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The potential-energy surface of the uracil tautomerization is comprised of 12 different tautomeric forms,
except uracil itself. Their optimized structures are determined at the B3LYPH&81,p) computational level.

Five structures are reported for the first time, although four of them fall into the relative-energy interval
already investigated in the past. The relative order of stability of all uracil structures is established. The
proton affinities (PAs) and the deprotonation enthalpies (DPEs) of the atoms or bonds involved in the
tautomerization process are calculated at the same computational level. The PAs and DPEs values sensitively
depend on the tautomeric form, with the PAs of the oxygen and nitrogen atoms ranging from 815 to 947 kJ
mol~! and the DPEs of the OH and NH groups from 1295 to 1448 kJ dhe relative energies of the

uracil structures with respect to uracil are then rationalized in terms of a second-order polynomial of the
difference between their mean PAs and DPEs.

1. Introduction torially that there are actuallyg) — 2 — 1 = 12 possible sites

Uracil is one of the building pyrimidine nucleobases of RNA.  for two hydrogen atoms to reside on the atoms N, Og, and
In DNA, it is replaced by thymine, its 5-methyl derivative. It Oio. This results from two possible orientations of the-©
has been recently synthesized via the proton irradiation ofCO bond, leading to different rotamers. Therefore, there exist 12
N>—H.O and obtained by quenching this high-temperature different structures, excluding uracil, of which four are mono-
plasma? hydroxy tautomers with one dihydroxy tautomer and seven are

Uracil manifests itself in its most stable diketo form (see the different planar rotamers of the hydroxy groups. Of these
Figure 1). Nevertheless, it has been known for a long time that structures, only seven have been calculated previously. Two new
uracil may also exist in some tautomeric forms. They result tautomeric forms of uracil have been recently predicted at the
from proton-transfer reactions, whose activation barriers control B3LYP/6-31G(d) computational levét®
their formation and determine actually their relative population.  One of the aims of the present work is to investigate the
In the Watson-Crick model of RNA, uracil in uridine must  potential-energy surface (PES) of the uracil tautomerization at
take its dioxo tautomeric form in order to be in the comple- the B3LYP/6-31-G(d,p) computational level. The PES search
mentary conformation with the normal, amino tautomer of reveals the 12 structures of uracil. The properties of five
adenosine. Because of the highly probable link between the rotamers are reported in the present paper for the first time. It
spontaneous point mutations developing during RNA replication is interesting to notice that four of them fall into the energy
and the occurrence of the rare enol tautomers of Graieiived interval examined recently in ref 11c.
as a major factor responsible for the formation of the nucleobase- Much less attention has been paid in the past to the relative
pairing mismatches, the uracil tautomers have been the subjecktapilities of protonated and deprotonated structures of uracil,
of many experimentét’ and theoreticd ! studies in the past.  although double proton transfer between the nucleobases in
NMR,® UV,*"% IR and Ramas,and microwavé& spectroscopic  DNA may play the key role in the appearance of rare tautomers.
studies of uracil tautomers led to the conclusion that the 2,4- Thjs was first pointed out by Watson and Crigkand this was
dioxo tautomer is the most stable one in the gas and solid stateghe basic idea of the molecular mechanism of point mutations
and in solution as well. Calorimetric experiments revealed that proposed by Lwdin'3aP (see also refs 14 and 15 for current
the 2-oxo-4-hydroxy tautomer of uracil is less stable compared review). Furthermore, the protonated and deprotonated forms
to its 2,4-dioxo form by 79.5 25.1 kJ mot®.” Fuijii and co- of the uracil structures are of considerable interest in view of
worker$®¢ concluded that the most stable hydroxy tautomer the potential protonation sites of DNA base radical #6rad
lies above the main form by less than 40.2 kJ Thdbee also  their interaction with water as well. There is, however, a
ref 7c). Since then, the problem of the relative stability of rare complete lack of information regarding the intrinsic acidity and

enol-type tautomers of uracil, primarily in water, has become pasicity of the uracil tautomers, which can be considered as
the subject of a major concern. fundamental properties.

The six uraciltautomgrs were the subject.o.f.numerous s'Fudies The present work is organized in the following manner.
performed at both semiempirical and ab initio computational gection 2 briefly discusses the computational methodology, and
levels®™*! As a matter of fact, one easily finds out combina- gsection 3.A presents the relative order of stability of the 12

possible structures of uracil. Section 3.B deals with their proton
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tOn leave from Bogoliubov Institute for Theoretical Physics, Kiev, relative order of stability of the uracil structures are rationalized
Ukraine 03143. in terms of their mean PAs and mean DPEs.
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2-Oxo-4-Hydroxy Uracil

21,41 -U 234 -U 21,4,-U 24,-U

Figure 1. B3LYP/6-31G(d,p) optimized geometries of uracil and the different forms of 2-hydroxy-4-oxo uracil, 2-oxo-4-hydroxy uracil, and
2,4-dihydroxy uracil. Bond lengths are given in angstroms, bond angles in degrees. The arrow indicates the direction of the total dipole moment.

The following notations of the tautomers and rotamers of Gaussian 98 suit of packag€sThis level is somewhat superior
uracil U are employed throughout the whole work by indicating to that employed recently in ref 11c. The geometries of the uracil
the atoms where the hydrogen is attached. Because there arstructures and their protonated and deprotonated forms were
two rotamers for each OH group in the tautomer, they are fully optimized without the constraint on a possible planarity.
specified by a “1” or “2” subscript. Uracil itself is then indicated The harmonic vibrations were also calculated in order to
by 1,3-U. 2-Hydroxy-4-oxo tautomers are referred to as-8,2 characterize the structures of tautomeric forms of uracil and
and 1,2-U, whereas their rotamers are referred to as-8,2 further analyze their vibrational spectra and thermodynamic
and 1,2-U, respectively. 2-Oxo-4-hydroxy tautomers areid)4  properties. The harmonic frequencies and zero-point vibrational

and 3,4-U, and the corresponding rotamers are>1J4and energies (ZPVE) were retained unscaled. The reported energy
3,4-U, respectively. The 2,4-dihydroxy tautomer is then re- values were rescaled to the enertjyZPVE and given in kJ
ferred as 24,-U, whereas its rotamers are labeled ag:2U, mol~! unless otherwise noted, as, for example, in Table 2. Gas-
21,42-U, and 2,4>-U. phase PAs and DPEs were calculated under standard conditions

of temperaturel = 298.15 K and pressurié = 1 atm.
The reliability of the chosen DFT-type computational level
All computations were performed at the DFT B3LYP has already been verified (see, e.g., refs 9e, 10b,d, 11a,c, 18,
computational level with the 6-31G(d,p) basis set, using the and references therein). It adequately describes the experimental

2. Computational Methodology
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TABLE 1: Optimized Geometries of the New Rotamers of
Uracil?

geometry U 24U 24U 14U 32U 12U
Bond Length
r(Ny, C) 1393 1339 1333 1428 1.297 1.380
r(N1, Ce) 1377 1341 1339 1353 1372 1.389
r(Ny, H7) 1.010 1.012 1.010
r(Cs, N3) 1384 1332 1339 1378 1365 1.282
r(Cz, Og) 1220 1344 1344 1220 1348 1.354
r(Ns, Cs) 1.412 1.326 1.328 1.303 1.428 1.411
r(Ns, Ho) 1.014 1.015
1(Cs, Cs) 1.459 1.407 1.404 1.437 1.444 1.475
r(Cs, O10) 1223 1351 1352 1352 1225 1.223
r(Cs, Ce) 1352 1388 1391 1364 1366 1.346
r(Cs, Hi1) 1.081 1084 1084 1083 1.083 1.083
r(Ce, Hi2) 1.084 1.087 1.087 1.085 1.087 1.084
r(Hz, Og) 0.970  0.970 0.967 0.967
r(Og, Hi1) 0.967 0.967 0.967
Bond Angle
ON;CN3  113.2 127.8 127.8 116.1 123.8 124.9
ON,C,0s 122.7 1169 1158 1185 1178 116.8
ON:CeCs 121.8 123.0 123.6 119.7 1253 1198
ON;CeH:, 1154  116.2 1160 1171 1144 1157
OC,N;H; 115.1 115.0 121.7
0C,0gH7 1069 107.2 112.3 1127
OCNsCs 127.9 115.7 116.1 120.0 123.5 120.0
ONsC,Cs 113.7 1228 1222 1250 1119 116.6
OC4NsHy 149.2 114.2
OC4sCsCs  119.8 115.6 115.6 115.7 119.7 120.1
0C4010Ho 110.2 110.1 110.6
0CsCsO10 126.1  122.7 1231 1196 129.0 122.3
OCeCsHiy 122.0 121.7 1218 121.3 1223 1214

a2Bond lengths are in angstroms, and bond angles are in degrees.

TABLE 2: Relative B3LYP/6-31+G(d,p) Energy Ee in kJ
mol~1, with and without ZPVE, and the Total Dipole
Moment in D of the Different Structures of Uracil, with
Respect to Uracit

structure [=4] Erel + ZPVEy D
2-Hydro-4-oxo
3,2-U 46.4 (51.9) (43.5F  45.6 (51.0h(43.9¥ 3.4 (3.2%
3,2-U 81.3 78.3 2.4
1,2-U 81.8 (90.4) 80.0 (87.0) 6.7 (4.6%
1,2-U 127.5 122.1 9.4
2-Oxo-4-hydro
1,4-U 50.0 (56.5) (49.4F  49.2 (52.2)(50.2) 5.1 (4.6
1,4-U 80.2 77.9 7.9
3,4-U 89.5 (94.6) 86.6 (91.6) 7.5 (7.5%
3,4-U 102.3 (108.0) 98.0 (104.2) 6.1 (5.8
2,4-Dihydroxy
21,4-U 53.5(64.0) (44.5F  53.1(64.0) 1.3 (1.1%
25,4-U 58.5 (69.0) 57.7 (69.0) 2.5 (2.5%
2.3,4-U 76.7 75.4 4.2
2,,4,-U 76.9 75.5 3.8

aThe B3LYP/6-31-G(d,p) energy of uracil is equal t0414.847 362 1
hartree. Its ZPVE= 54.5703 kcal mol’. » B3LYP/6-31G(d) +
0.9804ZPVE computational levElc ¢©MP2(fc)/6-31G(d,p)//HF/
6-31G(d,p) computational levéld ¢ MP2/DZP+ 0.91ZPVE compu-
tational level:%®

geometry of uracil U (see Table 1 and also Table 1 in ref 11a,c)
and the rotational constants of uracil and its tautomeric forms
3,2-U, 1,4-U, and 3,4,-U (see Table 1 in ref 9e), and,
moreover, it is in fact energetically closer to the MP4 level than
to the MP2 oné¢ It is also worth noting that the experimental
values of the acidity of uracil are very close (to within 4 kJ
mol~1) to the one predicted at B3LYP/6-315(d,p), thus
validating that computational method and le¥&IHowever,

by comparison with the MP2/6-31G(d) level (see Table 3 in
ref 11a and Table 2 in ref 19), the B3LYP/6-BG(d,p) level
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overestimates the total dipole moment of uracil (see also ref
9e), whose experimental value varies from 3286 4.16 D@

The calculated’(NH) stretching vibrations of uracil are com-
pared with the experimental data in Table S1 of the Supporting
Information (see also ref 18). It is worth noticing that such a
comparison leads to scaling factors of 0.9509 and 0.9490.

3. Results and Discussion

3.A. Optimized Geometries and Relative Energies of
Uracil Tautomeric Forms The 12 structures of uracil displayed
in Figure 1 and lying within ca. 122 kJ mdiabove its global
energy minimum are found in the present work on the PES of
the uracil tautomerization. Seven of them have geometries
matching the geometries calculated at the B3LYP/6-31G(d) level
in ref 11c. The properties of five rotamers are considered here
for the first time. Their optimized geometries are collected in
Table 1. As is discussed in ref 8d, the ketnol tautomerism
is accompanied by significant changes of the corresponding
C—0 bond length. In the present case, the-Og bond is
elongated by 0.120.13 A and the ¢—0O10 bond by~0.13 A.
There is also a decrease of thg-NC,—Og bond angle from
4.6 to 6.9. For all of the structures except the |2 one, we
observe a pronounced elongation of the-Cgs double bond. It
is worth noticing that in the two dihydroxy structures, all of
the intra-ring distances, with the exception of the-Cs one,
become smaller. This may be accounted for by the increasing
aromatic character of the six-membered ring. In thgh2U
structure, the distances are very similar to those experimentally
observed in pyrimidir®®, where the shortest distancg-NC,
is 1.33 A and the largest one of the-€Cs bond is equal to
1.41 A. A similar remark also holds for the angles, varying from
115.7 of the G—N3—C,4 bond angle to 12822 which corre-
sponds to the N-C,—N3 bond angle.

The tautomerization or relative energy of a given uracil
structure is defined as a difference between its total energy and
that of uracil. The relative energies of all different structures of
uracil and their total dipole moments are listed in Table 2. One
expects the energies of the tautomers to be different, with a
relatively small difference between rotamers. This is the case
for the dihydroxy tautomers but not for the 2-hydroxy and
4-hydroxy tautomers, where the energy difference between the
rotamers varies between 13 and 41 kJ Tholn terms of their
relative energies, they are partitioned into the three following
groups.

The first group includes the most stable tautomeg-8lf
the 2-hydroxy-4-oxo form, with a total dipole moment of 3.4
D and an energy higher than uracil by 45.6 kJ hoTrhe 3,3-U
tautomer is followed by the 2-oxo-4-hydroxy tautomer;iL4
and the 2,4-dihydroxy tautomer,4;-U. They are located at
3.6 and 7.4 kJ mott above 3,2-U, respectively, and have total
dipole moments of 5.1 and 1.3 D. Both these tautomers have
the @—H group in the cis position with respect to the &tom.

The second group falls within an interval of energies of
approximately 7598 kJ mot ! above uracil. It is separated from
the first group by 17.7 kJ mot and particularly contains two
nearly isoenergetic 2,4-dihydroxy conformers,42U and
2,,4>-U and also a pair of nearly isoenergetic structures-U,4
and 3,2-U. They are placed above uracil by respectively 75.4,
75.5, 77.9, and 78.3 kJ n1dl As seen in Figure 1,:2»-U and
2,,4>-U are interconnected to each other by the-KD group
flipping around the @-Og bond. The four mentioned lower-
energy structures have not been studied so far, despite the fact
that the other ones, L;2) and 3,4-U, belonging to this group
and lying above uracil by 80.0 and 86.6 kJ midhave recently
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been reportedc It is also seen in Figure 1 that in the,2-U,
2,,4>-U, and 1,4-U structures the @—H group is in the cis
position with respect to the £&atom. The second group also
includes the structures 4, 1,2-U, and 3,4-U, with rather
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One sees that, at any computational level, the-8,8tructure
is certainly the most stable one. It is followed by the;1L4
structure, which lies very close to the 2,4-dihydroxy one
21,44-U. A comparison of the structures of ;4 and 2,4,-U

large dipole moments of 7.9, 6.7, and 7.5 D, respectively. presented in Figure 1 suggests that the corresponding proton
Comparing these values of the total dipole moment with those transfer from @ in 1,4;-U to the N site in 2,4,-U which can
calculated in ref 11c at the B3LYP/6-31G(d) computational be facilitated by the adjacent water molecule occurs via a nearly
level and also collected in Table 2, one finds that the B3LYP/ symmetrical double well reaction path. Because the dipole
6-31G(d) level predicts less accurately the dipole moment of moment of the 2-oxo-4-hydroxy tautomer /4 exceeds that
1,2,-U, whereas its present magnitude correlates well with other of 2,4,-U by a factor of about four (see Table 2), its occurrence

reported theoretical values ranging from 6.5 to 6.74{e
Finally, the 3,4-U structure lies above uracil by98.0 kJ mot™.

The third group of the uracil structures consists of a single
structure 1,2-U, which is higher in energy than uracil by 122.1
kJ mol! and is also reported for the first time in the present
work. It has the largest dipole moment of 9.4 D among all
tautomeric forms of uracil, and itsg&H bond is pointing out
of the uracil ring by 0.13 A, whereas thaNH bond takes the
opposite direction and lies partly out of the ring plane by 0.10
A. The corresponding transition structure lies above-Udy
0.56 kJ mot?! only. It is planar and characterized by the
imaginary frequency 1&m~1, describing the asymmetric out-
of-plane libration of the @-H and N—H bonds.

Therefore, the relative stability order of the different structures
of uracil becomes the following at the present computational
level:

45.6 3.6 3.8 4.2
>'3,2-U>14-U>2,4-U>
17.7 0.1
2,4,-U > 2,4,-U= 2,4,U

1,3-U

24 0.4 1.7 6.7 11.4
2 1,4,UX32,U~12-U>34-U>
34,0 > 1,2:U (1)

in a polar solvent is highly probable compared with the
occurrence of the;24-U tautomer (see ref 11d). The next stable
structure is 24-U, which is placed by~4.6-5.0 kJ mof?
above 2,4:-U (see egs 1 and 6). It is followed by the two
rotamers 24,-U and 2,4,-U, which are almost isoenergetic,
according to (1). The relative order of stability goes further to
1,4-U, 1,2-U, 3,4-U, and 3,4-U and finally ends by the
1,2-U rotamer. All of the uracil structures can also be
characterized by their vibrational properties and IR intensities
given in Table S1.

One of the main factors determining the relative stability of
the different forms of uracil is certainly the repulsion interaction
between two neighboring ©H and N-H groups. As is
demonstrated by the present data, the-BlZotamer is less
stable by 32.7 kJ mol than the 3,2U one because of the
repulsive dipole-dipole interaction of the nearly parallekNH
and Q—H bond dipoles. A simple estimation of the difference
of their dipole-dipole interaction as pointlike dipoles in 3;2
and 3,3-U gives 21.6 kJ mail, which is about 66% of the
aforementioned energy difference. A similar remark holds for
1,2-U and 1,2-U, whose difference in relative energies is equal
to 42.1 kJ mott. Another factor is the attractive interaction
between the ©H or N—H bonds, on the one side, and the lone
pair(s) of the adjacent N or O atoms, on the other 8ridere,

where the quantity above the inequality indicates the corre- the existence of intramolecular hydrogen bonds can be ruled
sponding energy difference. This order is preserved at ambientout for geometrical reasons. In all cases, the intramolecular
temperatures. The present order of Stabmty can be ComparedH'“N distances are short, i.e., smaller than the sum of the van

with previous theoretical findings:

B-LYP/6-31G(d,p)//MP2/6-31G(d,B)

47.9 3.0 6.6
1,3-U>3,2-U>1,4-U>2,4U 2)
MP2/DZP+ 0.91ZPVE®
43.9 6.3
1,3-U> 3,2-U>1,4-U ©)

MP4(SDTQ)/6-31G(d,p)//HF/6-31G(d,g)
0.9ZPVE[HF/6-31G(d,pff
1,3-U>32-U>2,4-U~14-U )

and finally, with

MP2/6-31G(d,p)//HF/6-31G(d,p}
0.9ZPVE[HF/6-31G(d,pJf°

®)

B3LYP/6-31+G(d) + 0.9804ZPVE[B3LYP/6-31G(dj}°

43.3 1.0 5.2
1,3-U>32-U> 1,4-U > 2,4,-U

51.0 42.0 8.8 5.0 18.0
1,3U%'3,2-U>1,4-U> 2,4-U> 2,4-U> 12U >
*3,4-U > 3,4-U (6)

der Waals radii of the H and N atoms. However, the-©ON
angles which appear to be smaller tharfi 88cline an efficient
overlapping between the OH bond and the N lone pair. In
1,4-U, the Ny-+*Hg distance is indeed equal to 2.253 A and the
corresponding angleO;0HgN3 is found to be 78.8 A similar
conclusion can be also drawn fof,&-U and 2,4:-U, where
the Na*+-Hg (O10) distance is equal to 2.262 Ay(2,-U) and to
2.275 A (2,4,-U) with the corresponding {HgN3 angle of
72.1° (21,4-U) and 78.7 (22,4:-V). In 21,4:-U, the Ny=+-Hg (Os)
distance is equal to 2.254 A, with the correspondingrgN,
angle of 79.7, whereas in 24:-U, the Ns---Hg (O4) distance is
equal to 2.256 A, with the corresponding, s N3 angle of
79.5.

It is worth noticing that, although the tautomerization of uracil
has been a subject of numerous studies, the relative order of
stability of the tautomeric forms of uracil has not been so far
rationalized in terms of their physicochemical properties. An
important property is the intrinsic basicity, and as a fdlthe
tautomeric form of the lowest basicity is predominant in the
gas phase. Itis known, e.g., that the tautomers 2-hydropyridine
and 2-pyridone both exist in the gas phase and that their PAs
do not differ by more than 2.4 kJ mdl?® Furthermore, the
fact that 1,4-U is more stable than 3;4J and 3,4-U implies
that the proton at the \atom is more acidic than that residing
at the N atom. These features suggest that the energies of the
tautomers depend on their intrinsic acidities and basicities. This
will be discussed in the next section.
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SCHEME 1

Protonation of the 3,2;-U uracil at the N; atom

03H

A)

PA(Nyp: 3,2,-U+H" —» 1,3,2,-U"

OBH

N1H
+H =

The proton affinity is the negative value of the enthalpy of the protonation
process: PA(A) = [E(A) - E(AHY)] + [ZPVE(A) - ZPVE(AH] + 5RT/2

Deprotonation of the 3,2,-U uracil at the Og atom

Og

PN

HN3 N,
4
e

OgH

2\N1

3
—>
4
04 0)\5)

DPE(Og): 3,2;-U—» 3-U +H'
The deprotonation enthalpy is the enthalpy of the deprotonation
process: DPE(A) = [E(A) - E(AT)] + [ZPVE(A) - ZPVE(A")] + 5RT/2

+ H'

3.B. PAs and DPEs of Uracil Tautomeric Forms

In this section, we will discuss the protonation affinities and
DPEs of the atoms or bonds participating in the tautomerization
process, namely, the protonation of the carbonyl oxygen and
nitrogen atoms and the deprotonation of the Ml and O-H
bonds as well.

The protonation of uracil and its 12 different structures leads
to 12 protonated forms UH which, for a convention, bear the
names of their most stable parental uracil tautomeric form. We

Kryachko et al.

TABLE 3: PAs2in kJ mol~! of the O and N Atoms of the
Different Structures of Uracil

08 08 O10 o10
structure (N;side) (Nsside) (Nsside) (Csside) N N3
U 815.3 821.0 848.2 8620
3,2-U 862.3 880.3 860.9
3,2-U 852.4 874.4  899.2
1,2-U 945.1 927.1 950.9
1,2-U 991.9 930.4 936.9
1,4-U 880.8 914.3 897.3
1,4-U 886.8 925.1 937.9
3,4-U 921.3 882.7 946.6
3,4-U 915.2 872.1 946.2
21,4-U 884.6 870.2
22,4-U 922.9 831.8
21,4-U 884.2 910.1
22,4-U 922.7 871.6

aSee Scheme 1 for the definition of PAThe experimental PA of
uracil 2

TABLE 4: DPEs?in kJ mol~! of the NH and OH Bonds of
the Different Structures of Uracil

Os Os O1o O
structure N N3 (Niside) (Nsside) (Nszside) (Csside)
u 1392.6 1448.1
3,2-U 1411.5 1347.0
3,2-U 1373.2 1314.3
1,2-U 13715 1368.1
1,2-U 13355 1326.5
1,4-U 1420.5 1398.9
1,4-U 14199 1370.1
3,4-U 1410.3 1306.0
3,4-U 1371.6 1294.6
21,44-U 1416.6 1404.0
2,,4-U 1412.0 1393.8
21,4,-U 1421.5 1381.7

25,4,-U 1421.4 1375.9

aSee Scheme 1 for the definition of DPE.

U™ of 5.7 D compared with that of 132,-U™, which is equal
to 2 D. The other prototautomeric forms are arranged in the
following manner

also use the notations defined in the Introduction and based on
listing the atoms where the hydrogen atoms and the added proton‘L,22,41-U+

are attached. An example of protonation and deprotonation
reactions in the 3,2U tautomer is shown in Scheme 1.The

former reaction can be also considered as the protonation of

the 1,3-U at the @atom on the N side. This implies that the
sum of energies for these two reactions, 32+ H™ —
1,2,3-U + HT, is equal to the tautomerization energy of
3,2-U.

The PAs of uracil structures are presented in Table 3. The
most stable prototautomeric form is 1,8-U" with a PA of
914.3 kJ mot? for the G atom on the N side. This might be
of importance for a possible proton transfer in base pairs
containing the uracil tautomeric form %,2,-U", which may
cause, according to the alin model!® a base pair mismatch.
The latter PA exceeds the largest PA of uracil at thepgosition
on the G side (1,3,4-U™) by 54.3 kJ mot?, which coincides
rather well with the energy difference of 49.4 kJ midbetween
uracil and its 1,4U tautomer shown in eq 1. Apparently, the
difference of ca. 5 kJ mol between these values is mainly
attributed to the more preferable arrangement of thé-Dbond
dipoles (X= 0 and N) in 1,2,4:-U* residing at the N Osg, ,
and Qg atom (N\; side) compared with that in 1,3;4% at Ny,

N3, and Qg (Cs side). The aforementioned energy difference
of ~5 kJ mol™! can be significantly reduced or even reversed
in polar solvents because of the larger dipole moment of £,3,4

134U > 1,34-U" ~1,2,4,U" ~ 3,2,4,U"
¥1,2,4-U" 3°1,2,3-U" > 32,4,-U" ~ 1,2,3-U"

()

It might also be mentioned that the 2,4 forms can be considered
as 2,4-dihydroxy pyrimidines. The PA of;,2;-U does not
markedly differ from that of pyrimidine equal to 880 kJ mbf°
The lowest PA of 831.8 kJ mot is found for the N atom of
2,,41-U. This results from the repulsion between the thrge-O
H, N3—H, and Q¢—H bond dipoles. Finally, it is worth
mentioning that the PA of the atom on the N side of the
least stable 122U rotamer is equal to 991.9 kJ mél Therefore,

it appears to be one of tterongest organic basdsecause its
PA is similar to that of aliphatic diamines and is about 20 kJ
mol~1 lower than that of the proton spong®s.

The DPEs of the NH and O-H bonds of uracil and its 12
different forms are collected in Table 4. There exists actually
six possible forms of deprotonated uracil and its 12 tautomers
and rotamers. They are displayed in Figure 2. By analogy with
the prototautomeric form convention, the deprotonated con-
former is referred to its more stable neutral parental tautomeric

>1,2,4,U" >'2,3,4-U" > 2,3,4-U"
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the data in Tables 2 and 4 indicates that the lowest DPE values
are calculated for the less stable 314 and 1,2-U forms.
However, for the other structures, there is no systematic
correlation between the relative energies and intrinsic acidities.
It should also be noticed that the acidity of the-B bond in

the 1,2-U and 3,4-U forms is very large. Their DPEs are larger
by ca. 75 kJ moi! than the DPE of 1375 kJ mol for 4-NO,
phenot’, which is often taken as a reference acid in hydrogen
bond studies.

To rationalize the relative order of stability of the different
forms of uracil in terms of their PAs, let us consider the mean
value PA of the PA of the two acceptor atoms. For the
carbonyl oxygen atom, we introduce the average value of the
PA of two inequivalent lone pairs. For instance, by means of
Table 3, we readily find thaA(U) = 837 kJ mot?, the mean
value of the PA of the two carbonyl oxygens. For the;4 2
structure, thePA value is equal to 949.1 kJ md| the average
value of the PA of the carbonyl oxygen (961.2 kJ mipland
the Ns atom (936.9 kJ mot!). These are actually the smallest
and the largest values d&*A among all forms of uracil. A
comparison of the data reported in Tables 2 and 3 shows a very
rough correlation between the relative stability of the different
structures and the correspondif®f values. However, one
may also notice a strong departure for they32structure,
whose relative energy is much larger than that predicted from
the PA value which is equal to 881.1 kJ mél Moreover, the
1,4-U, 3,4-U, and 3,4-U forms are characterized by the similar
PA values, viz., 921.9, 924.3, and 919.9 kJ mplalthough
their relative energies differ significantly from each other, cf.
77.9, 86.6, and 98.0 kJ mdl The fact that 1,4U is more stable
Figure 2. B3LYP/6-31G(d,p) optimized geometries of deprotonated than 3,4-U or 3,4-U implies that the proton at theghitom is
uracil and deprotonated monohydroxy and dihydroxy uracil. more acidic than that residing at the Atom. The DPES of the
N—H and O-H bonds of uracil and its different forms show
that this is indeed the case. The DPE of the-N bond of
1,4>-U is equal to 1419.0 kJ mo}, i.e., it is much larger than
the DPE of the N—H bond in 3,4-U, which is equal to 1410.3
kJ mol* and that in 3,4U, which is equal to 1371.6 kJ mdi.
These considerations suggest that the relative order of stability
of the different structures of uracil depend not only on the PA
of the acceptor atoms but also on the acidity of the different

also elongated by 0.03@.038 A. An inverse trend is observed proton-donor groups. Therefore, their order of stability can be

in the dihydroxy structures. Deprotonation of the G—H bond .ration.alized in terms of the differend2PE — PA, WhereDPE.
results in a strong contraction of 0.098.102 A of the G-O is defined as the mean value of the DPEs of the two functional

bonds and a significant elongation of 0.688074 A of the ~ N—Hor O—H groups. This is illustrated in Figure 3, where the
(O)C—N bond. Both the €0 and C-N distances are very relative energies of the uracil structures are plotte®P& —
similar to those obtained in deprotonated uracil 3-Uarge PA. The two curves displayed in Figure 3 correspond to the
perturbations of the vibrational spectrum, analogous to those monohydroxy (the lower one) and the dihydroxy (the upper one)
observed for uraci® are also predicted by the present calcula- forms of uracil. The lower curve is fairly approximated by the
tions. The stability order of the deprotonated forms is as follows second-order polynomial

form supplied by the subscript “1” or “2” related to two different
rotamers. Deprotonation results in noticeable changes in the
geometries. In the Nor N3 anions of uracil and the monohy-
droxy forms, there is a significant contraction of 0.625041

A of the two C-N; and G-N3 bonds and an elongation of
0.024-0.047 A of the neighboring €0 bonds. These features
are connected with a strong electronic delocalization within the
N—C=0 group. In the monohydroxy uracils, the-© bond is

E,. = 168.2+ 0.168DPE — PA) — 0.78 x
10 3(DPE— PAY (9)

with the correlation coefficient = 0.9930.
where the total dipole moment in debyes of the corresponding Equation 9 represents actually the first quantitative correlation
structure is indicated in parentheses between the intrinsic acidity or basicity of the atoms or groups

The results of Table 4 indicate that.thQN-l bond of uracil involved in the tautomerization process and the relative stability
is more acidic by 55.5 kJ mo} than the N—H one. This of different forms. Such a correlation may also be useful for
difference can be accounted for by the Mulliken charges on the other molecules involved in a lactarfactim tautomerism.
N3 and N atoms, which are equal te-0.55 and —0.45,
respectively. However, it is obvious that the deprotonation of

the N.—H bond cannot occur in normal nucleobases where N In the present work, we have shown that the PES of the uracil
is bonded to the sugaphosphate backbone. A comparison of tautomerization is comprised in total of the 12 structures,

3-U (2.4)> 1-U7(8.0)> 2,-U (2.6) > 2,-U"(5.3)>
4-U(5.7)> 4,U(7.9) (8)

4. Concluding Remarks
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Their relative order of stability has been accomplished at the
B3LYP/6-31G(d,p) computational level. The most stable uracil
structure is the 2-hydroxy-4-oxo form 3;®, with the tau-
tomerization energyE, = 45.6 kJ mof?, where the ZPVE
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to function as a normal nucleobase because of the absence o

the N\—H7 bond connected to the suggshosphate backbone.
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The PAs and DPEs of the 12 forms of uracil have been

calculated at the same computational level. The major conclusion

Szczepaniak, K.; Person, W. B. Am. Chem. Sod 984 106, 3415. (f)
Radchenko, Y. D.; Scheina, G. G.; Smorygo, N. A.; Blagoi, Yu. P.
THEOCHEM1984 116, 387.

(7) (a) Brown, R. D.; Godfrey, P. D.; McNaughton, D.; Pierlot, A. P.
J. Am. Chem. Sod988 110, 2329. (b) Beak, P.; White, J. M. Am. Chem.
S0c.1982 104, 7073. (c) Brady, B. B.; Peteanu, L. A.; Levy, D. Bhem.
Phys. Lett.1981 147 538. (d) Kulakowska, I.; Geller, M.; Lesyng, B.;
Wierzchowski, K. L.; Bolewska, KBiochim. Biophys. Acta975 407, 420.

(8) (a) Kwiatkowski, J. S.; Zielinski, T. J.; Rein, FAdv. Quantum
Chem.1986 18, 85. (b) Czerminski, R.; Lesying, B.; Pohorille, At. J.

uantum Cheml979 16, 605. (c) Zielinski, T.J. Am. Chem. S0d.982

2, 639. (d) Scanlan, M. J.; Hillier, I. HJ. Am. Chem. Sod 984 106,
3737. (e) Norinder, U. JTHEOCHEM 1987 151, 259. (f) Basch, H.;
Garmer, D. R.; Jasien, P. G.; Krauss, M.; StevensJWhem. Phys1989
163 514.

(9) (a) Saunders, M.; Webb, G. A.; Tute, M. 5.Chem. Phys1987,
158 69. (b) Kwiatkowski, J. S.; Bartlett, R. J.; Person, WJBAmM. Chem.
S0c.1988 110, 2353. (c) Gould, I. R.; Hillier, I. HJ. Chem. So¢Perkin
Trans. 2199Q 2, 329. (d) Katritzky, A. R.; Karelson, MJ. Chem. Sog.
Perkin Trans. 21991, 3, 1561. (e) Gould, I. R.; Burton, N. A.; Hall, R. J.;
Hillier, 1. H. J. Mol. Struct. (Theochenf)995 331, 147.

(10) (a) Lés A.; Adamowicz, L.J. Phys. Chem199Q 94, 7021. (b)
Jasien, P. G.; Fitzgerald, G. Chem. Physl99Q 93, 2554. (c) Leszczynski,
J.Int. J. Quantum ChemQuantum Biol. Symd.991 18, 9. (d) Leszczynski,
J. J. Phys. Chem1992 96, 1649. (e) LésA.; Adamowicz, L.J. Phys.
Chem.1989 93, 1649.

(11) (a) Estrin, D. A.; Paglieri, L.; Corongiu, G. Phys. Chem1994
98, 5653. (b) Monshi, M.; Al-Farhan, K.; Al-Resayes, S.; Ghaith, A,
Hasanein, A. ASpectrochim. Actd997 A53 2669. (c) Tian, S. X.; Zhang,
C. F.; Zhang, Z. J.; Chen, X. J.; Xu, K. Zhem. Phys1999 242, 217. (d)

of the present theoretical study is that the relative energies of Paglieri, L.; Corongiu, G.; Estrin, D. Ant. J. Quantum Chenl995 56,
the 12 structures of uracil has been rationalized in terms of the 615.

difference of the mean DPEs and the mean PAs of the functional

groups participating in the tautomerization process. It might be

(12) Watson, J. D.; Crick, F. HNature 1953 171, 737, 964.
(13) (a) Lawdin, P.-O.Rev. Mod. Phys1963 35, 724. (b) Lavdin, P.-
O. Adv. Quantum Cheml965 2, 213.

of interest to extend the present rationale to other nucleobase (14) Piccirilli, J. A.; Krauch, T.; Moroney, S. E.; Benner, S. Kature

tautomers. In particular, it will be extended in part 2 of this
work dealing with the geometries and interaction energies of
different uracil structures complexed with water.

Acknowledgment. M.T.N. and T.Z.-H. thank the Fund for
Scientific Research FW©VIaanderen for the financial support.
E.S.K. acknowledges a Grant from the University of Leuven.
He also thanks Olya Dolgounitcheva and Slava Zakrzewski for
fruitful discussion.

Supporting Information Available: Table S1 listingz(NH)
andv(OH) stretching vibrations of uracil and its structures. This
material is available free of charge vis the Internet at http:/
pubs.acs.org.

References and Notes

(1) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological
Structures Springer: Berlin, Germany, 1991.

199Q 343 33. B

(15) Hobza, P.; poner, J.Chem. Re. 1999 99, 3247.

(16) (a) Steenken, £hem. Re. 1989 89, 503. (b) Symons, M. C. R.
Int. J. Radiat. Biol.199Q 58, 93. (c) Colson, A.-O.; Besler, B.; Close, D.
M.; Sevilla, M. D.J. Phys. Cheml1992 96, 661.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision A.5;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(18) (a) Nguyen, M. T.; Chandra, A. T.; Zeegers-Huyskend, Them.
Soc, Faraday Trans1998 94, 1277. (b) Chandra, A. K.; Nguyen, M. T.;
Zeegers-Huyskens, 0. Phys. Chem. A998 102 6010. (c) Chandra, A.
T.; Nguyen, M. T.; Uchimaru, T.; Zeegers-HuyskensJTPhys. Chem. A
1999 103 8853. (d) Kurinovich, M. A;; Lee, J. KI. Am. Chem. So200Q
122 6258.



Tautomeric Forms of Uracil J. Phys. Chem. A, Vol. 105, No. 8, 2001295

(19) Mourik, T. v.; Price, S. L.; Clary, D. CJ. Phys. Chem. A999 (24) Stajer, G.; Szabo, A. E.; Pintye, J.; Bernath, G.; Sohal, Ehem.
103 1611. Soc, Perkin Trans. 11985 2483.
(20) (a) Furberg, S.; Aas, J. Bacta Chem. ScandSer. A1975 29, (25) Lias, S. G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref. Data
713. (b) Furberg, S.; Grogaard, J.; SmedsrudA&a Chem. ScandSer. 1984 13, 695.
B 1979 33, 715. (26) llich, P.; Hemann, G. F.; Hill, RJ. Phys. Chem. B997 101,
(21) Ha, T. K.; Keller, H. J.; Gunde, R.; Gunthard, H.HPhys. Chem. 10923.
B 1999 103 6612. (27) Fujio, M.; Mclver, R. T., Jr.; Taft, R. WJ. Am. Chem. S0d.981,
(22) Elguero, J.; Marzin, C.; Katritzky, A. R.; Linda, P. L. Ifhe 103 4017.
Tautomerism of HeterocycleKatritzky, A. R., Bouton, A. J., Eds,; (28) (a) Dirheimer, G.Modified Nucleosides and CangeBpringer:
Academic: London, 1976. Berlin, Germany, 1983. (b) Jeffrey, G. A.; Saenger,Nydrogen Bonding
(23) (a) Catalan, J.; MdO.; Yarez, M.J. Chem. So¢Perkin Trans. 2 in Biological StructuresSpringer: Berlin, Germany, 1991; p 259 ff. (c)

1982 1401. (b) Brown, R. S.; Tse, A.; Vederas, J.JAm. Chem. Soc. See also Tables 2 and 3 and references therein in: Poltev, V. |.; Shulyupina,
198Q 102 1174. N. V. J. Biomol. Struct. Dyn1986 3, 739.



