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Abstract

Accurate measurements of the acidities and basicities of nucleic bases and nucleic base derivatives is essential for understanding issue:
of fundamental importance in biological systems. Hydrogen bonding modulates recognition of DNA and RNA bases, and the interaction
energy between two bonded complementary nucleobases is dependent on the intrinsic basicity and acidity of the acceptor and donor groups.
In addition, understanding the intrinsic reactivity of nucleic bases can shed light on key biosynthetic mechanisms for which nucleobases are
substrates. In this review, we highlight advances in our lab toward understanding the fundamental reactivity of DNA and RNA. In particular,
we focus on our investigation of the gas phase acidities and basicities of natural and unnatural nucleobases, and the implications of our results
for the mechanisms of nucleotide biosynthetic and repair enzymes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of those acidities and proton affinities to solution values will

yield valuable information on intrinsic nucleobase reactivity
In this review, we describe ongoing research in our lab on and the role of solvent in affecting base reactijy-9]. In

the measurement of multiple acidities and proton affinities essence, gas-phase experiments can provide the link between

of DNA and RNA nucleobase${g. 1). Of the concepts that  calculations and condensed phase data.

organic chemists use to make sense of reactivity, ideas relat- This review is not meant to be comprehensive, but rather

ing to acidity and basicity have been among the most useful. to highlight some advances we have made in our lab toward

The intrinsic gas-phase acidities and proton affinities of DNA understanding the fundamental reactivity of DNA and RNA.

and RNA nucleobases are of interest for purely chemical rea- The review is divided into three sections: (1) the examination

sons, but are also of importance for biological reasons, sinceof the pyrimidine base uracil and derivatives; (ll) the exam-

biological environs are often relatively non-polar in nature ination of the purine base adenine and alkyl derivatives; and

[1]. Furthermore, hydrogen bonding modulates recognition (ll) future plans.

of DNA and RNA bases, and the interaction energy between

two complementary nucleobases that are held together by

NH-O and NH-N hydrogen bonds is dependent on the in- 5 jracil

trinsic basicity of the acceptor atoms as well as on the acidity

of the NH donor groupR,3]. Gas-phase acidities and proton 5 1. Acidity and uracil-DNA glycosylag&0]
affinities of the bases are largely unknown and comparison

Uracil-DNA glycosylase (UDGase) is a genome-
* Tel.: +1 732 4456562; fax: +1 732 4455312. protecting enzyme that removes misincorporated urdgil (
E-mail addressjklee@rutchem.rutgers.edu. from DNA [11,12] Uracil can substantially disrupt specific
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Fig. 1. Five “normal” DNA/RNA nucleobases.

DNA an enzyme active sitfl5]? We thus became interested in
Q_o pursuing the intrinsic acidity of uracil in the gas phase.
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protein binding in regulatory DNA sequences, and thus poses N3 |
a real threat to the genome unless it is actively removed. The o)\rll
proposed mechanism for uracil excision by UDGase involves A
nucleophilic attack by some form of activated water at C1 3
(Scheme 1 This prompts animmediate question: how good a o
leaving group is uracil N1? More fundamentally, why does H C\3
3

nature choose N1 for glycosylation? The condensed phase
pKa's of the N1 and N3 sites are not differentiable; uracil %
deprotonates with aky value of 9.5 to form the N1 (2)
species, which is in equilibrium with the N33) speciesin a
1:1 ratio (throughout this review, we refer to a deprotonated o
or protonated ion by the site at which it has gained or lost a H H
proton, with the resultant charge. Therefore, uracil deproto- Jj/
nated at N1 is the N1ion and uracil deprotonated at N3 is

the N3~ ion). 3-Methyl uracil 8) has a higheri§, (10.0) than
1-methyl uracil B) (9.8), implying that the N3 site in uracil
might be slightly more acidic. Why then is the N1 site the
glycosylated positiofil 3,14]? The N3 and N1 sites are both Despite the proximity of i, values for the uracil N1 and

readily alkylated in chemical reactions, but what happens in N3 sites in solution, our and others’ calculations predict that
the gas phase N1 and N3 acidities should be separated by

more than 10 kcal moft (throughout this review, calculated

5

Table 1 and experimental acidities from our lab are reportefldgciq
CalculatedAHacig values (kcal mott) of the N1 and N3 sites of uracil, the (298 K) values)2]. Our calculations at B3LYP/6-31+Gn-

N3 site of 1-methyluracil and the N1 site of 3-methyluracil dicate that N4H is very acidic,AHacig=330.5kcal motl
Method B3LYP/6-31+G (Table 1. The predicted acidity of N2H, is by contrast,

N1, uracil 330.5 344.1kcal mot®. The tantalizing aspect of this computa-
N3, uracil 344.1 tional result is the notion that while the solution phase N1
N1, 3-methyl uracil 332.8 and N3 acidities of uracil are the same, the gas-phase acidi-
N3, 1-methyl uracil 345.3

ties might actually be very different. The corollary would be
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that in a non-polar environment, the N1 and N3 sites might be we allow hydroxide, a strong base, to deprotonate uracil, pre-
differentiable. Furthermore, the calculated gas-phase aciditysumably at N1 and N3, then we immediately transfer the ions
of N1-H is predicted to be near that of HCI; the high acidity to our second cell, which is free of uracil neutral. We then
of N1-H would correlate to a stable Nlion and indicate allowed the M-1 of uracil ifv¥z111) to react with reference
that in a non-polar environment such as the UDGase activeacids. In summary, by forming a mixture of ions deproto-
site, deprotonated uracil might be a good leaving group. nated at the less acidic and more acidic sites, and isolating
We measured the most acidic site of uracil ¥l to be the ions from the neutral precursor by transfer into the second
333+ 4 kcal motL. This measurement was conducted using cell, we avoid the neutral-catalyzed isomerization that results
the acidity bracketing method, and is consistent with other in loss of the ions deprotonated at the less acidic site. This
measurementfs,8-10,16] The novelty of our work is in ~ new technique allowed us to measure the acidity of the N3
measuring multiple acidic sites; however, the less acidic site site of uracil to be 34% 4 kcal motL.
of uracil is not as easily accessible as the most acidic site.  Our gas-phase theoretical and experimental studies there-
Our standard experimental method involves using a strongfore show that contrary to in solution, where the N1 and N3
base, HO (AHaciq=390.7 kcal mot?), to deprotonate both  protons have the sam&g there is an enormous difference in
N1-H and N3-H sites of uracil. Under normal bracketing the N1-H and N3-H gas-phase acidities. In practical terms,
conditions, therefore, deprotonation by hydroxide produces N1-H of uracil in the gas phase is as acidic as HCI, while
a mixture of the N3 and the NI ions. However, a serious N3-H is closer to acetic acid. What this means is that in a
problem is that the N3 ion reacts with any neutral uracil non-polar active site, the two sites are discernible and differ

present to deprotonate NH and form the NI ion; we in reactivity. Moreover, because NH is so acidic, the corre-
call this uracil-catalyzed isomerizatio8¢heme 2[10,17] sponding aniong) is quite stable, and would be a good leav-
Therefore, to bracket the N3 site, we must perform the depro- ing group in a non-polar environment. Our results were subse-
tonation of uracil under conditions that will allow the N8 quently supported by NMR studies by Stivers and co-workers
be sustained, that is, we remove the ™3~ mixture from [18]. They established an “unusually low{g’ of uracil when

the neutral uracil environment as quickly as possible. The in the active site of UDGase, and using a novel heteronuclear
method that we developed takes advantage of our FinniganNMR approach, found that the bound uracil is anionic at pH
dual-cell Fourier transform mass spectrometer (FTMS). First, 7.5. Thatis, the enzyme-NMR studies established the stability

He, ODCase Ho
5 N N |
- N oA
N CO2 H COs
“HO3POCHy. ~HO3POC Hzﬁ
HO OH HO OH
OMP UMP

Scheme 3.
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of anionic uracil in the active site, contrary to the expectation

based on solution phas&gs [1,18-22] H‘ﬁ H H3o\'\3]
We also used theory to correlate the condensed phase to )\1 | )\

the gas phase. We conducted dielectric medium calculations O N""H

on the N1 and N3 acidities to ascertain how acidities change CH3

with medium dielectric. We find that while the Nlion is

stabilized by 34.4 kcal molt by a change in dielectric from Q

(@] (@]
the gas phase € 1) to water £ = 78), the N3 ion gets sta- H{’Hi“ H | Ha HSC\I{ISJEH
bilized by a greater amount, 42.2 kcal mdl Therefore, al- 1 11
yag o’l\rlq CHy OJ\rli CHa O%N H
H H

H
i |

N™ "H
H

though the N1 and N3 sites are intrinsically quite differentin
acidity, the preferential solvation of the N3ite results in
the two acidities coalescing in solution. If one considers the
benzenoid resonance structure of urati),(one can ratio-
nalize that N3-H, which is proximal to only one negatively ) .
charged oxygen, will be more easily removed than-N3 in 1-methylurap|l and 3-methylurapﬂ brackets to 363 and
which is proximal to two negatively charged oxygens. This 369kcal mo’r_1 in 1,3-dimethyluracil. Our results are also
effect would be mitigated in solution, which explains the co- consistent with earlier work by Gronert et al., who bracketed

CHg

Fig. 2. Alkylated derivatives of uracil.

alescence of the N3 and N1 acidities. the C6 site of 1,3-dimethyluracil (via decarboxylation of oro-
0 o- tate) to be 369.9 3.1 kcal mot 1, which is very close to the
He H Hot A _H value of aceton§l6,29] The high acidity of C&6H should
ji | -~ N3 | correlate to the C6 carbene-ylide being unusually stable,
0 11\1 H -o)§r1| T H as predicted by calculation. The transformation of OMP to
H t UMP is the only known biochemical decarboxylation where

the resultant anion has no pi system into which to delocalize.

uracil (1) 1 . o -
Our results establish that the C6 anion is not as unfavorable in
a non-polar environment as one might initially think, despite
2.2. C5 and C6 acidities and orotidine its lack of pi stabilization; this C6 stability in a non-polar
5'-monophosphate decarboxyld46€] environment may be related to catalysis by ODCase.

Orotidine 3-monophosphate decarboxylase (ODCase) 2 3. 02 and 04 proton affinities and orotidine
catalyzes the decarboxylation of orotate ribose monophos-5'-monophosphate decarboxyldg&,28,30]
phate (OMP) to form uracil ribose monophosphate (UMP,

Scheme B[23-25} Decarboxylationis the last stepinthede  \while the C6 ion might be more stable than one might
novo biosynthesis of pyrimidine nucleotides. Lack of enzyme expect in a non-polar environment, it is still believed that
functionality results in a genetic disease, orotic aciduria. The catalysis by ODCase involves more than just isolating OMP
enzyme is an antitumor target because of its place in con-jn a non-polar sit§23-25] We have been at the forefront
trolling DNA biosynthesis. Several mechanisms have been of proposals involving proton transfer, either to the 2- or the
hypothesized, but this reaction remains a hotly debated meCh'4-oxygen, as a route to cataly§®st,26—28,30]Our compu-
anistic mystery23-25} The nature of the C6 anionic inter-  tational work supports the protonation of the 4-oxygen as the
mediate resulting from decarboxylation of orotate is the fo- most energetically favorable route for catalysis. We sought to
cus of ODCase mechanistic studles_, how stable is it and_ howestablish the higher proton affinity (PA) of the O4 versus the
does the enzyme catalyze the reaction? We have establishedy? of uracil as a confirmation of computational predictions.
through earlier computational studies, that the C6 anionmay The proton affinity (defined herein as tidH associated
garner special stability because of its resonance strufure ith the proton transfer) of the more basic site of uracil,

a carbene-ylid¢26—28] the 04, was first measured in 1975 by Wilson and Mc-
o~ Closkey to be 208.6 kcal mot [4]. Using acidity brack-
Hoy Ha eting, we measured a consistent value for the PA of O4,
J I - A PA =209+ 3kcalmol,
o E E * Measuring the less basic site of a molecule is an experi-

mental challenge. We should have been able, in principle, to
6 apply the same method we used to measure the less acidic
In our studies of uracil, we measured the multiple acidi- sites to the measurement of the PA of less basic sites. The
ties of a series of alkylated derivatives of uracil: 1-methyl, experiment was conducted as follows: whesCOH (PA (wa-
3-methyl, 6-methyl, 5,6-dimethyl and 1,3-dimethfiq. 2, ter) = 165.2 kcal mott) is used to protonate uracil, two ions
Table 2. The intriguing aspect of our results, as relates to should be formed, the O2-protonated (O2tind the O4-
ODCase, is the particularly high acidity of €d, the C6 protonated (O4H) uracil. When the ions are allowed to stay
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Table 2

Summary of experimental and (calculated) gas-phase acidities (kcahdluracil, 1-methyluracil, 3-methyluracil, 6-methyluracil, 5,6-dimethyluracil and

1,3-dimethyluracil

265

Structure N1 N3 C5 C6

Uracil 333+4 (330.5) 3474 (344.1) NM (377.6) NM (363.0)
1-Methyluracil NA 348+ 3 (345.3) NM (378.8) 363 3 (364.4)
3-Methyluracil 333:2(332.8) NA NM (379.9) 363 3 (365.0)
6-Methyluracil 3313 (332.0) 352+ 5 (345.6) NM (379.3) NA
5,6-Dimethyluracil 333:2(333.2) 349t 3 (346.1) NA NA

1,3-Dimethyluracil NA

NA

384k 3 (380.2)

369k 2 (367.1)

NA: not applicable (site is alkylated), NM: not measured.

inan environmentwhere there is a constant pressure of neutral 209+3 O

uracil, the O2H ion reacts with another molecule of uracil -t

and isomerizes to O4H In order to bracket the less basic | g&

O, site, we must transfer the OZHD4H" mixture out of the '}' 0 201+3
neutral environment, into a second reaction cell, where the A

reference base is added at a constant pressure. Under these
“less basic” conditions, the O2Hwill not completely iso-
merize to O4H, and the O2H can be bracketed.

We found, however, that using this method, we cannot ac- to deprotonate it, because the PA of the O4 of uracil is
curately measure the PA of the less basic O2 site of uracil. We 209 kcal mot?. Therefore, if proton transfer occurs, it must
were unable to pinpoint the lower limit of the proton affinity be the reaction between cyclohexanone and the ‘OaH.
because essentially proton transfer was always detected. WaVe do detect proton transfer, indicating that the uracil
suspect that the constant proton transfer is either the resultO2 site has a basicity less than 201.0 kcalmolAlso,
of an inability to completely eject the highly acidicz&", since the O2 site is protonated by 3-pentancheHmust
which when present will proton transfer to any of our refer- be more basic than 200.0 kcal mél We also performed
ence bases, and/or insufficient cooling of the generated ionsthe experiment in the opposite direction, where we used
To overcome these problems, we modified our experimental protonated cyclohexanone as the precursor ion (PA (cyclo-
design to use a less acidic precursor ion to generate proto-hexanone) =201.0 kcal mot). Protonated cyclohexanone

Fig. 3. Experimental proton affinities of uracil, in kcal mél

nated uracil.

In the modified experiment, #0* (PA (wa-
ter) = 165.2 kcal mot?) is used to protonate a known base,
3-pentanone §cheme % We isolate the 3-pentanonéH
ion (PA (3-pentanone) = 200.0 kcal md) and use it as our
precursor ion to protonate uracil. The O2B4H" mixture

is then transferred to the second cell, out of the neutral

does react with uracil to produce th#l H]* ion. How-
ever, when the protonated uracil is allowed to react with
3-pentanone (PA (3-pentanone)=200.0 kcalmplproton
transfer does not occur. We, therefore, bracket the less basic
site of uracil to be between 3-pentanone and cyclohexanone,
at 201+ 3 kcal mol2.

A summary of the gas-phase experimental proton affinity

uracil environment, where the reference base is cyclohex-results for the O2 and O4 sites of uracil are showRig 3.

anone. The PA of cyclohexanone is 201.0 kcalmollf
there is any O4H present, cyclohexanone will be unable

0

N

N O

+
5 OH
Jo.o—r
Yo
H

-

P"'3‘3-;:ueentemone=200-0

|
H

PAcyciohexanone=201.0

+
H OH
Nt A
N (@)
H

We have found that the two oxygen sites of uracil are dif-
ferentiable, with the O4 being more basic than the O2, by

fi“ :
H
4 +
cURle
WJ’J\OH

N +

PAcyclohexanone=201.0

+\j’\/+» No PT

PAg pentanone=200.0

Scheme 4.
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8kcalmolt. These experimental results provide evidence
for the intrinsically higher basicity of the O4 predicted by
computations. This result has implications for the ODCase
catalytic mechanism; since intrinsically the O4 is more ba-
sic, protonation at that site might be favored in the non-polar
active site of the enzyme.

3. Adenine

3.1. 3-Methyl adenine and 3-methyl adenine DNA
glycosylasg31]

Adenine can be alkylated by cancer chemotherapeutics as
well as environmental mutagens and 3-methyladenine is the

most common mutatiof82]. 3-Methyladenine DNA glyco-

sylase is a non-specific enzyme that will cleave a wide range

J.K. Lee / International Journal of Mass Spectrometry 240 (2005) 261-272

k)I \>8

CH3
8a

IOH

k)i\”

CH3
8b

12

HJO,H

&

of damaged bases, including hypoxanthine, 7-methylguanine

and 3-methyl- and I\®-etheno-adenine from DNJ83,34]

As with uracil-DNA glycosylase, the proposed mechanism
for excision of alkylated bases from DNA by human 3-
methyladenine glycosylase involves nucleophilic attack at
C2 by some form of activated wate6¢heme % [35,36]
This likewise prompts the question, how good of a leaving
group is 3-methyladenine? It is not known whether the pro-
tonated substratéa or the neutral substratéb is the ac-
tive site specie$37]. The protonated substrate would un-
doubtedly be a good leaving group; in this study, however,
we focused on the possibility that the neufralis cleaved,
with 3-methyladenine N9 serving as a leaving group. A re-
lated question is, how acidic is the Nd of 3-methyladenine

8? The more acidic the site, then the more stable the resul-

tant N9~ ion should be, and the better a leaving group it
should be.

7 NH,
N X
DNA Y N
| N N%+
O:P\O O 1
& 1" CHs
Q
-o-T=o0
O\
DNA
7a
7 NH
N
DNA Y N
\

9

HJO,H

kJI A

CH,CH;
10

Using the same methods we developed in our uracil study,
we calculated and measured the acidities of adertijed¢
ethyladenine 10) and 3-methyladenineB). The results of
our acidity calculations at B3LYP/6-31+Gor adenine, 9-
ethyladenine and 3-methyladenine are showTable 3

The measurement of the acidities of adenine is consistent
with calculations: the N9H is found to have an experimen-
tal AHaciq of 333+ 2 kcal moltL. This value is in agreement
with an earlier measurement AiGacig= 325 kcal mot 1 [9].

The less acidic N1:6H site, measured for the first time by us,

is 352+ 4 kcal mol L. Both these values are in agreement
with the corresponding calculated acidity values of 334.8
and 354.2 kcal moi® (Table 3. We bracketed the acidity of
9-ethyl adenine as a means for “blocking” the N9 site and
confirming our N16-H measurement of adenine. Consistent
with calculations and the parent adenine results, 9-ethyl ade-
nine has aAHacig of 352+ 4 kcal molL.

3-Methyladenine is of special interest to us due to its mu-
tagenic properties in nature. It is most often drawn, in DNA,

Table 3
Calculated gas-phase acidities (kcal mglof adenine, 9-ethyladenine and
3-methyladenine at B3LYP/6-31+G

Structure N9 N10H11 N10H12
Adenine, N9 tautomei9) 334.8 354.2 353.5
9-Ethyladenine0) - 355.0 354.4
3-Methyladenine, imine tautomer 32428 -

322.1 8b)
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~ gﬁo . i{o
“DNA "DNA
7a 7b

3-methyladenine-DNA glycosylase

H-0
o ‘ ’
O} H Tfl
A 1K 4 | 1 [\]
O ad é\l 3
-3
| H (!)Hg
,O,JF;:-O
“DNA 3-methyladenine (8)
Scheme 5.

as the protonated speci@s, which can be in equilibrium  acid, while the enolate of the pentadione is unable to depro-
with the imine form7b (Scheme k The free base analogs tonate 3-methyladenine! Clearly, 3-methyladenine is far less
of 7aand7b are the protonated 3-methyladenitieand the acidic than calculations predicted; we ultimately found the
imine 8. Imine8is predicted, computationally, to be extraor- gas-phase acidity to be 3474 kcal molt1, bracketing be-
dinarily acidic in the gas phase, comparable to the acidity of tween acetic acidXHaciq (CH3COOH) = 348.1 kcal mol?)

HBr (322—-324 kcal mott, Table 3. This highly acidic N9-H and formic acid AHaciq (HCOOH) = 345.3 kcal molt).

would imply that the corresponding conjugate base would be  This curious result, at odds with our calculations, led us
very stable, also implying that the N9on would serve as  to consider the various tautomers of 3-methyladenine. The
a good leaving group. This is of interest because if the de- possible tautomers are what we call the “N9 tautomer”, which
protonated methylated adenine is a favorable leaving group,we initially assumed to be the most stab8a,(the NOH11
then it should be particularly facile for the 3-methyladenine tautomer, and@b, the N9H12 tautomer), the “N7 tautomer”

glycosylase to excise. (124 the N7H11 tautomer, ant2b, the N7H12 tautomer)
AR and the “N10 tautomer”l(3). The relative gas-phase energies
H\N’H foreach of these species are showndble 4 The most stable
NS N’ tautomer appears to be the N1IB)Y. The N9 tautomer8a
ki3 | 9\> 8 and8b are about 25 kcal molt less stable than the N10; the
N N N7H11 tautomerl2ais 10kcalmot? less stable and the
CH; H
1 Table 4

. . . ~ Calculated gas-phase relative energies and acidities (kcaljnafithe dif-
In starting the bracketing studies, we allowed the conju- ferent tautomers of 3-methyladenine at B3LYP/6-31+G

gate base of 3-methyladenine toreactwith 1,1,1-trifluoro-2,4- g crure

Relativé& AHacid
pentadione, an acid that we had readily available in the lab- NOHLL tautomeBa a5 324.2 (NS-H)
oratory, and theAHacig of which is 328.3+ 2.9 kcal mot L. NSH12 tautometh 047 322.1 (No-H)
We would not expect the conjugate base of 3-methyladenine,N7H11 tautomed 2a 104 338.3 (N7-H)
which has a predicted acidity of 322—324 kcal miglto de- N7H12 tautomed.2b 17.8 329.0 (N7H)
protonate the pentadione. To our surprise, the conjugate basé!10 tautomed.3 0 346.8 (N16-H11)

348.7 (N16-H12)

of 3-methyladenine readily deprotonates the dione reference



268 J.K. Lee / International Journal of Mass Spectrometry 240 (2005) 261-272

N7H12 tautomef2b, 18 kcal mot? less stable than the N10
tautomerl3.

HYJ-H 10 1
12 1 ot 7 1 P 7
a N | EET N M8
2\, 2\,
lO/le 9 \H H 3 9 ‘H
H
| s
; N Fig. 5. Calculated electrostatic potential surfaces for adeninea®d ade-
t3 | 9/> 8 nine C8 . Red indicates negative potential while blue indicates positive
N N potential.
CHs
12b . . ;
tomerize tal 3. That is, the N10 tautomer of 3-methyladenine
‘|1_| 10 i would only be accessible if there were a proton at N9; the ri-

bose effectively blocks that site in DNJ38].
Interestingly, if glycosylation of adenine in DNA vyields
k \>8 the neutral 3-methyladenine tautom#s (Scheme § the
alkylated nucleobase may be a good leaving group. Our
calculations show that the N®i for 8 is highly acidic,
13 10 kcal mot! more so than for the parent adenifielfle 4
[33,39,40] Herein may lie a possible reason that 3-
The corresponding acidities for all the tautomers are also methyladenine is particularly susceptible to excision.
giveninTable 4 Based upon our calculated results, we would
expect the N10 tautomédr3 to be the major structure in the  3.2. C-H acidities, then ODCase agaifd1]
gas phase, and indeed, the calculated acidity of that tautomer
correlates with our experimental result. The calculated values  As with uracil, we examined a series of alkylated ade-
are 346.8 and 348.7 kcal mdl (depending on which proton  nine derivatives: 9-ethyladenin&@), 3-methyladeninel(3),
is extracted); our experimental value is 347 kcal Mol 1-methyladenineld) andN,N-dimethyladenineX5). In our
While this result is of fundamental interest, biologically study of these species, we became intrigued with thel C
speaking, the N10 tautomer is probably not of importance. acidities. Although when thinking about hydrogen bonding,
In DNA, the adenine N9 is substituted by a ribose moiety. one usually focuses exclusively or-KeeeY bonds where
Therefore, post-alkylation, the N9 has no protonto lose totau- X and Y are heteroatoms,~EleeeY hydrogen bonds have

10 19
H\N/H H\.N/H
}u):[r\l\;s_ 373.1 JI [ )84 3738 1'1%“]\;8_,4 399.9
H : H :
EO N, N ALY
399.0 H 399. 5 CgH . 368.8 (|3H3
adenine (9) 9-ethyladenine (10) 3-methyladenine (13)
104 H3C\1 0,CHy

393.7
HaC AN 3_3 N
N 375.6 8 73.4 d
gl\ | D=+ ;I\ \>—H e Ny s a6
No N~ H
3746 ¥ 3006 I
1-methyladenine (14) dimethyladenine (15) 1,2,4-triazole (16)

Fig. 4. Calculated C2 and C8 acidities of adenine and alkyl derivatives using B3LYP/6-31 + G*, at 298 K. Less acidic sites are indicated in blueswhile mor
acidic sites are indicated in red.
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1 10
H\r\? _H H 10)—1 H\N,H
N
\>8 - J\JI% _N = \8—
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Scheme 6.

in fact found to be an important extra recognition factor in spectively). These differing trends in-8 acidity among the
biological binding42]. Therefore, GH acidities are of great  adenine derivatives piqued our interest: why are some sites
interest. In this section of the review, we focus on our com- so much more acidic than others?

putational results. The patternthatemerges when one examines the five struc-
10 H tures is that the more acidic vinylic-® site in each molecule
N 7 is always adjacent to an-NR moiety (R=H, alkyl). This

HaCs 1 N\ 8 appears to be true regardless of whether the proton is at-

)\ >_H tached to a carbon on the five or the six membered ring of

the purine. For example, in 1-methyladenine, both th¢iC
on the six-membered and on the five-membered rings are ad-
14 jacent to N-R groups, and both are quite acidic. The values
are also very consistent; all the-8 sites that are not adja-
ch 0.CHj cent to an N-R group essentially have a calculated acidity
of 399-400 kcal molt. The acidities of the €H sites adja-
)i \>_H cent to an N-R group are quite consistent as well, ranging
2ls between 369 and 376 kcal mdl

Ha
15 ,;7/: S@
The acidities of the €H protons on the C2 and C8 of NH

each adenine derivative are of particular interest. The cal- H

culated C2H and C8-H acidities are shown iffig. 4 We 16

were intrigued to find that some of these vinylic protons are  To test our hypothesis that vinylic-H sites nextto NR
quite acidic (shown in red). In adenin®)(the C2-H is of moieties are more acidic than others, we calculated tHe¢ C
a typical aromatic proton acidity, 399.0 kcal mbl(the gas- acidities on the model compound 1,2,4-triazdl6)( Within
phase acidity of benzene is 401 F®.50 kcal mot?) [43]. this molecule, there are two-@l sites; by our hypothesis,

The C8-H, however, is quite acidic, 373.1 kcal md| avalue the site between the two imine nitrogens &8 should be
closer to that of HF £Hacig= 371.3 kcal mot?t) or acetone less acidic than the site adjacent to theHN(C5-H). The
(AHacig=369.1 kcal mott) than of benzeng3]. calculated acidity values are shownHig. 4and are consis-

In 9-ethyladenine X0), like adenine, the G8H acid- tent with our hypothesis. The &8l is less acidic than water,
ity is calculated to be 373.8 kcal mdl while the C2-H is at 393.7 kcal mot?, while the C5-H is significantly more
much higher, at 399.5 kcal mo}. This pattern is repeated  acidic, 376.6 kcal moit.
in N,N-dimethyladenine X5), where the C8H is consid- Why are the GH sites adjacent to NR groups particu-
erably more acidic than the €. 3-Methyladenine 13), larly acidic? One possibility is that for those carbanions with
however, shows the opposite trend; the-El2is the acidic an adjacent NR group, the nitrogen lone pair can delocal-
one (368.8 kcal molt, calculated) while the C&H is the less ize into the pi system, making that N more “positive”, which
acidic site, at 399.9 kcal mot. 1-Methyladenine shows yet  could in turn electrostatically stabilize the adjacent carban-
a different pattern, wherein both the @2 and the C&H ion (Scheme | Another possibility is that electron repulsion
are acidic (calculated values, 374.6 and 375.6 kcattoe- might have a large effect. For example, the C2 carbanion of
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adenine must experience significant electrostatic repulsion
from the two in-plane nitrogen lone pairs that flank it; in
contrast, the C8 carbanion is adjacent to only one in-plane
lone pair. To computationally explore these possibilities, we
calculated the electrostatic potential for the relevant species.
The electrostatic potential surfaces for adenine @2d C8

are shown irfFig. 5. The color at each point on these surfaces
reflects the interaction energy between the molecule and a
positive test charge at that point. A red color indicates attrac-
tive potential while blue represents repulsive potential. These 2
anions have an attractive potential to a positive test charge,
so the overall surface is quite red. The areas of pale red indi-
cate a less “negative” region; yellow/green indicates a more
neutral or “positive” region, depending on how bluish the
color is. The C2 site of the C2ion appears to be flanked by
quite a large “negative” cloud, consistent with the argument

O,

o)

Hoy 4
Ie
N

R

6

Fig. 6. Calculated electrostatic potential surface for uracit @Gth. Red
indicates negative potential while blue indicates positive potential.
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Fig. 7. Normal and damaged DNA bases.
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