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Effects of Hydrogen Bonding on the Acidity of Uracil Derivatives
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The present study uses density functional theory to investigate the effects of hydrogen bonding on the acidity
of C5- and C6-substituted uracil derivatives. The proton affinities and acidities of uracil donor and acceptor
sites generally decrease and increase, respectively, with an increase in the electronegativity of the uracil
substituent. Despite these substituent effects, the binding strengths of small molecuekl{Q}br HF) to

the uracil derivatives are relatively independent of the substituent, which indicates that the changes in the
uracil proton affinity and acidity effectively cancel. The acidities of substituted uracil complexes increase not
only with the electronegativity of the substituent, but also with the acidity of the small molecule bound to the
uracil ring. However, the magnitude of the effect of hydrogen bonding on the acidity of uracil derivatives is
not dependent on the nature or position of the substituent. Our results lead to a greater fundamental
understanding of the effects of substituents on the hydrogen-bonding properties of uracil, which may have
implications for understanding biological applications and processes that involve these modified nucleobases.

Introduction SCHEME 1: Structure and Atomic Numbering of
. . . . Uracil
Various noncovalent interactions, such as electrostatic at-
traction and repulsion, hydrophobic forces, and hydrogen 04 H
bonding, stabilize proteins and prevent decomposttidigdro- H-s N3

gen bonds are particularly important since they are relatively H6| N/ZKO
easily broken and reformed, and therefore they provide the
delicate balance required by life molecules, such as proteins
and DNA. Indeed, hydrogen bonds are responsible for the SCHEME 2: Uracil Derivatives Considered in the

folding of enzymes and DNA duplex formation. Present Study

Hydroger_1 bpnds sometimes also play an impor_tant role in HH O I; 0 Woo o
substrate binding at active sites and enzyme selectivity. We are H N _H O H F _H

K . K . H N7 h 4 N N N
particularly interested in the role of hydrogen bonds in the | ,& H | /J% I /& I /&
mechanism of action of uracil DNA glycosylase (UDG), which HT N0 HTONT S0 HT N RO HTTNT O
is an enzyme that removes uracil from DNA in the base excision H H H H
repair proces3.® The first step in the proposed mechanistic 5-CHsU 5-NH-U 5-OH-U 5-F-U
pathway involves scission of the glycosidic bond and production 0 0 Q 9
of a uracil (N1) anior?—8 Although the structure of UDG shows H L ohof NESA N
that amino acids in the enzyme active site interact with the uracil wo /J% He /J§ He | ,g | ,g
base so that every hydrogen bond donor and acceptor is 2N i E o © E °F E °
H H

utilized278it is unknown which interactions, if any, lower the
activation barrier for glycosidic bond cleavage or raise the (N1)
acidity of uracil. Additionally, UDG has been shown to excise hydrogen bonding with uracil has implemented computational
some uracil derivatives at varying rates! while others actas  techniqued® 44 Recent computational studies have investigated
inhibitors31? Since hydrogen bonding is believed to play an the properties of isolated urat§f441.424447 gand substituted
important role at the active sif, 15 studies that examine the  uracil derivative$? as well as their complexes formed with small
hydrogen-bonding properties of uracil and its derivatives, as moleculeg4:28.37.39.41,42,46,48,49
well as the effects of hydrogen bonds on the properties of these We extend upon previous computational w@rkn uracil
molecules, are extremely important. (Scheme 1) in the present study by considering the hydrogen
In addition to the implications for the mechanism of UDG, bonding properties of C5- and C6-substituted uracil derivatives
studies that investigate hydrogen bonding with uracil may (see Scheme 2 for structure and notation). The substituents
address fundamental questions regarding hydrogen-bondingexamined were chosen from the second row of the periodic table
interactions involving biomolecules. Since computational studies due to the systematic increase in their electronegativity. The
allow examination of interactions and properties that are difficult binding properties of ammonia, water, and hydrogen fluoride
to study experimentally, much of the current research on are investigated at various positions with respect to each uracil
derivative (Scheme 3). Furthermore, we consider the effects of
* Corresponding author. E-mail: swetmore@mita.ca. hydrogen bonds on the (N1) acidities of uracil derivatives.
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SCHEME 3: Hydrogen-Bonded Complexes between TABLE 1: Proton Affinities of Various Uracil Derivatives
Small Molecules (X= NH,, OH, F) and Various (kJ mol~1)a
5-Substituted (Y = CHz NH,, OH, F; Z = H) and compd 02(N1) 02(N3) 04(N3) 04(C5)
gesrlii/t;st?\l/tg;ed (Y=H; Z = CH3 NH,, OH, F) Uracil b 8121 8173 8443 855.6
5-CHs-U 829.2 833.6 852.0 862.9
JH H, 5-NH-U 850.3 853.3 843.4 869.3
o o’ X X" o 5-OH-U 821.0 823.7 818.6 —c
N O S O R 5-F-U 798.7 803.1 815.9 836.6
| N3 ’|‘ | N | N 6-CHs-U 826.9 832.6 865.1 876.2
zs N)z%o__-H 2 N’J*o 2 N/&O 6-NHx-U 831.1 841.1 894.4 906.8
1|1| b b 6-OH-U 817.1 822.2 861.7 871.0
6-F-U 787.7 793.8 829.0 840.3
02(N3) 04(N3) 04(C5)

aSee Schemes 1 and 2 for the structure, chemical numbering, and

From the present stud e hope to qain a areater nderstand_notation used for the uracil derivativésReference 425 Geometry
p udy, w P gal g u could not be located due to close contact distances between the O4

ing of interactions between small molecules and biologically proton and the C5 hydroxyl hydrogen.
important uracil derivatives. Our findings may aid the under-
standing of hydrogen-bonding interactions involving these %%
molecules, which have important implications in biochemical
applications of modified nucleobases, as well as the mechanism B
of action of various enzymes, such as the DNA glycosylases. g0 g

Computational Details

840

GAUSSIAN 98° was employed for all calculations. As in
our previous study of (unsubstituted) ura@ilgeometries were
fully optimized in C1 symmetry by using the B3LYP functional
in combination with the 6-3tG(d,p) basis set. Diffuse functions 800
are required to adequately model anionic and hydrogen-bonded
systems. Frequency calculations were performed at the same
level of theory and all reported energies include scaled (0.98) 2o
zero-point vibrational energy corrections. o o, i, ol i

_S|_n_gle-p0|nt_ energies, \.NhICh were used to evaluat_e _the Figure 1. The O2(N3) ®) and O4(N3) M) proton affinities of C5
acidities and binding energies, were computed on the optimized sojig line) and C6 (dashed line) substituted uracil derivatives.
geometries with use of the 6-31G(2d,p) basis set. This basis
set was previously shown to yield results for (unsubstituted) At each position, the proton can be oriented in two directions,
uracil complexes of similar accuracy to those obtained with which is specified in brackets in our notation.
larger basis set®.All energies for computed complexes include Table 1 displays the calculated proton affinities for the uracil
corrections for basis set superposition error (BSSE), which was derivatives considered in the present work. The proton affinities
calculated with use of the Boys and Bernardi counterpoise of various positions in uracil, as well as some of its C5
method?! Previous studies have shown that BSSE corrections derivatives, have been previously studied experimeft&fiand
change binding energies for uracivater complexes by ap-  computationally?84247-4%0ur calculated proton affinities for the

Proton Affinity (kJ/mol)

proximately 3963136 uracil derivatives considered in the present work are in agree-
Despite reservations expressed about DFT metPB&T ment with previously reported valués.

has successfully modeled hydrogen-bonded spé&&éaclud- (i) C5-Substituted Uracil Deriatives.5-CHs-U (thymine) has

ing even the most weakly bound systethsFurthermore, a larger proton affinity than uracil (by approximately 17 kJ

B3LYP has been used to study uracivater complexed342 mol~t at 02 and 8 kJ motlt at O4), which is due to the electron-
and similar structures and energies as the more computationallydonating properties of the methyl group. The proton affinity of
expensive MP2 method were obtairfédt is also importantto ~ 5-NHz-U is generally larger than that of thymine due to the
note that the goal of the present investigation is to examine improved electron-donating properties of the amino group. The
trends in hydrogen bond strengths, as well as the effects oftrend in the proton affinities of the amino, hydroxyl, and fluoro
hydrogen bonds on other uracil properties. Furthermore, the C5-substituted uracils parallels the electronegativities of the
trends in our data for uraéfl and 5-substituted uracils are in  substituents (Table 1). Specifically, since fluorine has the

good agreement with previous studf@g§249 greatest electronegativity, 5-fluorouracil has a smaller proton
affinity than the hydroxyl derivative, which in turn has a smaller
Results and Discussion proton affinity than the amino derivative.

The trend in the O4 proton affinities is complicated by internal

Proton Affinity. Since previous work identified a correlation hydrogen-bonding interactions between the C5 substituent and
between the proton affinities and acidities of uracil sites and O4. For example, hydrogen bonding between the C5 substituent
the binding strengths in uraeilvater complexe$? understand- and O4 reduces the proton affinity at the O4(N3) position in
ing the properties of the hydrogen bond donor and acceptor sitesthe amino- and hydroxyl-substituted uracils. As a representative
in uracil derivatives is important for understanding their example of the observed trends in the calculated proton affinities,
hydrogen-bonding interactions with small molecules. In the the O2(N3) and O4(N3) proton affinities for C5-substituted
present study, we consider the proton affinities of the uracil uracil derivatives are compared in Figure 1. The reduced O4(N3)
carbonyl groups at C2 and C4 (denoted as O2 and O4, proton affinities for 5-NH-U and 5-OH-U can be clearly seen
respectively), where the proton is added in the molecular plane.from this comparison.
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The trend in the proton affinity at O4(C5) is complicated by TABLE 2: Acidities of Various Uracil Derivatives (kJ
steric hindrance due to the C5 substituent. For example, themol™)?

0O4(C5) minimum does not exist for 5-OH-U due to a close compd N1 acidity N3 acidity
contact distance between the hydroxyl hydrogen and the proton Ub 13894 14415
at O4. Furthermore, the O4(C5) conformer for 5-NBlinvolves 5-CHs-U 1396.5 1443.7
a puckered and staggered amino group with respect to the C5 5-NH,-U 1400.84 1437.3¢
C6 double bond, which allows the formation of a-N—04 5-OH-U 1388.4 1410.9
internal hydrogen bond. >-F-U 1367.4 1413.0
- . 6-CHs-U 1395.5 1447.6
The proton affinity was previously calculated to be greater 6-NH,-U 1380.6 1455.0
at O4 than at O2 in urac#424'This trend prevails regardless 6-OH-U 1375.9 1440.0
of the C5 substituent except when the substituent forms a 6-F-U 1337.0 1416.0

hydrogen bond with the O4 carbonyl. Specifically, hydrogen — agee Schemes 1 and 2 for the structure, chemical numbering, and
bonding between the C5 substituent and O4 reduces the protomotation used for the uracil derivativésReference 42¢ The neutral

affinity at the O4(N3) position in the amino- and hydroxyl- molecule has a slightly puckered amino grofighe amino group in
substituted uracils (see Figure 1). the anion is puckered and staggered with respect to theGB%ond.
; i ¢In the anion, one amino hydrogen is located in the molecular plane
th?slaprrgeevsl?usztz)enpoé}ﬁgi:;rfz;agﬁ tr;lejbosﬁt(ligszgfgcltci)lg h?’ie and directed toward O4, while the other amino hydrogen is located
. >+ . 7 out of the molecular plane.
difference between the O4(N3) and O4(C5) proton affinities is P
approximately 11 kJ mol for uracil and thymine where

in@era.ctions with the carbonyl group are minimized. However, the 04 proton affinity due to internal hydrogen bonding with
this difference becomes larger for 5-d and 5-F-U, where  c5 supstituents, an increase in the O4 proton affinity due to
interactions between the substituent and the O4 position areggapilization of resonance structures with a negative charge on
possible. Specifically, protonation at O4(C5) is stabilized by o4 by electronegative C6 substituents, and a decrease in the
Y--H—04 interactions, while ¥-H---O4 interactions reduce o2 proton affinity due to destabilization of resonance structures
the proton affinity at O4(N3). with a negative charge on O2 by electronegative C6 substituents.
Similar to uracili? the difference between the O2(N1) and  Similar to uracil and its C5-substituted derivatives, the O4(C5)
O2(N3) proton affinities is 25 kJ mol* for all substituted  position has the largest proton affinity for all C6-substituted
uracils. The smaller difference noted between O2(N1) and racils. The difference between the 04(C5) and O4(N3) proton
O2(N3) relative to that discussed between O4(N3) and O4(C5) affinities for all C6-substituted uracil derivatives is the same as
for all derivatives indicates that the substituent does not changetne difference for 5-CgtU (approximately 11 kJ mok). The
the dependence of the O2 proton affinity on the orientation of gifference between the 02(N3) and O2(N1) proton affinities
the proton. for the C6-substituted uracil derivatives{%0 kJ mot?) is
(i) C6-Substituted Uracil Detiatives. Hydrogen bonds  slightly larger than that for the C5-substituted derivatives%2
between the C5 substituent and the O4 carbonyl that affect thekJ mol2).
proton affinities in C5-substituted uracils are eliminated in the  |n summary, although internal hydrogen bonding complicates
C6-substituted derivatives. Therefore, the trend in the proton the trends in the proton affinities of uracil derivatives, the proton
affinities of C6-substituted uracils is mainly dependent on the a_fﬁmty genera”y decreases with an increase in the electro-
nature of the substituent and the protonation ¥itedeed, the  negativity of the substituent. Furthermore, regardless of the C5
trends in the O2(N3) and O4(N3) proton affinities for the C6- or C6 substituent, the O4 position has a larger proton affinity
substituted uracils with respect to the nature of the substituentthan the O2 site, except when hydrogen bonding occurs between
are very similar to the trend discussed for the O2(N3) proton 04 and the C5 substituent. Since a large proton affinity typically
affinities of the C5 derivatives (see Figure 1). Furthermore, the reflects a strong proton-acceptor site, our calculated proton
trends in O2(N1) and O4(C5) proton affinities for the C6- affinities suggest that the binding energy will be larger for
substituted uracils are also the same (Table 1). complexes involving O4 compared with O2 for most uracil
The trend with respect to the protonation site is similar for derivatives.
C5- and C6-substituted uracils, where the proton affinity is larger  Acidity. Acidity is defined as the enthalpy of deprotonation,
at O4 than O2. Exceptions for C5 derivatives arise when the where a decrease in the deprotonation enthalpy represents an
C5 (amino or hydroxyl) substituent forms a hydrogen bond with increase in the acidity. The present study focuses on the acidity
the O4 carbonyl. These interactions, and therefore these excepof the N1 and N3 sites of various uracil derivatives. Our
tions, are absent for the C6 substituents. calculated results, which are displayed in Table 2, are in
Although 6-CH-U has a larger proton affinity than uracil agreement with previously reported experimental and compu-
by 15-21 kJ moi?® (Table 1), the proton affinity of 6-CiHU tational date*44
is marginally smaller than 5-CG§U (by approximately 2 kJ (i) C5-Substituted Uracil Detiatives. The N1 acidity of
mol™) for protonation at O2, but larger than 5-6H (by thymine is 7.1 kJ mof! smaller than that of uracil (Table 2),
approximately 13 kJ mot) for protonation at O4. The larger  which is due to destabilization of the anion by the electron-
difference in the O4 proton affinities arises since hydrogen donating properties of the methyl substituent. With the addition
bonding and steric interactions with the C5-methyl substituent of an amino group, the N1 acidity further decreases. This arises
decrease the O4(N3) and O4(C5) proton affinities, respectively, at least in part because, although neutral 5\Hhas a slightly
in the C5 derivative. nonplanar amino group, this substituent has increased puckering
Interestingly, all C6 derivatives have larger O4 proton and becomes staggered with respect to the C8 bond in the
affinities, but smaller O2 proton affinities, than the correspond- corresponding N1 aniotf.5-OH-U is only slightly more acidic
ing C5 derivatives. Thus, there is a larger difference between than uracil, while 5-F-U has the greatest N1 acidity, which is
the O4 and O2 proton affinities for the C6 derivatives. This 22.0 kJ mot? larger than that of unsubstituted uracil. These
arises due to a combination of factors including a decrease intrends are clearly displayed in Figure 2.
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TABLE 3: Binding Strengths (kJ mol ~1) of Complexes between Ammonia, Water or Hydrogen Fluoride, and (Neutral) Uracil
Derivatives?

XH binding site U 5-CHs;-U 5-NH>-U 5-OH-U 5-F-U 6-CH-U 6-NH>-U 6-OH-U 6-F-U

NH3 O2(N3) 22.5 22.2 23.6 25.9 25.7 21.8 20.5 22.3 251
O4(N3) 23.4 22.8 22.9 251 26.1 23.1 22.6 23.8 26.0
04(C5) 10.2 6.6 15.2 27.4 5.2 10.6 12.1 13.2 10.7
H20 O2(N3) 22.4 22.9 24.8 25.2 23.7 224 215 22.1 22.4
0O4(N3) 24.9 24.2 23.7 23.8 24.9 254 26.2 25.7 25.7
04(C5) 29.5 9.9 19.7 24.3 12.0 20.7 22.9 22.7 18.7
HF 0O2(N3) 35.6 37.4 40.1 39.3 35.0 36.9 36.7 354 33.9
O4(N3) 40.1 40.1 38.1 35.6 36.3 42.0 45.2 41.9 38.8
04(C5) 37.3 33.4 35.1 35.8 28.0 39.8 43.8 41.2 35.1

2 See Schemes-13 for the structure, chemical numbering, and notation used for the uracil derivative complReésrence 42.

1470 tion from increased planarity of the amino group in the (N1)
anion compared with the neutral counterfagimilar stabiliza-
tion of the N1 anion is likely provided by the C6-hydroxyl
group.

The N1 acidities are significantly larger for the C6-substituted
uracils compared with the corresponding C5 derivatives (Figure
2), which occurs due to interactions between the N1 site and
the C6 substituents and the closer proximity of the (C6)
electronegative substituent to the anionic site. However, the N3
acidities are significant smaller for the C6-substituted uracils
compared with the C5 derivatives (Figure 2). Therefore, the
N difference between the N1 and N3 acidities is larger for the C6

S} derivatives (average 73 kJ mdé) compared with the C5-
1320 derivatives (average 44 kJ mé).

H CH, NH, oH F Our calculations indicate that electron-withdrawing groups,
Figure 2. The N1 @) and N3 @) acidities for C5 (solid line) and 6~ Such as fluorine, stabilize the N1 and N3 anions, and thereby
(dashed line) substituted uracil derivatives. increase the acidities. Thus, substituents that decrease the proton
affinity (basicity) of the uracil carbonyl groups increase the
Although the N3 acidities are consistently greater than those deprotonation enthalpy (acidity) of its NH bonds. Since the
at N1, the trend in the acidities with respect to the C5 substituent substituent trend found for the proton affinity is reversed for
changes slightly (Figure 2). Specifically, 5-Md has a slightly the acidity and the complexes studied in the present work
greater N3 acidity compared with 5-GilJ, while the N3 acidity involve bidentate hydrogen bonds (Scheme 3), the substituent
of 5-OH-U is significantly greater than that of uracil. These trend in the binding energies will depend on whether the
differences can be partially explained by geometrical features. interaction with the uracil acceptor or donor dominates.
For example, the 5-NiHU N3 anion has a planar amino group, Furthermore, different molecules will bind to uracil derivatives
while the N1 anion adopts a puckered and staggered conforma-Wwith varying affinities based on their intrinsic properties. Thus,
tion with respect to the uracil ring. Therefore, additional the trends in the binding strengths of complexes with uracil
stabilization is provided by the C5 substituent in the N3 afifon. ~ derivatives may be difficult to predict.
Similarly, hydrogen-bonding interactions between the C5 hy-  Binding Strengths of (Neutral) Substituted Uracil Com-
droxyl group and O4 are stronger in the N3 anion, compared plexes with NH;, H;0, or HF. Studying complexes formed
with those in the N1 anion and the neutral counterpart. between various C5- and C6-substituted uracils and different
(i) C6-Substituted Uracil Detiatives.Although the general ~ small molecules will provide additional information about the
trend in C6-substituted (O4) proton affinities is simplified ~ability of uracil derivatives to form hydrogen bonds and the
compared with that for the C5-substituted proton affinities, the Stability of these interactions. Furthermore, these complexes will
C6 substituents may influence the trend in N1 acidities since allow us to consider the effects of hydrogen bonds on molecular
the substituents are in closer proximity to the N1 site. Our properties, such as the (N1) acidity.
calculations show that 6-F-U has the largest (N1) acidity, which  In the present study, NiH,0, and HF were added to three
is the same as previously discussed for the C5 derivatives (Tablepositions with respect to the substituted uracils (Scheme 3). Our
2). The hydroxyl derivative has the next largest acidity. 6,NH notation for these complexes indicates the uracil hydrogen bond
is more acidic than 6-CHU, which is the least acidic C6  acceptor and donor sites. For example, O2(N3) involves O2 as
derivative and has an acidity slightly less than that of uracil the acceptor and the N3 hydrogen as the donor.

(Figure 2). (i) 5-Substituted Uracil Deriatives. The binding strengths
The N3 acidities for C6-substituted uracils are less than the of the complexes involving (neutral) uracil derivatives, which
N1 counterparts as noted for the C5 derivatives (Figure 2). The are defined as the enthalpy required to break the bonds between
order in the N3 acidities with respect to the C6 substituent the small molecules and the uracil derivatives, are provided in
changes slightly compared with that for the N1 acidities. Table 3. The binding strengths follow the trend previously
Differences occur since the C6-amino or hydroxyl hydrogen in discussed for the O2 and O4 proton affinities (Table 1). More
the N1 anion provides stabilization of the (N1) anionic site, specifically, the binding energies of the O4(N3) complexes are

which is not possible in the N3 anion. This arises due to marginally larger than those of the O2(N3) complexes (b2
geometrical changes. For example, the greater (N1) acidity of kJ moi™?) for uracil, thymine, and 5-F-U, but smaller than those
6-NH,-U compared with 6-CktU likely arises due to stabiliza-  of the O2(N3) complexes for 5-OH-U and 5-Bd due to

1440

1410

1380

Acidity (kJ/mol)

1350
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hydrogen bonding between the C5 substituent and the O4NH3z and HO could be due to the balance between the proton
carbonyl. However, the differences between the O2(N3) and affinity and acidity of the uracil sites, as well as the relative
0O4(N3) binding energies are smaller than the differences properties of ammonia and water. Specifically, Ntdmplexes
between the O2 and O4 proton affinities. are likely stabilized to the greatest extent by interactions between
The range in the binding energy with respect to the substituent ammonia and the uracil N3 hydrogens, whilgtHcomplexes
is approximately 3-5 kJ mol! at O4(N3) and %5 kJ moi? are likely stabilized to the greatest extent by interactions between
at O2(N3). Since substituents that decrease the proton affinity water and the uracil carbonyl groups.
of the carbonyl group also increase the acidity of the uracil  Hydrogen fluoride binds stronger to the uracil derivatives due
proton donor, a balance between the proton affinity and acidity to its much greater acidity, and therefore stronger interactions
of the uracil sites likely leads to the small C5-substituent effect with the carbonyl group, compared with water or ammonia. The
on the binding strengths. For example, 5-F-U has a small protonbinding of HF is stronger at O4(N3) than O2(N3), where the
affinity and a large acidity, while 5-N{HU has a large proton  average values are approximately 37 and 41 kJ foéspec-
affinity and a small acidity. These differences effectively cancel tively. Exceptions to this trend occur for the 5-amino- and
and the binding energies of 5-F-U and 5-NH complexes are 5-hydroxyl-substituted uracils which exhibit stronger binding

roughly equivalent. at O2(N3). These binding strengths reflect the general trend in
The range in the binding strengths of the 04(C5) complexes the O4 and O2 proton affinities (Table 1).
with respect to the C5 substituent (22, 20, and 9 kJ nfur (i) C6-Substituted Uracil Detiatives. Irregularities in the

NHs, H,O, and HF complexes, respectively) is larger than that general trends in the proton affinities and acidities of C5-
for the O4(N3) or O2(N3) complexes 6 kJ molt). The substituted uracils (Tables 1 and 2) are also present in the trends
greater dependence of the O4(C5) binding energy on the uracilin the corresponding binding strengths (Table 3). Since the
derivative is due to different hydrogen-bonding interactions trends in the proton affinities and acidities of the C6-substituted
between the small molecule and the C5 substituent, which will uracils are more systematic, consideration of the binding
now be discussed in more detail. strengths of the C6-substituted uracil complexes is important.

Ammonia and water are approximately°Zghd 15, respec- In general, the binding energies for the complexes with the
tively, out of the molecular plane in the thymine O4(C5) C6 derivatives differ by 65 kJ mol™* from those for the C5
complexes. The binding strengths of the O4(C5) complexes derivatives. Following the trend in the O2(N3) and O4(N3)
between NH, H,O, or HF and thymine or uracil are significantly  proton affinities (Figure 2), the C6 derivatives have smaller
less than those of the corresponding O4(N3) complexes due toO2(N3) and larger O4(N3) binding strengths compared with
a dramatic decrease in the acidity of the uracil donor. Since the C5-substituted uracils. Furthermore, the effects of the C6
NH3; has a larger proton affinity than,® or HF, the binding substituents on the binding strengths are similar to those
energy in the ammonia complexes are affected by the changediscussed for the C5 derivatives. However, the C6-amino and
in the proton donating properties of the uracil derivative to the hydroxyl substituents have a reduced effect on the trend in the
greatest extent. 04(C5) binding strengths due to the absence of internal

Due to deviations from the hydrogen-bonding patterns hydrogen bonds with O4, which result in unique hydrogen-
displayed in Scheme 3, the difference between the 04(N3) andbonding patterns in C5-substituted uracil complexes.
04(C5) binding strengths is greater for 5-F-U compared with ~ The trend with respect to the molecule bound to uracil (XH)
uracil. More specifically, only one (FH---O4) hydrogen bond is the same regardless of the C5 or C6 substituent. Ammonia
is present in the 0O4(C5) complex between hydrogen fluoride and water complexes have roughly the same binding strengths,
and 5-fluorouracil. Furthermore, water and ammonia donate onewhile hydrogen fluoride complexes have larger binding energies.
hydrogen atom to O4 and another to the C5-fluoro group rather The effect of the binding position is similar for the C6 and C5
than acting as both a proton donor and acceptor as indicated inderivatives. Specifically, binding of a small molecule at O2(N3)
Scheme 3. All 5-fluorouracil complexes are planar with the is marginally weaker than binding at O4(N3) (by-2 kJ mol™)
exception of the ammonia complex where XH (Scheme 3) is for all C6 substituents. The trend at O4(C5) varies with XH,

approximately 62 out of the molecular plane. where weaker and stronger binding occurs at O4(C5) compared
The 5-OH-U and 5-NRU O4(C5) complexes contain ~ With O2(N3) in ammonia and hydrogen fluoride complexes,
bidentate hydrogen bonds with significant-X---O and X%-- respectively.

H—Y interactions (Scheme 3). These strong hydrogen bonds Figure 3a displays a summary of the trends in the neutral
lead to larger O4(C5) binding energies in these derivatives O2(N3) binding strengths, which provide a representative
compared with 5-CktU and 5-F-U (by up to 22 kJ mot for example of the trends calculated for all binding sites considered
NH3; complexes). Furthermore, 5-OH-U has a consistently larger in the present study. Figure 3a clearly shows that the binding
04(C5) binding strength compared with 5-iH, which is at strengths of hydrogen fluoride complexes are notably larger than
least in part due to the greater acidity of-@& compared with the binding strengths of water and ammonia complexes, which
N—H bonds. It should also be noted that ammonia, water, and are very similar to each other. The graph shows the notable
hydrogen fluoride are approximately 222°, and 16 out of differences between the binding strengths for the C5 and C6
the molecular plane, respectively, in the 5-NUl complexes. amino- or hydroxyl-substituted uracils. However, with the
Interestingly, 5-NH-U has a slightly smaller, while 5-OH-U  exception of complications arising due to internal hydrogen
has a slightly larger, binding strength at O4(C5) compared with bonding in the C5-amino and hydroxyl derivatives, the nature
O4(N3). This trend can also be explained by differences in the and the position of the substituent have only a marginal effect
properties of the uracil hydrogen bond donor and the out-of- on the binding strengths of the neutral uracil complexes.

plane position of XH. Binding Strengths of Anionic Substituted Uracil Com-
Complexes with HO and NH have similar binding strengths,  plexes with NH;, H,O, or HF. The orientation of the small
where the average binding energy is 24 kJ mhdor both molecules relative to the ring of the (N1) anionic substituted

molecules at O2(N3) or O4(N3). Since these complexes containuracils is similar to that found for the (unsubstituted) anionic
bidentate hydrogen bonds, the similarity between the results for uracil complexed? More specifically, with a negative charge
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TABLE 4: Binding Strengths (kJ mol ~1) of Complexes between Ammonia, Water or Hydrogen Fluoride, and the (N1) Anions

of Uracil Derivatives?

XH binding site U 5-CHs;-U 5-NH>-U 5-OH-U 5-F-U 6-CH-U 6-NH>-U 6-OH-U 6-F-U
NH3 O2(N3) 19.3 19.5 18.0 18.2 16.6 19.7 19.7 19.0 17.9
O4(N3) 18.1 17.8 18.2 16.2 13.4 19.9 19.1 18.2 17.4
04(C5) 19.3 18.1 17.2 14.1 19.1 19.6 20.6 19.7 18.1
H20 O2(N3) 42.6 43.3 44.1 44.4 41.9 43.1 43.2 41.7 35.9
0O4(N3) 40.6 40.2 39.6 36.3 37.6 41.1 425 40.8 39.1
04(C5) 42.5 39.7 40.9 37.2 41.0 42.9 44.8 43.3 40.2
HF 0O2(N3) 87.1 88.6 90.2 90.9 86.1 88.0 88.0 85.3 815
O4(N3) 82.8 82.3 814 76.8 77.3 83.7 86.3 83.3 80.4
04(C5) 84.2 78.2 82.1 81.8 73.2 85.0 88.3 85.7 80.2

2 See Schemes-13 for the structure, chemical numbering, and notation used for the uracil derivative complReésrence 42.
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Figure 3. Summary of the (a) neutral and (b) anionic binding strengths
(kJ mol?) for C5 (solid line) and C6 (dashed line) substituted uracil
derivatives complexed with N{{#), H,O (l), and HF @) at O2(N3).

on the uracil derivative, the small molecules (XH) migrate

toward the carbonyl group and thus NB---X hydrogen bonds

in the O2(N3) and O4(N3) complexes are eliminated. Migration
of the small molecule in the O4(C5) anionic complexes also
occurs, which diminishes interactions with the C5 substituents.
It should also be noted that XH is located out of the molecular
plane in the 5-NBEU complexes by approximately the same

O4(N3) anionic complexes are less than those for the neutral
counterparts.

The relative trends in the binding strengths of the neutral and
anionic O2(N3) and O4(N3) complexes likely arise due to an
increase in the proton affinity of the carbonyl groups and a
decrease in the N3 acidity upon anion formation. More
specifically, water and hydrogen fluoride are stronger acids than
ammonia and therefore form stronger complexes with the anions
through the increased proton affinity. However, ammonia is a
strong base and therefore the binding energies of ammonia
complexes are affected to a greater extent by the decrease in
the N3 acidity upon anion formation, which leads to weaker
(anionic) complexes. Similar arguments can be used to explain
the smaller binding strength of the 5-OH-U anionic O4(C5)
ammonia complex compared with the corresponding neutral
complex.

The elimination of bidentate hydrogen bonds simplifies the
trend in the binding strengths with respect to the C5 substituent
and the small molecule bound to the uracil derivatives. Specif-
ically, the binding strengths of the anionic complexes depend
almost exclusively on the acidity of XH (Scheme 3), where the
binding strength increases according tof\#HH,O < HF. The
dominating effect of the molecule bound (XH) diminishes the
effect of the substituent and the binding position, where all
0O2(N3), O4(N3), and 04(C5) binding strengths are similar
regardless of the C5 substituent. Interestingly, the minimal effect
of the binding position on the binding strength indicates that
the proton affinity of the carbonyl group plays a minor role in
the trend in the binding strengths.

(i) C6-Substituted Uracil Detiatives. The trends in the
binding strengths of the complexes involving the C5 and C6
uracil derivatives are very similar. As found for the C5
derivatives, the binding strengths of complexes with the C6-
substituted uracils depend predominately on the acidity of the
molecule bound to the uracil ring (XH, Scheme 3), where
binding strengths increase with the acidity of XH. In general,
ammonia and water bind more strongly (by-3 kJ mol?),
while hydrogen fluoride binds less strongly (by-@ kJ moi?1),
to the C6 derivatives compared with the C5 derivatives.

The trends in the anionic binding energies are summarized
in Figure 3b for the O2(N3) complexes, which provide a

degree as in the corresponding neutral complexes, but XH movesepresentative example of the trends for all binding sites

into the molecular plane for the anionic 5-@H complexes.
(i) C5-Substituted Uracil Detiatives. Despite the elimina-

considered in the present study. Clearly, the difference between
the binding strengths for the C5- and C6-substituted derivatives

tion of bidentate hydrogen bonds, the binding energies are is less visible for the anionic complexes (Figure 3b) compared
greater for all (N1) anionic complexes with water and hydrogen with the neutral complexes (Figure 3a). Furthermore, although
fluoride (Table 4) compared with the neutral complexes (Table the binding strengths are largest for complexes with hydrogen
3). The binding strengths of the ammonia O4(C5) anionic fluoride in both the anionic and neutral complexes, the difference
complexes are also larger than those for the correspondingin the binding energy of water and ammonia to the uracil
neutral complexes with the exception of the 5-OH-U complex. derivatives is notable for the anionic complexes (Figure 3b).
However, the binding strengths of the ammonia O2(N3) and Thus, the binding strengths of the uracil anionic complexes
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TABLE 5: Calculated (N1) Acidity (kJ mol ~1) of Uracil Derivatives in Complexes with Ammonia, Water, and Hydrogen
Fluoride®

XH binding site U T 5-NH>-U 5-OH-U 5-F-U 6-CH-U 6-NHx>-U 6-OH-U 6-F-U

NH3 O2(N3) 1392.6 1399.1 1406.3 1396.2 1376.4 1397.7 1381.4 1379.2 1344.2
0O4(N3) 1394.8 1401.4 1405.6 1397.4 1380.0 1398.7 1384.2 1381.5 1345.7
04(C5) 1380.3 1384.9 1398.8 1401.8 1353.5 1386.6 1372.1 1369.4 1329.7

H>0 O2(N3) 1369.2 1376.1 1381.5 1369.2 1349.1 1374.8 1358.9 1356.3 1319.9
04(N3) 1373.7 1380.5 1384.9 1375.9 1354.6 1379.8 1367.0 1360.8 1323.6
04(C5) 1366.4 1366.6 1379.6 1375.7 1337.1 1373.3 1358.8 1353.0 1316.4

HF O2(N3) 1338.0 1345.3 1350.6 1335.6 1316.2 1344.4 1329.4 1326.0 1289.4
04(N3) 1346.7 1354.2 1357.5 1347.3 1326.3 1353.8 13395 1334.5 1295.4
04(C5) 13425 1351.7 1353.8 1342.4 1322.0 1350.3 1336.2 13314 1295.5

aSee Schemes-13 for the structure, chemical numbering, and notation used for the uracil derivative compiBedsrence 42.

TABLE 6: The Effects of Hydrogen Bonding with Ammonia, Water, and Hydrogen Fluoride on the (N1) Acidity of Uracil
Derivatives*?

XH binding site U 5-CHs:-U 5-NH>-U 5-OH-U 5-F-U 6-CH-U 6-NH>-U 6-OH-U 6-F-U
NHs 0O2(N3) —3.2 —2.6 —5.5 —-7.8 -9.1 —2.2 —-0.8 —3.3 —-7.2
O4(N3) —5.4 —4.9 —4.8 —-9.0 —12.7 —3.2 —3.6 —5.6 —8.7
04(C5) 9.1 11.6 2.0 —13.4 13.8 8.9 8.5 6.5 7.3
HO 0O2(N3) 20.2 20.4 19.3 19.2 18.2 20.9 21.7 19.6 171
O4(N3) 15.7 16.0 15.9 12.5 12.7 15.7 13.6 15.1 13.4
04(C5) 23.0 29.9 21.2 12.7 30.2 22.2 21.8 22.9 20.6
HF 0O2(N3) 51.4 51.2 50.2 52.8 51.1 51.1 51.2 49.9 47.6
O4(N3) 42.7 42.3 43.3 411 41.0 41.7 41.1 41.4 41.6
04(C5) 46.9 44.8 47.0 46.0 45.3 45.2 44.4 44.5 415

@ The reported values are the calculated acidity of isolated uracil derivative (Table 2) minus the calculated acidity of uracil derivative complex

(Table 5). A positive value represents an increase in the acidige Schemes-13 for the structure, chemical numbering, and notation used for
the uracil derivative complexe$SReference 42.

1420 uracil complexes by 235 kJ moll, where the largest differ-
ences generally occur between 6-F-U and 5-F-U complexes.

The effects of the binding position of the small molecule
(XH, Scheme 3) on the acidities are relatively small. In general,
the O4(C5) complexes have the largest acidities and the
04(N3) complexes have the smallest acidities for any choice
of substituent and XH. However, there are several exceptions
to this trend.

More importantly, the acidities of uracil derivatives are greatly
affected by the properties of the molecule bound to the uracil
N ring (XH), where ammonia complexes have the smallest acidities
1300 and hydrogen fluoride complexes have the largest acidities
(Figure 4). Thus, the most acidic complexes involve HF bound

1280 to any position (Scheme 3) in 6-F-U, while the smallest acidity

H CH, NH, OH F occurs for 5-NH-U complexes involving Nl
Figure 4. N1 acidity for C5 (solid) and C6 (dashed) substituted uracil As mentioned, we are primarily interested in the effects of
derivatives uncomplexed®) and complexed with Nki(#), H-O (), hydrogen bonding on the N1 acidity of uracil derivatives and
and HF @) at O2(N3). the dependence of these effects on the C5 or C6 uracil
] o substituent. The effect of hydrogen bonding on the acidity of a
depend on the small molecule bound to the uracil derivative to yracil derivative {) is calculated as the difference between the
a greater extent than the nature or position of the substituent. acidity of the isolated uracil derivative (Table 2) and the acidity

Acidity of Substituted Uracil Complexes with NH3, H»0, of the complex (Table 5). A positivA represents an increase
or HF. As mentioned in the Introduction, the effects of hydrogen in the acidity upon hydrogen bond formation.
bonds on the properties of biomolecules are important to  Table 6 displays the effects of hydrogen bonding on the (N1)
consider. In the present work, we concentrate on the (N1) acidities. The nature of the molecule bound to the uracil ring
acidities of substituted uracil complexes, which are listed in (XH) affects A to a greater extent than the substituent, the
Table 5. The acidities of the complexed uracil derivatives fall substituent position, or the position of XH. Among the molecules
within a 117 kJ mot* range. bound to the uracil derivatives, hydrogen fluoride increases the

The trend in the acidities with respect to the C5 or C6 acidity to the greatest extent (by 463 kJ mol?). Water also
substituent is the same for the uncomplexed (Table 2) andincreases the acidity (by approximately 130 kJ mot?).
complexed (Table 5) derivatives. This can clearly be seen in However, the acidity generally decreases upon binding of
Figure 4, which provides a comparison of the trends in the ammonia to C5- and C6-substituted uracils by roughtyl3
acidities of the O2(N3) complexes. Specifically, the acidity of kJ mol™.
the complex increases with an increase in the electronegativity It should be noted that, due to a simple thermodynamic
of the uracil substituent. Furthermore, the C6-substituted uracil cycle? A can also be calculated as the difference between the
complexes have greater (N1) acidities than the C5-substitutedbinding strengths of the anionic (Table 4) and neutral (Table

1400

1360

1340

Acidity (kJ/mol)

1320
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60 dence of the properties of uracil, such as the proton affinity,
acidity, and hydrogen-bonding interactions, on the C5 and C6

% substituent. Various hydrogen-bonded complexes were consid-

" ered where ammonia, water, and hydrogen fluoride were bound
to different positions with respect to the neutral and (N1) anionic
_» uracil ring.
E 2 Our calculations indicate that the proton affinities and acidities
= of uracil sites decrease and increase, respectively, with an

10 increase in the electronegativity of the C5 or C6 substituent.
Since the proton affinities and acidities significantly depend on
the nature of the substituent, small molecules may be expected
to bind to different uracil derivatives with varying strengths.
However, the binding strengths are relatively independent of

20 the substituent. This suggests that the differences in the proton

i CH, NH, oH F affinities and acidities effectively cancel, which is likely due
Figure 5. The effects on hydrogen bonding with NK$), H,O (), to the formation of bidentate hydrogen bonds in the complexes.
and HF @) at O2(N3) on the (N1) acidity of C5 (solid line) and c6 It should also _be noted thqt the blr}dln.g strengths of water and
(dashed line) substituted uracil derivativels kJ mol?). hydrogen fluoride to the anionic derivatives are larger than those

for the neutral complexes, while the reverse is generally true
3) complexes. Thus, the observed trends in the effects of for complexes involving ammonia.
hydrogen bonds on the acidity of uracil derivatives can be  Acidities of substituted uracil complexes display a similar
understood by comparing the geometries and binding strengthstrend as the acidities of the isolated derivatives, where the acidity
of the neutral and anionic complexes. increases with the electronegativity of the substituent. The
As previously discussed, upon formation of the (N1) anion, acidities of the complexes span a 117 kJ Malange and
XH migrates to coordinate more strongly with the uracil proton hydrogen-bonding interactions are found to increase the acidity
acceptor, which leads to a larger binding energy. The magnitudeof uracil derivatives by up to 50 kJ mdl. The nature of the
of the anionic binding energies strongly increases with the molecule bound to the uracil ring (XH) changes the magnitude
acidity of XH (NHz; < H,0 < HF). Since the binding strengths  of the effect of hydrogen bonding on the uracil acidity to a
of water and ammonia neutral complexes are similar, while those greater extent than the binding position, the nature of the uracil
of hydrogen fluoride complexes are only slightly larger, the substituent, or the substituent position. These trends can be
effects of XH on the anionic binding strengths are still observed explained by considering differences in the geometries and
in A for the uracil derivatives. binding strengths of the neutral and (N1) anionic substituted
Most importantly, since the binding strengths of the neutral uracil complexes.

(Table 3) and anionic (Table 4) complexes are not greatly  The present study was prompted due to our interest in the
dependent upon the C5 or C6 substitueAt,is relatively  role of hydrogen bonds in the mechanism of action of uracil
independent of the nature and position of the uracil substituent pna glycosylase (UDG), which removes uracil from DNA.
(Table 6). Figure 5 displays the change Anfor O2(N3)  UDG is also known to excise 5-fluorouracil, 5-hydroxyuracil,
complexes as a function of the C5 and C6 substituent, which jsodialuric acid, and 5,6-dihydroxyuragitl! However, experi-
provides a representative example of the general trends observeghents have shown that the excision rate varies with the substrate.
for O4(N3). However, it should be noted that the effects of For example, 5-hydroxyuracil is excised-80 times less
hydrogen-bonding interactions at O4(C5) in C5-substituted efficiently than uracilt® while 5-F-U is excised at a rate similar
uracils are more dependent upon the substituent (Table 6) sinceo that of uraci® Furthermore, 6-aminouracil is a known
the binding strength of the O4(C5) neutral complex significantly nhibitor and the enzyme does not excise 5-methyluracil
changes with the C5 substituent and XH (Table 3). (thymine)312

In summary, the effects of hydrogen bonding on the (N1)  gince the proposed mechanism of action of uracil DNA
acidities change most significantly with the small molecule 4y4syiase involves the formation of the uracil (N1) anion, it
bound to the uracil derivatives (XH) and are not strongly o4 he expected that differences in (N1) acidities of uracil
dependent upon the binding position (Table 6). More impor- yerivatives lead to differences in the excision rate. However,
tantly, the magnitude of the effects of hydrogen bonding on ¢ {rends in our data are not in agreement with experimental
the acidity of the uracil derivatives is not significantly dependent {.a4s. For example, 5-fluorouracil has a significantly larger

on the C5 or C6 substituent (see, for example, Figure 5). caicylated acidity than uracil, but the two derivatives are excised
However, it must be stressed that, as shown in Figure 4, the 5t 5 similar rate.

(N1) acidities of the complexed derivatives (Table 5) are very It is interesting to consider whether hydrogen-bonding

dependent on the C5 or C6 substituent, as was discussed for . . .
the uncomplexed acidities (Table 2). interactions are at least partially responsible for the enzyme

selectivity. Specifically, it could be proposed that hydrogen-
bonding interactions within the active site may have different
effects on the acidity of different uracil derivatives. However,
Since hydrogen bonds play fundamental roles in many our calculations indicate that the effects of hydrogen bonding
biological processes, it is important to consider hydrogen- on the (N1) acidities are the same regardless of the uracil
bonding interactions between biomolecules and their derivatives. derivative considered. Thus, our calculations suggest that the
In the present work, hydrogen-bonding interactions between relative N1 acidities of uracil derivatives play at best a minor
various C5- and C6-substituted uracils are considered, whererole in determining deglycosylation rates by uracil DNA
the substituents were chosen to cover a range in electronegaglycosylation, and that other factors, such as steric interactions
tivities. Computational chemistry was used to study the depen-with active site residues, are extremely important for the

Conclusions
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selectivity of the enzyme. More elaborate model systems are (28) Nguyen, M. T.; Chandra, A. K.; Zeegers-Huyskens,JTChem.

i i ; ; Soc, Faraday Trans 1998 94, 1277-1280.
currently being investigated to _address these issues. _ (29) Chandra, A. K.; Nguyen, M. T.; Zeegers-HuyskensJTPhys.
In summary, our study provides a better understanding of cpem. A1998 102 6010-6016.

hydrogen-bonding interactions involving modified uracil deriva- (30) Chandra, A. K.; Nguyen, M. T.; Uchimaru, T.; Zeegers-Huyskens,
tives. Although one of the driving forces of the present study T-J. Phys. Chem. A999 103 8853-8860.

was to better understand interactions within active sites of 10:(,»3?61"{"_”12"1(’;”"’ T.; Price, S. L.; Clary, D. Q. Phys. Chem. A999

enzymes that repair damaged nucleobases, such as the DNA (32) Bencivenni, L.; Ramondo, F.; Pieretti, A.; SannaJNChem. Sog.
glycosylases, our findings will also have more general implica- Perkin Trans. 2000 1685-1693.

i i i i (33) Gadre, S. R.; Babu, K.; Rendell, A. P. Phys. Chem. 200Q
tions for understanding the use of modified nucleobases in 104 89768962,

biochemical applications, such as therapeutics, that rely on™" a4y kurinovich, M. A.; Lee, J. KJ. Am. Chem. So200 122, 6258
hydrogen-bonding interactions. 6262.
(35) van Mourik, T.; Benoit, D. M.; Price, S. L.; Clary, D. ®hys.
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