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The present study uses density functional theory to investigate the effects of hydrogen bonding on the (N1)
acidity of uracil. Uracil and uracil anion complexes with water, ammonia, and hydrogen fluoride at various
uracil sites (O2(N3), O4(N3) and O4(C5)) are considered. The calculated geometries of the uracil anion
complexes are significantly different from those of the (neutral) uracil counterparts, which leads to the
significantly larger binding energies in the anionic complexes. The binding strength of each molecule to
(neutral) uracil is largest at the O4(N3) position and at the O2(N3) position in the uracil (N1) anion. Our
calculations reveal that hydrogen-bonding interactions with one molecule increase the (N1) acidity of uracil
by up to approximately 50 kJ moi and that the effect of two molecules is approximately equal to the sum
of the individual effects. The acidity increase is largest when water and ammonia bind to the O4(C5) position
and when hydrogen fluoride binds to the O2(N3) position. Our results lead to a greater fundamental
understanding of hydrogen-bonding interactions involving uracil and have important implications for interactions
in biological systems, such as those at the active site in uracil DNA glycosylase.

Introduction involves nucleophilic attack of water at the sugar moiety and
expulsion of uracil through an oxacarbenium+euracil anion
intermediate?®29Therefore, research has investigated the ability
of uracil to act as a good leaving group, which is related to the
(N1) acidity of this nucleobas®:3! To better understand the
workings of uracil DNA glycosylase, we must understand the
(N1) acidity of uracil and identify factors that influence this
roperty, such as interactions with protein residues at the active
ite. Indeed, experimental evidence of a low N for uracil
ound to uracil DNA glycosylase has been presented in the
literature32 The presence of the N1 uracil anion in the proposed
fmechanism of action of uracil DNA glycosylase and the possible
stabilization of this intermediate via hydrogen bonding with

Hydrogen bonds play fundamental roles in biological sys-
tems? Intramolecular and intermolecular bonds are believed to
be responsible for the binding between nucleotide (or nucleo-
side) bases, the formation of DNA double and triple helices,
the structure of carbohydrates, and the folding pattern of
proteins. They are also involved in the binding of many
substrates to the active sites of enzymes. Therefore, hydrogenO
bonds between biomolecules, and the effects of hydrogen bond
on their properties, are of great interest.

Chemical calculations can provide information about the
structure of hydrogen-bonded complexes and the strength o
binding interactions. Due to this valuable information and the . . . . . e
abundance of water in biosystems, the interactions betweenactive site residues is one of the main driving forces of the
individual nucleobases and one or more water molecules haveP€Sent work.
been extensively studied with computational techniques. Perhaps N the present study, the binding properties of water,
the most well studied watemucleobase interactions involve ~ammonia, and hydrogen fluoride to various positions in uracil
uracil2-2! Uracil contains many consecutive hydrogen-bond- (Schemes 1 and 2) are investigated. The three molecules chosen

donor and -acceptor groups, which makes it ideal for studying dlsplay a range in proton affinities and acidities and therefore

hydrogen-bond interactions. Indeed, modified uravibter have different hydrogen-bond-donating and -accepting abilities.
complexes (such as those involving uracil hydroxy tautorffers, The geometries and binding strengths in complexes between
5-substituted uracil derivativé3thiouracils?4 or amino deriva-  uracil (or the uracil anion) and each of these molecules, as well
tives of N,N'-dimethyluraci#®) and the anions of uraeitwater as the effects of interactions on the acidity of uracil, are
complexe3827 have also been investigated. considered. Previous studies have discussed, for example, the

Although it is important to understand interactions between structure and binding energies of uraciVater complexes, as
uracil and water, fundamental information about hydrogen- Well as the relationship between the binding energy and the
bonding interactions in biological systems that involve uracil proton affinity or acidity of uracil site3:! To the best of our
can be obtained by investigating interactions between uracil andknowledge, there has only been one reported calculation on the
a variety of small molecules. Understanding the effects of effect of hydrogen bonding on a molecular property (deproto-
hydrogen bonds on the molecular properties of uracil is also nation energy) of a uracil tautomé&,and few reports of
important. In particular, the (N1) acidity of uracil is of interest hydrogen-bonding interactions with ur&i* (or the uracil
due to the mechanism of action of uracil DNA glycosylase, (radical) anion¥®3 involving molecules other than water or
which is one of the enzymes responsible for removing uracil other nucleobases. Because interactions with nucleobases play

from DNA. The proposed mechanism of action of this enzyme important roles in many biological processes, it is hoped that
this study will enhance our understanding of possible interactions

* Corresponding author. E-mail: swetmore@mita.ca. between uracil and other molecules present in biological
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SCHEME 1: Uracil Complexes Investigated in the TABLE 1: Gas-Phase Proton Affinities and Acidities (kJ
Present Study (X= OH, NH, or F) mol~1) of Various Uracil Sites
H H calca? expt
7 X SN
0 o 7 X o Proton Affinity
He ¢ Hey H | H o M H 02 (near N1) 812.1 846 120
o )N\s | | N PN 02 (near N3) 817.3
I - N0 NN 04 (near N3) 844.3 874 12
1 ) h 04 (near C5) 855.6
H H H L
Acidity
02(N3) O4(N3) 04(C5) N1 1389.4 1392+ 16°
N3 1441.5 1450 16°
SCHEME 2: Uracil Complexes Investigated in the 82 iggg:i }S‘f% }ﬁﬂe
Present Study that Involve Simultaneous Binding of Two ] ] )
Molecules to Uracil (X = OH, NH, or F) aB3LYP/6-31H-G(2d,p) single-point calculations performed on

B3LYP/6-31+G(d,p) geometries. All energies include scaled (0.9806)
ZPVE correction? Reference 50¢ Reference 30¢ Bracketed values
from studies of alkylated uracil derivatives (see ref 3XGronert et

H Ho
\O X/ \‘o’l ?(
HS 4N/H~~\X HI'KN/H\X ‘H]\/KN/H al. bracketed this value to be 1546 13 kJ mot? (see ref 51).
s | | |
6l )
\ X..--H )\\ _.-H H N/&o
H

on other properties of uracil and that trends in our data are in
agreement with previous studi&st>2?
02(N3)-04(N3) 02(N3)-04(C5) 04(N3)-04(C5) All calculations were performed with Gaussian %98.

systems, and provide some insight into interactions important Results and Discussion

for the mechanism of action of uracil DNA glycosylase. Geometries.(i) (Neutral) Uracil Complexes with 5O, NH,
and HF.As mentioned in the Introduction, the structure of uracil

Computational Details offers many hydrogen-bond-donor and -acceptor sites. Proto-
nation of uracil may occur at O2 or G4whereas deprotonation
may occur at N1 or N3, or less likely at C5 or C6 (see Scheme
2\ . 1 for the atomic numbering in uracil). Although the N1 and N3
on heavy atoms and polarization functions on hydrogens were ,iiinns in uracil could also accept a proton, this has previously
included in the basis set because it has been well establisheq,gqp, reported to be an unfavorable prodéScheme 1 displays
that these functions are requ!red to prqperly describe hydrogen-y,q complexes between uracil and water, ammonia, or hydrogen
bonded systems. No constraints were imposed on the moleculag qrige investigated in the present study that utilize these
geometries of the complexes during the optimizations. Fre- h4ionation and deprotonation sites, as well as the notation
quency calculations were performed at the same level of theoryimplemented throughout the paper. We note that it is also
a_nd all reported energies includeT scaled (0.9806) zero-pointpossime to consider hydrogen-bonded complexes whe@ H
vibrational energy (ZPVE) corrections. NHs, or HF donate a proton to O2 and accept a proton from

Acidities and binding energies were obtained from B3LYP/ N1 in uracil. These structures were not considered in the present
6-311+G(2d,p) single-point calculations. Binding energies cal- study because we are mainly interested in the effects of hydrogen
culated with this basis set are within 1 kJ mbbf those ob- bonds on the uracil N1 acidity/.
tained using the larger 6-3315(3df,2p) basis set for complexes  The hydrogen-bond properties of molecules often correlate
between water, ammonia, or hydrogen fluoride and @ with the proton affinity (PA) and acidity of sites involved in
(N3) position in uraciP® All energies of the uracil complexes  the interactions. The protonation and deprotonation enthalpies
include basis set superposition error (BSSE) corrections, which for uracil sites have been documentedin the liter &ttird2.30-31,46,48-51
were calculated according to the Boys and Bernardi counterpoiseQur calculated gas-phase proton affinities and acidities (Table
method® Previous studies have considered the effect of in- 1) are in agreement with experimé¥t-5%.51and previous
cluding BSSE corrections during the optimization procedure for calculationst!-30314%Among hydrogen-bond sites considered in
similar systemd*!8For a range of uracitwater complexes, it the present study (Scheme 1), the data suggests that the 04
was concluded that the counterpoise correction changes the bindposition will be most easily protonated and the N3 position most
ing energy by approximately 398:'® BSSE corrections were  easily deprotonated.
not applied during the optimization procedure in the present  Figure 1 displays selected geometrical parameters for the
study. complexes between (neutral) uracil and water, ammonia, or hy-

We note that the suitability of DFT methods to study drogen fluoride. Fully optimized structures for all complexes
hydrogen-bonded systems has been discussed in the literatureare provided in the Supporting Information to complement our
Although some reservations have been expre¢sedT has discussion, which highlights the most important details. Upon
been successfully used to study hydrogen-bonded comgdfe®es, hydrogen bonding with various small molecules, the structure
even the most weakly bound systetd&urthermore, although  of uracil remains relatively unchanged with the exception of
DFT has been shown to strongly underestimate stabilization the uracil sites involved in hydrogen-bonding interactions. The
energies of stacked DNA base pdifst has been used suc- 02 and O4 carbonyl bonds stretch upon binding to small
cessfully for the hydrogen-bonded complexes of nucleobases.molecules by up to 0.018 and 0.021 A, respectively. The-N3
Indeed, Zeegers-Huyskens etdhave employed DFT (B3LYP)  and C5-H bond lengths increase by up to 0.025 and 0.003 A,
to study uracit-water complexes and found similar structures respectively.
and energies as the more expensive MP2 metfiod/e also Each molecule interacts with uracil through two hydrogen
note that we are mainly interested in trends in hydrogen-bond bonds and a cyclic structure is formed (Figure 1). This is in
strengths, as well as trends in the effects of these interactionsagreement with previous findings for complexes between uracil

Geometries were obtained using the B3LYP functional in
combination with the 6-3tG(d,p) basis set. Diffuse functions
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Figure 1. Selected bond lengths (A) and angles (deg) in (neutral) uracil Figure 2. Selected bond lengths (A) and angles (deg) in uracil anion
complexes with water, ammonia, and hydrogen fluoride. complexes with water, ammonia, and hydrogen fluoride.

and watef!141520.26a27gr hydrogen chloridé® Due to the therefore these complexes more closely resemble interactions

formation of two intermolecular hydrogen bonds, the-8—X of a molecular dimer with uracil because each monomer does
and H--X—H hydrogen-bond angles deviate from linearity, not form two hydrogen bonds with uracil. The instability of
ranging between approximately 128nd 170. the O2(N3)-04(N3) uracit-water complex depicted in Scheme

It is noted that all geometrical parameters for the hydrogen- 2 at the MP2 level has previously been reported in the
bond interactions in uracilwater complexes are in good literaturel® We therefore focus our discussion on the O4{N3)
agreement with those previously reportéd®2%aWe also note 04(C5) and O2(N3y04(C5) complexes, where some com-
that the water hydrogen not interacting with uracil is found to plexes with two water molecules bound to uracil have been
be located out of the uracil molecular plane for the O2(N3) and previously studied in the literatuf&:2°
0O4(N3) complexes, and in the molecular plane for the O4(C5) The optimized geometries of the O4(N3p4(C5) and O2-
complex. Although Ghomi et &P found the free water hydrogen  (N3)—04(C5) uracil complexes are nearly superpositions of the
to be located out of the molecular plane for the O4(C5) complex, geometries of the two uracil complexes from which they are
van Mourik et a** determined that the potential energy surface composed (i.e., the structures displayed in Figure 1). Most
for rotation about this hydrogen bond is very flat and there is hydrogen-bond distances change by less than 0.07 A when two
no clear preference for the location of the free water hydrogen molecules interact with uracil compared with the individual
in this complex. hydrogen-bonded structures. The largest changes in the hydrogen-

Geometrical parameters for the hydrogen-bonding interactions bond distances occur in the O4(N3p4(C5) complexes with
in the O2(N3), O4(N3) and O4(C5) complexes are very similar NHz at O4(N3) and water or hydrogen fluoride at O4(C5) and
for each choice of X (Scheme 1). The most significant the O2(N3)-04(C5) complexes with Nilat O2(N3) and
differences occur in the ++X—H and O--H—X interactions. hydrogen fluoride at O4(C5). We note that the free water
For each value of X, the ++X-H distance increases (by hydrogen remains in the uracil molecular plane in all complexes
approximately 0.5 A) along the series 04(N3)02(N3) < with water present at the O4(C5) position. The small differences
04(C5). We note that the calculated acidity at N3 is greater in the complex geometries upon binding of the second molecule
than the acidity at C5 (Table 1). The <H—X hydrogen-bond suggest that one molecule bound to uracil does not largely affect
distance increases as 0O4(C5)04(N3) < O2(N3) for water the hydrogen-bond-donor or -acceptor abilities of other uracil
(by 0.09 A) and ammonia (by 0.3 A) complexes, which sites.
corresponds to a decrease in the PA of the uracil site (Table 1). (i) Uracil Anion Complexes with kD, NHs, and HF.Because
However, the ®-H—F hydrogen-bond distance in the HF we are interested in the effects of hydrogen bonding on the
complexes increases (by approximately 0.04 A) according to acidity of uracil, we must also consider complexes formed
O4(N3) < O2(N3) < O4(C5), despite the largest PA at the O4- between the uracil (N1) anion and water, ammonia, or hydrogen
(C5) position. fluoride. Figure 2 displays selected geometrical parameters for

In attempts to gain additional insight into interactions between the complex between the uracil anion and one molecule. As
various molecules and uracil, we consider simultaneous bindingfound for (neutral) uracil, the most significant changes in the
of two molecules to uracil. All combinations of water, ammonia, uracil anion geometry upon complex formation occur at the sites
and hydrogen fluoride at different uracil-binding sites are involved in hydrogen bonding. The stretch of the carbonyl bond
considered (Scheme 2). We note that the optimized geometriedengths in the uracil anion is larger than found for (neutral)
for the O2(N3)-04(N3) complexes involve intermolecular uracil, where the O2 and O4 bond lengths increase by up to
hydrogen bonding between the two small molecules, and 0.026 and 0.021 A, respectively. Alternatively, the changes in
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the uracil anion N3-H and C5-H bond lengths are very small. ~ SCHEME 3: Thermodynamic Cycle for the
It is noted that unlike the uracil radical anion, the uracil (N1) Deprotonation of Uracil (U) Hydrogen-Bonded to
anion considered in the present study retains a planar geometryAnother Molecule (XH)

in all complexes. Acidity in

The relative angular orientation of water, ammonia, or U--XH Complex H 4 Ur-XH
hydrogen fluoride with respect to uracil (Figure 1) changes upon
deprotonation of uracil in all complexes (Figure 2), where the — De(neutral) De(anion)
molecule moves further from the uracil hydrogen-bond donor + o
and closer to the uracil hydrogen-bond acceptor. TheHdD-X U+ XH Acidity H o+ U XH

hydrogen-bond distances decrease by approximatehy@6L

A, whereas the H-X—H distances increase by approximately
0.3-2.2 A, in the anionic complexes compared with corre-
sponding neutral complexes. The largest changes in hydrogen
bond distances occur for the uracdmmonia complexes. The
significant increase in the +tX—H distances suggests that only tions at these positions in these complexes.
one hydrogen bond exists in the anionic complexes. This

statement is supported by the previously noted small changes Binding Energies. The enthalpy for the deprotonation of
in the uracil anion N3H and C5-H bond lengths upon uracil (U) that is hydrogen-bonded to a small molecule (XH)

complex formation. Decreases in the-®i—X hydrogen-bond can be related to the enthalpy of deprotonation of isolated uracil

- L via the thermodynamic cycle shown in Scheme 3, where U
Iength_s suggest t_hat t_he 02 and 04 sites are S|gn|f|car_1tly morey represents the uracil hydrogen-bonded complex and U
basic in the uracil anion compared with (neutral) uracil.

o ) represents the uracil anion. It is clear from Scheme 3 that the
In addition to changes in hydrogen-bond lengths, the O gffect of hydrogen bonding on the acidity of uracil is directly
H—X hydrogen-bond angles are closer to 180 the anionic rgjated to the difference between the binding strengths of the

complexes compared with the neutral counterparts, which is sma|l molecule to (neutral) uraciDgneutral)) and the uracil
likely due to strengthening of this interaction. Furthermore, the gpjon D(anion)). Additionally, the calculated variations in the
free hydrogen moves out of the molecular plane in all complexes geometries of the neutral and anionic complexes suggest that
involving water when the anion is formed. Previous conclu- there exist significant differences in the binding strengths in
siong* that a small barrier exists for rotation about the ihese systems. Therefore, we consider the binding energies of
corresponding hydrogen bond in neutral complexes likely he uracil and uracil anion complexes.

extends to the uracil anion complexes considered in the present (i) (Neutral) Uracil Complexes with O, NHs, and HF. The

study. calculated binding strengths (including scaled ZPVE and BSSE

The major structural changes noted here for the uracil (N1) corrections) of water, ammonia, or hydrogen fluoride to various
anion complexes compared with the neutral uracil complexes positions in (neutral) uracil (Scheme 1) range from 10.2 to 40.1
are similar to those previously reported for conventional (radical) kJ mol? (Table 2). The hydrogen-bond strength at each site
anions of uracitwater®2”and uraci-glycine*® complexes. In generally decreases according to HFH,0 > NHs. It is noted
conventional uracitwater anionic complexes, the-+OH; that the binding strengths of water or ammonia to uracil are
hydrogen bond breaks and the--@—OH hydrogen bond  very similar at O2(N3) and O4(N3) (Table 2) despite their
shorteng’ It has been suggested that three water molecules aregjstinct molecular propertie:53
connected by single hydrogen bonds to the uracil (radical) anion,  The binding strength also changes with the uracil-binding site.
which creates regions of high electron affinity to support the |n agreement with previous calculatiols:®54we find that the
excess electroff”Kryachko et af? considered the anion formed  pinding strength of both water and ammonia to uracil decrease
through deprotonation of the O4-protonated uracil tautomer, 35 04(N3)> 02(N3) > 04(C5). The binding strengths of the
which is equivalent to the O2(N3) anion in the present study yracil-hydrogen fluoride complexes decrease according to O4-
and also noted §ignificant changes in geometrical parametersN3) > 04(C5)> 02(N3). It is interesting to note that for each
upon deprotonation. choice of X (Scheme 1) the binding is strongest at the uracil

As found for complexes between neutral uracil and two O4(N3) position. This correlates with the largest PA and acidity
molecules, the complexes between the uracil anion and two (Table 1) among uracil sites involved in hydrogen-bonded
molecules represent superpositions of the individual hydrogen- complexes considered in the present study (Scheme 1).
bonded structures, where most bond lengths change by less than The binding strengths in complexes between uracil and two
0.2 A. Changes in the ++X —H distances upon binding of two  small molecules range between approximately 20 kJ mot
molecules are generally larger in the uracil anion complexes (Table 2). For the O2(N3)O4(C5) and O4(N3)Y04(C5)
compared with (neutral) uracil complexes, whereas changes incomplexes, which represent superpositions of the individual
the O--H—X hydrogen-bond distances are generally smaller. uracil complexes, the trends observed for one molecule interact-
The most noteworthy geometrical change involves the dihedral ing with uracil are still valid. For example, if NHs located at
angle of the free water hydrogen, which often shifts towards O2(N3), then the binding energy increases according to>HF
the molecular plane when two molecules are simultaneously H,O > NH; at O4(C5). Exceptions to the trend include the O4-
bound to the uracil anion. However, it is once again noted that (N3)—04(C5) complexes with HF at O4(C5) and the O2(N3)
the barrier for rotation about this hydrogen bond is expected to 04(C5) complex with water at O4(C5), where in both instances
be smallt4 the binding strength increases according to HNH3z > H,O

In summary, we find that changes in the geometry of at the second position.
complexes involving two molecules bound to uracil or the uracil ~ Table 2 contains a summary of the additive binding strengths
anion relative to the geometry of the individual uracil complexes for complexes considered in the present work (Scheme 2), as
are insignificant. This suggests that interactions with one well as the difference between the calculated and additive
molecule do not largely affect the binding properties of other binding strengthsA), where a positive value indicates that the

uracil sites. However, significant differences exist between the
geometries of the uracil and uracil anion complexes. In

“particular, shorter hydrogen-bond distances to O2 and O4 exist
in the anionic complexes, which may lead to stronger interac-
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TABLE 2: Binding Energies (kJ mol~1) in Uracil and Uracil TABLE 3: Calculated (N1) Acidity of Uracil (kJ mol 71 in
(N1) Anion Complexe$ Complexes with Water, Ammonia, and Hydrogen Fluoridé
neutral uracil uracil (N1) anion 0O2(N3) 04(N3) 04(C5) acidity A(acidityP additiveé  Ad
complexes complexes NHa 13926 Y
0O2(N3) 04(N3) 04(C5) additive A additive®  A° H,0O 1369.2 20.2
NHs 225 19.3 HF 1338.0 51.4
H,0 22.4 2.6 NHs3 1394.8 —-5.4
HF 35.6 87.1 H.0 1373.7 15.7
NH3 23.4 18.1 HF 1346.7 42.7
H.0 24.9 40.6 NH;  1380.3 9.1
HF 40.1 82.8 H,0O 1366.4 23.0
NH; 10.2 19.3 HF 1342.5 46.9
H,O 19.5 42.5 NH3 NH3 1394.8 —-5.4 —8.6 3.2
HF 373 84.2 NH; H,0 1385.2 4.2 125 -83
NH;  NHs 409 459 50 355 374 -—1.9 NH3 HF 1361.8 27.6 395 —11.8
NH;  H.0 527 47.4 53 56.9 59.9 —3.0 H,0 NH; 1380.4 9.0 148 -57
NH; HF 720 62.6 9.4 99.7 102.1 —24 H,0 H,0 1366.5 22.9 359 —13.0
H,O0  NHg 50.3 458 45 593 60.7 —1.4 H,O HF 1342.4 47.0 629 —17.6
H.0  HO 55.6 47.3 83 785 832 —47 HF NH; 1354.0 35.4 46.0 —10.6
H20 HF 713 625 8.8 1183 1254 —7.1 HF H,O 1334.1 55.3 67.1 —11.9
HF NH3 68.6 59.0 9.6 104.1 1052 —-1.1 HF HF 1299.8 89.6 94.1 —45
HF H,O 67.0 60.5 6.5 122.3 127.7 —5.4 NH3 NH3 1386.6 28 5.9 —-31
HF HF 64.0 75.7 —11.7 153.6 169.9 —16.3 NH; H,0 1375.3 14.1 19.8 -57
NHa NHs 327 327 00 355 386 -3l NHs HF 13450  44.4 43.6 0.8
NHs H,O 438 420 1.8 579 61.8 —3.9 H,0 NHs  1362.0 274 293 -19
NH3 HF 548 59.8 —50 99.2 1035 -4.3 _
H,O H,O 1349.7 39.7 43.2 3.5
H,0 NHs 33.0 32.6 04 604 619 —15 B
H,0O HF 1328.5 60.9 67.1 6.2
H.0 H,O 42.6 419 07 823 851 —28 B
HF NHs3 1331.9 57.5 60.5 3.0
H.0 HF 613 59.7 1.6 122.2 126.8 —4.6 B
HF H,O  1319.0 70.4 74.4 4.0
HF NHs 46.6 45.8 0.8 1042 1064 —2.2
HF H,O 548 551 —03 1252 1296 —4.4 HF HF 12960 934 98.3 —4.9
2 . . . . . .
HF HF 702 729 -27 163.6 1713 —7.7 NHs ~ NHs  1388.1 13 3.7 —24
) ) ' ) ) ' NH H,O 1375.6 13.8 176 —3.8
NH; NHs 330 336 -06 343 374 -31 3 2 : : : :
NH: H,O0 429 429 00 56.7 60.6 —3.9 NHs ~ HF  1358.0 314 415 -10.0
NHs HF 657 607 50 97.1 102.3 —5.2 HO0  NH;  1368.6 20.8 248 —40
H,O NH; 354 351 03 562 599 -3.7 H-0 HO  1354.9 34.5 387 —43
H,O H,O 428 444 —16 77.3 831 -5.8 H,O HF 1336.0 53.4 62.6 —9.2
H,O HF 621 622 —01 1155 1248 -9.3 HF NH; 13423 47.1 51.8 4.7
HF NHs 49.7 50.3 -06 96.8 102.1 -5.3 HF HO  1330.9 58.5 65.7 —7.2
HF HO 554 596 —42 1139 1253 —11.4 HF HF 1310.3 79.1 89.6 —104

HF HF 690 774 -84 1481 167.0 —18.9 aB3LYP/6-31H-G(2d,p) single-point calculations were performed

@ B3LYP/6-311-G(2d,p) single-point calculations were performed on the B3LYP/6-33%-G(d,p) geometries. Acidities include scaled
on the B3LYP/6-3%#G(d,p) geometries. Scaled (0.9806) ZPVE and (0.9806) ZPVE and BSSE corrections were added to the energy of the

BSSE corrections included in all energies. See Schemes 1 &ith2. co_mplexes.b The calculated acidity of isolated uracil (1389.4 kJ ndpl
sum of the binding strengths of the individual molecules to ur&dihe minus the calculated acidity of uracil complex. A positive value
calculated minus the additive binding energies. represents an increase in the aciditfhe sum of the effects of the

individual molecules? The difference between the additive and the
calculated effect of two molecules, where a positive value indicates

combined binding strength of the two molecules to uracil is that the effects are greater than additive.

greater than additive. For O2(N3D4(C5) and O4(N3)O4-
(C5) complexes, the differences between calculated and additiveTe magnitude of the decrease in the binding energy along this
bindings strengths (Table 3) is generally less than 8 kI'mol  ggries ranges from 64.7 kJ mélat O4(N3) to 67.8 kJ mol
where the largest differences typically occur when HF is a1 02(N3), which is much larger than the decrease for the
present® This approximately represents a less than 10% (neytral) uracil complexes along the same series. For each choice
difference and indicates that in most instances the binding of x (Scheme 1), the binding energy decreases as O2(N3)
strength is not strongly influenced by the presence of anothero4(c5)> 04(N3). The dependence of the binding energies on
molecule. the binding site is very small (1=24.3 kJ mot?) for each
In summary, the hydrogen-bond strengths in (neutral) uracil molecule considered in the present study (X, Scheme 1). It
complexes depend on the properties of the molecule bound toshould be noted that the calculated binding energies of ammonia
uracil and the uracil-binding sites. The hydrogen-bonding to the O2(N3) and O4(C5) positions are equal and that the
interactions with (neutral) uracil are strongest when hydrogen binding strengths of water at these sites vary by only 0.1 kJ
fluoride is present at O4(N3). The binding energies in the uracil mol-1,
anion complexes must be considered because the interactions The interaction energies when two molecules bind to the
of small molecules are expected to be stronger with anionic yracil anion range from approximately 35 to 170 kJ Mol able
uracil, the geometries of the neutral and anionic complexes are2 compares the calculated binding strengths to those predicted
significantly different, and the difference in the binding is if the binding strengths are additivA), The calculated binding
directly related to the effect on the acidity. strengths for all uracil anion complexes considered in the present
(i) Uracil Anion Complexes with kD, NHs, and HF. The study are smaller (by approximately-19 kJ mot?) than those
binding strength of water, ammonia, or hydrogen fluoride to predicted by additivity. The O4(N3)O4(C5) complexes in-
the uracil anion ranges between 18.1 and 87.1 kJ fr({@lable volving HF—H20 or HF—HF show the largest deviations from
2). At each binding site, the binding strength decreases accordingadditivity (11.4 and 18.9 kJ mol, respectively). Nevertheless,
to HF > H,O > NH; as found for (neutral) uracil complexes. these deviations represent differences from the calculated
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binding energy of less than approximately 13%. Thus, our results (1.3 kJ moft!) occurs for the O4(N3)04(C5) complex with
indicate that the presence of one molecule leads to only slightly ammonia at both positions and the largest increase (93.4 kJ
weaker binding of the second molecule to the uracil anion.  mol™2) occurs for the O2(N3Y04(C5) complex with hydrogen

As expected, comparison of the binding strengths in Table 2 fluoride at both positions. The O2(N3P4(N3) complex with
indicates that molecules bind to the uracil anion significantly ammonia at both positions displays a slight decrease in the uracil
stronger than to the corresponding site in (neutral) uracil. In acidity (by 6.9 and 0.2 kJ mo}, respectively).
general, the binding strength of water, ammonia or hydrogen Due to similarities in the geometries of many complexes
fluoride to the uracil anion is greater than that to neutral uracil regardless of the number of molecules bound to uracil, it is
by a factor of 1.6-2.4. The largest differences occur for intriguing to consider whether the effects of two molecules on
complexes involving hydrogen fluoride. The increases in the the uracil acidity are additive. For example, the effect of HF at
binding energies are similar to those previously reported for the O2(N3) position on the uracil acidity is 51.4 kJ mblthe
deprotonation of a uracil tautonférand the formation of  effect of HO at O4(C5) is 23.0 kJ mot, and therefore the
conventional anion¥. In contrast, the binding energy of additive effect of these interactions is 74.4 kJ molTable 3
ammonia to the O2(N3) or O4(N3) positions is smaller in the displays the additive effect on the acidity (“additive”) and the
uracil anion complexes (by 3.2 and 5.3 mblrespectively). difference between the additive effect of two molecules and the
Simultaneous binding of two molecules is up to a factor of 2.3 change in the acidity calculated from the optimized geometries
stronger to the uracil anion than to (neutral) uracil. The smallest of complexes involving both interactionA), where a positive
differences occur in complexes involving two ammonia mol- Vvalue indicates that the combined effects of two molecules are
ecules and the largest differences occur in complexes involving greater than additive.
two hydrogen fluoride molecules. As discussed in the following ~ For most O2(N3)-04(C5) and O4(N3)04(C5) complexes,
section, the increased binding strength to the uracil anion leadswe find that the effect of two molecules is slightly less than
to significant effects on the acidity of uracil. the sum of the individual effects. Differences between the

Effects of Hydrogen Bonding on Uracil (N1) Acidity. calculated effect of hydrogen-bonding interactions on the acidity
Experimental and calculated gas-phase deprotonation enthalpie@nd the additive effect range from 1.9 to 10.4 kJ TolThe
(Table 1) suggest that isolated uracil has a significant acidity complex with ammonia at O2(N3) and HF at O4(C5) has a
at the N1 position. Because geometrical differences prevail whenslightly greater than additive effect (by 0.8 kJ myl These
small molecules bind to the uracil anion compared with (neutral) results suggest that the change in the acidity depends only on
uracil and the binding energies in these complexes are ap_individual interactions (additive) and that the presence of one
preciably different, it is expected that hydrogen-bonding interac- molecule does not significantly increase or decrease the change
tions at different uracil sites will significantly affect the (N1) imposed by interactions with another molecule.
acidity. In summary, our calculations indicate that hydrogen bonding

The B3LYP/6-313G(2d,p) gas-phase acidity of uracil at N1 0 different ura_cil sites can significan;ly change the (N1) acid_it)_/.
in the absence of hydrogen-bonding interactions is 1389.4 kJ Water, ammonia, and hydrogen fluoride change the uracil acidity
mol~! (Table 1). The calculated acidity changes significantly DY varying degrees. The change in the acidity is also dependent
even when interactions with only one molecule are considered ©n the molecular binding site. It should also be noted that
(Table 3). Hydrogen bonding with water, ammonia, or hydrogen so!vfsmon of th_e ions W|_II lead to an even greater increase in the
fluoride changes the acidity to 1338:0394.8 kJ mot! acidity of uracil, which is supported by previous calcglaué‘hs, .
depending on the molecule bound to uracil and the binding site. @d may also enhance the effect of hydrogen bonding on this
Interactions with a second molecule affect the acidity of uracil ProPerty.
to an even greater extent, where the calculated acidity in these .
complexes ranges from 1296.0 kJ mioftwo hydrogen fluoride Conclusions

molecules) to 1394.8 kJ mdl (two ammonia molecules). Hydrogen bonds play important roles in biological systems
For a clear analysis of the effects of hydrogen bonds on the and therefore we must strive to understand these interactions,
uracil (N1) acidity, Table 3 displays the change in the acidity as well as their effects on molecular properties. In the present
due to the presence of hydrogen-bond interactiaiis¢idity)), study, we systematically consider the effects of hydrogen
where a positive value represents an increase in the acidity.honding on the (N1) acidity of uracil and the relationship
Interactions of a single molecule at different uracil positions petween these effects and hydrogen-bond strengths in uracil

generally increase the acidity by 9:51.4 kJ mot?®. However, complexes.

binding of ammonia at the O2(N3) or O4(N3) position in uracil  The uracil complexes considered in the present work involve
leads to a slight decrease in the acidity (by 3.2 and 5.4 kI'mol  \yater, ammonia, or hydrogen fluoride binding at O2(N3), O4-
respectively). (N3), and 04(C5), as well as all combinations of two molecules

The magnitude of the change in the uracil acidity decreasesinteracting with these uracil sites. Our calculations indicate that
as HF> HO > NHjs at each binding site. The variation in the the geometries of complexes involving two molecules bound
acidity change along this series ranges from 37.8 kJ fraf to uracil (or the uracil anion) represent superpositions of the
the O4(C5) position to 54.6 kJ mdlat O2(N3). The extent of  individual geometries of complexes involving one molecule
the effect on the acidity also depends on the location of bound to uracil (or the uracil anion). These results indicate that
hydrogen-bonding interactions. The acidity decreases with the properties of uracil (or the uracil anion) do not change

binding of water or ammonia at O4(C5) O2(N3) > 0O4(N3) dramatically due to interactions with one molecule. This
and with binding of hydrogen fluoride at O2(N&) O4(C5)> statement is supported by conclusions that the combined effect
O4(N3). The smallest and largest acidities for bindin@®@HHF, of two molecules on the uracil acidity and the combined binding
and NH; at various uracil sites differ by 7.3, 8.7, and 14.5 kJ energies of two molecules to uracil are only slightly less than
mol~2, respectively. the sum of the individual effects.

Interactions between two molecules and uracil generally Our calculations indicate that the geometries of the uracil
increase the acidity by up to 93 kJ mélThe smallest increase  anion complexes are significantly different from the geometries



10412 J. Phys. Chem. A, Vol. 107, No. 48, 2003

of the corresponding (neutral) uracil complexes. These variations

lead to differences in the binding within the neutral and anionic
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significant (1389.4 kJ mal), the difference in the binding
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anion leads to significant changes in the acidity of uracil. Our
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