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Abstract: The Escherichia coli DNA repair enzymes Fpg and MutY are involved in the prevention of
mutations resulting from 7,8-dihydro-8-oxo-2'-deoxyguanosine (OG) in DNA. The nonpolar isosteres of
2'-deoxyadenosine, 4-methylbenzimidazole 3-deoxynucleoside (B), and 9-methyl-1H-imidazo[4,5-b]pyridine
fp-deoxynucleoside (Q), were used to examine the importance of hydrogen bonding within the context of
DNA repair. Specifically, the rate of base removal under single-turnover conditions by the MutY and Fpg
glycosylases from duplexes containing OG:B and OG:Q mismatches, relative to OG:A mismatches, was
evalulated. The reaction of Fpg revealed a 5- and 10-fold increase in rate of removal of OG from duplexes
containing OG:B and OG:Q base pairs, respectively, relative to an OG:A mispair. These results suggest
that the lack of the ability to hydrogen bond to the opposite base facilitates removal of OG. In contrast,
adenine removal catalyzed by MutY was much more efficient from an OG:A mispair-containing duplex (k2
= 12 4+ 2 min~!) compared to the removal of B from an OG:B duplex (ks < 0.002 min~1). Surprisingly,
MutY was able to catalyze base removal from the OG:Q-containing substrate (k; = 1.2 + 0.2 min™?).
Importantly, the B and Q analogues are not deleterious to high-affinity DNA binding by MutY. In addition,
the B and Q analogues are more susceptible to acid-catalyzed depurination illustrating that the enzyme-
catalyzed mechanism is distinct from the nonenzymatic mechanism. Taken together, these results point to
the importance of both N7 and N3 in the mechanism of adenine excision catalyzed by MutY.

Introduction

Reactive oxygen species, ionizing radiation, and environ- o \(
mental pollutants can all lead to cellular DNA damagemajor
oxidative product in vivo is 7,8-dihydro-8-oxd-Beoxy- (
guanosine (OG)2 During replication, there is a tendency for N“‘H—
2'-deoxyadenosine (A) to be inserted opposite OG to form a \dR
relatively stable OG:A mispair (Figure )Failure to repair this
mispair results in a permanent G:C to T:A transversion mutation 2'-deoxyadenosine (A) 7,8-dlhydr0-8-0x0

in the following round of replication. To prevent mutations 2'-deoxyguanosine (0G)

associated with oxidative damage to DNA, an assortment of Figure 1. Structure of an OGrAanibase pair based on structural studies.
DNA repair mechanisms have evolvétscherichia colutilizes

the “GO” repair pathway which involves three enzymes: MutT,
Fpg, and MutY45 MutT hydrolyzes d(OG)TP to prevent its
incorporation into replicating DNA. The Fpg protein removes
OG?® from an OG:C base pair, and catalyzes an assocjated
ando-eliminations at the resulting abasic site. The monofunc-
tional adenine glycosylase MutY cleaves misincorporated

adenine from OG:A-containing mispairs to form an apurinic
(AP) site>” Downstream enzymes in the base excision repair
(BER) pathway complete restoration of the DNZ.Eukaryotic
functional and sequence homologues of Fpg and MutY have
been identified, further underscoring the threat posed by OG to
all organisms9-15
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Although Fpg is believed to act chiefly on OG:C-containing

substrates, it has also been shown to catalyze the removal of

OG from OG:T-, OG:G-, and, to a lesser extent, OG:A-
containing substraté$§:1” A variety of oxidized purines, most
notably 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG)
lesions, have been shown to be processed by’Fpaddition,

Fpg has also been shown to remove the OG oxidation productsg_geoxynucleoside (M)

spiroiminodihydantoin and guanidinohydanté®8

The MutY glycosylase has been shown to process a variety

of substrates in addition to OG:A mismatcieSor example,
MutY is able to remove adenine in vitro and in vivo from G:A
and C:A mispair$:1%20Binding studies with noncleavable A

analogues revealed that MutY has a higher affinity for duplexes

containing OG versus &725 These results support the assertion

that duplexes containing OG:A are the preferred substrates for

MutY. Additionally, the nature of the processing of substrates
by MutY is highly dependent on the base opposit& Mdeed,

MutY exhibits a faster intrinsic rate for adenine removal opposite

OG compared to G and has a higher affinity for the OG:(AP
site) product than the G:(AP site) proddé# variety of X-ray
crystal structures of Fpg and a truncated form of MutY have

been solved which provide important structural backdrops for
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understanding the enzymatic processes of recognition andrigyre 2. Structures of 2deoxyadenosine analogues used to study MutY.

catalysig?’—31
Elucidation of the required interactions responsible for

substrate recognition and catalysis may be facilitated by the use

of synthetically derived DNA analogues (Figure 2). Previously,
we have shown that MutY exhibits high affinity for the substrate
analogues "2deoxyformycin A (F)?2! 2'-deoxyaristeromycin
(R),22 and 2-deoxy-2-fluoroadenosine (FA3 By altering the
N-glycosidic bond or ribose sugar, duplexes containing F,

recognition by MutY without complications associated with
catalysis’2~34 The benefit of these types of analogues is that
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Ry
or FA opposite OG or G have revealed features of mismatch

base removal is impeded without major modification of potential
important recognition elements of the base.

Nonpolar isosteric substrate analogues are specifically de-
signed to examine the effects of hydrogen bonding within
protein—substrate complexes without altering the steric proper-
ties. Indeed, hydrophobic isosteres of A, 4-methylbenzimidazole
pB-deoxynucleoside (B) (Figure 2), and T, 2,4-difluorotoluene
B-deoxynucleoside (DF), have been successfully incorporated
into replicating DNA as dNTP% In addition, a number of DNA
polymerases correctly copy template strands containing these
base analogue®8 We have previously characterized interactions
of MutY with the hydrophobic analogue, 4-methylindole
B-deoxynucleoside (MY opposite OG in duplex DNA® M is
a nonpolar variant of 7-deaza-@eoxyadenosine (Z), and both
were shown to be resistant to processing by MutY. The origin
of the resistance of M to the glycosylase action of MutY may
be simply related to the absence of nitrogen at the position of
the N7 of adenine, as is the case for the Z analogue.

In this work, the importance of hydrogen-bonding interactions
with adenine in the glycosylase activity of Fpg and MutY was
examined using the hydrophobit-@oxyadenosine isosteres,
4-methylbenzimidazolg-deoxynucleoside (B§ and 9-methyl-
1H-imidazo[4,5b]pyridine S-deoxynucleoside (@) (Figure 2),
in DNA duplexes opposite OG and G. We observed an increase
in the rate ofOG removal by Fpg when OG is paired with B or
Q relative to A, providing further evidence that the mechanism
of Fpg involves base flipping as part of the base removal
process. In contrast, the removal®from OG:B substrates by
MutY was severely reduced, establishing that the presence of a

(34) Chmiel, N. H.; Livingston, A. L.; David, S. Sl. Mol. Biol. 2003 327,
431-443.

(35) Morales, J. C.; Kool, E. TNat. Struct. Biol.1998 5, 950-954.
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1996 24, 2044-2052.
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9656
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nitrogen only at the position of N7 of A is insufficient to

°C in annealing buffer (150 mM NacCl, 20 mM Tris-HCI, pH 7.6, 10

promote base removal. However, a significant rate for removal mM EDTA) and allowed to cool to 20C over 4-6 h.

of Q from OG:Q mismatches was observed, indicating that
installation of the second nitrogen in the position of adenine’s
N3 strongly enhances the ability of MutY to catalyze base
removal. Importantly,
that MutY exhibits high affinity for duplexes containing OG:B

and OG:Q mispairs. Together, the data suggest that even thougfy

Glycosylase Assayd:pg and MutY cleavage assays were performed
as previously outlineé®7-26 Specific modifications with the Fpg
protocol include a total reaction volume of 10Q with final duplex

dissociation constant measurements Showand protein concentrations of 20 nM and 200 nM, respectively. It should

be noted that Fpg reactions utilizing hand-mixing were not base-treated,
and therefore the lyase activity of Fpg is used to provide strand scission.
eactions performed using the rapid-quench flow instrument use NaOH

the lack of hydrogen-bonding interactions is not deleterious to , quench the reaction, which may also cleave abasic sites. With OG
substrate recognition by MutY, these electrostatic interactions sypstrates, we have observed that base-treatment does not modify the

are vital for catalysis of base removal.

Materials and Methods

General Methods and Materials.4-Methylbenzimidazol@-deoxy-
nucleoside and 9-methyHtimidazo[4,5b]pyridine 5-deoxynucleoside
were synthesized as previously descriBed.The 2-deoxy-2-fluoro-

rate of strand scission. Modifications to the MutY protocol included
final DNA and enzyme concentrations of 20 and 60 nM, respectively.
All kinetic reactions contained final buffer concentrations of 20 mM
Tris-HCI, pH 7.6, 0.1 mg/mL BSA, 10 mM EDTA, 15 mM NacCl, and
10% glycerol. Rate constants were derived from the observed rate of
reaction under the conditions described above as we have reported for
Fpgt®t” and MutY?641 previously. In this analysisons = ka, wherek,

adenosine phosphoramidite was kindly provided by Greg Kamilar and describes the overall process of conversion ofEEP.

Dr. Peter Beal (University of UtaHy. Standard 2deoxynucleotidgs-

Equilibrium Dissociation Constant (Kq) Measurements Kq values

cyanoethyl phosphoramidites were purchased from Applied Biosystemswere determined using a gel retardation a$spseviously described

Inc. (ABI). The 7,8-dihydro-8-oxo-2deoxyguanosine phosphoramidite
was purchased from Glen Research. All substratéedxyoligonucleo-

for MutY with substrate analogue duplex@©nly labeled duplex was
used with an estimated upper limit of duplex concentration based on

tides were synthesized on an Applied Biosystems model 392 automated100% recovery from the end-labeling procedure. Reaction volumes of

oligonucleotide synthesizer as per the manufacturer’s protocol. The 5

40 uL contained 10 pM duplex DNA, 20 mM Tris-HCI pH 7.5, 100

end-labeling was performed with T4 polynucleotide kinase obtained mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, 0.1 mg/mL BSA,

from New England Biolabs while/t®2P]JATP was purchased from ICN

and MutY concentrations ranging from 13 pM to 220 nM. Samples of

Radiochemicals. Labeled oligonucleotides were purified using ProbeQuantthe protein-DNA mixture were incubated at Z& for 30 min. followed

G-50 microcolumns from Amersham Biosciences. Bovine serum
albumin (BSA) and Bradford reagents were obtained from Bio-Rad.
All other chemicals were purchased from Fisher Scientific or U.S.
Biochemical. Milli-Q distilled, deionized water was used for all

reactions. All buffers were filtered through a nylon 0 22:filter prior

to use. MutY purification was done on a Bio-Rad Biologic FPLC

by the addition of 5uL of nondenaturing loading dye (0.25%
bromophenol blue, 0.25% xylene cylanol, 30% glycerol it TBE).

Each sample was loaded on a 6% nondenaturing polyacrylamide gel
(17 cmx 14 cmx 0.3 cm) with 0.5¢< TBE buffer at 120 V and allowed

to run for 2 h at £C. The gels were dried and exposed to a Molecular
Dynamics storage phosphor screen for at least 1&jhalues were

system. Storage phosphor autoradiography was performed using adetermined by fitting the data (percent bound substrate versus

Molecular Dynamics Storm 840 Phosphorimager. ImageQuaNT soft-

log[MutY]) to the equation for one-site ligand binding using GraFit

ware (v5.2) was used to quantify storage phosphor autoradiograms.4.0.16. Reportedy values are the average of at least six separate

Kinetic experiments were performed using a rapid-quench flow
instrument (model RQF-3) from Kintek Corporation.

MutY Purification and Preparation. Fpg and MutY were purified
as described previously with minor modificatioi$*! The enzyme

experiments.

Determination of Thermal Denaturation Temperatures. UV
melting studies were performed as previously descrbeéth 11 bp
duplex DNA was synthesized and purified as described above with

concentration was determined by the method of Bradford using BSA the following sequence:'88AGCTOGGTGGC-3-3-CTCGAY CACCG-

as a standartf. The percent active enzyme of the Fpg and MutY protein

5 where Y= A, B, or Q. The duplexes were prepared in 10 mM

used was 25 and 61%, respectively, using standard active-site titrationKHPQO,, 1 M NaCl, and 1 mM EDTA, pH 7.0, at 4 and 8M

methods modified for Fpg and Mut'#:22-26All enzyme concentrations
listed were corrected for the active enzyme concentration.
Substrate Preparation for Glycosylase Assayslhe following 2-
deoxyoligonucleotides were synthesized for glycosylase assdys: 5
CGATCATGGAGCCACXAGCTCCCGTTACAG-3and 3-GCTAG-
TACCTCGGTGY TCGAGGGCAATGTC-5 where X = 2'-deoxy-
guanosine (G) or 7,8-dihydro-8-oxd-@eoxyguanosine (OG) and
= 2'-deoxyadenosine (A), 2leoxycytidine (C), 4-methylbenzimidazole
p-deoxynucleoside (B), 9-methyHtimidazo[4,5b]pyridine S-deoxy-
nucleoside (Q), or'2deoxy-2-fluoroadenosine (FA). Glycosylase assays

concentrations. The absorbance was monitored at 260 nm from 20 to
80 °C on a Hewlett-Packard 8452A diode array spectrophotometer.
The DNA samples were degassed with argon and filtered through a
0.45um filter into a 1 cmpath length quartz cell. Obtaining melting
temperaturesTy,) from the experimental data (absorbance vs temper-
ature) was accomplished from curve fits, assuming the two-state
transition modef*

Acid-Catalyzed Depurination AssaysA modified Maxam-Gilbert
G+A sequencing reaction was performed as previously descftbed.
Olignucleotides containing B or Q at position 15 used in the glycosylase

were conducted using these oligonucleotides where the Y-containing assays weré’P-5-end-labled as described above. A solution (23

strand (MutY) or X-containing strand (Fpg) wa¥-5-end-labeled.

The end-labeled Y- or X-containing strand was mixed with unlabeled
Y- or X-strand, respectively, to provide a stock solution in which 5%
of the solution was?P-5-end-labeled. The unlabeled complementary

containing 17 nM DNA, 0.11 M piperidine, 15% formic acid, and 0.18
mg/mL calf thymus DNA was incubated at 3T for 45 min. The
reaction was quenched by addition of 225 of a quenching solution
(0.3 M sodium acetate, pH 7, 0.1 mM EDTA, 0.03 mg/mL calf thymus

strand was then added in slight excess (20%) to form the duplex DNA). The DNA strands were then ethanol precipitated followed by
substrate. To promote duplex formation the mixture was heated to 90 the addition of 1.0 M piperidine. The mixture was incubated at®@0

(40) Yi-Brunozzi, H.-Y.; Easterwood, L. M., Kamilar, G. M.; Beal, P.Mucleic
Acids Res1999 27, 2912-2917.

(41) Chmiel, N. H.; Golinelli, M.-P.; Francis, A. W.; David, S. Bucleic Acids
Res.2001, 29, 553-564.

(42) Bradford, M. M.Anal. Biochem1976 72, 248-254.

(43) Carey, JMethods Enzymoll991, 208 103-117.

(44) Petersheim, M.; Turner, D. HRiochemistryl983 22, 256—-263.

(45) Sambrook, J.; Russell, D. Wiolecular Cloning, A Laboratory Manual
3rd ed.; Cold Spring Harbor Laboratory Press: Plainview NY, 2001;
Vol. 1.
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Figure 3. Representative plot of OG removal as a function of time for

Table 1. Rate Constants (kz) Determined under Single-Turnover
Conditions for the Reaction of Fpg and MutY with 30 Base Pair
Duplexes at 37 °C

rate constants (k) (min—%)2

central base pair Fpg MutY
OG:A 0.30+ 0.02 12+ 20
OG:B 1.4+ 0.3 <0.00Z2
0G:Q 2.8+0.2 1.2+ 0.2
OoG:C 46+ 8 NRd
GA NR 1.6+0.2
G:B NR NC
G:Q NR <0.03

aThe errors reported in the rate constants are the standard deviation of
the average? Rate constant determined by Olga Lukianova (David labora-

Fpg performed under conditions of single-turnover with substrates containing tory). This value in this DNA substrate is similar to that reported previously

OG:A (@), OG:B (O), and OG:Q 4). Experiments were performed using
220 nM Fpg and 20 nM OG-containing duplex at 3.

for 30 min; denaturing loading dye was added, and the mixture was
electrophoresed on a 15% polyacrylamide gelZd at1600 V. Gels
were quantitated using storage phosphor autoradiography.

Results

OG Glycosylase Activity of Fpg with OG:C-, OG:A-, OG:
B-, and OG:Q-Containing Substrates.The effects of substi-
tuting A in an OG:A mismatch with the nonpolar isosteres B
and Q on the OG glycosylase activity of Fpg was evaluated
using 30 bp duplexes containing a central OG:X=p4A, B, Q,

or C) base pair. Single-turnover kinetics experiments, where

[Fpg] > [DNA], were used to evaluate the efficiency of the
glycosylase activity of Fpéf1” These reactions followed first-
order kinetics, yielding quantitative conversion to products. The

data were fitted to the appropriate rate equations to determine

the rate constank,, which includes all steps involving base
excision. A representative plot of the reaction of Fpg with DNA
duplexes containing OG:C, OG:A, OG:B, and OG:Q bps is
shown in Figure 3. As expected, the removal@®& by Fpg
from the OG:C-containing duplex was considerably more
efficient (k, = 46 4+ 8 min?) than from the OG:A-containing
duplex & = 0.30+ 0.04 min). The 150-fold decrease k»

for the OG:A-containing substrate relative to the OG:C-

containing substrate is consistent with the trends reported

previously!®46Importantly, theOG-removal activity of Fpg on
OG:B- and OG:Q-containing duplexes was robust with the
measuredk, values of 1.4+ 0.3 and 2.8+ 0.2 minm?,
respectively. The significamtcreasein the rate ofOG removal
by substitution of B or Q for A suggests that the lack of
hydrogen bonding between OG and B or Q aids in DNA
deformation and/or extrusion of OG from the duplex into the
enzyme active site.

Adenine Glycosylase Activity of MutY with OG:A-, OG:
B-, and OG:Q-Containing Substrates. To determine the
importance of hydrogen bonding in the catalysis of adenine
removal by MutY, the ability of MutY to remove the modified

base moieties of B and Q opposite both OG and G in a 30 bp
duplex substrate was evaluated. Assays performed under single

turnover conditions revealed a significantly reduced ability of
MutY to removeB from the OG:B mispair-containing duplex
(Table 1). In fact, for adenine removal from the OG:A mispair
the rate constark, was determined to be 12 2 min~t in this

(46) Tchou, J.; Bodepudi, V.; Shibutani, S.; Antoshechkin, I.; Miller, J.;
Grollman, A. P.; Johnson, B. Biol. Chem.1994 269, 15318-15324.
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in our laboratory with the same substfdtand by other laboratories with
different DNA substrate%:58 ¢Rate listed is an upper limit estimate
calculated using half-lives based on extent of conversion=at30 min.

d Not relevant; these bps are not substrates for these enz§ieis. value

has been previously reportédl.f Not cleaved; Formation of product at the
end of the reaction time course was no greater than the no-enzyme control.
Estimated rate based on our detection limits 0005 mirr?. 9 Rate listed

is an upper limit estimate calculated using half-lives based on extent of
conversion at = 30 min.

duplex substrate compared to an upper limit<@.002 mirr?!

for the rate of B removal (Table 1). No significant removal of
B was detected from the G:B-containing duplex. The magnitude
of the difference in the rate constants for removaBabmpared

to adenine implies that the presence ofNwglycosidic bond,
and nitrogen at the seven position is not sufficient for enzymatic
base removal by MutY.

However, single-turnover assays with duplexes containing
OG:Q reveal a remarkable change in activity relative to duplexes
containing OG:B. MutY catalyzes the removal Qfopposite
OG with a rate constank, of 1.2 + 0.2 mimLl. Thus, the
presence of one additional nitrogen in Q at the position of N3
of adenine greatly facilitates the base removal activity of MutY.
In the analogous experiment with the G:Q duplex, a detectable
amount of cleavage of Q was observed, but with a significantly
diminished rate Kops < 0.03 mirr?l) relative to that of the
analogous reactions with a G:A substrdte= 1.64- 0.4 mirr%).

Equilibrium Dissociation Constant (Kq4) Determination of
MutY with Substrate Analogues. To determine whether the
reduced catalytic activity of MutY toward duplexes containing
B or Q analogues opposite OG or G was a result of inefficient
recognition of the modified bases, equilibrium dissociation
constantsiy) were determined for MutY with these analogue-
containing duplexes. We have shown previously that MutY has
high affinity for duplexes containing FA or M opposite OG and
G;2225 thus, duplexes containing these analogues serve as
excellent benchmarks for high-affinity MutY binding. Non-
denaturing gel retardation assdygerformed under conditions
where [DNA duplex] < Ky, were utilized to quantitate the
[MutY —DNA complexes] as a function of [MutY] to determine
the relevant dissociation constarkg,(Table 2). The determined
Kg values illustrate the similarity in recognition of the nonpolar
isosteres to FA and A by wild type (WT) and E37S MutY. The
Kg values determined for duplexes containing OG:FA and OG:B
with WT MutY were 0.10+ 0.04 and 0.09+ 0.04 nM,
respectively. AKy measurement of WT MutY with robust
substrates, such as OG:A or OG:Q, would be unreliable due to
the presence of varying amounts of substrate and product at
each MutY concentration in the binding titration. Therefore, a
mutant form of MutY, E37S, which has been demonstrated to
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Table 2. Equilibrium Dissociation Constants (Kg) for WT and 12
E37S MutY with Substrate Analogs at 25° C A.
central base pair WT MutY Ky (nM)? E37S MutY Kq4 (nM)2 b
OGA NAD <0.0¢ 5 08
OG:B 0.09+ 0.04 ND! E
0G:Q NA 0.35:+ 0.07 g 96
OG:FA 0.10+ 0.0# ND £ o4l
OG:M 0.14+ 0.0 ND s
0OG:C 26+ 13° ND € g2
G:A 21+ 4 27+ 6
G:B 27+ 6 ND o
ngA é\‘g*i . '\?gi 6 G3 A5 A6 G8 G9 G10 A11 G12 B15 G18 G19 A24 G26 A27
G:M 40+ 6 ND Nucleotide
G:C 153+ 64° ND 1.2
B.
aErrors reported in dissociation constants are the standard deviation of 1 ]
the average? Not applicable. Accuratiy measurements cannot be obtained
with duplexes that are substrates for the enzyhtépper limit estimation; % 08
DNA concentration (0.02 nM) needed for detection is too close to enzyme 3
concentration for an accurag determination.d Not determined. The E37S 3 06
mutated MutY was only used with duplexes that are substrates for WT g
MutY. € Values previously reportet:2225 % 0.4
©
. . . .. 02
be catalytically inactivé/ was used for substrates containing |_| |_| m |‘| |_| H |‘| BEEm
0OG:Q and OG:A base pairs. K4 value of 350+ 7 pM was 0 AL 0Ol -
obtained for substrates containing OG:Q incubated with E37S G3 A5 Ad G8 G9 G10 A11 G12 15 G18 G19 A2 G268 A7
MutY. For comparison, using E37S with OG:A-containing Nucleotide

substrates, th&y was estimated as40 pM. This indicates a Figure 4. Histograms illustrating extent of acid-catalyzed depurination at
’ . . L - purine sites within the B- and Q-containing 30-nucleotide strand (A)
modest reduction in the binding of E37S MutY with the Q 4-methylbenzimidazole or (B) 9-methyHlimidazo[4,5b]pyridine at posi-

analogue relative to A~¢9-fold) upon consideration of the major  tjon 15.
structural differences between Q and A.

MutY retains high affinity for substrates containing OG:B duplex destabilization. This is made evident in the case with
and OG:Q despite the lack of potential hydrogen-bonding sites Fpg acting on the substrate containing OG opposite B or Q
at positions corresponding to N1 and N6 of adenine as shownwherein the rate of OG cleavage is faster compared to OG
by the picomolar dissociation constants for the analogue- opposite A. This also indicates that the steps described by the
containing duplexes (Table 2). These values are similar to the rate constank; include disruption of the DNA duplex, and that
Kq value obtained for binding of MutY to duplexes containing base flipping is at least in part rate limiting.

OG opposite the hydrophobic analogue K& 0.20+ 0.05 Acid-Catalyzed Depurination of Nonpolar Analogues.
nM).2% Interestingly, the measured affinities are similar to those Proposed mechanisms for the adenine glycosylase activity of
for analogues that have an unadulterated base, such 48 FA. MutY (Figure 5) implicate protonation of N7 as an important
Notably, theKq values for the B and Q duplexes are significantly step during the glycosylase reaction. Therefore, an evaluation
lower than those obtained with the analogous duplex lacking a of the susceptibility of B and Q toward acid-catalyzed depuri-
mismatch Kqg = 150+ 60 nM) 2! indicating that the modifica-  nation would provide insight into constraints for the mechanism
tions present in B and Q do not have a deleterious effect on of the enzyme-catalyzed adenine removal reaction. Mechanisms
MutY recognition. These results imply that MutY does not that have been proposed for acid-catalyzed depurination invari-
absolutely require the specific hydrogen-bonding interactions ably invoke protonation at N7 as a major feature of the
with N1, N3, or the N6 amino group of adenine for recognition reaction*®-5° The same DNA strand used to make the 30 bp
of adenine mispaired with OG. duplex substrate for the kinetic reactions was used to test and

Thermal Denaturation Studies of DNA Duplexes Contain- compare the rate of acid-catalyzed depurination of B and Q to
ing OG:A and OG:B Mispairs. Duplexes of 11 bp in length G and A. The??P-5-end-labeled, single-stranded DNA substrate
containing a centrally located OG:A, OG:B or OG:Q mispair containing B or Q was used in a modified Maxa@ilbert G
were prepared to analyze the effects of the Q and B analogues+ A reaction utilizing piperidine-formate to initiate depurination.
on duplex stability. The melting temperaturég) were obtained Upon analysis, following gel electrophoresis, the relative extents
by monitoring absorbance at 260 nm during thermal denaturationof depurination were gauged by quantitation of the bands at
in buffer containing 10 mM potassium phosphateM NacCl, each purine position in the sequence of the oligonucleotide
and 0.1 mM EDTA at pH 7.0. Th@, values for substrates  (Figure 4). These results illustrate the extent of depurination of
containing OG:A, OG:B, and OG:Q mispairs atlé were 56.4, A and G relative to that of B and Q. As shown, B undergoes
48.9, and 50.2C, respectively. The results show that the OG:B acid-catalyzed depurination twice as readily as A and G, whereas
and OG:Q base pairs are more destabilizing to the duplex thanQ displays a 7-fold increase in depurinated product relative to
the OG:A mispair, which is known to hydrogen bond in an G or A. This data suggests that these analogues may, in fact,
OGsynAani fashion® These results suggest that enzymes utilizing
a base flipping mechanism would benefit from this increased (48) Zotewics, J, A Clatk, 0. F.; Sharpless, T. W.; Grahe,JGAm. Chem.

(49) Garrett, E. R.; Mehta, P. J. Am. Chem. Sod.972 94, 8532-8541.
(47) Chepanoske, C. L. Ph.D. Dissertation, University of Utah, Salt Lake City, (50) Mentch, F.; Parkin, D. W.; Schramm, V. Biochemistryl987, 26, 921—
2000. 930.
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Gly37 increase in the rate of excision of hypoxanthine opposite
o GIn182 difluorotoluenes-deoxynucleoside (DF) compared to T by the
d \H\ /H——'Oj/ human alkyladenine glycosylase (AAG) was obse®etihe
Asn140 \H\ N N DF analogue is a hydrophobic isostere of T that is unable to
\f N~ N,,«H H hydrogen bond to hypoxanthine, and therefore was similarly
H/N\H < ji) proposed to facilitate base flipping by AAG.
\‘o N N Notably, the observed rate constants for the removal of OG
o-H by Fpg opposite A, B, and Q are significantly smaller than the
oha  H rate constants observed for the corresponding reaction with an
0P OG:C-containing duplex. This suggests that Fpg specifically
T recognizes the shape of the base opposite OG since the rates
Asp138 for processing the OG:B- or OG:Q-containing duplex are more
Figure 5. Amino acids involved in recognition of 2ieoxyadenosine by similar to that for the OG:A-containing duplex than for the
MutY based on X-ray structure with bound aderffe. corresponding OG:C-containing duplex. Thus, Fpg appears to

be superior substrates compared to A, if a purely acid-catal zedaCtiver discriminate against A, and therefore also the A
P b ’ purely Y analogues B and Q. In the X-ray structures of Fpg, recognition

mechanism is usgd by MutY, since the base moieties appear tOof cytosine opposite OG was shown to be mediated by hydrogen
be more susceptible to protonation.

bonding of an arginine to cytosif@.Interestingly, however,
Discussion this same arginine was found to be capable of hydrogen bonding

iy .. to guanine and thymin&.Our results call attention to the equal,
Substrate, transition state, and product analogues may provide

. R . . or perhaps even greater, importance of bels#pein selection
unique insight into the mechanisms of substrate location, damageagainst the incorrect base-pair context for damage removal by
recognition, and catalysis of DNA repair enzynideviously, DNA glycosylases
we have shown that 'leoxy-2-fluoroadenosine (FA) is '

. - . . The crystal structure of a truncated form of MutY with a
resistant to the glycosylase activity of MutY, but retains specific . .
o : - : bound adenine uncovers a complex hydrogen bonding-network
recognition properties akin to those of-d@oxyadenosiné

Indeed, this and other glycosylase-resistant analogues have beeRetween Muty and ihe free adenine base (Figur¥ Specif-

used to evaluate the effects of mutations of MutY on substrate ically, Glu 37 and Gln 182 participate in hydrogen bonds with

" . Co - . . N7, N1, and the N6 amino group of adenine. The N1 and N6
recognition without complications associated with the enzymatic amino aroun of adenine are also involved in base pairing with
reaction323441The use of synthetic analogues has also allowed group pairng

. : . OG in an OGyrAani Mispair. On the basis of the observed
for evaluating the importance of hydrogen bonding versus shape. - ; . .
. ) interactions with the WatserCrick face of adenine, MutY has
in enzyme-catalyzed reactions on DNA. For example, 2,4-

difluorotoluenes-deoxynucleoside (DF) and B have been used been_ prqposed to ut!hze a basg-fllppmg mechamsm yvhereln
T ) : -~ adenine is extruded into an active-site pocket containing Glu
as T and A hydrophobic isosteres, respectively, in studies

. . . 37 and GIn 1827 The nonpolar isosteres B and Q prevent the
involving DNA polymerases to evaluate the steric and hydrogen- . o X . .

. . . o 56 . formation of base-pairing hydrogen bonds with OG in a fashion
bonding requirements of dNTP inserti#h?8 Surprisingly, these e

! . . analogous to A. In addition, the hydrogen bonds between the
studies revealed that DNA polymerases do not strictly require . .

. = . Watson-Crick face of the base portion of the analogue and

correct hydrogen bonding when synthesizing a new base pair.

Indeed, the shape of the base and shape complementarity oé?ii?#szgwthm the adenine-specific pocket of MutY are also

the base pair appears to be more important in selection of correct .
P PP P This work has shown that removal & by MutY from

base pairs during DNA replication.
P g P . substrates containing OG:B base pairs was virtually abgegsat (
In this work, B and Q were employed asdeoxyadenosine < 0.002 min?) compared to the robust reaction of MutY with
analogues to investigate the importance of potential hydrogen-its éhief S Ibst)rate zn OG'A-contaiﬁin d Iléog 12u:|: \év'
bonding sites on the recognition of A within OG:A mismatches min-1) Blijiffers f,rom adénine in tha? thljale(;nd N3 are
by MutY and Fpg. The results reported herein show that Fpg ) . . I . )
S . . replaced with carbon in addition to replacing the exocyclic
removes OG from substrates containing OG:B and OG:Q 5-fold ~ " . . )
amino group with a methyl substituent. These modifications

and 10-fold faster, respectively, than the corresponding sub- create a WatsonCrick face of the base that is hydrophobic

strates containing OG:A. It has been proposed that BER and yet maintain the overall shape of adenine. Therefore, while
glycosylases utiize a base-flipping mechanism wherein the baseMutY might benefit from the destabilized duplex arising from

being removed and/or the base opposite are extruded from the

helix into a base-specific enzyme pocket. This type of mech- the OG:B mispair with respect to base fiipping, thg loss of
. S hydrogen-bonding contacts or unfavorable electrostatics renders
anism allows the enzyme greater access for examination of the

. . the substrate resistant to catalysis. In contrast, MutY-catalyzed
base and catalysis of its removal. The X-ray structure of Fpg cleavage ofO from OG:O mispair-containing duplexes. is
alone and bound to DNA are consistent with use of a base- dran\wlat?call Sasterl(z —1 'ZQi 0 IZF:niln—l) thaln 'I[hg colifesxondl-
flipping mechanisn®®-31 The increased rate @G removal by y o ) P

Fpg when OG was paired with the nonpolar analogues sug- ing reaction with its OG:B-containing cousin. Notably, the rate

] . . . of processing of the OG:Q substrate by MutY is similar to that
gests that the OG:B/Q base pairs, given the lack of base pair ) ) }
hydrogen bonds, are easier to disrupt to facilitate base flipping. observed for the reaction with a G:A substrate (Table 1). The

Indeed, as expected, the duplex stability studies indicate thatonly structural difference between B and Q is the presence of

the OG:B- and OG:Q-containing duplexes are less stable than 5,y '\, A c.: Feller, J. A: Abner, C. W.: Tran, R. K.: Bloom, L. B.
their OG:A counterpart. Likewise, in a related case, a 2-fold Biol. Chem.2002 277, 31673-31678.

DN,
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a nitrogen atom in place of carbon at the position corresponding purine 5-deoxynucleoside (P) had shown that the N6 amino
to that of N3 of adenine. This result demonstrates that specific group is not required for base removal by Mut¥indeed, the
hydrogen bonding interactions and/or essential electrostaticobserved rate for purine removal by MutY was reduced only
interactions between the substrate base and the enzyme arby a factor of 2 compared to that for adenine removal.
critical for catalysis of base removal. The results with the Q Anticipated mechanisms for MutY based on acid-catalyzed
analogue indicate the importance nitrogen at the position solvolysis and enzymatic hydrolysis of purine nucleosides will
analogous to N3 of adenine for efficient catalysis of base require the N9 nitrogen for a prop&t-glycosidic bond and
removal by MutY. The observed 10-fold decrease in the rate protonation of the N7 nitrogen to enhance its potential as a
of base removal catalyzed by MutY on the OG:Q substrate leaving group'®-5052

relative to the OG:A substrate is relatively small in view of the ~ The importance of adenine N7 for the MutY-catalyzed
marked differences between the two substrates. reaction has been previously established in that 7-deaza-A (Z)

The relevant dissociation constantég measured in gel  is completely resistant to the glycosylase action of MetY.
retardation assays reveal additional insights into the featuresHowever, the N7 group alone is clearly not sufficient, as
associated with recognition of OG:A mismatches by MutY. evidenced by the current finding that analogue B is essentially
Although MutY exhibits a reduced capacity for removal of the inactive as a substrate for MutY. The nonpolar base analogues
hydrophobic base analogues, g data (Table 2) show that B andQ retain nitrogen at the positions corresponding to seven
MutY effectively recognizes the B and Q analogues opposite and nine of adenine. Thus, we had anticipated that these
OG and G. Thus, this establishes that the reduced activity of analogues might be substrates for MutY-catalyzed base removal.
MutY toward these hydrophobic substrates is not a result of However, the absence of potential hydrogen-bond contacts is
deleterious consequences to binding of the modified base. Thenot the only alteration that occurs by replacement of nitrogen
measured dissociation constants for the OG:Q and OG:B With carbon in the purine ring. Indeed, such replacements alter
duplexes are essentially identical to those we have measuredhe electronics of the base. Our acid-catalyzed depurination
previously for the analogous duplex containing the FA analogue €xperiments with single-stranded substrates containing B or Q
opposite OG. This is surprising, considering that the FA show that these analogues are actuatigre susceptible to
analogue contains an unadulterated adenine base, while the Blepurination than "Zdeoxyadenosine and-8eoxyguanosine.
and Q analogues have considerably modified base moieties. WeThis may well reflect increased basicity of the nonpolar bases.
have also previously observed high-affinity binding of Muty ~The enhanced acidic depurination suggests that these analogues
to an OG:M duplex@s The observed high-affinity binding of ~may be similarly pre-disposed to enzymatic base cleavage.
MutY for the hydrophobic analogues opposite OG may be due However, glycosylase experiments exhibit the opposite effect;
to the lack of hydrogen bonding to OG. Indeed, the absence of €nzymatic base cleavage of B is nonexistent, while cleavage to
an energetic cost associated with disrupting the base pair mayeleaseQ is decreased (relative to that for adenine) by a small
facilitate a nucleotide-flipping process and therefore compensate@mount. The N3 nitrogen alone is responsible for the large
for the absence of favorable hydrogen-bonding interactions difference between Q and B. Future work will be needed to
between the hydrophobic analogues and MutY. These resultsdetermine the relationship between the increased acid lability
indicate that the WatserCrick face of adenine is not of critical ~ arising from the additional nitrogen in Q and its effect in the
importance for initial base recognition by MutY, whereas the €nzyme active site.
unique features of A become important during enzymatic  Taken together, the data presented herein suggest that
catalysis of the base-removal reaction. enzymatic removal of adenine by MutY likely occurs by a more

A feature of MutY that distinguishes it from other glycosyl- c0mplex mechanism than has been previously considered.
ases is the recognition of a normal base mispaired with OG. [ndeed, the increased activity of MutY toward the Q analogue
We, and others, have previously shown that MutY preferentially relative to that toward the B analogue clearly suggests an
binds to duplexes containing OG versus G when placed oppositelMmportance for the presence of the N3 of adenine. For example,
the same bas&:2541|ndeed, in this work, we observed higher the_ N3 Qf adenine might be specmcally recogrjlz_ed inside the
affinity for duplexes containing the B and Q analogues opposite active-site pocket of MutY in a manner similar to Taq
OG (Table 2) and more efficient removal f opposite OG polymerase, wherein protein S|.de chams within the active site
than G (Table 1). In general, removal of modified purines by CONfirm the presence of a purine via hydrogen bonding with

MutY is enhanced when paired with OG rather than G (Francis N3.58 However, such interactions are not immediately obvious
A. F., David, S. S., unpublished results). Clearly, MutY in the published structure of MutY with bound adenine base

h (Figure 5). The N3 of adenine has also been suggested to be

recognition of its favorite base pair (OG:A) is synergistic with : e s .
important in the removal of adenine in the ribosome by the toxin

the presence of the correct partner aiding in recognition of the "'t 5455 . - : o
other. One possibility is that Mut¥nitially binds relatively ~ 'iCin->***Indeed, in crystallographic studies, Arg 180 of ricin

tightly to any substrate containing OG, and then utilizes a second”A-chain was found to be in close proximity to N3 and therefore
screen to ensure that only the appropriate base is removed V@S Proposed to be involved in hydrogen bonding to N3 of

Obviously, high-fidelity repair requires that only adenine 2denin€?
opposite OG be removed. Thus, it is possible that the active ~The present results suggest that both N7 and N3 of adenine
site of MutY may sample a variety of base pairs, but has been May be protonated and/or involved in hydrogen bonding with
optimized toward cleavage of only the base (adenine) containing - _ - -
the proper shapand electrostatic interactions. Eg%g Egmffgﬁ};ﬁ;ﬁ;ﬁ*@ﬁ?vs;gnf'$F*§;?;$g>39%964338’°’2' B30 2096
The X-ray structure of MutY (Figure 5) indicated important (54) Chen, X.Y.; Link, T. M.; Schramm, V. Biochemistry1998 37, 11605~
)

: ) X X 11613.
contacts with N7, N6, and N1 of adenifePrevious work with (55) Monzingo, A. F.; Robertus, J. 0. Mol. Biol. 1992 227, 1136-1145.
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Figure 6. Possible mechanism of MutY utilizing diprotonation/hydrogen-bonding at N7 ané® NlBe mechanism shown illustrates an oxocarbenium
ion-like transition state foN-glycosidic bond cleavage based on work with other glycosylésasd related nucleoside or nucleotide hydrolyZ8é&8.

MutY during catalysis (Figure 6). Multiple protonation is This work illustrates the usefulness of nonpolar base isosteres
consistent with studies of acid-catalyzed solvolysis of adenine in separating the requirements of substrate recognition and
nucleosides and nucleotid&sKinetic isotope effect measure-  catalysis. The results presented herein with Fpg and MutY
ments with ricin A-chain indicated a highly dissociative suggest that non-hydrogen-bonding substrates destabilize duplex
transition state featuring an enzyme stabilized ribooxocarbenium DNA and therefore increase the rate of base removal by enzymes
ion species in the transition st&feChen et al. also suggested utilizing a base-flipping mechanism. However, the loss of
that diprotonation at N1 and N7 would be a key feature of the hydrogen-bonding interactions that aid in duplex destabilization
reaction in order to stabilize the departing béfséndeed, might also be responsible for loss of enzymatic catalysis in the
calculations indicated that the energy required to break the C1 case of MutY. We have also shown that the hydrophobic nature
N9 bond decreases dramatically in the N1H, N7H diprotonated of B and Q does not interfere with recognition by MutY.
adenosine speci€&Thus, a similar scenario could be operative However, these analogues have provided insight into the
in MutY with N7 and N3 protonation. Further studies with importance of N7 and N3 in the base-removal activity catalyzed
additional analogues and kinetic isotope effects with MutY may by MutY. This work suggests additional analogues that could
provide further evidence for such a hypothesis. In particular, be synthesized and tested to further illuminate the mechanism
analogues addressing the role of N1 may be illuminating with of this fascinating enzyme.

regards to the merits of this potential mechanism (Figure 6).
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