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ABSTRACT. Human alkyladenine DNA glycosylase (AAG) protects against alkylative and oxidative DNA
damage, flipping damaged nucleotides out of double-stranded DNA and catalyzing the hydrolytic cleavage
of the N-glycosidic bond to release the damaged nucleobase. The crystal structure of AAG bound to a
DNA substrate reveals features of the active site that could discriminate between oxidatively damaged or
alkylated purines and normal purines. A water molecule bound in the active site adjacent to the anomeric
carbon of theN-glycosidic bond is suggestive of direct attack by water, with Glu125 acting as a general
base. However, biochemical evidence for this proposed mechanism has been lacking. The structure also
fails to explain why smaller pyrimidine nucleosides are excluded as substrates from this relatively permissive
active site that catalyzes the excision of a structurally diverse group of damaged purine bases. We have
used pH dependencies, site-directed mutagenesis, and a variety of substrates to investigate the catalytic
mechanism of AAG. Single-turnover excision of hypoxanthine ah8-&thenoadenine follows bell-shaped
pH—rate profiles, indicating that AAG-catalyzed excision of these neutral lesions requires the action of
both a general acid and a general base. In contrast, thegikl profile for the reaction of 7-methylguanine,

a positively charged substrate, shows only a single ionization corresponding to a general base. These
results suggest that AAG activates neutral lesions by protonation of the nucleobase leaving group. Glu125
must be deprotonated in the active form of the enzyme, consistent with a role as a general base that
activates and positions a water nucleophile. Adidise catalysis can account for much of thé-fbod

rate enhancement that is achieved by AAG in the excision of hypoxanthine. The prominent role of
nucleobase protonation in catalysis by AAG provides a rationale for its specialization toward damaged
purines while effectively excluding pyrimidines.

DNA bases are subject to spontaneous alkylation and (7MeG), and I\®-ethenoadenine:A) as well as hypoxan-
oxidative deamination events that change the structure andthine (Hx), a lesion caused by oxidative deamination of
coding potential of DNA. The failure to repair these adenine (Scheme 1; for reviews, see refand 2). AAG
inevitable modifications can block DNA-templated activities locates these relatively rare lesions among the vast excess
such as replication and transcription or cause mutationsof normal genomic DNA and initiates the base excision repair
during replication past damaged DNA. In human cells, a process by catalyzing the hydrolysis of tieglycosidic bond
single enzyme, alkyladenine DNA glycosylase (AA@lso to release the damaged base.
known as methylpurine DNA glycosylase), is responsible
for recognizing and initiating the repair of a variety of
alkylated purines such as 3-methyladenine, 7-methylguanine

Crystal structures of AAG bound to a DNA substrate and
an inhibitor have provided insights into the molecular features
of DNA binding and the discrimination between normal
purines and alkylated purines, and have identified candidate
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for the single-turnover reaction with saturating AAG; NaCHES, sodium G, and an unfavorable interaction between the 6-amino group

2-(N-cyclohexylamino)ethanesulfonate; NaCAPS, sodiunN&yclo- of A and the backbone amide of His136 could account for
hexylamino)-1-propanesulfonate; NaHEPES, sodiNri2-hydroxy- discrimination against A4). However, the spacious binding
ethylpiperazineN -(2-ethanesulfonate); NaMES, sodium R-for- pocket observed in the crystal structure should also be able

pholino)ethanesulfonate; NaMOPS, sodiuni\Brjorpholino)propane- Lo N
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uracil. are not substrates for this enzyme. Although AAG binds with

10.1021/bi035177v CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/03/2003



Acid—Base Catalysis by AAG Biochemistry, Vol. 42, No. 42, 20032419

Scheme 1

o o NH, o
N—"“NH NH SN NH
& S | fL
'|1 N)\NHz T&o "I‘&o T&o
guanine thymine cytosine uracil
BB . S ox
N N/ NH2 "ll N/ N N/ N N/

I
7-methylguanine
(7MeG)

| |
hypoxanthine
(Hx)

1,Nb-ethenoadenine
(eA)

7-deazahypoxanthine

high affinity to pyrimidinepyrimidine mismatches, it fails
to catalyze their excisiorb]. This observation contrasts with
the broader specificity of th&scherichia colialkylation-
specific DNA glycosylase AlKA that acts upon a variety of
damaged purines and pyrimidines in DNA&).(

We have used comparative ptrate profiles, site-directed
mutagenesis, and reactions with a variety of DNA substrates
to obtain evidence for both acid and base catalysis in the
AAG-catalyzed excision of damaged bases. The use of
general acid catalysis can explain how AAG targets damaged

Although little is known about the catalytic mechanism purine nuc_le_osides an(_j excludes pyrimidine nucle(_)si_d_es. It
of AAG or any other monofunctional DNA glycosylase that would be d|ff|9ult.to sterically e_xclude the smaller pyrlmldlne
targets damaged purines, the corresponding nonenzymati@ases .from binding to the active site pocket of AAG, which
depurination reaction has been extensively characterized, and® designed to accommodate a structurally diverse set of
it provides a framework for investigating the enzymatic mod|f|e_d purines. Howeve_r, t_hg different shape and chemical
reaction mechanism (Figure 1). The observed kinetic isotopeProperties of a bound pyrimidine would not be amenable to
effects, pH dependencies, and structtneactivity compari- an acid-catalyzed mechanism t.hat was ldeS|gned fpr purine
sons suggest that spontaneous depurination proceeds vigubstrates. AAG appears to achieve efficient catalysis toward
N-glycosidic bond cleavage with an oxocarbenium ion-like da@maged purines via a combination of nucleophilic activa-
transition state§—10). This transition state is characterized tion/positioning and leaving group protonation within an
by a large amount of bond cleavage to the purine leaving active site that is not tailor-made for a single substrate.
group, with an accumulation of positive charge on @id
O' of the deoxyribosyl group, and only a small degree of EXPERIMENTAL PROCEDURES
bonding to the water nucleophile. A consequence of this  gynression and Purification of Recombinant AAThe
d|550C|at|ye transition state is that chemical activation of the A79 catalytic fragment of AAG lacking the first 79 amino
nucleophile is expected to have only a modg_st sjumulatory acids was expressed B coli BL21(DE3) (Novagen) and
effe(?t on the rate of regctlon, whereas stabilization of the purified according to the previously published protocds (
leaving group can provide a larger rate enhancement. 4). Full-length AAG was cloned into a modified pET19b

Correspondingly, the spontaneous hydrolysis of purine (Novagen) expression vector encoding an N-terminal 10-
N-glycosidic bonds occurs by an efficient acid-catalyzed His tag and a linker that contains the recognition site for
mechanism with protonation of the nucleobase at the N3 or rhinovirus 3C protease (provided by T. Biswas) and ex-
N7 position (Figure 1). Indeed, the rate acceleration provided pressed irk. coli strain C41 15). Typically, cells were grown
by protonation is so substantial that at neutral pH the reactionat 37 °C until they reached an optical density 0.5 at
proceeds exclusively through the protonated form even 600 nm. They were then cooled t016 °C in an ice bath,
though fewer than one in $@nolecules is protonated at this  transferred to a 18C shaker/incubator, and induced with
pH. Thus, much of the barrier to depurination can be 100u«M IPTG. Protein expression proceeded for-11% h,
explained by purines being poor leaving groups. This and then cells were harvested and frozen-80 °C. The
suggests that protonation would be a good catalytic strategyAAG protein was purified by metal affinity chromatography

for enzymatic depurination at physiological pH. In contrast,
pyrimidine bases are more difficult to protonate, and their
hydrolysis is not acid-catalyzed in the pH range near
neutrality. Correspondingly, the pyrimidine-specific uracil
DNA glycosylase does not employ general acid catalyisis (
12). Although some similarities in the catalytic mechanisms
of AAG and uracil DNA glycosylase might be expected on

using a His tag that was subsequently cleaved with rhinovirus
3C protease to produce full-length AAG with an additional
Gly-Pro-His sequence N-terminal to the initiator methionine
of the native protein. Subsequent ion exchange chromatog-
raphy (Source S, Pharmacia) and gel filtration (S100,
Pharmacia) yielded a protein that was greater than 99% pure
as judged by SDSPAGE with Coomassie staining. A new

the basis of the similar oxocarbenium ion-like transition states construct was created for expression of site-directed mutants

observed for hydrolysis of purines and pyrimidin&s, (13,

of AAG with an N-terminal His tag to facilitate purification.

14), AAG might be expected to take advantage of general The His-tagged catalytic domain of AA@80, was gener-

acid catalysis in catalyzing the excision of purines.

ated by PCR and cloned into the pET19b vector, and the
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FiGurRe 1: Spontaneous depurination is acid-catalyzed. Two possible pathways for the hydrolytic release of guanine from DNA are shown.
Despite the unfavorable equilibrium for protonation at neutral pH, the acid-catalyzed reaction (bottom pathway) is overwhelmingly favored
over the reaction of neutral guanosine (top pathway). A preponderance of physical organic data supports an oxocarbenium ion-like transition
state forN-glycosidic bond cleavage in which the bond to the leaving group is largely broken and there is little formation of bonds to the
incoming nucleophile. The acid-catalyzed pathway is preferred because protonated guanin&)jis a better leaving group than neutral
guanine (K, ~ 12). After cleavage of thbl-glycosidic bond, several rapid proton rearrangements are required to generate the deoxyribosyl
(abasic) oligonucleotide and neutral (protonated) guanine products.

sequence was verified. This protein was expresséd goli modified nucleotide substrate and Y is the opposing nucle-
BL21 RP codon plus (Stratagene) at’® and purified via otide.

the same protocol used above for the His-tagged full-length
protein. Proteolytic digestion with recombinant rhino-
virus 3C protease left the nonnative N-terminal sequence 3'_GCT ATC GTA GGA YGG AAG AGA GGT A
GBOPBIHEAM 83 (the native sequence is®#GBIH®2 83), Site- )

directed mutants were constructed via the QuikChange AN enzymatic method was employed to create a 7MeG-
method (Stratagene), and the coding region was verified by containing oI|gonu.cI.eot|de, as th!s compound is not available
sequencing. The mutant AAG proteins were expressed and®S & Phosphoramiditd§). The primer SCGATAGCATC-

purified as described above fAB0 AAG. The concentration ~ CT Was annealed to the complementary 25mer oligonucle-
of A80 AAG was determined from the calculated extinction ©tide (Y is C, above) and extended with the Klenow fragment
coefficientesgy of 2.5 x 10° M~% cmL. of DNA polymerase | in the presence of 7-methyldeoxygua-

) , ) . ) nosine triphosphate (Sigma), dCTP, dTTP, and dATP as
Preparation of OligonucleotidegOligonucleotides were previously describedlf). After extension, the reaction was
synthesized on an ABI 394 DNA synthesizer using the quenched with 10 mM EDTA, the polymerase was removed
standard 2-cyanoethyl (CE) phosphoramidite methodology yith phenol/chloroform extraction, and the buffer was
according to manufacturers’ recommendations. All reagents gxchanged with a G-25 spin column. To obtain 7MeG
and phosphoramidites were obtained from Glen Research,mismatches, a 100-fold excess of the complementary strand
except for the 7-deazd-Beoxyinosine CE-phosphoramidite (v js T, A, or G) was added, and the oligonucleotide was
(ChemGenes). After deprotection (24 h at 22 for eA- denatured via brief thermal denaturation (3 min at°@y)
containing oligonucleotidesr@® h at 55°C for unmodified  and allowed to reanneal. A control annealing reaction, with
oligonucleotides), oligonucleotides were purified by denatur- a 100-fold excess of the DNA oligonucleotide complemen-
ing PAGE and the concentrations determined from the tary to the template (X is G), was used to generate a single-
calculated extinction coefficient. The purity was evaluated stranded oligonucleotide containing 7MeG. Native PAGE
by 5-kinasing and denaturing PAGE. For activity or binding analysis confirmed that this procedure resulted in duplex
assays, the oligonucleotides were labeled on thegrls ~ DNA in the case of the mismatches, and single-stranded
with T4 polynucleotide kinase, purified by phenol/chloroform DNA in the case of the control reaction. The 20-fold greater
extraction, desalted with G-25 spin columns (Pharmacia), rate of AAG-catalyzed excision of 7Me than of 7MeG
and subsequently annealed with-a2fold molar excess of  C strongly suggests that the mismatched substrate was
the complementary oligonucleotide. The 25mer oligonucle- generated.
otide duplexes employed in this study corresponded to the 22P-Based Glycosylase Assay3?P-based alkaline cleav-
following sequence, in which X is the position of the age and denaturing PAGE assay was used to quantify the

XeY 5'-CGA TAG CAT CCT XCC TTC TCT CCA T
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fraction of abasic product formed in glycosylase assays ( Scheme 2

Annealed oligonucleotide duplexes containing oré?B-

labeled strand were incubated with AAG. At various times, chhem kam
a small aliquot was withdrawn and the reaction quenched K K

with a larger volume of NaOH to obtain a final concentration HaeEeS <= HpEeS <= HEsS

of 0.2 M NaOH. Control reactions showed that the quench ¢ ¢ 1/

rapidly extinguished all glycosylase activity. Quenched Kq Kq Kq
samples were heated to P€ for 10 min to completely HeE + S<——HyE+S <—HE+S <=E+S

cleave the abasic product. After alkaline cleavage, samples
were diluted with +2 volumes of gel loading buffer (98%  showed that the enzyme retained full activity under these
formamide and 10 mM EDTA containing xylene cyanol FF conditions from pH 5 to 10. If a preincubation control
and bromophenol blue dyes). The fraction of cleaved product showed a loss of activity, as was typical below pH 5, these
at each time point was determined by separating the data were not included in the pH dependence. The concen-
unreacted product and the shorter cleaved product i 15 tration of buffer was also varied while the ionic strength was
20% denaturing polyacrylamide gels and quantifying the kept constant, and different buffers were used at the same
amount of radioactivity in each band using a Fuji BAS1000 pH value to test for buffer-specific effects on AAG. No
phosphorimager. significant buffer effects on enzymatic activity were observed

Single-Turneer Assay for Glycosylase Acitiy. To ensure  for the following buffers that were used at the indicated pH
single-turnover reactions, the concentration of AAG was kept values: sodium acetate at pH 4.6.0, NaMES at pH 5.5
in excess of the concentration of labeled DNAI( nM). 7.0, NaMOPS at pH 6:58.0, NaHEPES at pH 7-68.0,
For the determination dfca/Km, the enzyme concentration  NaBicine at pH 8.6-9.3, NaCHES at pH 8:510.1, and
was varied over a wide range to determine kefor the  NaCAPS at pH 9.610.0. At least three independent
reaction. Although we refer to th€,, for maximal activity ~ measurements were made at each pH value, and the average
asKy, it should be noted that the,, for the single-turnover s reported. Unless otherwise indicated, the standard deviation
reaction is not necessarily the same as kg for the of the mean was 15% of the value of the mean.
multiple-turnover reaction because the latter can be affected ) .

All of the pH—rate profiles were analyzed according to

by the rate of product release. Once Kygvalue for a given L
substrate and set of reaction conditions was determined, tWOScheme 2. Although three essential ionizations were observed

or three concentrations of enzyme were chosen that were alfor subsaturatlng D_NA. ("e.kca/K'“ conditions; fKar—pKay), .
only two essential ionizations were observed for saturating

least 10-fold below th&, value. Under these conditions, ; T .

the observed rate constant was linearly dependent upon thPNA _("e" ket conditions; fKar and [Ksz). Two _dlfferent
concentration of the enzyme. At least four independent chémical steps are shown, because for the single-turnover
determinations at two or more concentrations of enzyme were€Xcision of 7MeG only a single ionization was observed,
averaged to obtain thiesfKm value kealKm = kobd[E] for and therefore, this reaction could occur from theBAS
conditions in which [E}< Ku). It should be noted that the ~ COMPIEX kenen), from the H-E+S complex Kenem), or from

reporteckea/Knm values are for single-turnover conditions, but Poth complexes with equal efficienc¥cfem = kehem). The

the measurement is analogous to the steady kiatén. For HzE-S complex is the more reactive species for the single-
the determination ok, the concentration of enzyme was turnover excision of Hx andA.
varied over a range of 10100-fold above thé&, to ensure The pH dependence of the reaction rate at a saturating

saturation. The reported values of the single-turnover rate enzyme concentratiorkd) was fit by eq 1 in the cases for
constant Ks) are the average of at least three independent which a single ionization was observed, and by eq 2 in the
determinations. Preincubation controls in which AAG was cases for which two ionizations were observed, using
incubated at 37C in the absence of substrate revealed that nonlinear regression analysis (Kaleidagraph). Similarly, the
the enzyme is susceptible to inactivation within minutes to pH dependence of the second-order reaction at a subsatu-
hours under the standard reaction conditions (50 mM buffer, rating enzyme concentratiok.4/K,) was fit by eqs 3 and 4
10% glycerol, 1 mM EDTA, and 1 mM DTT with an ionic  for cases in which two or three ionizations were observed.
strength adjusted to 100 mM with NaCl). This loss of activity As the E125C mutant retains some activity at low pH -
could be overcome at high AAG concentrationsl(«M) fold less activity at pH 5 than at pH 9), this pH dependence
by employing prelubricated microcentrifuge tubes as reaction was fit by eq 5, in whichk™" reflects the rate constant for
vessels (Sorenson BioScience, Inc.), but the loss of activity reaction of the protonated E125C (thiol) akgh reflects

persisted with more dilute solutions of AAG=60 nM). the rate constant for reaction of the deprotonated E125C
Incubations with a variety of different additives revealed that enzyme (thiolate).

BSA (0.1 mg/mL), ovalbumin (0.1 mg/mL), or NP-40 (0.1%)

could each stabilize even very low concentrations of AAG _ |, max +

(~1 nM) for more than 24 h at 37C, with no effect on the Kee= ke T+ [HTTK) ()
single-turnover kinetics of the glycosylase reaction (datg not k= k(1 + [H +] IK, 4 + KaZ/[H+]) )
shown). Therefore, reactions employing low concentrations

of AAG were supplemented with 0.1 mg/mL BSA. Keof Koy = (Keof Ki) ™1 + [H +]/Ka1+ Kazl[H+]) ()

pH DependenceReactions were typically carried out in
50 mM buffer, with 1 mM EDTA, 1 mM DTT, and 0.1 mg/  KeafKpy = (KeofKi)™9(1 + [HTY/
mL BSA, at an ionic strength kept constant at 150 mM by + +12
the addition of NaCl. Preincubation controls—(82 h) Kar T Kod[H'] + K Kof[H']) (4)
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In all cases, an order of addition control was carried out
in which either DNA substrate or enzyme was added first to
the reaction mixture. Surprisingly, the E125D and E125C
mutants reproducibly gave increased activity-{Gfold) if
the enzyme was diluted and incubated for 10 min at@7
prior to the addition of DNA. No such stimulation of
glycosylase activity was observed for wild-type AAG. The
values that are reported reflect the preincubated enzyme, bu
the apparent I§, values were not significantly affected by

= k™™ 4+ k"L A+ [H1K,y) (5)

the preincubation (data not shown). To facilitate measurement

of the pH dependence for excision of Hx, these data were
measured at 23C, whereas all other pH dependencies were
determined at 37C.

AAG-Catalyzed Excision of Unmodified Pyrimidines and
Purines. Binding of oligonucleotide duplexes containing
central pyrimidinepyrimidine mismatches was tested by
electrophoretic mobility shift assays {C, T-C, T-T, U-T,
and UC), as previously described ). These mismatches
bound with similar affinity K4 = 2—20 nM; data not shown).
The pyrimidinepyrimidine mismatch-containing duplexes
were also assayed for glycosylase activity at pH 6 and 8, as
described above. No hydrolysis products were detected afte

2 days. As 1% product could have been easily detected, this

places an upper limit on the rate constant for excision of
pyrimidines of ~3 x 10°® min~t (0.01/48 h). Control
experiments in which the enzyme was incubated in the
absence of a substrate for 3 days prior to the addition of the
substratedA-T) demonstrated that AAG retained full activity
under these reaction conditions. In contrast, unmodified
purines (G and A) are excised by AAG under identical

reaction conditions when they were present as a mismatch.

Although specific binding could not be detected by the gel
shift assay for GI' or A-C duplexes, the AAG-catalyzed
excision of G and A from these mismatches was saturable
and exhibitedK, values similar to those for excision of Hx
(~100 nM at an ionic strength of 100 mM).

Rate Enhancement for AAG-Catalyzed Excision ofTHe.
rate enhancement is defined as the ratio of the enzymatic
rate constantk) divided by the nonenzymatic rate constant
(knor). The spontaneous rate of Hx release was measured a

55 and 70°C, and the temperature dependence was extrapo-

lated to 37°C (knon = 1 x 1077 min~%; data not shown).
The single-turnover rate constarid,) for AAG-catalyzed
excision of Hx at 37°C and the same pH (6.0) equals 11
min~! (data not shown). This gives a rate enhancement of
10 for the AAG-catalyzed hydrolysis of deoxyinosine

Knon = 11 mimY/(1 x 1077 min~1) = 1(F).

RESULTS AND DISCUSSION

Characterization of the\80 Catalytic Fragment of AAG.
These studies employed a carboxy-terminal fragment of AAG
that contains the catalytic domain, because the full-length
recombinant AAG protein is poorly soluble. This domain
has a glycosylase activity identical to that of the full-length
protein toward 3-methyladenine and hypoxanthib®,(and
it has been crystallized in complex with DNA,(4). The
A80 AAG protein that we used in this study differs slightly
from the previously characterized truncation mutaki9
AAG (see Experimental Procedures), so we tested the

t
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catalytic activities of both proteins and compared them with
the activity of full-length AAG. The single-turnover glyco-
sylase reaction was used with a saturating enzyme concentra-
tion so that the observed rate constant reflects the single-
turnover reaction of the substrate bound to the enzy@e (
This kinetic measurement is analogoukdgfor a multiple-
turnover reaction, but it does not include steps after the first
irreversible step, such as product release, which can be rate-
limiting for turnover of many DNA glycosylased 9, 20).

The A79, A80, and full-length AAG proteins have indistin-
guishable catalytic activities for single-turnover excision of
either Hx oreA (see the Supporting Information). We refer

to the AB0O AAG enzyme hereafter simply as “AAG”.

AAG Employs Acig¢tBase CatalysisThe pH dependence
of an enzymatic reaction reveals the optimal conditions for
assaying the enzyme, but more importantly, it provides
insights about the protonation states of the substrate and of
catalytic groups that are required for maximal activity.
Knowledge of the active protonation state constrains possible
catalytic mechanisms, and it can aid in the identification of
catalytic groups. Nonenzymatic depurination of DNA occurs
via acid-catalyzed protonation of the nucleobase, so it was
of particular interest to determine if AAG utilizes a similar
catalytic strategy. First, we compare the pH dependencies
of the single-turnover reactions with different substrates to
identify the essential ionization state of theSEcomplex.

We next examine the pH dependencieska/Kn, to probe

the ionization of the free enzyme and substrate. Finally, we
test candidate amino acids for their roles in the enzymatic
reaction by characterizing the glycosylase activities of mutant
proteins.

The pH dependence for the AAG-catalyzed single-turnover
glycosylase reactionk{) was determined for 25 bp oligo-
nucleotide duplexes containing a central -Hxor €A-T
mismatch at pH values ranging from 4.5 to 10 (Figure 2A,B).
The pH-rate profiles for excision of both Hx ard\ follow
a bell-shaped curve with maximal activity around pH@&5.
Maximal activity occurs at pH values well below those
previously used to assay AAG glycosylase activity (pH-7.5
8) so that the true catalytic prowess of this enzyme had been
underestimated. The limiting slopes of 1 anrd for the
acidic and basic limbs, respectively, of the pkate profile
Indicate that the active form of the AAGNA complex is
controlled by two essential ionizations. One group must be
deprotonated for maximal activity (e.g., a general base), and
the other must be protonated (e.g., a general acid). This
model is presented in Scheme 2, and it is described by eq 2
(Experimental Procedures). The appardfy ypalues for the
active AAGDNA complex were obtained from nonlinear
least-squares fits of eq 2 to the data in panels A and B of
Figure 2 (Table 1). In the absence of additional information
about the true ionization constants for the catalytic groups,
it is possible that the g, of the acid group corresponds to
either the higher i, value (Kaz, normal protonation) or
the lower K, value (Kar, reverse protonation; see ret
for an explanation of reverse protonatién).

The log-linear increase in activity on the alkaline limb of
the pH-rate profile for excision 0éA and Hx is reminiscent
of acid-catalyzed nonenzymatic depurination, suggesting that
AAG employs general acid catalysis to stabilize the purine
leaving group. We tested this hypothesis by measuring the
pH—rate profile for AAG-catalyzed excision of 7MeG.
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Ficure 2: pH dependence of the single-turnover reaction catalyzed
by AAG showing the involvement of acitbase catalysis. (A) For
excision of hypoxanthine (HX), pK, values of 5.0+ 0.2 and 6.4

+ 0.2 were obtained by nonlinear least-squares fitting of the model
for two essential ionizations (Scheme 2 and eq 2). Different buffers
were used at overlapping pH range®)(sodium acetate,®)
NaMES, d) NaMOPS, @) NaHEPES, andA) NaCHES]. (B) For
excision ofeA (eA-T), pKavalues of 5.3+ 0.2 and 7.5+ 0.2 were
obtained (eq 2). (C) For excision of 7MeG (7M€%3, a single
pKa value of 6.5+ 0.1 was observed (eq 1). To facilitate
comparison, the data for 7Me®)Y and Hx (— — —) are shown
after normalization to the maximal rate for each substrate.

Methylation of N7 places positive charge on the purine ring
at neutral pH, thereby rendering it a much better leaving

Biochemistry, Vol. 42, No. 42, 20032423

Table 1: Summary of I8, Values for AAG-Catalyzed Excision of
Different Lesion3

pH dependence d&;

excised pH dependence ¢¢a/Km
base a1 pKaz pKaz pKar PKaz
€A NDP NDb NDb 53+0.2 7.3+0.2
7MeG <5° 6.0+ 0.2 7.9+0.2 <5&5° 6.5+ 0.1
Hx 5440.2 (6.0} (7.9y 50+£0.2 6.44+0.2

aThe individual ionizations are shown in Scheme 2, and kg p
values were determined from nonlinear least-squares fits of the model
to the data in Figures 1 and 2Not determined® From pH 5 to 10,
only a single ionization was observed fqrand only two ionizations
were observed fdk.aKm. pKavalues (Scheme 2) are assigned according
to the reverse protonation model (see footnote 2 in the t€Xt).obtain
the value of a1 from eq 4, the values ofifa, and [Kas were assigned
from the pH dependence for excision of 7MeG (Figure 2A).

depurination of unmethylated guanosine at pH 7, and the
hydrolysis of 7-methylguanosine is pH-independent across
a wide range 22). If the essential proton in the AAG-
catalyzed reaction functions to stabilize the leaving group,
then the rate of 7MeG excision should be pH-independent
in the alkaline region, as this substrate is already activated
for reaction. Consistent with these expectations, the-pH
rate profile for the single-turnover excision of 7MeG shows
only a single rate-controlling deprotonation and a maximal
reaction rate that is independent of pH from pH 7 to 10
(Figure 2C). This pH-independent plateau could result from
a large shift in the K, of this catalytic group when a cationic
substrate (7MeG) is bound, relative to it§avhen a neutral
substrate (Hx) is bound. However, simple electrostatic
considerations would predict a decrease, rather than an
increase, in the i, of an essential protonated group (i.e.,
the proximity of the positively charged group would make
it more difficult to protonate this group). Therefore, we
instead favor the interpretation that an acidic group that is
required for the excision of neutral substrates is no longer
required for the excision of a positively charged, activated
substrate.

The observedIg, value for excision of 7MeG (6.5 0.1)
is the same as the value dkg (6.4 + 0.2) for excision of
Hx and substantially above the value of the firgior the
excision of Hx (Kar = 5.0+ 0.2; Figure 2C and Table 1).
This observation is most simply interpreted by the assignment
of pKar to the ionization of a general acid that is required
only for the reaction of neutral purine substrates and the
assignment of I,z to the ionization of a general base that
is required for the reaction of both charged and uncharged
substrates [i.e., a reverse protonation moddl)](? The
crystal structure of AAG suggests that Glul25 is the best
candidate for the catalytic basg 4), and functional evidence
supporting this assignment is presented below.

2We have tentatively assigned the kineti€,pvalues according to
a reverse protonation model, because tife palue observed for
excision of 7MeG is more similar tokaz than to K.y (Table 1). A
normal protonation model cannot be excluded, provided Kerplues
of the catalytic groups were different in the presence of different bound
substrates. For example{g is ~1 pH unit higher for the excision of
€A than for the excision of Hx. The pH dependenciesKarKn (free
enzyme) are also adequately fit by the reverse protonation model,
although the K, values for Hx are too similar to be fit independently
(Figure 3B and Table 1). This assignment of reverse protonation does
not affect our conclusions; a definitive assignment will require

group than a neutral purine nucleotide. The spontaneousgentiication of the ionizing catalytic groups and direct measurement

depurination of 7-methylguanosine-isl(*fold faster than

of their pK, values.
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(A) 107 on the alkaline limb (Figure 3A). The decreasekig/Kn, at
higher pH reveals the presence of an enzymatic group that
6 L must be protonated for substrate binding or, in principle, for
10 catalysis. However, the appearance of this ionization only
~ s under subsaturating conditions strongly suggests that it
ln 107 - reflects a group involved in DNA binding rather than
'g 4 o o catalysis. We have assigned this ionizatiorKig (Scheme
e 100 [ 2). If this interpretation is correct, then other substrates should
{ require protonation of the same enzymatic group for DNA
O 10° - binding to occur, in addition to any protonation required for
the activation of substrates with neutral leaving groups. For
10% - neutral substrates, the alkaline limb of the pH dependence
should exhibit a slope of 2 under subsaturating conditions.
10 : : : : : The pH dependence &f./K, for AAG-catalyzed excision

of Hx is shown in Figure 3B. The equation for two essential
ionizations that describes the pH dependence of 7MeG
(B) 10° excision (eq 3 and Figure 3A) does not fit the data for Hx

excision [Figure 3B — —)]. Instead, the alkaline limb of
10° the pH-rate profile is better fit by a slope of2 above pH
8. This indicates the involvement of two essential protonated
= 10t groups in the reaction with Hx [Figure 3B and eq 4].
o Using the previously determined values df.p (6.0) and
'§, 3 pKas (7.9) for the reaction of 7MeG, the pH dependence of
U 10 the Hx reaction is readily fit after including a third proto-
N nation (a1 = 5.4). This K, value for the essential acidic
~0 10°F group in the free enzyme is similar to th&jvalues of 5.3
: and 5.0 that were observed for reaction of th& Eomplex
1001 with €A and HXx, respectively (Table 1). This observation
would suggest that theip of the proposed general acid is
10° 4 ‘5 é ; é é 10 not markedly perturbed by substrate binding. The dependence

pH of kealKin for excision of both 7MeG and Hx on an additional

Ficure 3: pH dependence &f./K, for the AAG-catalyzed reaction proton that was not observed for single-turnoveg) (
IGURE 3: oK - s : . - .
revealing an additional titratable group. (A) For release of 7MeG _condltlons IS c0n5|s_ten_t with a protonated group that is
from a DNA substrate (7Me@®), pK, values of 6.0+ 0.2 and 7.9 important for DNA binding. _

+ 0.2 were obtained (eq 3). (B) For Hx release, the data are not The requirement for an additional protonated group in the

well fit by eq 3 (~ — —) and show a marked deviation at higher reaction ofeA and Hx, but not in the reaction of 7MeG, is
pH values. The data are better fit by inclusion of an additional compelling evidence for general acid catalysis in the excision

't?]g'Z\giggswc')tfh&izp((gﬁagjn%O&ii’% 9(;'fo[?ﬁeﬂgﬂé:fgztgxiﬂed of neutral nucleobases. This difference reveals itself in the

for the 7MeG substrate in panel A. The presence of two essential bell-shaped pHrate profile forks with neutral substrates
protonated groups results in a slope-c for the basic limb of the  versus the single inflection for 7MeG (Figure 2) and in the

pH—rate profile. slope of—2 for the alkaline limb of the pHrate profile for
Keaf K With Hx versus the slope of 1 for the alkaline limb
pH Dependence for/Km. The pH dependencies for the  with 7MeG (Figure 3).
single-turnover reactions reflect ionizations of enzyme Requirement of the Purine N7 for AAG-Catalyzed Exci-
substrate complexes, making it difficult to compare tha p  sjon. To test whether leaving group protonation is required
ValueS Observed W|th different SubStrateS. Therefore, the pror activation of damaged purines with Stabl@iycosidic
dependence df/Km was also determined for excision of ponds, we prepared an oligonucleotide containing a modified
Hx and 7MeG to address whether the same catalytic groupsgeoxyinosine substrate with carbon substituted for the
are required for reaction with positively charged (i.e., 7-nitrogen of the purine ring (7-deazainosine; 7-deazahy-
aCtiVated) and neutral (i.e., Stable) substrates and to identifypoxanthine nucieobaSE, Scheme l) The base pairing proper-
any additional ionizable groups that might be involved in ties of 7-deazainosine are very similar to those of inosine,
DNA binding. The dependence kf,/Kn on pH reflects the  pyt it lacks the 7-nitrogen group and hence cannot be readily
ionizations of the unbound substrate and enzyme. Since theprotonated 23). If AAG activity depends on protonation of
DNA substrate lacks ionizable groups witlKpvalues in  the 7-nitrogen for stabilization of neutral leaving groups, then
the pH range of 59, there is a strong expectation that any 7.deazainosine should be a poor substrate. No glycosylase
ionizations Observed UndE{a{Km Conditions I’eﬂeCt titratable activity was detected toward 7_deazainosTneven after |ong
protein groups. incubation timesKy < 3 x 10°¢ min~%; data not shown),
The pH dependence fde./Ky, with 7-methylguanosine-  corresponding to a decrease in activity of more thak 10
containing DNA is shown in Figure 3A. In contrast to the fold relative to that for the reaction of inosine. The 7-deaza
single g<, observed for the single-turnover reaction [Figure analogue of inosine is extremely resistant to acid-catalyzed
2C )], the pH-rate profile fork.o/Kn, follows a bell-shaped  depurination, presumably because protonation normally
curve with a slope of 1 on the acidic limb and a slope-df occurs at N7 of inosine2d). The similarly large deleterious
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effect of N7 substitution on AAG-catalyzel-glycosidic
bond hydrolysis is consistent with a similar acid-catalyzed
mechanism for the enzymatic glycosylase reactih) 26).2
N7 of the substrate is a good candidate for the site of
protonation, but these data do not provide a definitive
assignment. Protonation at either N7 or N3 of the nucleobase®SNi¢®
would constitute a reasonable pathway for general acid
catalysis, although protonation of the bridging N9 is less
likely for steric reasons.

AAG Binds to Pyrimidine Mismatches, but Cannot Cata-
lyze Their ExcisionProkaryotic and eukaryotic cells both
possess 3-methyladenine DNA glycosylases with broad D

TYR159 TYR159

HIS136

substrate specificities that excise damaged bases differing HIS266

in size, charge, a'?d hydrogen _bondlng ability (S(_:heme . FiIGURE 4: Stereoview of the base binding pocket of AAG from
For exampleE. coli AlkA recognizes various alkylation and e ¢rystal structure of AAG bound to aA-containing DNA @),
oxidation adducts of both purine and pyrimidine bas&s.( showing the residues that were mutated (Table 2). The position of
Both AAG and AIKA are capable of removing normal purines His266, taken from the structure of AAG bound to a pyrrolidine
from DNA, albeit very slowly with some preference for DNA inhibitor (3), was obtained by superposition of all protein
substrates in mismatched base palrs2g, 29). AIKA also atoms of the pyrrolidine aneA complexes.

removes normal pyrimidines, whereas no such activity has
been detected for AAG5( 28). However, previous studies
of AAG and related mammalian enzymes measured activity
at alkaline pH, and it is possible that pyrimidine excision
might be detectable at the pH optimum of approximately 6.

To evaluate whether the strict preference for purines is a

unique feature of the mammalian enzyme, we tested whethe21OMS of the bouneA and the candldatg acidic reS|dyes, a
AAG can catalyze the excision of normal pyrimidines from movement of a few angstroms could bring several different
DNA side chains into position for proton transfer or proton transfer

could be mediated by an intervening water molecule. We
considered each of these candidate residues and investigated

2—20 nM (data not shown), consistent with a previous report the_rg by ][nutatlfuon. Thtehresults s?gg%stlthat_ none of thes%
(5). Given this tight binding, which is similar to the binding ~ ¢>'9U€s TUnctions as Ine general acid, leaving unanswere

of €A [Kq values of 0.2-20 nM (5, 17)], it is likely that a the question of which group protonates the leaving group

flipped-out pyrimidine is stabilized by AAG in these during AAG-catalyzed base excision.
complexes. Nevertheless, no glycosylase activity was de- Perhaps the best candidate for the general acid that is
tected toward cytidine, thymidine, or uridine, even after observed in the crystal structure is the imidazolium group
incubation for several days at pH values ranging from 5 to of His136, which is within 3.8 A of N7 of the bouneA
8 (ke < 3 x 10°® min~Y). Under these same conditions, AAG  (Figure 4). The possibility of His136 serving as the general
catalyzes the excision of the normal purines guanine andacid was tested by mutating this amino acid to glycine,
adenine from mismatches with rate constants of3a05 alanine, and glutamine. The predicted phenotype of a general
min~! (data not shown). Although AAG recognizes the acid mutantwould be greatly decreased glycosylase activity
distortion in the DNA duplex caused by a pyrimidine toward neutral purine lesions accompanied by a shift in the
pyrimidine mismatch and can presumably bind pyrimidine pH—rate profile (the ionization corresponding to the general
nucleosides in the active site, pyrimidines are not substratesacid might be expected to shift to th&of the substrate
for base excision. This selection at the bond cleavage stepDNA itself, which is expected to be in the range cf42).
for purines and against pyrimidines is in marked contrast to Since protonation is not necessary for excision of 7MeG,
the ability of E. coli AIKA to remove both purines and mutation of the general acid should have little or no effect
pyrimidines @7, 28, 30). This difference in substrate range 0n activity toward this substrate. Given that His136 contacts
suggests some fundamental differences in the catalyticthe DNA backbone immediately ®f ethenoadenosine in
mechanisms of the 3-methyladenine DNA glycosylases AAG the crystal structure, it was expected that mutations at this
and AlKA. position could have a deleterious effect on DNA binding even
What Is the Identity of the General Acidhe different if His136 does not act as a general acid. The activities of
pH dependencies for the excision of positively charged and the His136 mutants in single-turnover excision show only a
neutral purines (Figure 2C) strongly suggest that neutral modest decrease in the ratec#f excision (8-40-fold) and
leaving groups are stabilized by protonation or by hydrogen a larger decrease in the rate of 7MeG excision{8000-
fold). The pH-rate profile for single-turnover excision of
3 While consistent with the protonation model, the inability of AAG €A Shifts by~1 pH unit relative to that of the wild type, but
to excise 7-deazahypoxanthine does not constitute proof of protonationthe same shift was observed for excision of 7MeG (Figure
at the N7 position. It is possible that substitution at N7 has another 5), The greater loss of activity toward 7MeG than toward

deleterious effect, such as removing a hydrogen bond acceptor that_n ; ; ; ;
helps to position the substrate, or that the reduced ability of 7-deaza- €A is the opposite of the behavior expected if H136 were

hypoxanthine to stabilize developing negative charge is responsible for SErving as a g(_aneral acid in the excisioneét These df':l_ta _
its resistance to hydrolysis. suggest that His136 plays another role, such as positioning

GLU125 =er L GLU125

bond donation. Crystal structures of AAG bound to DNA
identify only a handful of protein side chains in the vicinity
of the bound nucleobase that are capable of functioning as
a general acid (Figure 4 and re8sand 4). Although no
hydrogen bonds are observed between the ring nitrogen

AAG binds to DNA oligonucleotides containing a mis-
matched pyrimidingyrimidine base pair withkq values of
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( A ) 10’ Table 2: Single-TurnoveN-Glycosylase Activity of Wild-Type and
Mutant AB0 AAG?

10° 1 Né-ethenoadenine fold  7-methylguanine fold
a enzyme ket (Min~%)° decrease kg (min1)c  decrease

10 F & wild-type 1.6x 10 (1) 0.8 ~(1)

— o H266A 1.0x 107! 16 13 0.62
' o Y159W 6.0x 102 27  1.0x10° 800

g 10°1 Y127W 2.0x 102 8  45x10? 18

£ 4

. o) H136Q 2.0x 10°2 8  3.0x 102 27
L H136A 1.0x 102 16  5.0x10°° 160

H136G 4.0x 103 40  2.0x10% 4000
E125Q <1x10%  >16000 <1x10% =>8000
104 F E125A <1x105 >16000 <1x10%* =>8000
E125D 1.3x 102 12 3.0x 102 27
E125C 4.0x 10°5 4000  2.0x 104 4000

5 6 7 8 9 10 a Rate constants for the single-turnover reaction with 25mer oligo-
pH nucleotide duplexes containing a centtAl-T or 7MeGC base pair
were determined at 37C with 50 mM buffer, 10% glycerol, 0.1 mg/
10’ mL BSA, 1 mM DTT, and 1 mM EDTA and a constant ionic strength
( B) of 0.1 M, maintained with NaCl. In all cases, the protein was in excess
o over DNA, with at least 10-fold more protein than DNA, and the
107 concentration of protein was varied over a-l®00-fold range to ensure
that the DNA substrate was saturated. Each value reflects the average
10k of at least three independent experiments, and the standard deviation
was less than 20% of the value of the mean. The deleterious effect of
s @) the mutation is given by the fold decrease, calculated as the ratio of
10 o) the rate constant for the wild type divided by the rate constant for the
mutant.? In NaMES at pH 6.0¢ In NaCHES at pH 9.0.

k_, (min’")

st
O

100
An additional candidate for the general acid, His266,
104 contacts the backbone phosphoryl group of the flipped-out
nucleotide in the structure of AAG bound to a pyrrolidine
10° ' : : : : abasic DNA inhibitor 8). Although no base is present in

4 5 6 7 8 9 10 this structure, the histidine side chain (Figure 4) is within 6
PH A of the base-binding pocket that was identified in another
FiIGUre 5: pH dependence for single-turnover excisioreAfand crystal structure with a bound® substrate4). In the AAG

7MeG by H136Q AAG. The single-turnover glycosylase activit . :
of H136¥2 AAGQ(O) Nl bl s Aot oH g €A DNA complex, the loop containing His266 has moved

compared to the data for wild-type AAG from Figure 1. (A) away from the active site, calling into question whether this
For the excision otA (eA-T) by H136Q AAG, only a single Ig, residue plays a role in DNA binding or catalysis. We mutated
value of 6.6+ 0.2 could be observed because of the instability of His266 to alanine and serine to test the possibility that His266
the mutant enzyme at low pH (eq 2(g was not observed). (B)  participates in the chemical step as the general acid. Both

For excision of 7MeG (7TMe€&Z), a K, value of 5.3+ 0.3 was . : .
obtained (eq 1). The small decreasekipand modest shift in the of these mutants retained nearly wild-type levels of single-

pK, value for the mutant enzyme acting on either substrate suggestturnover glycosylase activity, ruling out the possibility that
that His136 does not function as the critical general acid. His266 is the general acid (Table 2).

Our failure to identify the general acid by mutagenesis
the substrate for reaction. The smaller deleterious effect of on the basis of the crystal structure raised the possibility that
the His136 mutations on excision @i than on the excision  there are multiple pathways for protonation of the nucleobase
of 7MeG could indicate that the boundd substrate is in the AAG active site. If this were true, then mutation of
stabilized by additional binding interactions with the bulky the primary general acid might not produce an obvious
etheno adduct that are not available to the smaller 7MeG phenotype. Multiple pathways for proton transfer have been
substrate. proposed for water-mediated proton transfer in the reactions

Tyr127 and Tyrl159 in the active site of AAG have their of carbonic anhydrase3f) and a transformylase3®).
hydroxyl groups positioned withi4 A of ring nitrogen atoms ~ Alternatively, the complexes observed in the crystal struc-
of €A (Figure 4). Neither the alignment nor the distance of tures of AAG may require a structural rearrangement to
these side chains is appropriate for proton transferAp obtain the reactive complex. Such a rearrangement might
but a small adjustment of these side chains could align eitherbring a more distant general acid residue into the active site.
residue to serve as a general acid. These tyrosines werd he observation that theA-containing DNA substrate is not
individually mutated to tryptophan to remove the potential cleaved in the crystal structure of the wild-type enzyme could
proton donor while preserving any aromatic stacking interac- indicate that such a rearrangement is requidgd (
tions with the substrate. The mutants Y127W and Y159W  Ewidence for Glul25 Seing as the General Basé.was
retain near-wild-type activities, with only 3- and 10-fold previously proposed that Glul25 positions and activates a
reductions, respectively, in the single-turnover rateg/f nucleophilic water molecule and mutation of this residue to
excision (Table 2). These results suggest that neither Tyr127GIn or Ala resulted in undetectabl-glycosylase activity
nor Tyrl59 is the general acid that was revealed by the pH both in vizo andin vitro (4). This makes Glul25 a good
dependencies of the glycosylase reaction. candidate for the deprotonated catalytic group that controls
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10'F Acid ¥
0 A o}
~ 10°F \
TE * <,N [ NH
E 10" DNA  N—\?
3 64 o
~* 102 > Y
\
5 O Hy,
107 ()_O_Q_QA)_“_OT DNA
104 L L L L L |-l|
4 5 6 7 8 9 10 !
pH )
Ficure 6: Evidence that Glu125 is the catalytic base in the AAG-
catalyzed reaction. The pH dependencies for single-turnover o]
excision of 7MeG (7Me@T) by wild-type @), E125D @), E125C
(a), and E125A AAG {) are shown. The greater activity of AAG Glu125
toward a mismatched 7MeG substrate facilitated detection of the (Base)
low level of activity of the E125C mutant. The rate of spontaneous L |

hydrolysis for the 7Me@I' mismatch was also measured and is
shown for comparisor®). The E125A mutant exhibited only slight ~ The shift in the pH-rate profile of the E125C mutant

elevation of glycosylase activity over the uncatalyzed reaction. The strongly suggests that Glu125 is deprotonated in the active

apparent [, values for wild-type and E125D AAG are 6:00.2 o . :
and 6.4+ 0.2, respectively (eq 1). As the pH dependence for the form of the enzyme, and it is the protonation of this

E125C mutant appeared to plateau at low pH values, these datacarboxylate that leads to the loss of activity at acidic pH.
were fit to eq 5 (see Experimental Procedures) wittiKayalue of These observations are consistent with the proposal that
79+0.2 Glul25 acts as a general base to activate and position a
nucleophilic water molecule4].
the activity of AAG. We constructed several mutations at  An Acid—Base-Catalyzed Mechanism for AAG-Catalyzed
position 125 and examined the pirate profiles of the  N-Glycosidic Bond Hydrolysisthe pH dependence for the
mutants to test this proposal. Gel shift experiments confirmed AAG-catalyzed reaction reveals the presence of two essential
that both the E125Q and E125A mutants bind efficiently to catalytic groups, one of which must be deprotonated and one
DNA lesions (ref17 and data not shown), and the crystal which must be protonated for maximal activity (Scheme 3).
structure of the E125Q mutant boundeg®-containing DNA Mutagenesis and the alteredpof the E125C mutant
is essentially identical to the structure of wild-type AAG implicate Glul25 as the essential deprotonated catalytic
bound to the same DNA4J. However, no glycosylase group, and the structural analysis favors a role in positioning
activity could be detected at pH values ranging from 5to 9 and activating the nucleophilic water. A general acid, as yet
for either mutant even after long incubation times (up to unidentified, acts to protonate the nucleobase leaving group.
several days), indicating that the activities of the mutants Below, we consider the contributions from acidase
are at least 16fold lower than the activity of wild-type AAG catalysis in the context of the overat-1C-fold rate
(Table 2). The large deleterious effect of mutating Glu125 enhancement for AAG-catalyzed hydrolysis of deoxyinosine-
indicates that it is indeed a critical residue for catalyd)s ( containing DNA (see Experimental Procedures).

The more conservative mutation of Glu125 to either Asp  The catalytic contribution from the general base can be
or Cys resulted in mutant proteins with reduced levels of approximated as-10*-fold, based upon the decreased activity
glycosylase activity (Table 2). Aspartate (E125D) was the of the E125Q and E125A mutant proteins. This contribution
best replacement for glutamate, with only -1%0-fold is larger than expected for chemical activation of a nucleo-
reductions in single-turnover glycosylase activity for excision phile participating in a dissociative oxocarbenium ion-like
of €A and 7MeG. The E125C mutant was more severely transition state. However, this value is similar to thé-10
compromised, but it did exhibit detectable levels of glyco- 10°-fold deleterious effect of substituting the residue pro-
sylase activity £1C-fold less than wild-type AAG). To  posed to act as the general base in uracil DNA glycosylase
measure the pH dependence of 7MeG excision for the E125(D64N), an enzyme that stabilizes a highly dissociative
mutants, we utilized a 7Me@ mismatch because AAG has transition stateX1, 13). In addition to activating the water
a 20-fold greater turnover rate for a 7MelGmismatch than nucleophile, which is expected to have a modest effect on a
for a 7MeGC base pair. The higher level of activity toward dissociative transition state, Glul25 may play a more
the mismatched 7MeG substrate allowed the low level of important role in positioning it for attack at the anomeric
activity of the E125C mutant to be more readily detected. carbon of the substrate. Similar large rate accelerations have
The pH dependence for 7MeG excision is similar for the been attributed to positioning of a nucleophile within an
E125D and wild-type enzymes, suggesting that the mutantactive site. For example, a 100-fold catalytic advantage has
has an analogous catalytic mechanism (Figure 6). Thebeen attributed to positioning of the nucleophile by NDP
reduced rate constant of E125D can be explained by kinase, an enzyme that catalyzes phosphoryl transfer via a
suboptimal placement of the catalytic carboxylate. The dissociative transition stat83).

E125C mutant exhibits a significantly highekpvalue (7.9 The catalytic contribution of AAG’s general acid can be
+ 0.2) that is consistent with the expectdd,f a thiolate. estimated to be-10*-fold from the observed decrease in the
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reaction rate as a function of pH. The single-turnover rate SUPPORTING INFORMATION AVAILABLE

constant decreases byl0*-fold between pH 6 and 9, and
an additional factor of 10 can be attributed to reverse
protonation (i.e., Bar and K,z are~1 pH unit apart, and
with reverse protonation only 10% of the enzyme is in the

Single-turnover glycosylase activity for full-length80,

and A79 AAG proteins. This material is available free of
charge via the Internet at http://pubs.acs.org.

active form at the pH optimum). Together, general acid and REFERENCES

general base catalysis can account for much of~+Aé?-

fold rate advantage realized by AAG. It is unlikely that these
are the only contributions to catalysis, and the twb0*-

fold effects that we have ascribed to general acid and general
base catalysis are unlikely to be strictly additive. Nonaddi-
tivity, which can be attributed to a cooperative network of
catalytic interactions, is commonplace in enzyme active sites
(e.g., refs34and35). It is remarkable that no candidates for
electrostatic stabilization of an oxocarbenium ion-like transi-
tion state have been identified for AAG, as'@hd O4 are
expected to undergo the most extensive change in effective
charge in going from the ground state to the transition state.
Two positively charged abasic DNA analogues, pyrrolidine
(4-azaribose) and 1-azaribose, mimic the expected positive
charge that would develop in an oxocarbenium ion-like
transition state, and both of these are tight binding inhibitors
of AAG (ref 36 and unpublished results). However, the
crystal structure of AAG bound to the pyrrolidine-containing
DNA did not reveal any specific contacts between the 4-aza
group and the protein that would be consistent with
electrostatic stabilization of the positively charged sugar (
This observation raises the possibility that the tighter binding
of a positively charged abasic analogue might be achieved
via longer-range electrostatic interactions, perhaps with the
negatively charged phosphoryl groups of the DNA. Such an
electrostatic interaction would be expected to stabilize the
transition state foN-glycosidic bond hydrolysis. It has been
proposed that uracil DNA glycosylase might use an elec-
trostatic contribution from the DNA phosphoryl groups to
stabilize the developing positive charge on the sugar in the
transition state37, 38).

General acid catalysis can explain the discrimination of
AAG against pyrimidine nucleosides, while permitting the
reaction of structurally diverse purine nucleosides. Given that
general acid catalysis is capable of accelerating the reaction
of modified and unmodified purines to similar extents, it
seems likely that AAG discriminates against normal purines
on the basis of their shape and hydrogen bonding ab#ity (
17). A similar strategy of general acid catalysis has been
reported for an RNA glycosylase and for nucleoside hydro-
lases that act on free nucleosid&9,(40). The widespread
use of general acid catalysis by evolutionarily diverse
enzymes attests to the fitness of this mechanism, and it
suggests that other DNA repair glycosylases acting on purine
substrates25) might also employ general acid catalysis.
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