194 (601) —47 (126)
22,4-U—w3 28 (78) —390 (681) —208 (570) —47 (121)
21,4,-U 3787 (103) 3766 (78)
21,4-U—w; —393 (482) 0(77) —269 (937) —45 (107)
21,4-U—w, 0(115) 1(88) —114 (422) —43 (96)
21,4,-U—ws3 —1(116) 1(86) —107 (390) —43 (90)
25,4,-U 3787 (99) 3822 (77)
22,4,-U—w 1(108) 0 (85) —203 (708) —37(102)
25,4-U—w, —395 (666) 2(79) —209 (587) —42 (114)

a Frequencies are taken relative to the corresponding frequencies of uracil tautomers or water molecule displayed in the first line of each

tautomer. IR intensities in km/mol are indicated in parenthesEgperimental frequenciéd. ¢ »(OH) and2(NH) modes are strongly coupled.

stability of tautomerwater complexes appears to be as follows: As seen in Figure 2, these double-proton transfers describe the

following tautomerization processes (see also ref 10d):

3.4 2.4
2-T,—w, ~ 4-T—w, ~ 4-T,— 36.4kImolt  U-w,<2-T,—w, 41.8kJmol’
1.1 4.7 3.0 9.6 1 1
W, R 2T, S 24w, & 24T,y S 2T 27.5kImolt  U-w,=2-T,—w,  49.1kJmol
5.0 2.6 0.1 0.6 29.9kImolt  U-wy—=4-T)—w, 42.6 kImol*
w, > 2-T;—w, ~ 4-T;—w, ~ 24-T,—w,; ~ 2,4-T,— (10)

2.4
Wy ~ 2-T;—w, (9)

where the left- and right-hand numbers indicate the binding
energies of the reactants and products relative to the corre-
sponding channels. If the reactant side is characterized by the
The noticeable changes in the order in (2) taking place under order in (2), the product side of (10) takes a different order of
the concerted double-proton transfer via a bridging water the binding energies, viz., the second tautomerization reaction
molecules in the uracitwater complexes are worth mentioning. appears to be stronger than the third one which, in turn, is
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stronger than the first reaction. However, the reactant and
product channels in (10) have different reference energies. For
instance, in the case of the second tautomerization reaction, if
the reactant channel reference energy corresponds to zero, the
product channel reference energy is equal to the tautomerization

energy of 81.8 kJ mot of the 1,2-U—w, tautomer. Therefore,
summarizing, water substantially facilitates this tautomerization
double-proton-transfer reaction by 21.6 kJ ol

Furthermore, a comparison of eqs 1 and 8 dealing with the

relative orders of stability of uracil tautomers, free and com-
plexed with water, shows that water substantially affects the
relative order of stability of uracil tautomers in the gas phase

in two different manners. First, as mentioned above, it enhances
their occurrence. This is also seen, e.g., in that the most stable

tautomer 3,2U becomes less stable than its;3,2-w; complex
by 5.4 kJ mot?, while 1,2-U becomes less stable by 12.7 kJ

mol~1, enhancing its occurrence, by a factor of nearly 2. Second,
water changes the relative stability between tautomers them-

selves. For example, it raises the relative stability of the-8,2
and 1,4-U tautomers by a factor of 2 relative to the 4-U
one. With regards to the base pairing in DNA and RNA, water
also favors the binding to the 4;4 and 2,4,-U tautomers on
the major groove side, whereas the site in the vicinity of the

1,41-U-W1’2tr

sugar-phosphate backbone remains a more favorable one On|yFigure 7. Characteristic transition structures of uracil tautomeater

for uracil and its 3,2U tautomer.

We conclude this section by making a rough estimation of
the stability of the lower-energy tautomers of uracil surrounded
by the first hydration shell consisting of three water molecules
at the w, w,, and wg sites. Summing the interaction energies
of uracil 3,2-U, 1,4-U, and 3,4,-U with these three water
molecules, we obtain the following energies:

3 3
Es(U — Y w)=93.8kImol', Eg(2-T, —

w) =

3
w;) = 103.3 kJ mal*,

£
3
w) =83.2kJ mol* (11)

94.1 kI mol™*, E,5(4-T, —

Es(2,4-T, —

Hence, the 1,4U tautomer surrounded by the first hydration
shell is more stable than the 3@ one by~9.2 kJ mof?, which
is larger, as follows from eq 1, than their relative energy equal
to 3.6 kJ mof?. It therefore implies that the hydrated -4
tautomer of uracil is more stable than the hydrated;-8,2
tautomer by 5.6 kJ mot. This is in accord with the conclusion
made in ref 8e that the Onsager-type solvent favors thell,4
tautomer rather than the 3;2 one by 6.2 kJ mot'. In other
words, we may conclude that the first hydration shell stabilizes
the 1,4-U tautomer by ca. 90% with respect to the most stable
3,2%-U tautomer in the gas phase. On the contrary, water
destabilizes the ;24,-U tautomer by~10 kJ mof relative to
the 3,3-U one. This is also in agreement with the conclusion
drawn in ref 8e.

D. Transition Structures. In contrast to the wcomplexes,
all of the studied w, w», and w complexes of the uracil
tautomers with water are nonplanar, i.e., the oxygena@d
nonbonded hydrogen JHatoms of the water molecule which
forms its “free” Q,—H,, bond are pointing out of the tautomer
plane. A similar trend has been already noticed for uracil in ref
10. For example, in the case of the {tl4—w; complex, the
hydrogen atom HRis placed out of plane by0.5 A. This results
in the out-of-plane dipole moment component of 1.1 D of the

complexes.

total dipole moment of 3.8 D of the L4J—w; complex.
Therefore, there are actually two isomers of the complex 1,4
U—w; distinguished by the position of the free,©H,, bond

of water relative to the 1;4U ring. Their interchange is
governed by the transition structure ]]:M—thr which is
perfectly planar (see Figure 7) and lies by 1.0 kJ Thalbove
the 1,4-U—w; complex. Its imaginary frequency of 170
cm! describes the out-of-plane rotation of the freg—®l,,
bond. Such a small transition barrier becomes accessible at
> 100 K and thus implies a nearly free flipping of these isomers
into each other. A higher transition barrier is found in the w
region. For instance, the transition structuggd2U—wy dis-
played also in Figure 7 resides above th@2U—w, minimum

by 4.5 kJ mot?l. The transition structure between #4—w;
and 1,4-U—ws; is also shown in Figure 7. It is characterized
by the imaginary frequency of 5&¢m~! assigned to the out-
of-plane motion of the whole water molecule, whlich forms
two rather weak and bent H-bonds with the &d N; atoms.
This transition structure 114J—U—wt1r,2 is located by 8.7 kJ
mol~! above 1,4U—ws,.

E. Complexes of the Deprotonated 34U Tautomer with
Water. The radical anion of uracil has been recently investigated
and it has been shown that geometric changes resulting from
electron attachment are sm#llin the conventional anionic
complexes with water, the NHO,, hydrogen bonds are broken
and the remaining €0-:-H,, bonds, while remaining linear,
are much shorter that they are in the neut?aFor the w, wo,
and w complexes, the hydrogen-bond energy increases by a
factor of 1.15-1.49. The influence of the detachment of a proton
of uracil, leading to a deprotonated species, on the geometry
and energy of the complexes with water has not been investi-
gated so far. The 3;4J tautomer, which has the lowest DPE
of 1294.6 kJ mot?, is chosen for this purpose.

The geometries of the mono anion 3l4—0.0~ (4-T§1’)
complexed with water at the mand w sites are displayed in
Figure 4. The geometries of the neutral complexes are shown
for the comparison. As discussed in section A, the-814w;
complex has an open structure, thgHQ-+-N distance is 1.958
A, and the complex is perfectly planar. The corresponding



1942 J. Phys. Chem. A, Vol. 105, No. 10, 2001

[U-w3=1,4;-U-w3]""

Figure 8. Transition state of the concerted double-proton transfer of
the tautomerization process-W; < 1,4,-U—w3; mediated by a water
molecule at the wposition.

binding energy amounts te24.0 kJ mot?. In contrast, the 34
U—w, complex is cyclic and the binding energy with water is
45.9 kJ mofl. The geometries of the 4;;1’ complexes are
drastically different. The 4-jf-w1 complex becomes now
cyclic, and the QH;-N distance is elongated by 0.010 A.
The interaction energy with water is increased by a factor of
more than 2 and becomes now 57.3 kJ Mol

The 4-'If-w2 complex is linear, and the (i,,:+*N distance
is, by 0.142 A, shorter than that in the 34—w> complex. In
the 4-T4d-w2 complex, the @ atom of a water molecule
resides out of the molecular plane with the dihedral angle of
6.4°, and its H, atom lies nearly perpendicular to this plane
with the dihedral angle of 95°3The binding energy of 46.2 kJ
mol~! is about the same as the one of 45.9 kJ thah the
3,4-U—w, complex.

The formation of a ring structure in the 44-dTW1 complex
and the shortening of the @O bond in the 4-1d-w2

Kryachko et al.

proton transfer of the tautomerization processw} < 1,4-U

in the presence of a bridging water molecule is described by
the asymmetric double-well potential which possesses two
minima corresponding to the-tvs and 1,4-U—ws; complexes
separated by an activation barrier. Their energies are equal to
61.6 and 25.1 kJ mol relative to the barrier height (see Figure
8). Their energy offset is equal to 36.5 kJ mblthat is, by
12.7 kJ mot? lower than the gas-phase tautomerization energy
of U—w3 < 1,4-U—ws. This implies that a water molecule
placed on the minor groove of the Watse@rick adenine-
uracil base pair substantially facilitates the aforementioned
tautomerization process. It is interesting to compare the present
activation barrier of 61.6 kJ mot with the similar one
governing the tautomerization of guaniffeand cytosiné&®
mediated by a water molecule. At= 0 K, an excess entropy
due to the proton transfer from the lower well to the transition
structure is calculated to be 32.6 J mblT 1, whereas from
the upper well to the transition structure it becomes equal to
245 J mot! T-1 At T = 298.15 K, these excess entropies
lower the activation barrier free energy of the double-proton
transfer to 47.6 and 14.5 kJ md) respectively, for the lower
and upper wells (see Figure 8).

The transition structure [Uwsz < 1,4-U—ws3]" is character-
ized by interesting geometrical and intrabond properties. As
shown in Figure 8, the ) — H,, Oy—Hz,, and Q, — H,,
distances which range between 1.178 and 1.234 A, respectively,
are considerably elongated with respect to the free water
molecule. The Q — H;, and Q, — H,, distances of 1.204 and
1.234 A are nearly the same, and they®0,, distance of
2.385 A is very short. These geometrical parameters indicate a
very strong, nearly symmetrical OHO hydrogen bond. The H
O™ moiety has a strongly distorted pyramidal structure, the
H,, — O, — Hj, angle being equal to 85.@nd the two others
are 114.9 and 113.8. The N;—Has, distance of 1.335 A is
intermediate between that of a valence bond (1.05 A) and an
intermolecular hydrogen bond«(1.8 A).

This transition structure possesses the imaginary frequency

complex suggest a strong increase of the proton acceptor ability1489 cm! assigned to the simultaneous double-proton transfer

of the Gy atom in the deprotonated species. As indicated in
Figure 4, deprotonation results in a decrease of #& Mistance
and an increase of the;Gg bond length, which indicate a larger
electronic delocalization within the 38,05 skeleton. The

of H,, and Hs. (see Figure 8). This vibrational mode corre-
sponds to a contraction of the,O— H, bond and to a

stretching of the M—Has, one. The vibrational modes predicted
at 1974 and 1717 cm with respective IR intensities of 73 and

changes of the complex structures upon electron attachment havggo km/mol describe some stretching motions of the -©

been explained by charge accumulation in tg€401, region0b

Our calculations also reveal that complex formation with
water affects significantly the DPE of the;pl bond. In the
3,4-U—w; complex, the DPE is equal to 1255 kJ mband is
thus lowered by 39.6 kJ mol with respect to the free tautomer.
This effect may be due to the charge transfer taking place from
the tautomer to the water molecule. In contrast, in the-B84
w, complex, the DPE of the fgH bond is 1288.1 kJ mol,
i.e., lower by only 6.5 kJ molt than that in the free tautomer.
In this cyclic complex, the electronic delocalization is mainly
confined to the six-membered ring.

F. Double-Proton Transfer in the 1,4-U Tautomer. We
consider the concerted double-proton transfer of the tautomer-
ization process bws; < 1,4;-U in the presence of a bridging

H;,, Ow—Hza, and Qo—Hy! bonds. They(OH) vibrations are
red-shifted by about 2000 crhfrom the free water molecule.
The out-of-plane deformation vibrations of the, & H,, and
Ow—Hza bonds are also predicted at 1457 ¢man unusually
high frequency. It is also worth mentioning that two modes at
1008 and 1297 cmt are coupled with the intermolecular mode
vs(N3*=+Hsy). This frequency is lower than théNH) frequency
predicted at about 3600 crhbut much larger than the frequency
of the intermolecular mode usually observed at wavenumbers
lower than 200 cm!.20

Conclusions

We have studied the interaction of uracil tautomers with water
in order to find a rationale expressing the relative order of

water molecule. Such a process can be viewed as the keystability of uracil tautomers in the presence of water. Twenty-

mechanism leading to the base pairing misnfateh the
Watson-Crick A—U pair! The tautomer 14U which is the

nine complexes of uracil tautomers with a water molecule have
been chosen for this purpose. Their complete classification in

most stable one in polar solvents (see ref 8e and section C) anderms of cyclic and open structures has been elaborated, and

is thus of relevant biophysical importaifeés chosen for this
purpose.

The transition structure [Bws < 1,4,-U—wj3]" governing
this process is displayed in Figure 8. This concerted double-

their comparison with the parental uraciater structures has

been carried out in terms of their geometries and energies.
We have particularly shown that the cyclic structures are

partitioned into two types. One of them is the typical case of
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