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ABSTRACT. MutY is an adenine glycosylase in the base excision repair (BER) superfamily that is involved
in the repair of 7,8-dihydro-8-oxo-2leoxyguanosine (OG):A and G:A mispairs in DNA. MutY contains

a [4Fe-4SP*cluster that is part of a novel DNA binding motif, referred to as the-rsulfur cluster loop

(FCL) motif. This motif is found in a subset of members of the BER glycosylase superfamily, defining
the endonuclease lll-like subfamily. Site-specific cross-linking was successfully employed to investigate
the DNA—protein interface of MutY. The photoreactive nucleotide 4-thiothymidit¥€)(incorporated
adjacent to the OG:A mismatch formed a specific cross-link between the substrate DNA and MutY. The
amino acid participating in the cross-linking reaction was characterized by positive ion electrospray
ionization (ESI) tandem mass spectrometry. This analysis revealed Arg 143 as the site of modification in
MutY. Arg 143 and nearby Arg 147 are conserved throughout the endo llI-like subfamily. Replacement
of Arg 143 and Arg 147 with alanine by site-directed mutagenesis reduces adenine glycosylase activity
of MutY toward OG:A and G:A mispairs. In addition, the R143A and R147A enzymes exhibit a reduced
affinity for duplexes containing the substrate analogudebxy-2-fluoroadenosine opposite OG and G.
Modeling of MutY bound to DNA using an endonuclease IlI-DNA complex structure shows that these
two conserved arginines are located within close proximity to the DNA backbone. The insight from mass
spectrometry experiments combined with functional mutagenesis results indicate that these two amino
acids in the [4Fe 4SP* cluster-containing subfamily play an important role in recognition of the damaged
DNA substrate.

Oxidative stress has been implicated as an importantand MutT @—11). Fpg is a base-excision repair (BER)
contributor to cancer and the aging procelss3). The DNA glycosylase that removes OG from OG:C base-pairs, while
bases are particularly susceptible to modifications resulting the MutY glycosylase removes the undamaged adenine from
from oxidative stress, and the oxidation potential of guanine an OG:A mismatch. MutT catalyzes the hydrolysis of d(OG)-
renders it the most likely of the four DNA bases to be TP to prevent its misincorporation by DNA polymerases into
oxidized @). Arguably, the most notorious oxidation product nascent DNA strands. Recently, a direct link between
of guanine formed in DNA is 7,8-dihydro-8-oxd-8eoxy- inherited defects in the human homologue of MutY, MYH,
guanosine (OG)(5). The ability of OG to mispair with A and adenomatous polyposis colon cancer has been established
during DNA replication results in GE> TA transversion (12), indicating the importance of the repair system for OG
mutations §). The mutagenic potential of OG threatens all in the prevention of carcinogenesis.
organisms; therefore, repair systems for OG are present The adenine glycosylase MutY has been shown to remove
across all phylogeny7( 8). In Escherichia colithe GO repair adenine from a variety of mispairs, most notably OG:A, G:A,
pathway is dedicated to the prevention of mutations causedand C:A mispairsg, 13—15). However, the importance of
by OG and relies on three enzymes, Fpg (MutM), MutY, these activities relative to the activity with OG:A substrates
remains to be established. The adenine glycosylase MutY is
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(Met 1 to Lys 225) retains catalytic activity and exhibits a this type of approach to examining damage recognition by
sequence and structure that place MutY within the base-BER glycosylases is that the photoreactive nucleotide may
excision repair superfamily of DNA glycosylases. The be incorporated in a variety of positions proximal to the

C-terminal domain has sequencES) and structural X7) damaged site and therefore potentially reveal a variety of
homology to the d(OG)TPase MutT. This similarity to MutT, amino acids involved in damage recognition.
coupled with kinetic experiments with substratés, (18) In the work presented herein, we have demonstrated the

and binding assays with substrate analogdd}, Guggests  specific formation of MutY-DNA cross-links using the thio-
a role of the C-terminal domain in OG recognition and modified nucleotide 4-thiothymidine3T) incorporated
nucleotide flipping. MutY contains a [4FedSFrcluster  agjacent to the OG:A mismatch. Additionally, the amino acid
within the N-terminal domain, and the X-ray structuld}  participating in the photocross-linking reaction was identified
revealed a solvent-exposed loop formed by the polypeptide as Arg 143 by trypsin proteolysis of the complex and nucleic
chain that contains the first two cysteine ligands of the f4Fe  4¢ig digestion of the tryptic peptigeDNA fragment, fol-
4SF* cluster (lle 191 to Cys 199), similar to that previously  |owed by positive ion electrospray ionization tandem mass
pbserved in endo 111Z0). This regi.on, referred to as t_he spectrometry (ESI-MS/MS). Notably, Arg 143 and nearby
iron—sulfur cluster loop (FCL) motifZ0), has been impli-  aArg 147 are conserved throughout the endo I11-like subfamily
cated to play a role in damage recognition and ref ( of the BER superfamily of glycosylases. Replacement of Arg
21). MutY and endo Il contain a unique spacing of the four 143 and Arg 147 of MutY with alanine by site-directed
cysteine ligands to the [4FelSF* cluster; these four  ytagenesis results in reduced affinity for substrate analogues
conserved cysteines are als_o _present in as_ubset of membergng a reduced adenine glycosylase activity. This suggests
of the BER superfamily defining a subfamily of endo Ill-  {ha¢t these arginine residues play an important role in DNA
like BER glycosylases. recognition, and this further implicates the participation of
The glycosylases of the BER pathway recognize diverse the region nucleated by the [4F4SF* cluster in damaged
types of damaged or inappropriate bases. Many questionsDNA recognition.
relating to the important features of the recognition of DNA
damage by these fascinating enzymes remain unanswered'\/lA-I-ER|A|_S AND METHODS
For example, the mechanisms by which glycosylases rec-
ognize the damaged and mismatched bases amidst a vast
excess of undamaged bases in the genome is undgar (
A variety of experiments withe. coli MutY are beginning
to provide the initial clues of important features of the
enzyme and its damaged substrate that are necessary f

detection of the mismatched and damaged base pair OG:A'provided by G. Kamilar and P. Beal (University of Utah).

In particular, significant differences in the rates for adenine . -
removal have been observed depending on whether theStandard 2deoxynucleotidgg-cyanoethyl phosphoramidites

opposite base is OG or @%. Moreover, MutY has been Xvere purchased_fr_om Applied Biosystems, Inc. The OG and

. X . . ST phosphoramidites were purchased from Glen Research.
shown to use a processive mechanism with G:A substrates,A” substrate 2-deoxyoligonucleotides were synthesized on
but the high affinity of MutY for the OG:AP site precludes yolig y

efficient scanning of duplexes containing multiple OG:A 2" Applied Biosystems, Inc. automated oligonucleotide
: 9 P 9 P " synthesizer model 392. Substrate oligonucleotides were
mismatchesZ4).

o ) B ~purified by anion exchange chromatography on a Waters AP1

Cross-linking experiments have revealed specific amino peAE 8HR column or by reverse phase chromatography
acids of MutY that are in close proximity to the DNA  on 5 Waters g RCM column. DNA used for PCR primers
substrate. Specifically, mechanism-based cross-linking of yas purified using oligonucleotide purification cartridges
MutY via OG oxidation revealed that lysine 142 is proximal (OPC) from Applied Biosystems, Inc. PCR reactions were
to the site of oxidative damag@¥, 26). Interestingly, LyS  carried out using a GeneAmp PCR system 2400 from Perkin-
142 was implicated to be in proximity to the mispaired E|mer. Plasmid DNA was purified using the Wiz&ids
adenine and/or abasic site product via sodium borohydride MiniPrep kit from Promega. Gene sequencing was performed
reductive trapping of a Schiff base imine intermedia (  py automated fluorescent sequencing on a Prism 377 DNA
28). Furthermore, Lys 142 does not participate in the sequencer from Applied Biosystems, Inc. at the University
glycosylase reaction of MutY; however, this residue forms of Utah Medical School sequencing facility. The-ehd
atrgppable Schiff base intermediate that is dependent on thQabeIing was performed with T4 polynucleotide kinase
active form of the enzyme2@). purchased from New England Biolabs aneffP] ATP from

A more generic approach that has been used to studyAmersham Life Sciences. Labeled oligonucleotides were
proteinr—DNA recognition is the incorporation of photore- purified using Probe Quant G-50 spin columns from Am-
active nucleobases, such as 5-iodouracil, 5-bromouracil,ersham Pharmacia. Sequencing grade trypsin, snake venom
8-azidoadenine, and 4-thiouracil, into DNA or RNA to phosphodiesterase |, and alkaline phosphatase were pur-
produce site-specific cross-links with the protein upon chased from Promega. Bovine serum albumin (BSA) and
irradiation with ultraviolet light (UV) 29—34). The amino Bradford reagents were purchased from BioRad, and all PCR
acid residues of the protein in close proximity to the modified reagents were purchased from Roche. All other reagents were
nucleobase can then be identified by subsequent degradatioof analytical purity and purchased from Fisher or USB. Gel
and analysis of the nucleic acid-peptide adduct by massimaging and quantitation were performed using a Molecular
spectrometry or nucleic acid sequencing. An advantage of Dynamics Storm 840 Phosphorimager using ImageQuant

Materials and Instrumentatiof.he plasmid containing the
mutYgene, pKKYEco, ané. coli strains IM10InutY and
GT100 mutY mutM- were kindly provided by M. L.

O?/Iichaels and J. H. Miller 11, 35, 36). The 2-deoxy-2-

luoroadenosine (FA) phosphoramidit@7f was kindly
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(version 4.2a) software. Photocross-linking reactions were Duplex 1:(5'CGATCATGGAGCCACOGAGCTCCCGTTACAGS') o
carried out in a Rayonet RMR-600 photoreactor from
Southern New England UV Co. UWis spectroscopy was
performed using a Hewlett-Packard 8452A diode array Duplex 2: (5'-CGATCATGGAGCCACOG*STGCTCCCGTTACAG-3') e
spectrophotometer. Electrospray mass spectrometry was
performed using a {g reverse phase capillary 1 mm i.d.
HPLC column (GraceVydac) directly coupled to the inlet Duplex 3: (5'-CGATCATGGAGCCAAOGAGCTCCCGTTACAG-3')e
spray of an LCQ Deca ion trap spectrometer (ThermoFinni-
gan). Kinetic experiments were performed using a rapid-
quench flow instrument (model RQF-3) from Kintek Cor- puplex 4: (5'-CGATCATGGAGCCA**TOGAGCTCCCGTTACAG-3')e
poration.

Site-Directed Mutagenesis, Enzymee@expression, and

Purification. MutY and Fpg were overexpressed and purified  Analytical Scale Cross-Linking of MutNA duplexes

as previously described §, 38). Site-directed mutagenesis  1—4 were used for MutY photocross-linking reactions. The
of MutY was performed using a polymerase chain reaction final reaction conditions were 10 nM DNA and 25800
(PCR) based method similar to that described previo@8y (  nM MutY (based on the concentration determined by
The mutation R143A was introduced with the following Bradford). Buffer conditions were 20 mM Tris-HCI, pH 7.5,
oligonucleotides: Scag cgc gcc age acg gct ttg acg tta ccg 100 mM NacCl, 1 mM EDTA, and 1 mM DTT. Cross-linking
tc-3. The R147A mutation was introduced with-&t aca reactions were incubated at 3 for 5 min in the dark, and
gca tag cag gcc gec age acg cgt tigQ@verexpression and 25 L was placed onto a sheet of Parafilm, followed by direct
purification of enzymes generated by site-directed mutagen-irradiation at 256 nm for 45 min at 4C using a Rayonet
esis did not require any changes in the standard cell cultureRMR-600 reactor. Enzyme aliquots 46 of 400 nM MutY)

and purification procedures used for Mut¥gj. The enzyme  were added to the reaction at 12 and 24 min and mixed with
concentration used in cross-linking experiments was deter-a pipet. Aliquots (L) were taken directly from the cross-
mined by the method of Bradfor®9). The percent active  linking reaction and quenched in SDS loading buffer (125
enzyme concentration of R143A, R147A, and WT used in mM Tris-HCI, pH 8.0, 5% SDS, 25% glycerol, 0.025%
kinetic experiments and gel shift assays was calculated usingoromophenol blue). The aliquots were heated td®@Cfor

the total protein concentration (Bradford) and the active 10 min prior to loading onto a 12% polyacrylamide SDS
enzyme concentration from the active site titrati@B)(The ~ gel. After electrophoresis at 200 V for 40 min, the gel was
percent active enzyme concentration for the enzyme preparadried and exposed to a storage phosphor screen overnight.
tions used in this work were as follows: R143A, 55% and Analytical cross-linking yields were quantitated using Im-
R147A, 18%. These percent active site concentrations forageQuant software.

R143 are consistent with the range of values routinely Preparatie Scale Cross-Linking and Isolation of the
observed with the WT enzyme; in the case of R147A, the MutY-DNA ComplexThe same reaction conditions were
percent activity was somewhat lower than seen with WT, employed as for the analytical reactions, except the reaction
suggesting some instability toward the purification protocol. volume of 50 mL was contained in a quartz vessel. After 12

DNA Substrate PreparatiorDligonucleotides were pre- and 24 min, 3 mL of %6 4M Muty was added, and the
pared by automated DNA synthesis according to standardeaction was gently stirred. Each reaction was quenched by

protocols. Oligonucleotides containif®] were deprotected frgezmg at—78 °C. The experiment was repeated four to
in concentrated NKOH containing 50 mM NaSH at room eight times to generate enough material for subsequent mass

temperature for 24 h. DNA duplexes containing a mispair spectrometry experiments. The reaction was diluted to twice

at the position X:Y were prepared after automated s nthesisthe volume with HO, and the cross-linked complex and
and iorﬁ)—exchang‘e HPLCppurFi)fication of each single-s)t/randed unreacted protein were separated using a BioL.ogic FPLC
oligonucleotide. The following duplex was used for gel system (BioRad) equipped with a HiTrap heparin affinity

. : I Ph i i ff ining 20 mM sodi
retardation and adenine glycosylase assays:C(BAT- column (Pharmacia) using a buifer containing 20 mM sodium

h h H7. . M DTT, 0.1 mM EDTA 20%
CATGGAGCCACXAGCTCCCGTTACAG-3)(3-GCTAG- S Iy?:seeoﬁggijger A;,'I(')hi r(?ross-linf(e(:)d prrTZ)duct Waé ?:gﬂec(t)eg
TACCTCGGTG/ TCGAGGGCAATGTC-5), with X= 2'-

. . ) in the flow-through of the column while the unreacted MutY
deoxyguanosine (G) or 7,8-dihydro-8-oxbeeoxyguanosine  g|teq from the column at350 mM NaCl during a linear

(OG) and Y= 2-deoxyadenosine (A),"2leoxy-2-fluoro- gradient of 5-70% of 1 M NaCl in buffer A. The product
adenosine (FA),"deoxyformycin A (F), or 2deoxycytosine - fractions from each reaction were pooled and concentrated
(C). The Y-containing strand wa¥P-5-end-labeled and {5 5-10 mL using an Amicon concentrator. The combined
annealed to 1.5 M excess of the complementary sequencgeactions were lyophilized te1 mL aliquots containing 43

in a buffer containing 150 mM NacCl, 20 mM Tris-HCI, pH  ymol of the MutY-DNA complex.

7.6, 10 mM EDTA. Annealing was facilitated by heating |, ge| pigestion.Five Eppendorf tubes containing the

the mixture to 9C°C and then slowly cooling to 25C for isolated MutY-DNA complex £2.5 nmol per tube) were
4-6 h. For kinetic experiments, only-5% of the A~ issolved in 25QuL of water and 50uL of SDS loading
containing strand was'f&nd-labeled to enable accurate | ter prior to heating for 10 min at 9. The sample was
substrate concentration determination. loaded onto a 1.5 mnx 7 cm x 10 cm SDS gel in 10@L

For cross-linking experiments, duplexes were used con- aliquots per well and electrophoresed at 150 V for 1 h. The
taining *ST in the following sequences: gel was copper-stained (BioRad) to visualize the complex.

(3 'GCTAGTACCTCGGTGA** TCGAGGGCAATGTC-5") ;

(3'"-GCTAGTACCTCGGTGA ACGAGGGCAATGTC-5') ;

(3 ' -GCTAGTACCTCGGT**TATCGAGGGCAATGTC-5") ;

(3" -GCTAGTACCTCGGTA ATCGAGGGCAATGTC-5'")
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The bands across the gel were excised and destained as peaample containing unmodified digested DNA. The sample
manufacturer's protocol in six Eppendorf tubes, and an for the MS/MS experiments was from the same reaction that
additional gel control slice as large as the protein band wasgave the spectrum illustrating the parent ion of interest.
also excised. An in-gel digest procedure was employed as Equilibrium-Dissociation Constant (X Determination.
described40). After crushing the gel slices with an ethanol- Gel retardation assay<l?) were performed as described
rinsed spatula, 708800 4L of buffer/acetonitrile solution previously @3). In the case of reactions with substrate
(50% 25 mM NHHCO;, pH 8: 50% acetonitrile) was added duplexes containing OG, the final concentration of the duplex
to cover the gel pieces, and the tubes were incubated withwas 10 pM. With all other duplexes, the final concentration
shaking for 10 min at room temperature. The supernatantof the duplex was 20 pM. Dissociation constarkg, were
was removed; this step was repeated 3 times until the washdetermined by fitting the data from a storage phosphor
was colorless. The pieces were dried for 40 min in vacuo, autoradiogram (percent bound substrate vs log[MutY]) with
then 25 mM NHHCGO;, pH 8 (~800uL), was added to each  the equation for one-site ligand binding using Grafit version
tube of dried gel pieces. Sequencing grade trypsin (Promega}.06 (Erithacus). The reportd¢y values are corrected for
was freshly diluted to 0.5 mg/mL with dilution buffer the activity of the enzyme as determined by the active site
(provided by the manufacturer), andig was added to each titration method 23). In addition, each reported value is an
tube. The tubes were incubated with shaking at °80 average of at least three separate experiments.
overnight, and 1..xg more of trypsin was added after 12 h. Adenine Glycosylase AssayBhe adenine glycosylase
The protease/MutY ratio was 1:20 after the second addition activity was monitored under conditions of single- and
of trypsin. The reaction was quenched after 40 h by adding multiple-turnover as described in detail previously,(23).
50 uL of 1% TFA. The supernatant was removed, and 600 In the case where the rate of excision was too fast for a
uL of 60% acetonitrile/0.01% TFA was added to each tube, manual assay, a KinTek Rapid Quench instrument was
followed by shaking at 30C for 20 min. The supernatant employed. Briefly, reactions were conducted at 32
was removed and combined with the first fraction, and this regulated by a circulator with a digital controller (VWR).
step was repeated two more times to extract the peptides.Samples (24:L) containing 40 nM DNA, 40 mM Tris-HClI,
The fragments were dried in vacuo. pH 7.5, 20 MM EDTA, and 60 mM NacCl were rapidly mixed
Nucleotide DigestionThe nucleotide digestion reactions with equal amounts of samples containing—8&0 nM
were performed analogously to that described previously MutY, 25 nM nonspecific DNA duplex, 20 mM Tris-HCI,
(41). Lyophilized snake venom phosphodiesterase | (Prome-pH 7.5, 10 mM EDTA, and 20% glycerol. At various time
ga) (SVP) was resuspended in dilution buffer (110 mM Tris- points raging from 0.8 s to 5 min, reactions were quenched
HCI, pH 8.9, 110 mM NacCl, 15 mM MgG] and 50% with 0.5 M NaOH. Further sample handling was conducted
glycerol in HO) to a concentration of 1 mg/mL. The cross- in the same fashion as in our manual assays. The multiple-
linked peptide €240 pmol) was diluted with kD in a buffer turnover experiments were performed in buffer solutions
containing 350 mM Tris-HCI, pH 7.5 and 18V MgCl.. containing 20 nM OG:A or G:A duplex DNA and the
Diluted SVP (16uL) was added for a total volume of 200 appropriate amount of active MutY necessary to provide a
uL. The reaction was incubated for 16 h at 37, and the burst amplitude corresponding te-50% product formation.
SVP was inactivated by heating at 90 for 5 min. Buffer The single-turnover experiments were performed by incuba-
(20 uL) provided by the manufacturer for the alkaline tion of 20 nM of duplex DNA with 30 nM of active protein.
phosphatase (Promega) was added after the reaction cooled-or all kinetic experiments, the samples were analyzed by
Alkaline phosphatase was freshly diluted (1:20) with alkaline 15% denaturing PAGE. The gels were exposed to a storage
phosphatase buffer, andi@ was added to the SVP-digested phosphor screen for at least 6 h. The resulting storage

reaction mixture followed by incubation at 3 for 30 min. phosphor autoradiogram was quantified using ImageQuant
The reaction was dried in vacuo. As a control, 240 pmol of V4.2a. The data were fit using GraFit 4.0 with the relevant
duplex 1 was subjected to identical conditions. equations 18, 23) to extract values for thé&, and ks rate

Mass Spectrometry AnalysisC-MS experiments were  constants.
performed on a Finnigan LCQ Deca ion trap mass spectro- RESULTS
photometer equipped with a nebulization-assisted electro-
spray ionization (ESI) source. The buffer gas inside the ion  Photocross-Linking to Probe the DNA-MutY Interface.
trap was ultrapure helium gas (40 psi). The microcapillary MutY is highly specific for duplex DNA containing an OG:A
HPLC system was equilibrated at 40./min with 0.1% mispair and forms a tight DNAprotein complex as indicated
formic acid and was directly coupled to the mass spectrom- by measured equilibrium dissociation constants (1900
eter electrospray interface. The digested cross-linked productpM) with substrate analogue#t3—45). Because of the
(30—90 pmol) was diluted to 1@L with 10% acetonitrile/ absence of a structure of MutY bound to a mismatch-
0.1% TFA followed by centrifugation, and the sample was containing duplex, there is limited knowledge about contacts
injected onto the column. The peptides were eluted with of MutY with specific nucleotides and the structure of the
acetonitrile containing 0.08% formic acid with a gradient of DNA duplex in the MutY-DNA complex. Thus, the posi-
0—90% in 90 min. Typical conditions utilized a capillary tioning of a photoreactive nucleotide will likely have a
voltage ¢ 5 V at 275°C. The activation time for MS/MS  dramatic influence on the extent of MutY-DNA cross-linking.
was 60-80 ms. Xcalibur software was used to operate the To determine optimal positioning of the photoreactive probe,
instrument and analyze the data. Using LC-MS only, the the photoreactive nucleotide 4-thiothymidinéST) was
identification of a possible cross-linked species was facili- incorporated at a variety of positions adjacent to the OG:A
tated by comparison of the spectra resulting from the mismatch in a 30-bp duplex (Figures 1 and 2) via automated
chromatograph containing WT peptides, in addition to the DNA synthesis.
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5 CTG TAA CGG GAG C®TA GIG GCT CCA TGA TCG

A

.. GAGCT A A TG GC..¥ duplex 4

3 GAC ATT GCC CIC G AOGCAC CGA GGT ACT AGC 3...CTC GA OG®™TAC (G...5
B.
B.
1 2 3 4 ?
- &
.: T
MutY -+ o+ 4 Z
Nonspecific competitor (G:C) - - + - 3 61
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Ficure 2: (A) Location of the*ST relative to the OG:A mismatch
in DNA duplexes used in cross-linking experiments with MutY.

FiGURE 1: (A) Photoreactive nucleotide 4-thiothymidirféT). The B) A graphical representation of the percent cross-linking efficienc
30-base pair substrate used (duplex 1) cont&ifion the 5-side gor) eagc,:h F()iuplex. P P g Y

of the OG:A mispair. (B) SDSPAGE analysis of competition

assay. The duplex and enzyme used in each assay are denoted at_. . - . .
the top. 10 nM DNA and 250 nM MutY in the presence or absence atﬁ'n't}’ for a duplex containing an OG:A mispalK{ < 0.200
of competitor DNA were incubated at 3T for 5 followed by nM), it does not exhibit as high affinity to an undamaged

irradiation at 256 nm for 40Lane 1, control cross-linking reaction  duplex of similar sequencé§ ~150 nM). Thus, unlabeled
without M‘ﬁ: ; lane 2, reﬁ?.CtiO” without gon}petitgg D d’\-IA; 'é”l‘e 3'4 DNA duplexes containing a central OG:A mispair or a duplex
O o e P igeg ™ &7 187 & yithout a mispair (central G:C) can act as specific or
nonspecific competitors for the cross-linking reaction. MutY
was incubated witt#?P-labeled duplex 1 followed by the
addition of a 20-fold excess of unlabeled specific or
nonspecific competitor duplex. The autoradiogram of the
competition reactions after SB$AGE is shown in Figure
1B. In the presence of a nonspecific competitor, the ef-
ficiency of the cross-linking reaction was not affected.
However, addition of excess unlabeled OG:A-containing
duplex diminished the cross-linking reaction, presumably by

To initiate photocross-linking, MutY was incubated in-20
30-fold excess witl#?P-labeled duplex 1, and the reaction
was subject to UV light in a photoreactor at different
exposure times. Although thionucleobases absorb light at
wavelengths between 330 and 360 n3@)( MutY did not
form a covalent complex with duplex 1 at 350 nm during
irradiation times of up to 2 h. Cross-linked species were

; o P
formed in a 5-10% yield only at 256 nm. The inability to occupying the specific binding sites of MutY. This demon-

E?fgf:cgrgi;“tnhke abtrc?:g ;brgo?]%%nb?e;?&?;idcte% tlé]rgiir ;;ltigostrates that the interaction of MutY with the DNA is specific,
b and the cross-linking reaction forms a covalent site on the

nm arising from thiolate-to-Fe(lll) charge-transfer transitions . . . Lo .

of the [4Fe-4SF* cluster present in MutY. To test this idea, ggegl\fzaus d?r:gxg]:acl: ;?af; ;geslirfgriﬁgt Ig)(:a:ieo(:r?gor:‘ltlt?]g
a _duplex CO”t?"”'UQST was prepared adjacent to an OG:C photoreactive nucleotide is adjacent to the mismatch. Nota-
mismatch, which is the primary substrate Ior Fpg, a BER bly, since the reaction with MutY and an OG:A-containing
egcosyIase that doe; not contain a [%F cluster (7)'_ . substrate under these conditions is very f&8),(cross-
Fpg was incubated with the photoreactive OG:C-containing linking with duplex 1 is to the OG:(AP site) product of the
duplex and subjected to different irradiation wavelengths and ye4ction. PAGE analysis of cross-linked samples that were
compared to the results with Mut¥®T-containing duplex  yeated with base to cleave any AP site product indicated

DNA forms a covalent complex with Fpg at 350 nm with ¢ conversion to product within the incubation time prior
comparable efficiency to the reaction with MutY but not at ¢4 initiating photocross-linking (20 min).

256 nm (data not shown). Conversely, MutY formed a DNA

The effect of varying the position dfT relative to the
cross-link with duplex 1 only during irradiation at 256 nm ying P

; . o9 mispair (Figure 2A) on the extent of cross-link formation is
(Figure 1B), and cross-link formation is dependent uff8n  gown in Figure 2B. Interestingly, there is no covalent
incorporation into the substrate. complex formed between duplex 4 and MutY, suggesting
A competition assay was performed to determine if the that ST in this position (on the 'sside of OG) is not
DNA-MutY complex formed by photocross-linking repre- sufficiently close to any amino acid of the enzyme to react
sents a specific recognition event. While MutY has a strong in the photochemically mediated process. There is a 2-fold
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difference in the cross-linking efficiency between duplexes
1-3, and it is anticipated that each position could yield a
covalent adduct with MutY via different amino acids.

On the basis of the relatively high amount of MutY-DNA
cross-link formed with duplex 1, we focused on this
particular duplex for further analysis. The substitutior{<f
for T at the position neighboring the mismatch was expected
to cause minimal distortion to the DNA helix and the
subsequent interaction of MutY with the mismatch containing
duplex. However, to determine if there were any effects due (
to sulfur substitution in the major groove, the adenine
glycosylase activity of MutY was evaluated with duplex 1.
Under single-turnover conditions using rapid-quench meth-
ods, duplex 1 was converted to the AP site product with the
same efficiencyl, = 12 + 1 min%) as the corresponding
unmodified OG:A-containing substrate & 12+ 2 min™?1).
Additionally, DNA binding experiments were performed with
an analogous duplex containif§T on the 3-side of the
substrate analogué-gdeoxyformycin A (F). The 2deoxy-
formycin-3-cyanoethyl phosphoramidite was prepared as
described previously and incorporated adjacerftttoin a
30-nucleotide strand (duplex 1H8). The affinity of MutY
for duplex 1F K4 = 0.14 + 0.08 nM) is similar to that
obtained for the corresponding OG:F-containing duplex
lacking the*ST nucleotide K4 = 0.28 & 0.05 nM). These
results show that the incorporation & has not altered

duplex]1

. L
“““ CGG GAG C*™T A GTG GCT CCA ......
“““ GCCCTC G A OG CAC CGA GGT

5

trypsin

5 .o CGG GAG C*T A GTG GCT CCA ......
snake venom phosphodiesterase
alkaline phosphatase

(_—’_( )
J
.|.'-iT

LC-MS/MS

the ability of MutY to recognize an OG:A mispair and
remove the mispaired adenine.

Preparative Cross-Linking Experimentshe cross-linking
reaction with duplex 1 was scaled up to yield a sufficient

FicurRe 3: Photochemical cross-linking scheme with 4ar-
containing DNA substrate. The unreacted MutY was separated from
the reaction by heparin affinity chromatography. The next step
includes in-gel digestion of MutY and recovery of the peptides.
Additionally, the DNA was digested with snake venom phosphodi-
esterase and alkaline phosphatase.

amount of covalent complex for enzymatic digestion and

subsequent analysis by mass spectrometry and peptidesterase and alkaline phosphatase to reduce the size of the
identification by MS/MS. The preparative scale cross-linking attached oligonucleotide fragment and provide free hydroxyl
experiments contained the same protein and DNA concentra-gngs.
tions used for the analytical reactions in a volume of 50 mL, | c_ms/MS AnalysisThe digested sample was split into
keeping the same conditions to ensure specific formation of {ree portions for various types of mass spectral characteriza-
a DNA—protein cross-link. The reaction was repeated six tjon Approximately 36-90 pmol of the peptide mixture was
to eight times to generate enough material for LC-MS/MS analyzed using a fgreverse phase capillary HPLC column
experiments. A schematic representation of the cross-linkingdirecﬂy coupled to the inlet spray of an ion-trap mass
reaction and the route to simplify its identification is gpectrometer operating in the positive mode. The corre-
lllustrated in Figure 3. sponding spectra from the total ion chromatogram were
The cross-linking yield was low (510%); thus, unreacted dissected to find an ion corresponding to the peptide
protein and DNA were removed from the covalent complex nucleotide complex. On the basis of the proposed radical
using heparin affinity chromatography to increase the pos- mechanism forfST-mediated cross-linking4@), it was not
sibility of detecting the cross-linked peptide among the expected that a net change would occur in the molecular
numerous unmodified peptides. Indeed, it was expected thatweight of the covalent complex. A portion of the spectrum
the detection of the cross-linked peptide would be facilitated at the retention time of 57.9 min identified a unique doubly
by chromatographic separation; however, it is possible for charged ion and its corresponding singly charged species.
an unmodified peptide and a peptide cross-linked to a These iongn/z 582.5 and 1163.5 identified in this region
nucleotide to coelute or have minimal reverse-phase separacorrespond to a mass of 1162.5 and are unique from the WT
tion (47). In anticipation of sample loss from a variety of peptide ions, nucleotide fragments, or other species from the
sources, preparation of samples for LC-MS/MS analysis was multiple enzymes used in the reactions (Figure 4).
performed on 35 nmol of the isolated, unlabeled DNA- By analysis of all possible molecular weights of tryptic
MutY complex. The sample was then subject to proteolysis fragments plugST-containing nucleotides, the initial iden-
by in-gel digestion procedure4@. Our lab and others have tification of the modified peptide was determined. The initial
observed that sites normally susceptible to enzymatic cleav-data suggested that the tryptic peptide (K)RVLAR, residues
age are inefficiently processed in the presence of the covalentl43—147 in MutY, was covalently attached to a dinucleotide
attachment to DNAZ7). Thus, the DNA-MutY complexwas  (C*ST) from the ions anv/z582.5 and 1163.5, corresponding
digested with trypsin for 40 h. Following quenching of the to the doubly and singly charged species of the complex,
proteolysis reaction and isolation of the peptides from the respectively £1.0 Da). We suggest that steric interference
gel, the sample was digested with snake venom phosphodi-due to the attachment of the peptide to i€ nucleotide
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min, trypsin autolysis fragment). The peak at 41.1 min could not be identified. The arrow corresponds to the mass spectrum illustrated in
panel B. The ions at/z 582.5 and 1163.5 are not present in the chromatograph of the WT sample or the enzymatically digested DNA.
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FiGurRe 5: LC-ESI-MS/MS of the MutY peptidenucleotide mixture. (Top panel) Total ion chromatograph for all scan ranges betmlzen
= 165-1920. The second panel is the TIC of the MS/MS experiment with collision energy focusedtz en 582.5. The bottom panel
shows the full MS/MS spectrum of the doubly charged parentiém= 582.5. The predictetd andy fragment ions are indicated as well
as fragments with modifications{(andy-mod. The proposed structures of ions4 are the resulting dissociation products of the dinucleotide
attached to the peptide.

may result in inefficient reaction by the otherwise vigorous assignment. This iomVz 582.5, was the candidate for MS/
exonuclease, snake venom phosphodiesterase. AdditionallyMS analysis with the remaining cross-linked peptide sample
the tryptic peptide RVLAR normally elutes at 52 min from (Figure 5). Indeed, the LC-MS analysis did not reveal any
a digestion mixture of unmodified MutY under similar other reasonable ions corresponding to a molecular weight
conditions, and this peptide is not present in the chromato- of a tryptic peptide in MutY with a mono-, di-, or tri-
gram of the cross-linked MutY, consistent with this peptide nucleotide.
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Ficure 6: (A) Proposed structures for the fragmentation of the
MutY peptide-dinucleotide based on the spectrum from the LC-
ESI(+) MS/MS analysis. (B) Predicted fragmentation of the MutY
tryptic peptide RVLAR.

lons 1-4 are consistent with the fragmentation of the
dinucleotide covalently attached to the peptide RVLAR. The

Chepanoske et al.

*
E. coli MutY (137) LDGNVKRVLARCYAVSGWPGKKEVE
E. coliendo Il (137) VDTHI FRVCNRTQFAPGEN - - - - - \Y
M. luteus UV endonuclease (152) VDTHFGRLARRLGFTDETDP----G
Mth G.T mismatch glycosylase (143) VDANFVRVINRY FGGSYENLNYN-H
T. martima Mpgll (155) VDSYTRRLLKRIFNIELNDYD---E

FCL motif
——

E. coli MutY (191) ICTRSKPKCSLCPLONGC

E. coliendo I {(186) TCIARKPRCGSCIIEDLC

M. luteus UV endonuclease (202) VCHARRPACGRCEIARWC
Mth GT mismatch glycosylase (196) ICAPRKPKCEKCGMSKLC
T. meritima Mpgll (206) FCS-KTPKCGVCPLEKKEC

Ficure 7: Partial sequence alignment of the endo Ill-like subfamily
of the BER superfamily illustrating the new motif, R(V/L)XXR.

In addition, the alignment of the FCL motif is shown. Shaded
regions represent similar or identical amino acids. The arginine
identified via cross-linking is highlighted with an asterisk.

bs is also modified with théST-reduced-sugar fragmertts(
+ 224.3 = 594). The ionb; mod (m/z = 494.3) is also
modified by the addition of &T-nucleotide appendage. The
modifications to thdy; fragment implicate that Arg 143, Val
144, or Leu 145 could bear the covalent attachment. The
modification to theb, fragment, however, provides evidence
that Arg 143 participated in the cross-linking reaction. This
reasoning is further supported by thén fragmentions that
do not have modifications, indicated by each predictéz
ion in the spectrum. Thus, LC-MS/MS revealed that the
specific photocross-linking reaction between MutY &ftH
containing DNA proceeded via Arg 143, and this amino acid
is positioned proximal to the OG:A mispair.

Functional Consequences of Replacement of Arg 143 and
Arg 147 with Alanine Cross-linking of the*T nucleotide
to arginine 143 reveals its proximal location near fRg
nucleotide and the OG:A mismatch. This placement of Arg
143 near the scene for glycosylase action suggests a
potentially important role for Arg 143 in recognition and
repair of OG/G:A mispairs by MutY. A BLAST sequence
alignment of the BER superfamily revealed that this arginine,
as well as a second closely spaced arginine (Arg 147), are
strictly conserved in the BER superfamily glycosylases
containing a [4Fe4SP" cluster, forming a consensus
sequence R(AL)XXR (Figure 7). Replacements of arginines
143 and 147 with alanine by site-directed mutagenesis

proposed dissociation pattern (Figure 6A) is analogous to generated R143A and R147A mutant forms. The modified

the observed elimination reactions by ESJ( MS/MS
sequencing of oligonucleotide41 49). lon 1 (m/z = 1050)
results from the depyrimidation of C by elimination, and 2
(m/z = 951.4) represents the molecular mass “8f-
nucleotide attached to RVLAR. Loss of the deoxyribose
phosphate from 1 by-elimination would produce ion 3
(-NH3) (mVz = 837.4). Finally, 4 is the [M+ H]* corre-
sponding to the!ST base attached to RVLAR, the product
of 1,2 elimination of the base.

The ions of the predicted fragmentatid0) for RVLAR

are illustrated in Figure 6B, many of which are observed in
the MS/MS spectrum. Ther-ions, §.—y.) are clearly
observed; howevey; (173.1) is not within ther/z scanning
range of the experiment. The only obsenteibns include
the calculated fragment ions pltid- nucleotide appendages.
The ionbz mod (m/z = 708.3) isbz with the addition of a
4ST-nucleotide appendagés(+ 336.2= 707). In addition,

enzymes were overexpressed and purified in a manner
analogous to that of the WT enzym&8]. Cross-linking
reactions were carried out with R143A using similar condi-
tions to that of WT reactions. The cross-linking yield with
the R143A mutant was approximately one-half of the reaction
yield obtained from cross-linking with WT MutY (23%,
data not shown); however, this indicates that the mutant may
form a cross-link via a different amino acid. In instances
where the cross-linking agent is specific for a particular
amino acid (e.g., 5-bromouridine and 5-iodoridine), alanine
mutagenesis usually results in abolition of the cross-linking
reaction 29, 51). However,*ST cross-linking appears to be
less specific for particular amino acid4gj; therefore, the
decreased cross-linking with R143A may be due to dimin-
ished binding affinity of the mutant enzyme.

The R143A enzyme was further characterized by its ability
to bind to DNA containing the substrate analogi&@oxy-
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Table 1: Dissociation Constant&d) and Kinetic Constantskf) for WT and R143A for 30 Base-Pair DNA DuplexXes

Kq (nM) kz (min —1) ks (min ~%)
enzyme OG:FA G.FAP G.C OG:A° G.AP OG:AP G.AP
WTe® 0.12+ 0.05 5.8+ 0.6 150+ 60 12+ 2 1.80+ 0.05 0.003t 0.001 0.03£ 0.006
R143A 2.0+ 0.8 32+ 15 90+ 20 12+ 1 0.31+ 0.08 0.002t 0.001 0.019+ 0.006
R147A 12+ 2 444+ 7 nd 8.1+ 0.3 0.32+ 0.05 0.002t 0.001 0.003t+ 0.002

a Dissociation constants were measured at@5while the kinetic parameteks andks were measured at 3T. Errors reported are the standard
deviation of the averagé Designates central base-pair in 30 bp duplex (sequence 1 l&8ing Kq values listed are from Chepanoske et 48)(
4 Not determined.

2'-fluoroadenosine (FA) opposite G and OG, as well as parison of th&kq values and the kinetic parameters of R147A
nonspecific DNA. Nondenaturing gel retardation experiments relative to R143A and the WT enzyme was quite revealing.
were used to determine relative dissociation constaffs (  Indeed, the R147A exhibited significantly decreased affinity
(42). The results for each duplex are listed in Table 1 and for both the OG:FA-containing and the G:FA-containing
are compared t&qy values previously reported for the WT  duplexes. The loss of affinity for the OG:FA duplex by the
using similar reaction conditiong ). The affinity of R143A R147A enzyme relative to the WT enzyme is approximately
for duplexes containing OG:FAG = 2.0 £ 0.8 nM) was 100-fold. This indicates a significant loss of discrimination
decreased approximately 15-fold relative to the WT enzyme. between OG and G for the R147A enzyme relative to the
In addition, R143A also exhibited a 5-fold decrease in affinity WT enzyme. The hampered activity of R147A is also
for the corresponding G:FA-containing dupldg(= 32 £ apparent in the measured kinetic parameters. The rate of
15 nM), while its affinity for nonspecific DNA remained adenine removal from the G:A substrate by the R147A
within error of the WT. These results are similar to the DNA enzyme is significantly reduced (approximately 6-fold rela-
binding capabilities observed for mutated forms of MutY in tive to WT), similar in magnitude to that observed with the
which positively charged residues (lysine and arginine) R143A enzyme. However, we also observe a decrease in
within the FCL and the active site cleft were replaced with the intrinsic rate of adenine remova) with the OG:A
alanine 21). substrate with the R147A enzyme, which we did not observe
Previous work in our laboratory has shown that MutY with the R143A enzyme. This is consistent with the more
displays biphasic kinetic behavior due to slow release of the drastic effect observed in th€; value. Of particular note is
DNA product, and based on this behavior, the following that in our analysis of many mutated forms of MutY, we
minimal kinetic scheme (Scheme 1) has been used to analyzearely detect a significant decrease in the rate of processing
the glycosylase activity of MutY. of OG:A substrates under single-turnover conditions at 37
°C (52). We believe that this is a consequence of the high
concentrations of enzyme and DNA used in the single-
. Ex(DNA)s k E«(DNA), ks (DNA), + B tur.novgr analysis that compen_sates for any deficiencies due
k, to inefficent mismatch recognition. The R147A enzyme was
also unusual in that it exhibited a decreased rate for product
release iz) with the G:A substrate. We ruled out a possible
artificially low number due to instability of the enzyme by
evaluating the active-site enzyme concentration under the
incubation conditions of the assay. These results indicated
hat the R147A enzyme is stable to the assay conditions (data
not shown). Thus, the R147A mutation results in significant
changes in the properties of the enzyme, and perhaps this
residue is involved in a conformational change necessary
for efficient recognition of both OG and A. Indeed, this
mutation results in unusual changes in not only mismatch
recognition and adenine removal but also product release.

Scheme 1

E + (DNA)g

Using single-turnover (STO) experiments ([Mut¥}
[DNA]) and multiple-turnover experiments ([MutY]<
[DNA]), the rate constantk,, which includes the step
involving chemistry, and the rate constaky which is
characteristic of the product release step, may be measure
(23). The R143A enzyme exhibited biphasic behavior similar
to the WT enzyme allowing for a similar analysis to be used.
The observed rate constants &nd ks) of the reaction of
each enzyme with both OG:A- and G:A-containing substrates
revealed subtle differences between R143A and the WT
enzyme (Table 1). In particular, the R143A enzyme exhibited
a 5-fold reduced rate for adenine removal from a G:A
substrate. However, somewhat surprisingly, under single- p|scuUsSsION
turnover conditions, the reaction of R143A with an OG:A
substrate was similar to that for the WT enzyme (Table 1). Many fundamental biological processes rely on nucleic
The Arg-to-Ala mutations do not appear to affect product acid—protein assemblies, including DNA repair. It is possible
release ratesk§) with OG:A or G:A substrates (Table 1) or to gain a better understanding of these processes by
decrease the stability of the enzyme. Taken together with supplementing the information known about the structure and
its identification in the cross-linking reaction, the binding function of the individual components of a system with
and kinetic data suggest that Arg 143 is involved in the details of the way each participant interacts with one another
recognition and removal of adenine in both mispairs by at various stages of the process. Insight into the mechanisms

MutY. of DNA repair has utilized an assortment of structural and
The identification of Arg 143 via the cross-linking reaction biochemical techniques, including cross-linking. In the
brought to our attention the highly conserved ROXXR absence of a high-resolution structure of a repair protein

motif; therefore, we also investigated the functional conse- bound to damaged DNA, as is the case for MutY, valuable
quences of replacement of Arg 147 with alanine. A com- information can be obtained about the spatial relationship
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of each partner using cross-linking methods. Importantly, A
various types of cross-linking reactions have provided
multiple avenues for determining the amino acid residues
of MutY that are important for DNA recognition and
catalysis. Herein, using®ST-mediated cross-linking, we
identified an important amino acid that had not been
previously implicated as important for damage recognition
and repair by MutY.

This work illustrates the usefulness of the commercially
available 4-thio-T- nucleotide in DNA protein cross-linking
to identify amino acids involved in the prote#DNA
interface. Interestingly, we observed that the extent of cross-
linking is highly dependent on the placement of ¢
nucleotide relative to the OG:A mismatch in the duplex. In
all cases, théST nucleotide was positioned next to either
the OG or A in the mismatch; however, in the case of duplex
4, which contained thé°T flanking the %-side of the OG,
no covalent cross-link was detected. This is consistent with
considerable distortion of the DNA proximal to the mismatch B
upon binding of MutY. Indeed, we have previously observed
that a G residue on the-8ide of the adenine in the same
30-base pair duplex used in these experiments was hyper
sensitive to reaction with DMS1Q). In addition, fluorescence
experiments indicate that MutY may use a double-flip
mechanism and extrude out both A and OG into base-specific
pockets §3). Identification of residues involved in cross-
linking to “ST in duplexes 2 and 3 may provide further insight
into the features of OG:A mismatch recognition by MutY.

Arginine 143 is strictly conserved in the BER superfamily
of glycosylases containing a [4F4SP' cluster in a
consensus sequence RIYXXR (Figure 7). The X-ray
crystal structures of two enzymes in this subfamity,coli
endo Il and MutY, reveal that this region is included in the \*
C-terminal end of a-helix perpendicular to the HhH motif. : -
These two residues are adjacent to the 4&8F" cluster,
positioned near the irensulfur cluster loop (FCL) motif19,

e o l.\.'

Ficure 8: (A) Model of truncated form of MutY bound to DNA
based on trapped endonuclease 1lI-DNA struct&4).(The base
20). The structure of endo 11l suggests that Arg 143 and Arg in the endo |1l structure corresponding to the position* is

147 (same sequence numbers in MutY) help stabilize the red. The two arginines (143 and 147) are purple, while Cys 192 is
FCL of endo Il by hydrogen bonding interaction0y. yellow. The [4Fe-4SP* cluster is gold. (B) A detailed view of
Specifically, Arg 143 NH of endo Il donates a hydrogen the region surrounding the [4FdSPE*cluster (yellow) and the

. AT interaction of Arg 143 and Arg 147 (purple) with Cys 192 (red).
bond to the backbone carbonyl of the first coordinating gqr simpiification, only Cys 192 is shown ligating an iron in the

cysteine (Cys 187) in the FCL. The structure of the catalytic clyster.
domain of MutY also reveals a close proximity of Arg143
NeH to the backbone carbonyl of Cys 192 (2.75 A), complex structure (Figure 8A) indicates that both Arg 143
indicating a similar interaction. and Arg 147 lie in close proximity to the DNA backbone
Inspection of the structure of the catalytic domain of MutY (2.3 A). In addition, Arg 143 is in reasonable proximity{
suggests that residues surrounding the [4#8F" cluster A) to the base in the position corresponding*®® in this
in MutY are not exceptionally close to the active site modeled structure (Figure 8A). Thus, the modeled structure
containing catalytic residues (e.g., Asp 138); however, is consistent with an important role for Arg 143 and Arg
previous results illustrate that the positively charged residues147 in damaged DNA recognition. It is somewhat surprising
in the FCL, namely, Lys 198, are intimately involved in DNA that Arg 143 cross-links to thT base considering its close
damage recognition and repai2lj. It is likely that an interaction with the phosphate backbone in the ende Il
ensemble of interactions between MutY and oxidatively DNA structure. It is possible that this amino acid is
damaged DNA are necessary for efficient recognition and positioned closer to the DNA base in the MutY-DNA
removal of adenine. In the absence of an X-ray crystal structure. Notably, in th8. st endo III-DNA structure, the
structure of the full-length MutY in complex with duplex FCL motif is not well-defined; thus, there may be some
DNA, it may be difficult to predict interactions by residues differences in this region of the structure.
of MutY that are not located in the implicated active site.  In the endo IIFDNA structure, both Arg 147 and Arg
Importantly, there is a recent structure of a covalently trapped 143 make hydrogen-bonding contacts with a ligating cysteine
complex betweenB. st endo Ill and a DNA product (Cys 192) of the [4Fe4SF* cluster (Figure 8B). Inspection
intermediate %4). Grafting of the structure of the N-terminal  of the structures of the catalytic domain of MutY alone and
domain of MutY in the place of th®. st.endo Il in the in the presence of an adenine base revealed a change in the
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hydrogen-bonding interaction of Arg 143 with Cys 192. In
the structure of MutY alone, Arg 143 dW provides the
hydrogen for an H-bond to the backbone carbonyl of Cys
192, and this interaction is analogous to that observed in
endo lll. In the presence of the adenine base, the side chain
of Arg 143 has moved such that hydrogen bonding takes
place between the cysteine carbonyl and Arg 143N
Significant differences in position or hydrogen-bonding
interactions of other amino acid side chains between the free
and the bound structures were not observed. This subtle
change could represent the initiation of a larger, global
conformational change in MutY that also includes residues
in the FCL. Thus, a disruption of the network of interactions
in this region may be responsible, in part, for the reduced
glycosylase activity of the R143A and R147A enzymes as
compared to the WT. Additionally, results from site-directed
mutagenesis of the cysteine ligands to the cluster, specifically
with the C192H enzyme, suggest the importance of Cys 192
in MutY (35). Using an in vivo complementation assay, the
C192H enzyme was shown to be unable to prevent DNA
mutations in vivo. This result led to the proposal that
coordination of the histidine at this position to the cluster
may modify the FCL and therefore interfere with substrate
recognition.

In summary, site-specific photochemical cross-linking was
successfully employed to investigate the interaction of MutY
and substrate DNA. This is the first example of site-specific
photocross-linking to a BER glycosylase, and the identifica-
tion of Arg 143 illustrated the powerful technique of LC-
coupled tandem mass spectrometry to reveal a peptide
modification from a complex mixture. This result is comple-
mentary to those derived from mechanism-based cross-
linking of MutY via oxidation of OG, suggesting that Lys
142 is proximal to the site of oxidative damage in the mispair.
The successful identification of the cross-link using duplex
1 has paved the way for future cross-linking experiments
with substrate and product analogues, in addition to cross-
linking at other sites and/or with other photoreactive nucle-
otides. This approach will contribute to identifying various
residues important for recognition and catalysis by MutY.
Finally, the cross-linking results obtained herein, combined
with the mutational analysis of Arg 143 and Arg 147, suggest
a novel role in catalysis for these two arginines within this
conserved arginine fork motif formed by the conserved
sequence R(L)XXR.
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