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The present study uses density functional theory to carefully consider the effects of the environment on the
enhancement in (natural and damaged) DNA nucleobase acidities because of multiple hydrogen-bonding
interactions. Although interactions with one small molecule can increase the acidity of the nucleobases by up
to 60 kJ mot! in the gas phase, the maximum increase in enzymatic-like environments is expected to be
approximately 40 kJ mol, which reduces to approximately 30 kJ miin water. Furthermore, the calculated
(simultaneous) effects of two, three, or four molecules are increasingly less than the sum of the individual
(additive) effects with an increase in the number and acidity of the small molecules bound or the dielectric
constant of the solvent. Regardless of these trends, our calculations reveal that additional hydrogen-bonding
interactions will have a significant effect on nucleobase acidity in a variety of environments, where the exact
magnitude of the effect depends on the properties of the small molecule bound, the nucleobase binding site,
and the solvent. The maximum increase in nucleobase acidity because of interactions with up to four small
molecules is approximately 80 kJ mdlin enzymatic-like environments (or 65 kJ mblin water). These

results suggest that hydrogen-bonding interactions likely play an important role in many biological processes
by changing the physical and chemical properties of the nucleobases.

Introduction that the enzyme stabilizes the anionic intermediate through
hydrogen-bonding interactions with active site resicties.
Furthermore, although some glycosylases (MutY) have been
rproposed to protonate purines (adenine) prior to base depar-
ture2325 there is evidence that other (damaged) purines (8-
oxoguanine) may be repaired through anionic intermedfates.
Indeed, crystal structures of DNA glycosylases suggest that
almost all nucleobase hydrogen-bond donor and acceptor sites
interact with active site amino aci@$?® Therefore, to better
understand the enzymatic behavior of the DNA glycosylases,
we must first understand the acidity of the (natural and damaged)
nucleobases, as well as how external factors, such as hydrogen-
bonding interactions, influence this property. In our previous
work, we carefully considered the effects of hydrogen-bonding
interactions with hydrogen fluoride, water, or ammonia on the
acidity of the natural nucleobases (thymfheytosine? ad-
eninet! guaninédl), as well as a selection of damaged nucleo-
bases (uracil, 5-substituted uracil%, 8-oxo purine deriva-
tivest).2° The three small molecules were chosen because of
he range in their proton affinities and acidities, and therefore

interactions between natural or damaged nucleobases and ecause of their hvdrogen-bonding abilities. which span those
variety of small molecules, as well as the effects of these ydrogen 9 ’ 1 span
of the natural amino acids. Furthermore, consideration of

interactions on the acidity of the nucleobases. Our interest Stem%nteractions between the nucleobase and small molecules allows
from the potential role of hydrogen-bonding interactions between S . . -
nucleobases and amino acid residues in the natural DNA repairus to gain |nS|ght Into tl_1e ab|I|ty of_hydrogen bonding to stat_nhze
process (base excision repa#)which is initiated by the DNA nuqleobgse anions without biasing our model to a particular
glycosylase3:2 Specifically, the proposed mechanism of action active S'te', . o
of the best studied DNA glycosylase (uracil DNA glycosylase, Our previous calculations revealed that the acidity of natural
UDG) involves the formation of a nucleobase anion upon &Nd d@maged nucleobases can be enhanced by up to 60°kJ mol
cleavage of the base-sugar bond, and it has been hypothesizeynen the nucleobase is complexed with one small moléctiie
and up to 130 kJ mof when the nucleobase is simultaneously
* Mount Allison University. complexed with two, three, or four small moleculédWe also
* University of Lethbridge. found that the effects of two hydrogen-bonding interactions are

Weak interactions involving biomolecules have many roles
in fundamental processes in nature, such as DNA replication
and repair, and therefore must be understood on a molecula
level. Since information about discrete interactions is difficult
to obtain directly from experimental measurements, computer
calculations of the strength of hydrogen-bonding and stacking
interactions involving biomolecules can provide a wealth of
important information. Indeed, computational studies have
characterized the hydrogen-bondintjand stackingy ® interac-
tions between natural and modified DNA nucleobases, as well
astheirinteractionswithwater>orothersmallmolecules 11:16-21
A smaller number of articles have considered the effects of
solvation on the hydrogen-bonding or stacking interactions of
the nucleobase.52.6¢.12e,13f,13n-0,14g,15e,159,2% Fyjrthermore,
to the best of our knowledge, no articles have studied the effects
of weak (hydrogen-bonding or stacking) interactions on the
physical and chemical properties of nucleobases in solution.

We are particularly interested in the hydrogen-bonding
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. NH, NH, o We found that the Onsager method incorrectly predicts greater
3 4Jl 3 4].3 75 16 7 Jl6 e . . h .
51 M B NH 5N 8</N N /Nho stabilization of neutral uracil than the uracil anion, which leads
6 1N/2&0 in Do SN Ro  aNaen? A N NH to a net decrease in the acidity. In contrast, PCM single-point
H H H H 3 H 3 2

calculations on gas-phase geometries lead to an increase in the

U T c A G acidity of uracil, which increases with the dielectric constant
Figure 1. Structure and chemical numbering of the natural (DNA and ©f the solvent. Since PCM provides a more accurate description
RNA) nucleobases: uracil (U), thymine (T), cytosine (C), adenine (A), than the Onsager method, acidities from PCM optimized
and guanine (G). geometries were considered and were within 4 kJ ol those

Ny calculated with gas-phase geometries. Thus, we conclude that

BN

X A accurate estimates of the acidity of isolated uracil in different
o] o X o . . . . ;
hos la Mo no K b T H media can be obtained by perfqrmlng PCM single-point
Jl /“E X ‘ /’L | l calculations on gas-phase geometries.
HOON 2%--H H NS0 H™ NS0 PCM solvent-phase 6-31G(d,p) optimizations of the uraetl
H H water (O2(N3)) neutral and anionic complexes require greater
02(N3) 04(N3) 04(C5) computational time than gas-phase calculations and sometimes
fail to converge when larger dielectric constants are used (Table

Figure 2. Structure and nomenclature for uracil hydrogen-bondin . . L .
sitges, where XH= HF. H,0, or NHs. yarog g S2). However, results obtained for geometries optimized with

the 6-31G(d) basis set suggest that the acidities, and therefore

close to additive (i.e., equal to the sum of the two individual the estimated effects of solvatiqn on the acidi_ty,_ calculat_e_d using
effects)’11 although greater deviations from additivity were 9@s- Or solvent-phase geometries are very similar. Additionally,
noted for the simultaneous binding of three or four molectles. ~ Single-point calculations on gas-phase geometries yield similar

The goal of the present study is to consider the effects of results with the 6-31G(d) and 6-315(d,p) basis sets. Futher-
solvation on the increase in the nucleobase acidity because of0reé, when complexes could be optimized in solution with
discrete hydrogen-bonding interactions with small molecules. 8-31+G(d,p), small differences between the two basis sets, as
One of the driving forces of this study is to account (in bulk) well as small differences between smgle-po!nt calculations on
for the environment within biological systems or, more specif- 9aS- and solvent-phase (6-86(d,p)) geometries, were found.
ically, enzymatic active sites. This is important since the 'Nus, we conclude that PCM single-point calculations on
enzymatic environment likely affects the acidity of the nucleo- 6-31+G(d,p) gas-phase geometries can be used to reliably assess
base. Indeed, previous studies have shown, for example, thalsolvahon effects on the acidity of the nucleobases and nucleo-
the relative acidity of the N1 and N3 sites in ur&giand base-small molecule complexes.
5-substituted uracil derivativ&sis different in solution com- On the basis of the above results, all nucleobases, as well as
pared with the gas phase (see Figure 1 for the structure andtheir complexes with hydrogen fluoride, water, and ammonia,
numbering of the natural nucleobases). Additionally, the Were optimized in the gas phase using B3LYP/6-&X(d,p).
preferred tautomers of guanileand 8-oxoguanirié can be ~ B3LYP/6-311-G(2d,p) single-point calculations were per-
drastically different depending on the environment. formed on these geometries in the gas phase, _ether, and water,

In addition to directly affecting the acidity of nucleobase sites, Where the latter calculations were performed with PCM. Water
changes in the environment may affect how small molecules Was chosen because of its abundance in biological systems,
interact with the nucleobase. For example, previous studies havehile ether ¢ = 4.335) was chosen since dielectric constants
shown that binding discrete molecules to the nucleobase affects2r0unde = 4 have been shown to provide a suitable compromise
the acid-base properties and, therefore, the hydrogen-bonding between _the environment within enzymatic active sites and the
ability of other sited;1112b13h14b.15T hys, the environment in syrrouqdlng watet® Furthermore, data} from a Wldgr range of
biological systems may also change the effects of hydrogen-d'eleCt”CS (Table S1 and S2, Supporting Information) suggests
bonding interactions on the nucleobase acidity, and the mag-that the gas, ether, and water data span that obtained from
nitude of this change is not immediately clear. The present work Studying a greater number of solvents.
accounts for both distinct hydrogen-bonding interactions and ~ All reported energies include scaled (0.9806) zero-point
the bulk environment at the same time and thereby allows us Vibrational corrections, and energies of all complexes include
to determine the synergy of these effects on the nucleobasebasis set superposition error (BSSE) correctink. is not

acidity. possible to obtain BSSE corrections using the PCM method.
However, solvent-phase BSSE corrections were calculated for
Computational Details a variety of complexes and solvents using the Onsager method,

and the differences between the gas- and solvent-phase BSSE

Er_ior to cqnsidering the effects of hydrogen bonding on the were less than 1 kJ mdlin all cases. Therefore, for consistency,
acidity of various nucleobases, we performed a systematic studygpergies of all complexes in the solvent phase were corrected

on the (N1) acidity of uracil (Figure 1) and the uraeifater iy the gas-phase BSSE values. All calculations were
O2(N3) complex (Figure 2) to identify an appropriate level of performed with Gaussian 08.

theory (Tables S1 and S2, Supporting Information). B3LYP/6-
311+G(2d,p) single-point calculations on B3LYP/6-8G(d,p)
gas-phase geometries were performed on uracil and the uracil
anion using the Onsag¥érand polarizable continuum (PCHK#) |. Effects of Solvation on the Increase in Nucleobase
self-consistent reaction field (SCRF) methods (Table S1). Eleven Acidity Because of Discrete Hydrogen-Bonding Interactions
different solvents were used that have dielectric constantswith One Small Molecule. (1) Uracil. Although we are
ranging from the gas phase € 1) to water ¢ = 78.39). The interested in all of the nucleobases, we begin our analysis of
acidities are reported as deprotonation enthalpies, and thereforehe effects of solvation on the acidity of nucleobase (hydrogen-
an increase in (absolute) magnitude represents a decrease in theonded) complexes by considering uracil. In particular, we will
acidity. consider the effects of solvation on the (N1) acidity of

Results and Discussion
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TABLE 1: Acidity, the Effect of Hydrogen Bonding on the Acidity ( Axy), and the Effect of Solvation on the Acidity Ason), as
well as Axy ((Axn)son), for Complexes between Uracil and One Small Molecule (kJ mok)2

ga® ethef wateF
02(N3) O4(N3) O4(C5) acidity Axn acidity Asolv Axn (AXH)SQIV acidity Asoly Axn (AXH)solv
1389.4 1251.9 137.5 1214.8 174.6

HF 1338.0 51.4 1213.1 124.9 38.8 —-12.6 1181.2 156.8 336 —17.8
HF 1346.7 42.7 1219.8 126.9 32.1 —-10.6 1184.3 162.4 305 -—12.2

HF 13425 46.9 1222.3 120.2 296 -17.3 1191.3 151.2 235 —234

H20 1369.2 20.2 1240.4 128.8 115 —-87 1204.0 165.2 10.8 —-9.4
H0 1373.7 15.7 1243.2 130.5 87 —7.0 1204.7 169.0 10.1 —5.6

H0 1366.4 23.0 1241.2 125.2 10.7 —-123 1207.1 159.3 7.7 —153

NH3 13926 3.2 1258.4 1342 -65 —3.3 1218.1 1745 -3.3 -0.1
NH3 13948 54 1258.2 136.6 —6.3 —0.9 1217.2 1776 —-2.4 3.0

NH3 1380.3 9.1 1248.4 131.9 35 56 1210.6 169.7 4.2 —4.9

2 See Figure 2 for definition of the uracil binding sites. All acidities refer to the N1 acidity of ufaRiference 7¢ PCM-B3LYP/6-31HG(2d,p)
single-point calculations on gas-phase B3LYP/6-&l(d,p) geometries.

complexes between uracil and hydrogen fluoride, water, or the stabilization provided to the uracil anion by the small
ammonia. The small molecule (XH) can bind at three different molecule. Indeed, ammonia leads to very small changes in the
uracil sites (Figure 2), which involve both a nucleobase proton acidity of uracil, and therefore the effects of solvation on the
donor and acceptor. Our notation for these complexes usesacidity of uraciFammonia complexes are almost equal to the
brackets to identify the uracil proton-donor site. effects of solvation on the acidity of (isolated) uracil. Interest-
The gas-phase acidity of uracil, as well as the effects of ingly, for each small molecule, the effect of solvation decreases
hydrogen bonding with small molecules on the acidity), with binding site according to O4(N3} O2(N3) > 04(C5),
are displayed in Table 1. As mentioned in the Computational Which implies that the solvent provides a different net stabiliza-
Details, the acidities are reported as deprotonation enthalpiestion according to the binding site regardless of the properties
and therefore an increase in (absolute) magnitude represents & XH.
decrease in the acidity. The gas-phase acidity of uracil (1389.4 Increasing the dielectric constant of the solvent is anticipated
kJ mol1)3 is generally increased upon binding of small to increase the net stabilization provided to the uracil anion and
molecules by up to 51.4 kJ mdl Hydrogen fluoride leads to  thereby increase the acidity. Indeéd,,, for the acidity of uracil
the largest increases in acidity, while ammonia sometimes is greater for water (174.6 kJ nmd) than ether (137.5 kJ niof),
decreases the acidity compared with isolated uracil. This trend which is in agreement with results previously presented in the
follows the acidity of the small molecule bound to the literature3® The stabilization provided to the uraeiKH com-
nucleobase. In regard to the binding site, the increase in theplexes also increases upon consideration of an aqueous environ-
acidity is largest when HF binds at O2(N3), while the greatest ment. Nevertheless, the trends i, discussed for ether
enhancement upon binding of water or ammonia occurs at O4-continue to predominate upon solvation with water.
(C5). This interesting trend with respect to the binding sites  One of the main driving forces of the present study is to
can be explained by considering differences in the (neutral and understand how solvation changasgy the effect of discrete
anionic) binding strengths of the individual complexes, as hydrogen-bonding interactions on the acidity of the nucleobase.
previously discussed in the literatur®levertheless, the nature  Differences in the effect of solvation on the urac{H
of the small molecule bound affectsxn to a greater extent  complexes compared with (isolated) uracil, as well as the
than the binding site. relatively small dependence of the gas-phagg on the binding
The acidities of uracil and uraeil)XH complexes in solution site (compared with XH), lead to changes in the trend&s\n
are also displayed in Table 1, wheXe,, represents the increase  with respect to the binding site upon solvation. For example,
in acidity because of the solvent. The acidity of uracil increases in the gas phase, the effect of hydrogen bonding with one water
significantly (Asoy = 137.5 kJ mot?) upon solvation with ether,  molecule on the acidity of uracil decreases as O4(€5)2-
which reflects greater stabilization of the uracil anion in solution. (N3) > O4(N3), while the trend changes upon solvation with
The effects of solvation on the acidity of uraekH complexes ether to O2(N3)> O4(C5) > O4(N3) and to O2(N3y O4-
are smaller (by £17 kJ mot?) than the effect on isolated uracil, (N3) > 0O4(C5) in an aqueous environment. Perhaps more
whereAsqy for uracil complexes in ether ranges from 120.2 importantly, the large dependence/ofy on the molecule bound
136.6 kJ mot?. The solvent does not stabilize the uraciH to uracil noted in the gas phase (i.e., decrease as Hf,0 >
anionic complexes as much as the isolated uracil anion sinceNHs) still dominates in solution, which reemphasizes that the
the discrete hydrogen-bonding interactions with the small molecule bound has a greater influence on the acidity of uracil
molecule already provide some stabilization to the uracil anion than the binding site.
prior to solvation. This suggests that the combined effects of  The greater effects of solvation on the acidity of isolated uracil
one small molecule and the extreme of full solvation are less compared with the acidity of uracil complexes lead to a net
than the sum of the individual effects. This agrees with previous decrease in the effect of the small molecule on the acidity of
observations that there is a clear decrease in the enhancemenjracil in solution compared with the gas phase. Specifically,
in acidity provided by each additional hydrogen-bonding the difference between the gas and solvent ptgge which
interaction when more than two small molecules are simulta- is represented ag\g)son, is up to 17 kJ moit in ether (Table
neously bound to the purinés. 1). Furthermore, the absolute magnitude A%)son generally
For any binding siteAsq decreases with XH as N H,O increases with the dielectric constant of the solvent, where water
> HF, which suggests that the net stabilization afforded by can decrease the gas-phasgy by up to 23 kJ mol'. These
subsequent solvation decreases with an increase in the acidityeffects can once again be understood in terms of the stabilization
of the small molecule bound or, in other words, an increase in provided to the uracil anion. In particular, the greater the
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H A& H Figure 4. Structure and nomenclature for hydrogen-bonding sites in
X N3(N2) cytosine and guanine involving (a) two nucleobase acceptor sites (X

Figure 3. Structure and nomenclature for bidentate hydrogen-bonding = O or NH) and (b) only one nucleobase acceptor site.

sites in the natural DNA nucleobases, where ¥HHF, H;O, or NHs.
proton donor, which affords a bidentate hydrogen-bonding

stabilization provided by the solvent, which increases with the @rangement in the nucleobas¢H complex. However, a
dielectric constant, the smaller the additional stabilization Pinding arrangement involving two nucleobase proton acceptors
provided by discrete hydrogen-bonding interactions. |ntera_ct|ng with tw_o small molecule donors was a_llso found for

Interestingly, the gas-phage decreases rapidly with initial ~ CYtosine and guanine when XH H,0 or NHs (see Figure 4&))
changes in the environment. For example, the gas-phage while a binding arrangement |nvoIV|_ng only one nucleobase
due to water at O2(N3) (20.2 kJ m@) decreases to 11.5 kJ ~ acceptor was found when Xk HF (Figure 4b).
mol~t in ether, which represents a 45% reduction. However, ~ Prior to considering the nucleobase complexes, the effects
the corresponding\xy in water is 10.8 kJ mott and therefore of solvation on the acidity of the isolated nucleobases must be
changing the solvent from ether to water causes only a further considered (Tables-25).%° Cytosine is the least acidic nucleo-
10% decrease. Indeed, comparing the acidity of (isolated) uracil base. As a result, the effects of solvatiaidy) are larger for
(Table S1) to the acidity of the uraeilvater O2(N3) complex ~ Cytosine, and the span in the nucleobase acidity is reduced from
(Table S2) calculated in a variety of solvents suggestsahat ~ approximately 55 kJ mot in the gas phase to 37 kJ mélin
changes rapidly as the solvent dielectric increases from 1 (gas)ether. The gap in nucleobase acidities is further reduced (to
to 2.247 (benzene), but further increases ito 78.39 cause  approximately 32 kJ mol) in water. A change in the relative
much smaller variations inxy. This suggests that there exists ~acidity of nucleobase sites has been previously reported in the
a plateau in the net stabilization of the uracil anion provided literature?0-3
by the (bulk) solvent. The effects of solvation on the acidity of nucleoba¥d

Table 1 clearly shows that the effect of solvation on the complexes involving both a nucleobase proton donor and
acidity of uracil or uracil complexes\son) is much larger than ~ acceptor (Tables-25) generally follow the same trends as those
the effect of one small molecule on the acidity of uradikf). previously outlined in detail for uracil (Table 1). Specifically,
Nevertheless, the effects of discrete hydrogen-bonding interac-the effects of solvation on the acidity of the nucleobaXél
tions with uracil in solution are significant. Indeed, hydrogen- complexes generally decrease with an increase in the acidity of
bonding interactions with small molecules can increase the XH or with a decrease in the dielectric constant of the solvent.
acidity of uracil by up to approximately 40 kJ mélin ether Most importantly, solvation decreases the acidity of the nucleo-
and 35 kJ mol® in water. Although these effects are smaller base to a greater extent than the nucleobadé complex. As

than those in the gas phase (approximately 50 kJ Hiobur aresult, the effects of discrete hydrogen bonds on the nucleobase
results suggest that discrete hydrogen-bonding interactions mayacidity (Ax) are smaller in solvation compared with the gas
have important roles within biological systems. phase (fxn)sov iS negative). Nevertheless, the effects of

In summary, our results indicate that there is a balance hydrogen bonds are still significant in solution. Indeed, the
between the effects of discrete hydrogen-bonding interactionslargest effect of discrete hydrogen-bonding interactions on the
and the (bulk) solvent on the acidity of uracil. Specifically, the acidity of the natural nucleobases is 43 kJ mdh ether and
greater the increase in acidity provided by a discrete hydrogen-37 kJ molt in water (a maximum increase of 58 kJ mbin
bonding interaction (i.e., because of the acidity of the small the gas phase was previously reportédy.
molecule or binding site), the smaller the enhancement due to  As discussed for uracil, the effects of discrete hydrogen-
the solvent. Alternatively, the greater the stabilization of the bonding interactions on the acidity of the nucleobases in both
uracil anion provided by the solvent (i.e., because of an increasethe gas phase and solution depend more significantly on the
in the dielectric constant), the smaller the stabilization due to molecule bound than on the binding site. Indetg, decreases
hydrogen bonds with small molecules. as HF> H,0 > NHjs for all nucleobases in all media. However,

(2) Natural DNA NucleobaseBecause of differences inthe  the range in the effects of each small molecule for different
hydrogen-bonding patterns of the natural DNA nucleobases, wenucleobases is quite large. For example, the effect of hydrogen
now compare the effect of solvation on the increase in the acidity fluoride in the gas phase ranges from 35 to 58 kJhabhich
of the four (natural) DNA bases due to hydrogen-bonding decreases to 2343 kJ moi? in ether and 1737 kJ moft in
interactions with XH= HF, H,0O, or NH:.2° Figure 3 displays water. For comparison, the effects of hydrogen bonds with a
the hydrogen-bonding patterns between the natural nucleobasesliscrete water molecule in the gas phase, ether, and water range
and XH and provides the nomenclature for the sité$.The from 15 to 33, from 8 to 12, and from 5 to 11 kJ mal
majority of the binding sites considered in the present work respectively. Interestingly, although there is a large range in
involve one nucleobase proton acceptor and one nucleobaseAxy for each small molecule, which reflects differences in the
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TABLE 2: Acidity, the Effect of Hydrogen Bonding on the Acidity ( Axy), and the Effect of Solvation on the Acidity Ason), as
well as Axy ((Axn)son), for Complexes between Thymine and One Small Molecule (kJ mot)2

ga® ethef wateF
02(N3) O4(N3) O4(C5) acidity Axn acidity Asolv Axn (AXH)SQIV acidity Asoly Axn (AXH)solv
1396.5 1257.6 138.9 1219.4 177.1
HF 1345.3 51.2 1220.5 124.8 371 -14.1 1188.5 156.8 309 -—203
HF 1354.2 42.3 1227.8 126.4 298 —125 1193.8 160.4 256 —16.7
HF 1351.1 45.4 1234.9 116.2 22.7 —22.7 1204.0 147.1 154 —30.0
H20 1376.1 20.4 1245.8 130.3 11.8 —-8.6 1208.2 167.9 11.2 —9.2
H20 1380.5 16.0 1248.9 131.6 87 —-73 1208.9 171.6 105 —-55
H0 1366.6 29.9 1242.3 124.3 153 -146 1208.2 158.4 112 -18.7
NH3 1399.1 26 1263.9 1352 -6.3 —3.7 1221.9 177.2 —-25 0.1
NH3 14014 —4.9 1265.0 1364 —7.4 —2.5 1221.5 1799 -21 2.8
NH3 1384.7 11.8 1255.0 129.7 26 —9.2 1217.5 167.2 1.9 —-9.9

2 See Figure 3 for definition of the thymine binding sites. All acidities refer to the N1 acidity of thyrhReference 8¢ PCM-B3LYP/6-
311+G(2d,p) single-point calculations on gas-phase B3LYP/6-@(d,p) geometries.

TABLE 3: Acidity, the Effect of Hydrogen Bonding on the Acidity ( Axy), and the Effect of Solvation on the Acidity Ason), as
well as Axy ((Axn)son), for Complexes between Cytosine and One Small Molecule (kJ md)2

gag ethef watef
02—N3 N3(N4) aCIdlty AXHd aCIdIty Asolv A)(Hd (AXH)SOIV aCIdlty Asolv AXHd (AXH)solv
1442.7 1292.2 150.5 1246.8 195.9

HF 1387.4 55.3 1255.4 132.0 36.8 —18.5 1214.8 172.6 32.0 —23.3
HF® 1394.0 48.7 1256.1 137.9 36.1 —12.6 1215.4 178.6 31.4 —-17.3

H,Of 1405.3 37.4 1280.5 124.8 11.7 —25.7 1244.8 160.5 2.0 —354
H,0e 1422.2 20.5 1282.4 139.8 9.8 -—10.7 1238.9 183.3 7.9 —12.6

NH3 1422.3 20.4 1290.9 131.4 1.3 -19.1 1248.7 1736 —19 —22.3
NH3 1441.2 1.5 1294.4 146.8 —2.2 —-3.7 1247.9 1933 -11 —2.6

aSee Figure 3 for definition of the cytosine binding sites. All acidities refer to the N1 acidity of cytddReference 9 PCM-B3LYP/6-
311+G(2d,p) single-point calculations on gas-phase B3LYP/6-G(d,p) geometries! Relative to 6-3%G(d,p) geometriest Values estimated
using 6-31G(d,p) geometriesGeometry taken from reference 10.

TABLE 4: Acidity, the Effect of Hydrogen Bonding on the Acidity ( Axy), and the Effect of Solvation on the Acidity Ason), as
well as Axy ((Axn)son), for Complexes between Adenine and One Small Molecule (kJ mof)2

ga® ethef watef
N1(N6) N7(N6) N7(C8) N1(C2) acidity  Axu acidity Asolv Axn (AxH)solv acidity Asolv Axn (AxH)solv
1406.8 1264.1  142.8 1222.8 184.0

HF 1365.2 41.6 12381 1271 259 —15.7 1202.4 162.8 204 -21.2
HF 1348.7 58.1 12209 127.8 43.1 —15.0 1185.7 163.0 371 -21.0

H20 1388.5 183 1255.1 1334 89 —-94 12165 172.0 6.3 —12.0
H20 1381.8 25,0 12519 129.9 12.1 —-12.9 12147 167.1 8.1 -16.9

NH3 14069 -0.1 1266.3 140.6 —2.3 —2.2 12246 1823 —1.8 -1.7
NH3 1403.3 3.5 1265.6 137.7 —1.6 —5.1 12242 1791 —-14 —4.9

NH3 1394.1 12.7 1260.7 133.4 33 —-94 1221.8 172.3 1.0 -11.7

NHs 1395.3 11.5 12625 132.8 15 —-10.0 12239 1714 -11 —12.6

aSee Figure 3 for definition of the adenine binding sites. All acidities refer to the N9 acidity of adeéieéerence 11 PCM-B3LYP/6-
311+G(2d,p) single-point calculations on gas-phase B3LYP/6-3(d,p) geometries.

properties of nucleobase binding sites, there is little overlap Nevertheless, these hydrogen-bonding interactions can still lead

between the effects of the different small molecules. to significant increases in the nucleobase acidity, where the
As mentioned above, unique binding patterns involving one magnitude of the effect depends on the molecule bound, the

(XH = HF) or two (XH = H20 or NH) nucleobase acceptor  pinding site, and the solvent.

sites have been previously identified for cytosine (&) and

guanine (O6-N7). In the gas phase and solution, binding HF

at these sites leads to similar increases in acidity as binding HF

at bidentate nucleobase sites. On the other hand, since wate . ) . . .
and ammonia have two hydrogen-bond donors, binding either W€ considered the effects of simultaneous interactions with two
X small molecules on the gas-phase acidity of several nucleo-

small molecule to these unique sites in cytosine or guanine leads U s ) X N
to significantly larger increases in the nucleobase acidity in the Pases:** It is important to consider the simultaneous binding
gas phase (3337 kJ mot for water and 1820 kJ mot™ for of more than one small molecule since it is very common for
ammonia) compared with other sites involving only one nucleobases to interact with multiple amino acid residues within
acceptor. However, the benefits of this binding is significantly the active sites of enzymes. Indeed, multiple interactions have
reduced in the solvent phase, whexg; decreases by up to 35 been identified to be important for substrate identification,
kJ mot2, binding, and catalysis in natural DNA repair proces¥e% To

In summary, as discussed for uracil, the effects of discrete understand how these interactions can affect the reactivity
hydrogen-bonding interactions on the acidity of the natural DNA (acidity) of the nucleobases, we must determine whether the
nucleobases are reduced in solvent compared with the gas phaseimultaneous effects are additive (equal to the sum of the

Il. Effects of Solvation on the Increase in Nucleobase
Acidity Because of Discrete Hydrogen-Bonding Interactions
Yvith More Than One Small Molecule. In our previous work,
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TABLE 5: Acidity, the Effect of Hydrogen Bonding on the Acidity ( Axy) and the Effect of Solvation on the Acidity (Ason), @s
well as Axy ((Axn)son), for Complexes between Guanine and One Small Molecule (kJ mof)?2

ga® ethef watere
O6—N7 NS(NZ) OG(Nl) acidity Axn acidity Asolv Axn (AXH)SQIV acidity Asolv Axn (AXH)solv
1403.6 1265.3 138.3 1226.1 1775
HF 1353.7 49.9 1232.7 121.0 326 -17.3 1198.9 154.8 2712 227
HF 1364.5 39.1 1241.8 122.7 235 -—156 1208.8 155.7 173 -21.8
HF 1368.5 35.1 1241.6 126.9 23.7 —114 1206.4 162.1 19.7 -—-154
H20 1370.6 33.0 1254.1 116.5 11.2 -21.8 1221.4 149.2 47 —28.3
H>0 1382.2 21.4 1255.2 127.0 101 —11.3 1221.2 161.0 49 -16.5
H.0O 1393.9 9.7 1257.3 136.6 8.0 —17 1219.4 174.5 6.7 —3.0
NH3 1385.9 17.7 1264.7 121.2 06 -—-17.1 1229.7 156.2 —3.6 —21.3
NH3 1401.0 2.5 1268.5 1325 —-32 -5.8 1231.4 169.6 —5.3 —7.9
NH3 14126 —9.1 1270.7 1419 -5.4 3.6 1229.9 182.7 —3.8 5.2

2 See Figure 3 for definition of the guanine binding sites. All acidities refer to the N9 acidity of guariederence 11¢ PCM-B3LYP/6-
311+G(2d,p) single-point calculations on gas-phase B3LYP/6-3(d,p) geometries.

increase in the dielectric constant of the solvent. This can be

100.0
* seen in Figure 5, where the gas-phase data points (circles) have
_ 0.0 - the largest effect (maximum effect of 95 kJ myland water
g . data points (triangles) have the smallest effect (maximum effect
= 60.0 . of 56 kJ mof?). Figure 5 also shows that although the spacing
2 7 between the gas, ether, and water data points systematically
E 40.0 4 decreases with an increase in the dielectric constant, the
g o &0 interspatial pattern within each data set is constant. This indicates
B 20.0 4 : . that the same trends with respect to the small molecule bound
S a0 and the binding site hold in the gas phase and various solvents.
_2(') 0 O'ODO AS%Q 2(; 0 40‘ o 60‘ o 80‘ o 106 0 Since the majority of th_e ga'_s-phase d_ata points fall close to
) 200 - : ’ ’ ) ’ or slightly below the stralght_lme, the S|_multaneous effgct of
. two small molecules on the acidity of uracil is close to or slightly
Additive Effect (kl/mol) less than the sum of the individual (additive) effects. For the

Figure 5. Comparison of the calculated (simultaneous) and additive
(sum of the individual) effects of hydrogen-bonding interactions with
two small molecules on the (N1) acidity of uracil in the gas phase
(circles), ether (squares), or water (triangles).

majority of these uracil complexes, the simultaneous (calculated)
effects exhibit greater additivity in solution. However, the
reverse is true for some complexes, such as those with ammonia
bound at O2(N3) or O4(N3) or hydrogen fluoride bound at O4-
individual effects) or whether the individual effects decrease (N3) and O5(C5). The most important conclusion is that the
(or increase) with each subsequent interaction. deviations from additivity in solution are different from the gas-

In the present study, we consider 18 combinations of two phase deviations by less than 5 kJ molTherefore, additivity
small molecules at three uracil binding sites. Complexes with holds in all phases, which suggests that binding of the first
molecules simultaneously bound at O2(N3) and O4(N3) are molecule does not greatly affect the properties of the nucleobase
neglected from the discussion because of changes in the numbeand that additional discrete hydrogen bonds can still play an
and type of nucleobase hydrogen bonds upon binding of the important role in enhancing the acidity when the bulk environ-
second moleculéThe effects of solvation on the acidith{on) ment is taken into account. Indeed, two small molecules can
of complexes between uracil and two small molecules {105 increase the acidity of uracil by up to 66 kJ mbin ether or
130 kJ mot? for ether and 136170 kJ mot? for water, see 56 kJ moft in water (compared with 95 kJ mdl in the gas
Table S3, Supporting Information) are slightly smaller than the phase).
solvation effects on the acidlity of complexes involving one ?mall Unfortunately, although more than two amino acid residues
molecule (12&140 kJ mof " for ether and _159180 kJ mot often simultaneously interact with nucleobases in the active sites
for water) or uraC|I.(137 k‘.] mof). AS. preV|ou§|¥ notedAso of enzymes, the limited number of binding sites in uracil means
also decreases with an increase in the acidity of the Sma”that it is only possible to consider the true additivity of the
m_olecules bound. The_ net effect of the solveli(,) decrgases simultaneous effects of two small molecules. Therefore, 54
with the number (acidity) of small molecules bound since two . .

complexes with two or three small molecules simultaneously

more acidic) small molecules provide greater stabilization to . . .
Ehe uracil an?on than one (morg basic) gr]nolecule bound to guanine were considered (see Table S4, Supporting
} Information, for the raw data).

Figure 5 compares the simultaneous (calculated) effect of two

small molecules on the acidity of uracil to the sum of the As discussed for uracil, the effects of solvation on the acidity
individual (additive) effects calculated in the gas phase, ether, (Ason) Of the guanine complexes decrease with an increase in
and water (Table S3, Supporting Information, contains the raw the number and acidity of the molecules bound to the nucleo-
data). The straight line in Figure 5 represents perfect agreemenase, as well as an increase in the dielectric constant of the
between the calculated and additive effects. As was discussedsolvent. These differences reduce the effect of hydrogen bonding
for complexes involving one small molecule, the difference in on the acidity with an increase in the dielectric constant of the
the effects of solvation on the acidity of uracil complexes solvent (Figure 6). Thus, complexes with the smallest net effects
involving two small molecules compared with uracil leads to a on the acidity are those involving two small molecules bound
decrease in the effects of hydrogen bonding on the nucleobasen water, where at least one of the molecules is ammonia, while
acidity upon solvation. Furthermoréyxy decreases with an  complexes with the largest effects are those involving three
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Figure 6. Comparison of the calculated (simultaneous) and additive (b) 150 4
(sum of the individual) effects of hydrogen-bonding interactions with
two or three small molecules on the (N9) acidity of guanine in the gas 120 |
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Figure 7. Structure and nomenclature for hydrogen-bonding sites in 230 4
8-oxoguanine, where XH= HF, H,0, or NH. Additive Effect (ki/mol)
molecules bound in the gas phase, where the majority of the (© 150 4
molecules are hydrogen fluoride.
Similar to uracil, the calculated effects of multiple hydrogen 120 -
bonds on the acidity of guanine in solution are sometimes more &
additive and sometimes less additive than the gas-phase data. = 90 |
However, a general trend begins to prevail. Specifically, the 3
deviation from additivity typically increases with the number E 60 - a °
of molecules bound and the dielectric constant of the solvent. £ o, O
. g . . b1 A
Nevertheless, the acidity of guanine can increase by up to 76 5; 30 1 $
(58) kJ moft when three molecules are bound in ether (water). © -

To test our conclusions about the changes in additivity with ' ' ' ' ; ;
the dielectric constant and the number of small molecules bound, -30 30 60 90 120 150
we examined 8-oxoguanine, which has an even greater number 301
of binding sites (Figure 7). A total of 127 8-oxoguanine Additive Effect (kJ/mol)
complexes were considered (47 complexes with two XH Figure 8. Comparison of the calculated (simultaneous) and additive
molecules, 66 with three XH molecules, 14 with four XH (sum of the individual) effects of interactions with two (circles), three
molecules). In addition to having a greater number of binding (squares), or f_our (triangles) small molecules on the (N9) acidity of
sites, 8-oxoguanine is of interest since this is one of the major &-0x0guanine in (2) the gas phase, (b) ether, or (c) water.
products of DNA damage because of oxidation by free radicals
or other oxidizing agentsand therefore, like uracil, is involved
in DNA repair processe%:26.28

Consideration of 8-oxoguanine confirms our suggestion that

true additivity (1). Comparing the results for different solvents
shows that deviations from additivity (slopes) also increase
(decrease) with an increase in the dielectric constant, where the
increasing the number of small molecules bound or the dielectric SI0Pes Of the best-fit lines that connect data points corresponding
constant of the solvent leads to greater deviations from additivity {0 tWO, three, or four XH bound in ether (Figure 8b) are 0.862,
(Table S5, Supporting Information). To best illustrate this point, 0798, and 0.768, respectively, while the corresponding slopes
Figure 8 separates the data points according to the phase" water (Figure 8c) are 0.812, 0.743, and 0.716, respectively.
considered and the number of molecules bound. Even in the In addition to showing the decreased additivityiy, Figure

gas phase (Figure 8a), it is clear that there are greater deviation® clearly shows that the effects of the small molecules on the
from additivity as the number of molecules bound increases acidity of 8-oxoguanine decrease with an increase in the
(i.e., data points corresponding to four molecules bound dielectric constant. Specifically, the acidity of 8-oxoguanine can
(triangles) fall further from true additivity (straight line) than be increased by up to 56, 76, or 82 kJ miah ether but only
those corresponding to two molecules bound (circles)). Indeed, up to 42, 58, or 63 in water when two, three, or four molecules
the slopes of the best-fit lines between data points representingare bound, respectively. The small enhancements in the acidity
complexes with two (0.944), three (0.894), or four (0.855) small for discrete hydrogen-bonding interactions with the fourth
molecules bound to 8-oxoguanine systematically decrease frommolecule in solution provide another clear indication of
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increased deviations from additivity with the number of orfour small molecules (Table S5). This information is available
molecules bound to 8-oxoguanine in solution. free of charge via the Internet at http://pubs.acs.org.
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