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Hypoxanthine is a mutagenic purine base that most commonly arises from the oxidative deamination of
adenine. Damaged bases such as hypoxanthine are associated with carcinogenesis and cell death. This
inevitable damage is counteracted by glycosylase enzymes, which cleave damaged bases from DNA.
Alkyladenine DNA glycosylase (AAG) is the enzyme responsible for excising hypoxanthine from DNA

in humans. In an effort to understand the intrinsic properties of hypoxanthine, we examined the gas-
phase acidity and proton affinity using quantum mechanical calculations and gas-phase mass spectrometric
experimental methods. In this work, we establish that the most acidic site of hypoxanthine has a gas-
phase acidity of 332 2 kcal mol?, which is more acidic than hydrochloric acid. We also bracket a less
acidic site of hypoxanthine at 368 3 kcal molt. We measure the proton affinity of the most basic site

of hypoxanthine to be 222 3 kcal moft. DFT calculations of these values are consistent with the
experimental data. We also use calculations to compare the acidic and basic properties of hypoxanthine
with those of the normal bases adenine and guanine. We find that the N9-H of hypoxanthine is more
acidic than that of adenine and guanine, pointing to a way that AAG could discriminate damaged bases
from normal bases. We hypothesize that AAG may cleave certain damaged nucleobases as anions and
that the active site may take advantage of a nonpolar environment to favor deprotonated hypoxanthine
as a leaving group versus deprotonated adenine or guanine. We also show that an alternate mechanism
involving preprotonation of hypoxanthine is energetically less attractive, because the proton affinity of
hypoxanthine is less than that of adenine and guanine. Last, we compare the acidity in the gas phase
versus that in solution and find that a nonpolar environment enhances the differences in acidity among
hypoxanthine, adenine, and guanine.

Introduction The gas phase is a particularly valuable environment in which
to examine the properties and reactivity of biological molecules.

The acidities and the basicities of nucleobases and nucleobas iological media, from intracellular environs to the interior of

derivatives are germane to several biological issues. First, the
recognition of DNA and RNA bases is modulated by hydrogen  (2) Dianov, G.; Sedgwick, B.; Daly, G.; Olsson, M.; Lovett, S.; Lindahl,

bonding; in turn, hydrogen bonding is correlated to the intrinsic T- %‘;gigzﬁ:ckigsié\sl\l/%%‘é nzdzér?9%32§-ce1995 267 90-93
acidity and basicity of acceptor and donor groups on the (4) Sawa, R.: McAuley-Hecht, K. Brown, T.: Pearl, Nature 1995

nucleobases. Second, elucidating the intrinsic reactivity of 373 487-493.
nucleobases can improve understanding of key biosynthetic (5) Lee, J. K.; Houk, K. NSciencel997 276, 942-945.

; ; (6) Lundegaard, C.; Jensen, K. Biochemistry1999 38, 33273334
mechanisms for which those nucleobases are substrafes. and references cited therein.

(7) Jordan, F.; Li, H.; Brown, ABiochemistry1999 38, 6369-6373.
(1) Saenger, WPrinciples of Nucleic Acid Structurépringer-Verlag: (8) Kurinovich, M. A,; Lee, J. KJ. Am. Chem. So00Q 122 6258-
New York, 1984. 6262.
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proteins, are seldom aqueous in natl#2'6The gas phase is  (Scheme 1B¥83243Little is known about the catalytic mech-

the “ultimate” nonpolar environment, where intrinsic reactivity anism of AAG, but pH rate profiles imply that AAG-catalyzed

can be explored and extrapolated to other médial”1° excision of hypoxanthine requires both a general base (Glu 125)
Recently, our studies of nucleobases have focused on the

.mu.tated purine base hypoxanthir@:’{o While hypo_xanthine (9) Kurinovich, M. A,; Lee, J. KJ. Am. Soc. Mass Spectrog002 13,

is in fact a naturally occurring basén its nucleotide form 985-995.

(called “inosine” @)), it is a key intermediate in the de novo (10) Kurinovich, M. A.; Phillips, L. M.; Sharma, S.; Lee, J. Khem.

biosynthesis of purine nucleotidet is also a damaged base Co@g“ﬂﬁﬁgg, 2|_3.’5'\2f;2|_3e5§-l K3, Am. Chem. So@001 123 12067

that is formed in DNA when adenin@)(undergoes oxidative 1,473

deaminatiorf®-25 The mutagenicity of hypoxanthine is believed (12) Sharma, S.; Lee, J. K. Org. Chem2002 67, 8360-8365.

to arise from the fact that unlike adenine, which hydrogen bonds gig ghafmg, ’\SA #eeéJa K. Ofg/-l CTheEZSO‘tl 6;9, ;013—792% e
H H H H ennett, . 1., Rodgers, . 1., Aebert, A. S.; Ruslanaer, L. E.;
to thymine in the double helix, hypoxanthine prefers to hydrogen gigeie, | prohat, A. CJ. Am. Chem. S0@006 128 12510-12519.
bond with cytosiné: This mispairing when propagated is (15) Simonson, T.; Brooks, C. L., Ill. Am. Chem. Socl996 118
deleterious to the genome and unless repaired, could lead t084?2g)8é5l8. | 086 25, 20972119
1 ilson, M. K.; Honig, B. H.Biopolymersl 5, 7-21109.
cancer or cell deattf (17) Brauman, J. |.; Blair, L. KJ. Am. Chem. Sod97Q 92, 5986—
5992.

7 Q H (18) Lowry, T. H.; Richardson, K. Svlechanism and Theory in Organic
</NfL1N,
N ?\I//k
o™~ N

Chemistry 3rd ed.; Harper & Row, Publishers: New York, 1987.
(19) McEwen, W. K.J. Am. Chem. S0d.936 58, 1124-1129.
(20) Voet, D.; Voet, J. GBiochemistry 2nd ed.; John Wiley & Sons,

T 8 R Inc.: New York, 1995.
s Ay (21) Crick, F. H. C.J. Mol. Biol. 1966 19, 548-555.
! 1113.
1 22 ';ig (nucleoside) (23) Miao, F.; Bouziane, M.; O’Connor, T. Rlucleic Acids Res1998
10 (24) Lindahl, T.Nature 1993 362 709-715.
AN (25) Karran, P.; Lindahl, TBiochemistry198Q 19, 6005-6011.
(27) Saparbaev, M.; Laval, Proc. Natl. Acad. Sci. U.S.A994 91,
Ho 5873-5877.
3 4 9757.
(29) Stivers, J. T.; Jiang, Y. LlChem. Re. 2003 103 2729-2759.
- - d references cited therein.
DNA via a genome-protecting reaction catalyzed by an enzyme (31) O'Brien, P. J.; Eilenberger, T. Biol. Chem2004 279, 26876~
glycosylase (AAG) effects this cleavadfe323441 AAG is (32) O'Brien, P. J.; Ellenberger, Biochemistry2003 42, 12418-12429.
particularly interesting because it cleaves a broad range of bases (33) Singer, B.; Hang, BChem. Res. Toxicol997 10, 713-732.
yet does not cleave. normal bases.;.the conundrum is how the| p. BioEssay<1999 21, 668-676.
enzyme achieves this “broad specifici§#2°31.32Most glyco- (35) Repair of Alkylation Damage to DN/Seeberg, E., Berdal, K. G.,
leob in th fUDG th ill cl (36) Lau, A. Y.; Wyatt, M. D.; Glassner, B. J.; Samson, L. D.;
one nucleobase (in the case o ase, the enzyme will Cleaveg|jenperger, TProc. Natl. Acad. Sci. U.S.£00Q 97, 13573-13578.
cleaving a variety of alkylated purines, including 3-methylad- hypoxanthine. For reviews, see refs 29 and 30.
(38) Lau, A. Y.; Schieer, O. D.; Samson, L.; Verdine, G. L.; Ellenberger,
to hypoxanthine, yet leaving normal bases (adenBjeaqd (39) Vallur, A. C.; Feller, J. A.; Abner, C. W.; Tran, R. K.; Bloom, L.
guanine 4)) untouched?831.32:42 B. J. Biol. Chem2002 277, 31673-31678.
w o . B.; O’Connor, T. R.J. Mol. Biol. 2005 346, 1259-1274.
deprotonated hypoxanthine” as the leaving group (Scheme 1A), " (41) Guliaev, A. B.; Hang, B.; Singer, Blucleic Acids Re=002, 30,

H™ 3N" 9 N OH (22) Munns, A. R. I.; Tollin, PActa. Crystallogr. BL97Q B26, 1101~
04" (nucleotide) 26, 4034-4041.
N o _ _
1 7N H.1 7N (26) Hang, B.; Singer, B.; Margison, G. P.; Elder, RRoc. Natl. Acad.
NI Ve N \8 Sci. U.S.A1997, 94, 12869-12874.
2l A O e
H” 3N N N7 gN” N
H H (28) O'Brien, P. J.: Ellenberger, Ti. Biol. Chem.2004 279, 9750~
As with many damaged bases, hypoxanthine is cleaved from (30) Berti, P. J.; McCann, J. A. EZhem. Re. 2006 106 506-555 and
called a glycosylas®:27:2%34 |n human cells, alkyladenine DNA  26884.
(34) Wyatt, M. D.; Allan, J. M.; Lau, A. Y.; Ellenberger, T. E.; Samson,
sylases, like uracil DNA glycosylase (UDGase), are specific to EdS:; Landes Bioscience: New York, 1997.
only uracil)282%:31.32 However, AAG is specific yet broad, (37) In E. coli, 3-methyladenine DNA glycosylase Il (AlkA) excises
enine, 7-methylguanine, and IN>-ethenoadenine in addition =g 1098 95, 249-258.
In terms of mechanism, one can imagine cleavage with _ (40)Xia L. Zheng, L. Lee, H-W. Bates, S. E.; Federico, L.; Shen,
or protonation of the hypoxanthine first to facilitate cleavage 3778-3787.
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and a general acid. Mutation experiments have thus far failed o ; o S H OH ,

to identify which residue is the general acid catafjst.32 A | N\>8—H Hy I N>8_H ;\IAIN\>8—H
We have found that gas-phase reactivity can be extremely H@\\N N EIN f 2ls N

. . . . . . . 13 3 9'\ H 3N 9 H 3N o\

intriguing and lend insight into glycosylase mechani$ih? H H

In previous studies, we showed that tres phasecidities of 1(H19) 5(H17) 6

uracil (a mutation when present in DNA) and 3-methyladenine
are very high, leading to a prediction that relatively speaking,
the deprotonated anions of these bases would be good leavings;gyre 1. Relative energies\H) of the three most stable tautomers

groups and the nonpolar enzyme active sites could take of hypoxanthine, calculated at B3LYP/6-8G*, at 298 K.
advantage of this property for facile cleavégéWe also found

0.8 kcal mol! 0.0 kcal mol! 5.4 kcal mol!

that relative acidities change in the gas phase versus solution; w0 Q. a7 QM 331.3

for e.xample,. while the two “NH” groups in urapi! havg the same ”~h)iN\>8_H373.2 N | N>8—|-| 370.3

pKa in solution, they have very different acidities in the gas 368_7Hy\\N N 372_5Hy\\N K

phase, with the N1-H being 15 kcal ntdlmore acidic than the EA ‘H3305 3% 9

N3-.H.8 This raises the interesting possibility that a nonpolar 1(H19) ' 5 (H17)

environment could be used to enhance discrimination between

sites or substrates. FIGURE 2. Calculated acidities AHacig) of the two most stable

This leads to the question of the intrinsic, gas-phase reactivity ta”iomers of hg’ﬁgxamhi”e at B3LYP/6-8G*, at 298 K. Acidic
of hypoxanthine. The gas-phase acidity of hypoxanthine at N9 protons are in boid.

should correlate to its leaving group ability in a nonpolar active 206.2 213.9 201.5 201.9
site; if the hypoxanthine N9 proton is unusually acidic, this could 7 2106 2 H

: . H.1 - H.1 ]
be a path by which AAG might favor cleavage of damaged N 8 N N g

. R [ )ow

bases over normal bases. We were interested to probe whether HQ\\N N HQ\\N N
hypoxanthine would have enhanced acidity relative to normal oas  H FR S
nucleobases (adenine and guanine) and whether the relative
acidities change in solution versus the gas pRé3&1* Second, 1(H19) 5(H17)

the gas-phase proton affinity of hypoxanthine is also of interest, _
gas-p P ty yp IGURE 3. Calculated proton affinities’\H) of the two most stable

since proton trar_lsfer may precede cleavage; again, we §0ugh automers of hypoxanthine at B3LYP/6-8G*, at 298 K. Basic sites
to uncover the differences in the gas phase versus solution. INg.e in bold. '

this paper, we describe a thorough gas-phase computational and

experimental examinati(_)n_ of hypoxz_inthine, providing the first Computational Results: Acidity. We focused our acidity
measurements of the acidic and basic properties of this damagedy, gies on the two most stable tautomers, H)%ad H17 B).
base, followed by a discussion of both the intrinsic properties The H19 tautomer is the “canonical” structure and the most

of this nucleobase and also how those properties relate 0 thegleyant biologically. The H17 structure is of importance
biological mechanism of the enzyme human alkyladenine DNA inrinsically, since its high stability is such that it might be

glycosylase (AAG). present in our gas-phase studies.
The gas-phase acidities for all the protons of hypoxanthine
Results calculated at B3LYP/6-3tG* are summarized in Figure 2. The

) most acidic site of the H19 tautoméris the N9-H, at 330.5

Computational Results: Tautomers. The structure of cal molL, The N1-H is slightly less acidic, at 337.0 kcal mbl
nucleobases is such that several tautomers are often possiblerhe c-H protons are the least acidic: the C2-H calculates to
and hypoxanthine is no exception. We calculated the relative 368 7 kcal mot® and the C8-H to 373.2 kcal midi.
stability of the pogsible tautomers of hypoxanthine. The canoni- The H17 tautome is also quite acidic. The N7-H calculates
cal structurel, W.h'Ch we refer to as the “ngl_’ tautomer (SiNCe 4, 331 3 kcal mot* while the N1-H is slightly less acidic, at
the protons reside on the N1 and the N9) is calculated to be 334.7 kcal motl. The least acidic sites are the C-H protons:
lessstable than the “H17” tautomes,(where the protons reside the C2-H calculates to 372.5 kcal méland the C8-H to 370.3
on the N1 and the N7) by 0.8 kcal maI(Figure 1). The next keal molt
most stable tautomer & at 5.4 kcal mot? less stable than the Com ut.ational Results: Proton Affinity. The proton af-
H17 tautomer, it s not likely to be present in any appreciable finities IC:Jf the tautomers.H19 and H17yWere arl)so explored
amount in the gas phase. The remain?ng possible_tautomers arecomputationally (Figure 3). The H19 tautomer has several
even less stable (Figure S1, Supporting Information). heteroatoms that could accept a proton; we find the most basic
site to be N7, at 219.6 kcal mdl. The O6 site is the next most

(42) When alkylated, adenosine and guanosine form positively charged hasic with a PA of 213.9 kcal mot (for the protonated
substrates (3-methyladenosine and 7-methylguanosine); these may bind to '

the AAG active site as charged substrates. This paper focuses on AAG SltrUCture Wherg the proton is “pointing toward” the imidazolic
substrates such as hypoxanthine and ethenoadenine, which are believed t6ing). Protonation of O6 to form the structure where the proton
bind as neutrals. See refs-282. is on the same side as the N1-H is exothermic by 206.2 kcal

(43) Previous work indicates that glycosidic bond hydrolyses proceed -1 : :
via a highly dissociative §2 or a stepwise G mechanism; to simplify mol~1, and the least basic heteroatom on the H19 tautomer is

Scheme 1 we show the mechanism ad.SFurthermore, the mechanism N3, at 204.5 kcal mott. The H17 tautomer is of similar overall
for enzyme cleavage also involves a “base-flipping” step, whereby the basicity (as compared to the H19); the most basic site is N9, at

nucleobase is “flipped” into the enzyme active site; this step may also differ 218.8 kcal motl. The remaining proton affinities are 215.6
for different substrates. It is not known whether base flipping is a relatively ' ' )

fast or slow step in AAG, and herein we focus on the steps involving actual (N3), 201.9 (O6, imidazole (N7) side), and 201.5 (O6, N1 side)
nucleobase excision. See refs-28. kcal mol L.,

6550 J. Org. Chem.Vol. 72, No. 17, 2007
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TABLE 1. Summary of Results for Acidity Bracketing of the
More Acidic Site of Hypoxanthine

proton transfer

reference compd AHacid ref acid conjugate base
HCOOH 346.2£ 1.2 - +
CH3;COCH,COCH; 343.8+2.1 - +
m-CRPhOH 339.3: 2.1 - +
CH;CHBrCOOH 336.8£ 2.1 - +
CNCH,CN 335.8+ 2.1 - +
HCI 333.4+0.1 - +
(CFs)sCOH 331.6+2.2 + -
CHR,COOH 331.0+2.2 + -
(CFRs)2CsH30H 329.8+ 2.1 + -
CRCOCHCOCH; 328.3+ 2.9 + -

a Acidities are in kcal mot! and come from ref 442 A “+" indicates
the occurrence and a-" denotes the absence of proton transfer.

TABLE 2. Summary of Results for Acidity Bracketing of the Less
Acidic Site of Hypoxanthine

proton transfer

reference compd AHacid ref acid
CH3CH,CH,OH 375.7+£ 1.3 -
CHsCN 3729+ 2.1 -
PhCHOH 370.0£ 2.1 -
CH;COCHs 368.8+ 2.0 -
CH3zCOCH,CHs 367.2+2.8 +
CgHsNH2 366.4+ 2.1 +
m-F-PhNH 362.6+ 2.2 +
C4NHs 359.5+ 0.3 +
CH;COOH 348.1+ 2.2 +
CH3CHCH,CH,COOH 346.2+ 2.1 +
HCOOH 346.2+ 1.2 +

a Acidities are in kcal mot! and come from ref 448 A “+” indicates
the occurrence and a-" denotes the absence of proton transfer.

Experimental Results: Acidity. Our first step was to bracket
the most acidic site of hypoxanthine (Table 1). We find that
the conjugate base of hypoxanthine deprotonates)¢CPH
(AHacig = 331.6 £ 2.2 kcal mot?), but not HCl (AHgaciq =
333.44 0.1 kcal mot?); also, CI deprotonates hypoxanthine
but (CF)3CO™ does not. We therefore bracket the most acidic
site of hypoxanthine to be 332 2 kcal molt. We next used
our “less acidic” method (Table 2). We find that the conjugate
base of hypoxanthine does not deprotonate acetongZC8H;,
AHacig= 368.84 2.0 kcal mot?) but it does deprotonate methyl
ethyl ketone (CHCOCH,CH3s, AHgacg = 367.2 + 2.8 kcal
mol~1). Therefore, we bracket the gas-phase acidity of the less
acidic site in hypoxanthine to be 368 3 kcal molL. At this
point, we do not know which tautomer(s) or which sites we are
bracketing; we simply were interested as a first step to bracket
the experimental acidity values.

Experimental Results: Proton Affinity. We next measured
the most basic site of hypoxanthine. We find that 3-bromopy-
ridine (PA = 217.5 £ 2.0 kcal mof?l) cannot deprotonate

protonated hypoxanthine, but that hypoxanthine can protonate

3-bromopyridine. 1-Butylamine (PA 220.24+ 2.0 kcal mot?)

JOC Article

we only can say that the PA of hypoxanthine is between 217.5-
(£2) and 220.2¢2) kcal moi1.44

Given the large range of our bracketing result, we decided
to measure the PA using a second method, the Cooks extended
kinetic method (see the Experimental Section for details). Four
reference bases were used: 1-octanamine £P222.0 kcal
mol™1), isobutylamine (PA= 221.0 kcal mot?), 1-butylamine
(220.2 kcal mot?), and 1-propylamine (219.4 kcal md),
yielding a proton affinity of 222+ 3 kcal mol™ for hypoxan-
thine, which is consistent (though on the high end) with the
window that we find via bracketintf—48

The measurement of the less basic site of hypoxanthine had
experimental issues that we could not overcome. In essence,
under the “less basic” FTMS conditions, we always see proton
transfer from protonated hypoxanthine to the reference base,
even if the reference base is very weak (such as acetong; PA
194.1 kcal motl). We have experienced this problem in the
past, and it appears to be due to the presence of protonated water,
which is very acidid® We tried various methods to rid the
system of HO™, but to no avail, and therefore could not measure
the less basic site.

Discussion

In agueous solution and in the solid state, the canonical H19
(1) tautomer of hypoxanthine predominatés®! Furthermore,
this particular tautomer is the biologically relevant one; when
hypoxanthine is in nucleotide form (“inosine2)j, the deox-
yribose moiety is attached to the N9; therefore, the H19 tautomer
is a model for the nucleobase portion of inosine.

Unlike in solution and in the solid state, more than one
tautomer is accessible in the gas phase. Our calculations at
B3LYP/6-314+-G* indicate that the H19 structuré)(is actually
less stable than the H17 structuf by 0.8 kcal mot? (Figure
1), which is consistent with other calculations on hypoxanthine
tautomers$%-56 In this Discussion section, we will first discuss

(44) NIST Chemistry WebBook, NIST Standard Reference Database No.
69, June 2005Linstrom, P. J., Mallard, W. G., Eds.; National Institute of
Standards and Technology: Gaithersburg, MD, 2005; http://webbook
.nist.gov.

(45) TheAASvalue obtained for hypoxanthine from our Cooks extended
kinetic method experiments is 5 caFrKmol™. It has been noted that the
AASvalue is related to the accuracy of the PA value obtained by the Cooks
extended method. Ideally, the actdeASvalue should be less than or equal
to about 5 cal K mol™%; otherwise, the extended kinetic method may
underestimate the PA. Another caveat is thatAlieS value obtained from
the extended method is often itself underestimated. There is therefore a
possibility that the PA value of 222 kcal mdlobtained via our Cooks
extended method experiment is too low; however, given that the bracketing
result gives a PA of 217:5220.2 kcal mot?, we are inclined to believe
that the extended kinetic method value is not highly underestimated.

(46) Wesdemiotis, CJ. Mass. Spectron2004 39, 998-1003.

(47) Bouchoux, G.; Sablier, M.; Berruyer-Penaud) AVlass. Spectrom.
2004 39, 986-997.

(48) Ervin, K. M.; Armentrout, P. BJ. Mass. Spectron2004 39, 1004~
1015.

(49) Schmalle, H. W.; Haggi, G.; Dubler, EActa Crystallogr.1988
C44, 732-736.

(50) Ramaekers, R.; Maes, G.; Adamowicz, L.; DkhissiJAViol. Struct.

deprotonates protonated hypoxanthine, while the reverse reactiorpooz 560 205-221. At the highest calculational level (MP2/6-31:£G**//
does not occur. In between these two reference bases, we obtaiB3LYP/6-31++G**), H17 is more stable than H19 by 0.7 kcal mél

some conflicting results. For example, while the reference base 0

benzylamine (PA= 218.3 + 2.0 kcal mof?') deprotonates
protonated hypoxanthin&-methylaniline (PA= 219.1+ 2.0
kcal mol1) cannotdeprotonate protonated hypoxanthine. The
ambiguity of our bracketing results may be due to the error
(about42 kcal mol?) in any given PA value; from our data,

(51) Lichtenberg, D.; Bergmann, F.; Neiman,I&. J. Chem1972 10,
5-817.
(52) Shukla, M. K.; Leszcynski, J. Phys. Chem. 2003 107, 5538~
5543.

(53) Sheina, G. G.; Stepanian, S. G.; Radchenko, E. D.; Blagoi, ¥.. P.
Mol. Struct.1987, 158 275-292.

(54) Costas, M. E.; Acevedo-Chez, R.J. Phys. Chem. A997 101,
8309-8318.
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the intrinsic gas-phase properties of hypoxanthine, in which we calculations as well as provide insights into the intrinsic
consider both the H19f and H17 B) tautomers. We will then reactivity of this damaged base.
move on to discuss the biological relevance of our experimental  Biological Implications. As noted earlier, one of our interests
and computational results, which will focus on the H19 in hypoxanthine is that it is a mutagenic base. When incorpo-
canonical tautomet. rated into DNA, hypoxanthine is called “inosineZ)( As shown

Can We Differentiate between TautomersThe acidity and ~ in Scheme 1, hypoxanthine is excised from DNA via scission
proton affinity calculations indicate that measurements of these of the N9—-C1' bond:; the relevant tautomer is therefore the H19
properties are not likely to reveal which tautomer(s) is (are) (1), and the discussions herein will focus solely on this canonical
present. That is, sometimes two tautomers have very differing tautomer. Our genome is protected by an enzyme called alky-
properties; one tautomer might be much more acidic than the ladenine DNA glycosylase (AAG), which cleaves hypoxanthine
other, and the measurement of the acidity can thus reveal whichfrom DNA. AAG is a particularly intriguing enzyme because
tautomer is present. In the case of hypoxanthine, however, theit cleaves a wide range of damaged bases, thus achieving a
most acidic site of the H19 tautomer is calculated to be 330.5 “broad specificity”28:293132One of the puzzles is how an
kcal mol-1, while the most acidic site of the H17 tautomer enzyme could cleaveo manydifferent basesin this case, a
calculates to 331.3 kcal mol. These acidities are so close that variety of alkylated purines, including 3-methyladenine, 7-me-
any measured value could be attributable to either tautomer.thylguanine, and 1NS-ethenoadenine in addition to hypoxan-
For proton affinity (PA), the most basic site of the H19 tautomer thine—yet leave normal bases untouched. The exact mechanism
has a calculated PA of 219.6 kcal mglwhile the most basic by which AAG excises hypoxanthine is unkno@hn323441 Two
site of the H17 tautomer has a calculated PA of 218.8 kcal possibilities are that the hypoxanthine is excised in an anionic
mol~1. Again, these values are sufficiently close that the actual state or that it is protonated prior to departing as a neutral
measurement will not divulge which tautomer has been probed. (Scheme 1). Our results lend insight into both possibilities.
It may be that the more stable H17 tautomer is prevalent and Deprotonated Hypoxanthine as a Leaving GroupShould
that our measurements pertain to that structure or a mix of H17 hypoxanthine undergo cleavage without prior protonation, the
and H19. N9-deprotonated hypoxanthine would be the leaving group

We measured two acidic sites on hypoxanthine, one at 332(Scheme 1A). The more acidic the N9-H, the more easily
=+ 2 kcal mol* and the other at 36& 3 kcal mol* (Tables 1 deprotonated hypoxanthine should be cleaved. Our prior studies
and 2). The more acidic site is consistent with the calculated have shown that thgas-phasecidities of uracil (an undesirable
values for the most acidic site of both the H19 and the H17 pase in DNA) and 3-methyladenine (a mutated base) are very
tautomers (330.5 (N9-H of H19 tautomer) and 331.3 kcafthol  high, leading to a prediction that relatively speaking, the
(N7-H of H17 tautomer), Figure 2). Either or both tautomers deprotonated anions of these damaged bases would be good
may be present; calculations would indicate that in the gas phase|eaving groups in nonpolar enzyme active sites (since the gas
we have a mixture of both tautomefs? phase is the ultimate nonpolar environment), which in turn

The “less acidic” bracketing experiment yields a value of 368 translates to facile cleava§&:121358 Furthermore, recently,
+ 3 kcal moflL. By calculations, however, the next most acidic Drohat and co-workers published a thorough study of a
site on the H191) tautomer is the N1-H, at 337.0 kcal mél  pyrimidine glycosylase that also has broad specificity, human
(Figure 2). On the H175) tautomer, the second most acidic thymine DNA glycosylase (TDGY Their studies show a
site is also the N1-H, at 334.7 kcal mél(Figure 2). Our “less relationship between the solution phase aciditJf a series
acidic” bracketing method is such that if we have a mixture of of nucleobase substrates and the ease of excision of these
[M—H]™ ions deprotonated at N1 as well as at C2 and C8, we sybstrates by the enzyme TDG (the more acidic the nucleobase,
will only see the acidity value corresponding to the most basic the more facile the excision), indicating the nucleobase is
anions (in this case, the carbaniof8f2135Therefore, we may  cleaved in its deprotonated form. In addition, the differences in
have ions resulting from the N1-H of the H17 tautomer and/or acidity among the substrates appear to be much greater in a
the N1-H of the H19 tautomer, but we can only bracket the nonpolar gas-phase environment than in solution. That is, the

most basic ion due to the nature of the experinfett.!213 nonpolarity of the active site of TDG appears to contribute to
Given how close in energy both tautomers are calculated to be,the enzyme’s specificity by enhancing the differences in acidity
we believe that we are likely to have a tautomer mix@ré® of the various substrates and therefore favoring cleavage of those
Therefore, the less acidic site of 368 3 kcal mol* could nucleobases that have high acidities (and are therefore good
correspond to any of_ the C-H sites in the H19 &nd/or the deprotonated leaving groups) in the gas pHase.

H17 (5) tautomers (Figure 2). The gas-phase acidity of hypoxanthine at N9 should likewise

For proton affinities, we find the more basic site to have a jngicate its leaving group ability in a nonpolar active site. The
PA of 2224 3 kcal mof®. This value is consistent with the  ca|culated acidity of the N9-H of hypoxanthing) @t B3LYP/
most basic calculated sites (Figure 3) of the H1ptautomer 6-31+G* is 330.5 kcal motl. The acidity of the N9-H of
(N7, 219-? kcal mat!), and the H17§) tautomer (N9, 218.8  gyanine 4) calculated at the same level is 334.3 kcal TASF-62
kcal mol™). The PA results thus also correlate with the Thatis, hypoxanthine is-4 kcal mol more acidic than guanine

computational results. o . in the gas phase. This enhanced acidity of hypoxanthine would
These acidities and proton affinities of hypoxanthine are the

first such measurements and serve to both benchmark the

(58) Drohat, A. C.; Stivers, J. T. Am. Chem. So200Q 122, 1840-

1841.
(55) Lin, J.; Yu, C.; Peng, S.; Akiyama, |.; Li, K.; Lee, L. K.; LeBreton, (59) Huang, Y.; Kenttmaa, H.J. Phys. Chem. 2004 108 4485-
P. R.J. Phys. Chem198Q 84, 1006-1012. 4490.
(56) Chenon, M.-T.; Pugmire, R. J.; Grant, D. M.; Panzica, R. P.; (60) Chandra, A. K.; Nguyen, M. T.; Uchimaru, T.; Zeegers-Huyskens,
Townsend, L. BJ. Am. Chem. Sod.975 97, 4636-4642. T. J. Phys. Chem. A999 103 8853-8860.
(57) Grabowski, J. J.; Cheng, 3. Am. Chem. S0d.989 111, 3106~ (61) Chen, E. C. M.; Herder, C.; Chen, E.JB.Mol. Struct.2006 798
3108. 126—-133 and references cited therein.
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translate to its ease of excision; AAG, like TDG, may capitalize (3) and guanine4) to be, using the same method, respectively
on a nonpolar enzyme active site to favor cleavage of damaged223.7 and 227.4 kcal mo}.80.61.68-70 Therefore, hypoxanthine
bases like hypoxanthine due to their better leaving group ability. appears to bkess basi¢han adenine and guanine. A mechanism
The gas-phase acidity of hypoxanthine is also calculated to beinvolving protonation prior to cleavage (Scheme 1B) would not
4 kcal mol? less (i.e., more acidic) than that of adenine energetically favor hypoxanthine cleavage. This trend is miti-
(hypoxanthine 1), 330.5 kcal mot?! versus adenine3j, 334.8 gated, but still exists, in solution. The solution-phase proton
kcal mol1).1213596163 Thys, the enhanced acidity of the affinity of hypoxanthine is still the lowest K of protonated
damaged base hypoxanthine relative to the normal bases adeninbypoxanthine is 2.0, whereas those of protonated adenine and
and guanine would render it more easily excised by AAG; this protonated guanine are 4.2 and 3.3, respectively). Although as
provides an explanation for why AAG might favor hypoxanthine with acidity, the proton affinity differences among the substrates
for removal. is less in solution than in the gas phase, a mechanism involving

We were also interested in ascertaining whether the acidity protonation still does not favor hypoxanthine and therefore does
of hypoxanthine is enhanced, relative to adenine and guanine,not serve as an explanation for how the damaged base
in the gas phase versus in solutidiThe solution-phase acidities hypoxanthine would be selected over normal bdses.
(pKg) of the N9-H of adenine, guanine, and hypoxanthine are  Of course, AAG might also differentiate hypoxanthine from
reported to be 9.8, 10.0, and 8.9, respectivéRf- 67 These K, normal bases through other means (binding energetics, size
values translate to deprotonation at 298 K being more favorable selectivity)2831-32but our results show that energetically speak-
for hypoxanthine by 1.2 kcal mot over adenine, and 1.5 kcal  ing, a mechanism involving initial proton transfer does not favor
mol~! over guanine. This preference is enhanced in the gasthe damaged base. We therefore propose the possibility that like
phase, where the acidity of hypoxanthine is calculated to be thymine DNA glycosylase (TDG), hypoxanthine is excised by
4.3 and 3.8 kcal mol greater than that of adenine and guanine, AAG as an anion, and that hypoxanthine should be a better
respectively. A nonpolar environment would therefore serve to leaving group (N9-H is more acidic) than the normal bases
enhance the differences among the substrates adenine, guaninadenine and guanirfé®:12-14 Furthermore, this trend is enhanced
and hypoxanthine, and favor cleavage of the damaged basen the gas phase, and would therefore be enhanced in a nonpolar
hypoxanthine. We hypothesize that one of the ways AAG active site. We look forward to experimental testing of this
provides selectivity is by targeting hypoxanthine and other hypothesis.
damaged bases and cleaving them as deprotonated, anionic
nucleobases. Conclusions

We also conducted dielectric medium calculations on the
acidities of hypoxanthine, adenine, and guanine to determine We have established the acidities and proton affinity of the
how the gas-phase acidities change in a medium of dielectric damaged nucleobase hypoxanthine. The experimental studies
78.4 (aqueous solution). We find that the results are consistentallow us to confirm the accuracy of the ab initio calculations.
with trends seen with the experimentaKpvalues. The The acidic and basic properties of hypoxanthine are compared
calculated acidity of hypoxanthine in an aqueous continuum is to those of the normal nucleobases adenine and guanine, both
295.7 kcal mot?; those of adenine and guanine are 297.8 and in the gas phase and in solution, to provide insights into
298.4 kcal motl. Therefore, hypoxanthine is still the most understanding how the enzyme alkyladenine DNA glycosylase
acidic, but less so than in the gas phase (more acidic than(AAG) might discriminate damaged bases from normal bases.
adenine and guanine respectively by only 2.1 and 2.7 kcat'mol ~ The results highlight the possibility that AAG cleaves damaged
in a water dielectric versus 4.3 and 3.8 kcal mdh the gas nucleobases as anions and that the active site may take advantage
phase). Therefore, the gas-phase and solvation calculations an@f & nonpolar environment to favor deprotonated hypoxanthine
the experimentallf, data all indicate that hypoxanthine is more @s a leaving group versus deprotonated adenine or guanine.
acidic than adenine and guanine, and that the differences inFuture studies of the gas-phase properties of other damaged
acidity are greatest in the gas phase. nucleobases that serve as substrates for AAG are underway.

Neutral Hypoxanthine as a Leaving Group. Should hy-
poxanthine leave as a neutral, the proton affinity is relevant: Experimental Section
the more basic hypoxanthine is, the more easily it will be
protonated (Scheme 1B). Assuming that once protonation
occurs, cleavage is facile, then protonation would be a rate-
determining stepg?3°The proton affinity of the most basic site
of thg ng tautomer of h.ypo.xamh.me’ (Whlc.h IS retlevant to (68) Gas-phase calculations indicate that the most basic site of hypox-
the biological compound inosin@)(since the ribose is attached  anthine and guanine is N7; for adenine it is N1. The general acid catalyst
to N9, Scheme 1B) is calculated to be 219.6 kcal Thoht for AAG has not been identified so it is as yet unknown whether an acid

B3LYP/6-31+G*. We calculate the proton affinities of adenine is proximal enough to both the N7 of hypoxanthine and guanine as well as
to the N1 of adenine to effect protonation. See refs 28 and 32.
(69) Meot-Ner (Mautner), MJ. Am. Chem. Sod979 101, 2396-2403.
(62) Note that in ref 59, the calculated guanine acidity at B3LYP/6- (70) Turecek, F.; Chen, XI. Am. Soc. Mass Spectrogf05 16, 1713~
31+G* is reported as 334.8 kcal mdl We are not sure why their results ~ 1726.
differ slightly from ours, but the difference is very small and does not change  (71) Intriguingly, the PA values of adenine and guanine reverse in

All chemicals are commercially available and were used as
received. Experiments were conducted on a Fourier Transform mass
spectrometer (FTMS) with a dual cell setup that has been described

the conclusions herein. solution versus the gas phase. Adenine is more basic than guanine in solution
(63) Lee, J. Kint. J. Mass Spectron2005 240, 261—-272. (respective K values of 4.2 and 3.3), but less so in the gas phase (respective
(64) Taylor, H. F. W.J. Chem. Socl948 765-766. PA values of 223.7 and 227.4 kcal ml. The same trend is seen in aqueous
(65) Jang, Y. H.; Goddard, W. A., lll; Noyes, K. T.; Sowers, L. C.; medium dielectric calculations (adenine is more basic than guanine: adenine

Hwang, S.; Chung, D. Sl. Phys. Chem. B003 107, 344-357. PA, 283.8 kcal moi%; guanine PA, 282.4 kcal mol). In all cases,
(66) Albert, A.; Brown, D. JJ. Chem. Socl954 2060-2071. hypoxanthine is the least basid{p 2.0; solvent dielectric medium acidity,
(67) Langman, S. R.; Shohoji, M. C. B. L.; Telo, J. P.; Vieira, A. J. S.  279.6 kcal mol?; gas phase calculated acidity, 219.6 kcal MplFuture

C.; Novais, H. M.J. Chem. SocPerkin Trans.1996 2, 1461-1465. work will probe this adenine-guanine gasolution phase trend reversal.
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previously812Briefly, the setup consists of two adjoining 2 in. cubic For the proton affinity experiments, we also utilized the Cooks
cells that are pumped to a baseline pressure of less thad @ ° kinetic method in a quadrupole ion trap mass spectronié&tét.
Torr. The dual cell is positioned colinearly with the magnetic field This method involves the formation of a proton bound complex,
produced by a 3.3 T superconducting magnet. A heated batch inletor dimer, of the unknown (in our case, hypoxanthine) and a
system or a heated solids probe is used to introduce neutral sampleseference base of known proton affinity (eq 1, where “A” is
into the FTMS. A trapping potentialf@ V (positive if positive hypoxanthine and “B is a series of reference bases). Collision-
ions are being trapped and negative if negative ions are beinginduced dissociation (CID) of this dimer leads to the formation of
trapped) is applied to the cell walls perpendicular to the magnetic either the protonated unknown or the protonated reference base.
field at all times except when ions are being transferred from one The ratio of these two protonated products yields the relative proton
cell to another. Transfer is accomplished by temporarily grounding affinities of the two compounds of interest, assuming that the
(40—150us) the trapping plate separating the two cells. The ions dissociation has no reverse activation energy barrier and that the
can then be transferred into the next cell through a 2-mm hole in dissociation transition structure is late and therefore indicative of
the center of the trapping plate. Transferred ions are cooled by athe stability of the two protonated products. Both these assumptions
pulse of argon that raises the cell pressure to=510 are generally true for proton-bound systeffis!

Torr.7273

Bracketing methods were utilized to measure the gas-phase Ky AHT + B
acidities and basicities (proton affinities). Hydroxide ions are . 1)
generated by pulsing water into the FTMS cell and sending an [AHBY
electron beam (typically 8 eV, 8A, beam time 0.5 s) through the k2 BH + A

center of the cell. Hydronium ions are also generated via pulsing
water and an electron beam (20 eVu8\, beam time 0.2 s).

Hydroxide is used to deprotonate the molecules of interest, In(k1/kz) = [PA(A)/RTeq)-D(AS)/R] - PA(B)/(RTgp) 2
producing for example, the [MH]~ anion of hypoxanthine. The

[M—H]~ anions are transferred into the second cell and allowed to In(k/ks) = IN([AH*/[BH*)) €)
react with reference acids having known gas-phase acidttiesr.

acidity bracketing of the most acidic site in a molecule, we also GB®*P(A)/RTeq = PA(A)/(RTey) - AAS)/R 4

allow the conjugate bases of different reference acids to react with o ) ) y
the neutral of unknown acidity. Rapid proton transfer (i.e., near ~ For our proton affinity studies of hypoxanthine, we utilized four
the collision rate) was taken as evidence that the reaction wasreference bases and measured the product ion distributions three

exothermic and is indicated by a-" in Tables 1 and 24 The separate times to ensure reproducibility. We also conducted the
same procedure is used for proton affinity bracketing (wherein Cooks kinetic method experiments using the “extended” methéd.
hydronium ions are used for protonation). This method has been well-described and involves acquiring ion

We have recently developed an FTMS method for the bracketing abundance ratios at different collision energies (and therefore
of less acidic and less basic sites in molecules that have multiple different effective temperatures (vide infra)), which allows for
acidic and basic sites; the experimental procedure and limitations deconvolution of the enthalpic and entropic contributions. Equations
have been described previou8R2213In this setup, nucleobase ions 2—4 summarize the data analysis. Briefler is the effective
produced after reaction of the corresponding neutral with hydroxide temperature of the dissociating proton bound complex in Kelvin.
ions are immediately removed from the first cell and transferred The term ‘A(AS)” is the difference in theAS associated with the
into the second cell. Reference acids are then injected into thetwo channels in eq 1. A plot of li{/k;) (which is equal to In-
second cell and allowed to react with the nucleobase ions. The first ([AH*)/[BiH*]), eq 3) versus PA(B yields theTe from the slope
reaction cell is rich in neutral nucleobase concentration and over (€q 2) and the “GBRA)” from the intercept (eqs 2 and 4). Plotting
time, neutral-catalyzed isomerization leads to survival of only the edq 4 at different values offes yields the proton affinity of
most acidic ions. Transferring ions into the second cell immediately hypoxanthine. We find that the standard deviation of our measure-
after their generation allows us to carry out the reaction between ments is+3 kcal mof™.
reference acids and nucleobase ions in the absence of neutral For the kinetic method experiments, solutions of hypoxanthine
nucleobase. The same procedure can be applied to the bracketingnd the reference bases were subjected to electrospray ionization
of less basic sites as wéfl. (1073 to 104 M solutions in methanol; a small amount of acetic

In our experiments, the ions are the reactants and the neutralsacid is also added). The typical flow rate is 2&/min. An
are in excess, creating pseudo-first-order conditions. Because theelectrospray needle voltage 6f4500 V was used. The proton-
nucleobase is introduced via an external solids probe that, whenbound complexes of hypoxanthine and the reference base were
introduced to the high vacuum, typically causes the pressure of isolated and subjected to collision-induced dissociation (CID); the
the cell to rise to about 10 Torr, we utilize the following procedure
(which has also been described previously) to ascertain the pressure (76) McLuckey, S. A.; Cameron, D.; Cooks, R. &.Am. Chem. Soc.
of the neutral3 First, we obtain the pseudo-first-order rate constant 1981 103 1313-1317.
for the reaction of hydroxide with the relevant neutral. We then Ion(7P7r)0'2:/|C1L9u801|i(eSy2’ 91-6@-_? 1C7°fksv R. G; Fulford, J. BBt. J. Mass Spectrom.
assume that this reaction between hydro_mde, whu_:h is very basic, (78) Brodbelt-L’ustig, 3. S.: Cooks, R. Galanta1989 36, 255-260.
and the neutral proceeds at the theoretical collisionalfeide (79) Green-Church, K. B.; Limbach, P. 4. Am. Soc. Mass Spectrom.
then use that calculated collisional rate constant to “back out” the 200q 11, 24-32.
neutral pressure. This procedure also precludes the errors which (80) Ervin, K. M.Chem. Re. 2001, 101, 391—444 and references cited

can arise from ion gauge issues (such as remote location and varyinghe(%eir)'-G CSeF W. Y- Chew. F-- Wu. Wit. 3. Mass Spect
i H ronert, s.; Feng, A ew, F.; Wu, . J. Mlass spectrom.
sensitivity for different substrate$). 2000 196, 251-258.
(82) Williams, T. I.; Denault, J. W.; Cooks, R. Git. J. Mass Spectrom.
(72) Amster, I. JJ. Mass. Spectroni996 31, 1325-1337 and references 2001 210211, 133-146.

cited therein. (83) Armentrout, P. BJ. Am. Soc. Mass Spectrog00Q 11, 371—379.

(73) Marshall, A. G.; Grosshans, P. Bnal. Chem1991, 63, 215A— (84) Cheng, X.; Wu, Z.; Fenselau, @. Am. Chem. Sod993 115
229A and references cited therein. 4844-4848.

(74) Su, T.; Chesnavich, W. 1. Chem. Phys1982 76, 5183- (85) Cerda, B. A.; Wesdemiotis, . Am. Chem. So&996 118 11884
5185. 11892.

(75) Bartmess, J. E.; Georgiadis, R. Wacuum 1983 33, 149- (86) Nold, M. J.; Cerda, B. A.; Wesdemiotis, @. Am. Soc. Mass
153. Spectrom1999 10, 1-8.
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complexes were activated for about 30 ms. About 40 scans werePAs are reported as positive valuéssas-phase calculations were
averaged for product ions. conducted at B3LYP/6-3tG* with Gaussian037~%2 All gas-phase
Throughout this paper, acidity is reported &bl,.q and is the structures, including those in the Supporting Information, were fully
change in enthalpy associated with deprotonation of a molecule optimized; frequency calculations confirmed true minima, with no
HA to form H* and A". Proton affinity is reported as PA and is  negative frequencies. Acidity and proton affinity values are reported
the negative change in enthalpy associated with protonation of aas AH at 298 K, which allows for direct comparison with the
molecule B to form BH (that is, protonation is exothermic but  experimentally measured values. Solvation studies were conducted
using the CPCM-SCRF method (full optimizations at B3LYP/6-
(87) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, 31+G*; UAKS cavity) as implemented in Gaussian®3* This
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. method has been shown to be reliable for neutral and ionic organic
N.; C., B. J.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, molecule$®s A dielectric constant of 78.4 was used in order to

B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; : . -
Hada, M.. Ehara, M.: Toyota, K. Fukuda, R.; Hasegawa. J.: Ishida. M. simulate an aqueous environment; we did not conduct frequency

Nakajima, T.: Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J.  calculations so we repoAE values.
E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
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