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ABSTRACT: MutY and formamidopyrimidine-DNA-glycosylase (Fpg) are base-excision repair (BER)
enzymes involved in the 8-oxoguanine repair pathwalsnherichia coli An impressive feature of these
enzymes is the ability to locate 8-oxoguanine lesions among a large excess of undamaged DNA. To
provide insight into the mechanism of target location, the ability of these enzyme to utilize a one-dimensional

processive search (DNA sliding) or distributive (ran
Each enzyme was incubated with double-stranded

dom diffusion-mediated) mechanism was investigated.
concatemeric polynucleotides containing a site-specific

target site at 25-nucleotide (nt) intervals. The products of each reaction were analyzed after further treatment
and denaturation. A rapid accumulation of predominantly 25-nt fragments would indicate the utilization
of a processive mechanism, whereas oligomeric multiples of 25-nt fragments would form if a distributive
mechanism were used. Both Fpg and MutY were found to function processively on concatemers containing
7,8-dihydro-8-oxo-2deoxyguanosine (OGS} and GA mispairs, respectively. An increase in sodium
chloride concentration results in the modulation from a processive to distributive mechanism for both
enzymes. Interestingly, processive behavior was not observed in the reaction of MutY with concatemers
containing OGA mispairs. A truncated form of MutY (Stop 225) containing only the N-terminal domain
was found to behave in a manner consistent with a processive mechanism with badth &G GA-
containing substrates. This suggests that the C-terminal domain of MutY plays an important role in the

mechanism by which the enzyme detects-@®ase

All organisms are faced with oxidative stress that results
in the presence of 7,8-dihydro-8-ox6-@oxyguanosine
(OG) within genomic DNA. Indeed, OG is often used as a
biomarker indicative of the extent of oxidative damage in
tissues {, 2). OG may accumulate in DNA by two different
pathways. First, it may be misincorporated into DNA during
replication via polymerase insertion of dOGTP in place of
dGTP, forming OGC or OGA mispairs B, 4). Second,
oxidative damage at a‘G base pair within a DNA duplex
may result in the O&C lesion. In vitro experiments with
DNA polymerases have shown that A is often misinserted
opposite OG to form an O®@ base pair §, 6). The
propensity of OG to cause misincorporation of A is consistent
with the increased frequency of-G to T-A transversion
mutations caused by the presence of OG in DN6A ).
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pairs in DNA.

Escherichia coliemploys two base excision repair (BER)
enzymes to prevent <G to T-A transversion mutations by
initiating the repair of OGC and OGA mismatches§, 9).

Fpg (MutM) catalyzes the removal of 8-oxoguanine from
OG+C mispairs, while MutY catalyzes the removal of the
incorrect adenine from O®@ mispairs (0). The recruitment

of AP endonucleases, phosphodiesterases, a repair poly-
merase, and DNA ligase effect restoration of the original
DNA sequence 10, 11). The importance of the repair of
OG to human health has recently been highlighted by the
finding of a direct correlation between inherited variants of
human MutY (hMYH) and colorectal cancet3).

E. coli MutY is a 39.1 kDa monomeric polypeptide of
350 amino acids which represents a class of BER glycosy-
lases that remove a variety of improper badeé®.(MutY is
classified as a monofunctional glycosylase in that it catalyzes
the removal of adenine, forming an AP site, without
participating in strand scissiot3). Previous work has shown
that MutY is able to remove adenine from several potentially
biologically relevant mispairs including O&, G-A, and G
A (8, 14, 15). Significant differences in the rates for adenine
removal have been observed depending on whether the
opposite base is OG or @§). In addition, product release
is rate-limiting with both OGA and GA substrates; however,
the observed steady-state rate is considerably smaller with
OG-A substrates compared to-& substrates due to the
higher affinity of MutY for the OG(AP site) product. In
contrast, the intrinsic rate for adenine removal is considerably
larger for OGA substrates.
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When subjected to limited proteolytic digestion, MutY ethyl)phosphoramidites were purchased from Applied Bio-
may be divided into two distinct domains. The N-terminal systems Inc., while 8-oxo-7,8-dihydré-@eoxyguanosine
domain (+225), also called Stop 225, exhibits high phosphoramidite was purchased from Glen Research. All
sequence and structural similarity Eo coli endonuclease  other chemicals were purchased from Fisher Scientific,
Il (endo 1) (17, 18). MutY and endo Ill, both members of  Sigma, or USB. Milli-Q distilled, deionized water was used
the BER superfamily, share several features in common: afor all reactions. All buffers were filtered through a nylon
[4Fe-4SF cluster with accompanying irersulfur cluster or nitrocellulose 0.22m filter prior to use. MutY purifica-
loop (FCL) matif, a conserved helixhairpin—helix (HhH) tion was done on a Bio-Rad Bio-Logic FPLC system. Storage
motif, and a highly conserved aspartate residi@ (9). phosphor autoradiography was performed on a Molecular
Sequence analysis and NMR studies have shown that theDynamics Storm 840 phosphorimager. ImageQuaNT soft-
C-terminal domain (226350) shares sequence and structural ware (v4.2a) was used to quantify autoradiograms. UV/Vis
homology to MutT, theE. coli d(OG)TPase 40, 21). In spectra were taken on an HP 8452A diode array spectro-
addition to these homology studies, kinetic experiments havephotometer.
been performed that, when taken together, imply that the OligonucleotidesThe oligonucleotides'STTCATGAGC-
C-terminal domain of MutY may contain the required OG CACXAGCTCCGTCGAA-3, where X is OG or 2deox-
binding motif @0, 22). yguanosine (G), and the complementary strar@GTTA-

E. coli Fpg is a 30 kDa monomer of 269 amino acids that AGTACTCGGTGY TCGAGGCA-B, where Y is 2-deoxy-

is chiefly involved in the catalytic removal of oxidized adenosine (A) or2deoxycytidine (C), were synthesized on

guanines Opposite Cytosine in DNAQ) However, Fpg is an ABI 392B automated SyntheSizer aCCOfding to the
capable of removing a variety of other lesions, including ring- manufacturer’s protocols and purified via ion-exchange
opened purines such as 2,6-diamino-4-hydr0xy-5-f0rmami- HPLC. A 30 nucleotide blunt-ended dUpleX substrate was

dopyrimidine (Fapy)’ guanidinohydantoin, Spiroiminodihy- also used as a control, which has the fOIIOWing sequence:
dantoin, and oxidized pyrimidines such as 5-hydroxyuracil 9-CGATCATGGAGCCAXXAGCTCCCGTTACAG-3,

(10, 23). In addition to its glycosylase activity, Fpg also Where X'is OG or G, and'S5CTAGTACCTCGGT& TC-
catalyzess- and d-elimination of the AP site to result in GAGGGCAATGTC-5, where Y is A or C. Synthesis and

DNA strand scission24). A number of crystal structures  purification were performed as described above.

have recently been determined for Fpg bound to the product EnzymesExpression and purification of MutY, Stop 225,
DNA, and these have provided interesting information on and Fpg from pKKYEco0/IJM109, pKKY S225/JM10autY:
the features involved in product binding, and clues as to the Mini-Tn10, and pKKFapy2/IM109, respectively, were per-
influence of the opposite bas2%-27). However, informa- ~ formed in a manner as previously describ@, (23, 37).
tion relating to the ability of this enzyme to accommodate Active-site titration methods for MutY were performed as

such a wide variety of substrates is still needed. previously described1@). This provided active-site concen-
One obstacle BER glycosylases must overcome is the trations relative to the total protein concentration determined

challenge of locating a specific damaged base among a sez?y Bradford 68) for Mu;Y and Stop 225 Of.Gl% and 21%,
of similar nondamaged bases. In general, there are tWOrespectlver. The active-site concentration of Fpg was

distinct mechanisms these enzymes may use during targefl€termined to be 25% on the basis of a DNA binding assay
location: distributive and processivag). In the distributive 23). All enzyme concentrations listed have been corrected

mechanism, the enzyme randomly binds to the recognition for 'the actl\rge er;}zymle .concentre.mon. i |
site, catalyzes its reaction, and then dissociates in search of °End Phosphorylation Reactiorishe 25-nt oligonucle-
another target. In the processive, or scanning, mechanismtides containing A or OG described above wefed-

5 ; ) ) -
the enzyme nonspecifically binds to the DNA, translocates *P-labeled in 3L re;zicnon mixtures containing 6 anI.Of
along the duplex to the recognition site, catalyzes its reaction,zs'mer' 10Q.Ci of .[7" P.]ATP .(6000 Cifmmol), and 20 units
and then continues to scan the DNA without dissociation. ©f T4 polynucleotide kinase in buffer K [S0 mM Tris-HCl

This processive mechanism effectively converts a three-dimen-(PH 7-5), 10 mM MgCj, 5 mM dithiothreitol, and 0.1 mM
sional search into a one-dimensional search, thus increasind=2 1 Al- After these rr;|2xtures were incubated at 3 for

the efficiency. Several DNA repair enzymes, such as T4 42 min, 100uCi of [y-*PJATP was added and the mixture
endonuclease \29—32), the UVrABC repair complex33), wag2 allowed to incubate for an additional 30 min. Excess
uracil DNA glycosylase 34, 35), and Micrococcus luteus LV~ PJATP was removed by use of a ProbeQuant G-50
UV endonuclease 3¢), have been shown to utilize a mlcrocolumn as per t.he manu'fact'urers pro_tocols. Comple-
processive mechanism. In this study, we demonstrate thatmentary oligonucleotides for ligation experiments wefe 5

E. coli MutY and Fpg are able to utilize a processive mech- €Nd-Phosphorylated in similar reactions deficient -

anism in locating their respective damaged sites. In addition, l2Peled ATP. ,
the C-terminal domain of MutY was shown to play a role in  Glycosylase Assays with MutY and Fpthe glycos-

target location through conferred substrate specificity. ylase activity of MutY and Fpg was monitored by use of
either the 25-nt duplex with overhanging ends or the 30-bp

MATERIALS AND METHODS oligonucleotide blunt-end duplex substrate, containing a
centrally located @&, OG-A, or OGC base pair, as
General MethodsT4 polynucleotide kinase, T4 DNA  described previously by our laboratory§( 22, 23). In the
ligase, andEcoR| was obtained from New England Biolabs, MutY reaction, the A-containing strand wé&&#-labeled on
while [y-*?P]JATP was purchased from Amersham Life the 3-end, and the rate of adenine removal was monitored
Sciences. Bovine serum albumin (BSA) and Bradford by removing aliquots at various times and adding NaOH to
reagents were obtained from Bio-Rad. Standard (2-cyano-quench the reaction and promote strand cleavage at the abasic
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site. In the Fpg reactions, the OG-containing strand $%Rs
labeled on the "send, and the rate of OG removal and
associate@- ando-lyase strand cleavage was monitored by
removing aliquots at various times, which were quenched
with denaturing loading dye (80% formamide, 0.025% xylene
cyanole, 0.025% bromophenol bue in TBE buffer) and then
placed on dry ice. The substrate DNA (30-nt strand or 25-nt
strand) and the product-derived oligonucleotide (14-, 12-,
or 8-nt strand) were separated in 8 M urea denaturing
polyacrylamide gel (15%) and then quantified via storage
phosphor autoradiography.

The A- or OG-containing strand of the DNA duplexes used
was 3-%2P-end-labeled with T4 polynucleotide kinase, and
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Ficure 1: Design of substrate concatemers containing nonover-
lapping glycosylase anHcaRl restriction sites every 25 bp.

method 89). The concentration of substrate after purification
was calculated on the basis of known specific radioactivity.

the end-labeled strand was added to a final concentration of Processiity ExperimentsThe activity of MutY, Stop 225,
2-5% to the same unlabeled strand. The complementary@nd Fpg on their respective concatemeric substrates was
strand was then added in slight excess (15%). The duplexmeasured in final reaction mixtures containingh duplex

formation was achieved by heating to 9D in an annealing
buffer (20 mM Tris-HCI, pH 7.6, 10 mM EDTA, and 150
mM NaCl) and then slow cooling to room temperature over
3—4 h.

In all of the kinetic experiments with MutY, substrate
DNA (20 nM duplex) was equilibrated at 3T in reaction
buffer (20 mM Tris-HCI, pH 7.6, 10 mM EDTA, 30 mM
NaCl, and 0.1 mg/mL BSA). For multiple-turnover experi-

DNA (average length~350 bp), 0.1 mg/mL BSA, and 4
nM enzyme in a buffer containing 20 mM Tris-HCI (pH 7.6),
10 mM EDTA, and 10% glycerol. Various amounts of NaCl
were added as indicated in each figure caption. The reaction
mixture was incubated at 3TC, with aliquots removed and
guenched at varying time points. MutY and Stop 225
reactions were quenched with 0.1 M NaOH and heated to
90 °C to assist strand cleavage at the product AP sites. Fpg

ments, the enzyme concentrations were adjusted to afford aeactions were quenched by adding*@formamide denat-

10-20% product formation for the burst phase of the

uring dye containing 80% formamide, 0.025% xylene cyanol,

reaction. Single-turnover experiments were performed in a @1d 0.025% bromophenol blue in<1ITBE buffer. EcoRI

manner analogous to the multiple-turnover experiments, with
a MutY protein concentration of 40 nM. Single-turnover
experiments with Fpg were performed under similar condi-
tions with 20 nM duplex and 200 nM Fpg. Derivation of
rate constants was determined as described previolily (
23) by use of the minimal kinetic scheme below:

Scheme 1

k k k
E + (DNA)g _* E-(DNA)s— E+(DNA), — (DNA), + E
Kg

Annealing and Ligation Reactions for Procestsi Experi-
ments For MutY and Stop 225 experimentdP-end-labeled
A-containing 25-mer was annealed with either unlabeled OG-
or G-containing complement 25-mer to form @G and G
A-containing duplexes. For Fpg experimerit®-end-labeled
OG-containing 25-mer was annealed with either unlabeled
C- or A-containing complement 25-mer to form @Gand
OG:-A-containing duplexes. In all cases a slight excess (15%)

reactions were conducted with 4 units enzyme andVb
duplex DNA in a buffer containing 50 mM NacCl, 100 mM
Tris-HCI (pH 7.5), 10 mM MgCJ, and 0.025% Triton X-100
at 37°C. Reactions were quenched by heating atCGor
20 min.

All reaction aliquots were combined with equal volumes
of denaturing loading dye and then analyzed via electro-
phoresis through a 15% polyacrylamide gel containing 8 M
urea with TBE buffer fo2 h at1400 V. The extent of strand
cleavage was determined by quantitation of the storage
phosphor autoradiogram. The intensities of bands are as-
sumed to be proportional to their concentration. In the case
of 50-nt and larger fragments, the intensities were corrected
for the number of?P-labeled phosphates.

RESULTS

Construction of Concatemeric Substratd® determine
whether MutY and Fpg utilize a processive or distributive
target location mechanism, a concatemeric duplex DNA
substrate with specific recognition sites every 25 base pairs

of unlabeled complementary 25-mer was added. The mixturewas constructed frorf?P-end-labeled 25-nt units. Figure 1

was heated to 90C in a buffer containing 50 mM NacCl, 20
mM Tris-HCI (pH 7.6), and 10 mM EDTA and then allowed
to cool to 20°C over 4-6 h to promote duplex formation.
The annealed products were ligated in a LB85reaction
mixture containing 3 nmol of annealed duplex, 200 units of
T4 DNA ligase, and 20 units of T4 polynucleotide kinase in
buffer containing 50 mM Tris-HCI (pH 7.5), 10 mM
dithiothreitol, 1 mM ATP, and 2xg/mL BSA. The ligation
mixture was incubated at 18C for 2 h, followed by the
addition of 200 units of ligase and 50 nmol of ATP and
incubation for an additional 16 h. After the ligation, the
reaction mixture was fractionated on a 6% polyacrylamide
gel. Polynucleotide fragments, 25@50 nucleotides long,

illustrates the synthesis and structure of the substrate and
possible product fragments. By using a substrate containing
recognition sites at regular intervals, the two mechanisms
should produce distinct fragment distributions as a function
of time. Initial binding of the enzyme could occur at any
site along the DNA substrate, resulting in a cleavage event
at any one of the evenly dispersed targets. Thus, at early
time points, a random distribution of fragment lengths would
appear for both mechanisms. If the enzyme dissociates from
the duplex after each catalytic event, as would be dictated
by a distributive mechanism, subsequent rounds of catalysis
will continue to produce a random collection of fragment
lengths in multiples of 25 nt. However, if a processive

were cut from the gel and then eluted by the crush and soakmechanism is operative, the enzyme will translocate one-
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Table 1: Rate Constants for Glycosylase Activity of Fpg and MutY
] on Various DNA Substrates at 3T
8 —
| OG-A? G-A®
E 6 kP (min~1) kf(Min™) kP (Min™Y) ke (Min7Y)
g A MutY
B 4 o o 25-mef >10 0.002+ 0.001 1.3:0.2 0.02+ 0.01
& v ° ° 30-mef >10 0.0044+0.002 1.2+04  0.034 0.0
2 Stop 225
i 25-mef 0.6+ 0.2 0.010+.005 0.20+0.04 0.02+0.01
Y S ————— 30-mef  0.4+0.1% 0.010+0.003 0.15+0.0¥ 0.03+ 0.0
0 20 40 ka2 (min*l)
time (min) F o0GC OG AR
Ficure 2: Glycosylase activity of MutY on 25-nt monomer pd _
substrates containing GG (O) or G-A (®) used for ligation to 25-mef >7 0.2+0.01
make concatemeric substrates. Shown is a representative plot of 30-mef >7 0.3+0.01

product formation as a function of time under multiple-turnover  apesignates centrally located base pair within the dupl@he
conditions (3 nM MutY and 20 nM 25-mer monomeric substrate). inetic rate constank, is obtained from single-turnover experiments.

Catalytic rate constants derived from several experiments for MutY, ¢ The rate constarks is obtained from multiple-turnover experiments.

Stop 225, and Fpg are listed in Table 1. d Designates 25-nt duplex with overhanging ends used in formation of

. . o . concatemeric substratesDesignates 30-bp duplex with blunt ends, a
dimensionally along the substrate to the next recognition site standard substrate used in this laboratbhutY data with the 30-bp
resulting in an accumulation of 25-nt fragments without the duplex were reported previously in ré6. 9 Stop 225 data with the
formation of 50-nt fragments. The interpretation of the data 30-bp duplex were previously reported in &% " The value ofs for
from this type of assay is based upon the assumption thatFpg is not shown, given th_at product_releas_e with Fpg is n_ot_rate-llmltlng

. i, . . and therefore not as readily determineBstimated lower-limit of rate
the enzyme would not slide past a recognition site without 356 on first time-point. Rate is too fast for manual method used in
acting upon it. Additionally, this assay does not provide this work.
information regarding the direction of enzymatic sliding.

Monomer AssayTo support the interpretation of data on
the enzymatic activity with the concatemeric substrates, it
was important to determine the efficiency of base removal
by MutY and Fpg from their respective monomeric duplex
substrates. Therefore, reactions of each substrate wer

performed on th? labeled, anneale_d, unligated 25-nt lepIexreported by Bennett and Sanders84)( the substrates were
substrates described above. Reactions were performed undeéngineere d to contain regularly spagamRI restriction sites

single- and multiple-turnover conditions over a 32-min time P,
course to elucidate the rate of catalysis and substrate turnoverthat would properly form only if ligation occurred correctly.

A representative plot of product formation as a function of Therefore, proper ligation would result EEcaR| restriction

time with MutY and the 25-nt O&\- or G-A-containing sites evgry 2_5 base pairs.
substrate under multiple-turnover conditions ([Mut¥] The digestion products oEccRI treatment upon each

[DNA]) is shown in Figure 2. Under MTO conditions substrate were analyzed by denaturing PAGE. As shown in
biphasic kinetic behavior was observed with MutY. This is Figure 3,.a rapid accumulatiqn of 25-nt fragments occurred
analogous to previous work in our laboratory and is likely @nd continued to be the major product over the course of
due to slow release of MutY from the DNA produdtsj. time. Thus, the observation of 25-nt fragments confirms

Appropriate fitting of the datal§), along with data from  COrrect ligation of the 25-nt monomers. Moreover, this
single-turnover experiments, allow for determinationkpf ~ Penhavior is consistent with what was expected with the

andk; rate constants for the chemical reaction step(s) and Known high processivity deccRl and provides a benchmark
product release step(s), respectively (Scheme 1). MutY, Stopf©r relative processivity of MutY and Fpg with these
225, and Fpg exhibited rate constants for base removal (TableSUPstrates.
1) with the 25-nt duplex substrate that were comparable to Processiity of E. coli MutY The MutY glycosylase
those obtained with duplex substrates that have been use@atalyzes hydrolytic removal of adenine from &G and
previously (6, 22, 23). The high affinity of MutY for the G-A-containing substrates, leaving a duplex containing an
abasic product is reflected in the small valueskipin Table AP site as one of its products. Further treatment with NaOH
1. Analogous to previous work, Stop 225 displayed a faster catalyzess- and 6-elimination at the AP site, producing
rate of product release (largée) for OG-A-containing strand scission. Hence, to test whether MutY locates these
substrates but similar rates for-&containing substrates  two distinct target base pairs via a processive or distributive
compared to full-length MutY 22). Fpg is kinetically mechanism, concatemeric substrates containingAC&sd
different from MutY in that product release is not rate- G-A mismatches every 25 bp were used in reactions with
limiting; therefore, a value foks cannot be directly obtained =~ MutY.
from multiple-turnover experiments. As illustrated in Table  Experiments were performed under conditions where
1 and Figure 2, the 25-nt monomeric duplexes were shown[MutY] = 4 nM and [substrate} 5 uM to ensure that, on
to be competent substrates for both enzymes. average, no more than one enzyme would be present per
EcoRI AssayTo characterize the concatemeric DNA as DNA molecule. The difference in the reaction of MutY with
potential substrates for processivity experiments, experimentsOG-A- and GA-containing concatemers is strikingly dif-

with the EcaRl restriction endonuclease were performed. The
scanning capabilities dEcoRl have been well established
and, therefore, were exploited to provide a model for the
é)roduction of various fragment lengths as a function of time
Wwith a processive enzymel@, 41). Similar to what was
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A. A, 10
" " >400 nt substrate 9 8
" -~
~
7 -~
E 6 o .~ /D
g 5 ~
g 4 -
o -~
| s
-~
0
50 nt fragment 0 5 10 15 20 25 30 35
time (min)
B.7
6 '
31 nt fragment s _ “n
g -~
W = 25nt fragment % 4 o P A~
E -
b o ~
19 nt fragment =2 - ~ o
o~
1 ) -
0o
B. 50
45 0 5 10 15 20 25 30 35
__ 40 B 25-mer time (min)
i:L 23 0 50-mer FIGURE 4: Processivity experiments of the reaction of MutY with
£ 25 concatemers containing O& (black diamond) and &\ (gray
g 20 squares). Shown are representative plots of (A) the accumulation
E 15 of 25-nt fragments and (B) the ratio of 25-nt:50-nt fragments as a
10 function of time. The 50-nt fragment represents intermediate-length
5 fragments since it is assumed the enzyme would not translocate
0 past a recognition site without acting upon it. Conditions: [enzyme]
0 10 20 30 40 50 60 90 120 150 = 4 nM, [substrate}= 5 uM without added NaCl.
time (sec)
FiGURe 3: EcoRI processivity assays. Autoradiogram depicting Dinding events are diffusion-controlled and thus random. By
EcaRl processing of a concatemeric substrate containirigcarl the end of the 32-min time course, the ratio of 25-nt:50-nt

restriction site at 25-nucleotide intervals. As expected, the 25-nt fragments reaches 2.9, suggesting that MutY acts in a more
fragment predominates and increases with time (panel A). The 31 processive manner with the concatemeriA@ontaining

nt fragment is formed upon the cleavage of the restriction site at . .
the 3 end of the concatamer, whereas a 19-nt fragment is formed SUbStrates. Interestingly, the rate of production of 25-nt

upon cleavage of the restriction site at tHeeminus. Other odd ~ fragments (i.e., the rate of processivitlgog) from the
fragments pertaining to intermediate fragments are also present.concatemeric substrates derived from the linear portion of
Experiments were conducted with 4 unitsie¢oRI and 100uM the plots of the data in Figure 4A are 0.00€£50.003 and
s;ﬁztlraBte. A graph obtained from tledR| assay is shown in 0.07 + 0.02 mirr® for the OGA and GA substrates,

P ' respectively. These values are similar to rate constant values
ferent. The amount of 25-mer produced in the reaction of ascribed to the product release rake),(listed in Table 1,
MutY with OG-A- and GA-containing concatemers is determined in multiple-turnover experiments with single-
shown in Figure 4A. In the experiment with the @G mismatch-containing substrates (Figure 2). Thus, this il-
containing concatemers (Supporting Information), small lustrates that the rate of processivity with MutY is dominated
amounts of reaction products with varying lengths (19, 25, by the rate of release of MutY from the OGI&P site

31, 50, etc.) were observed at the first time point; however, product.

product formation did not increase with time, as illustrated  Processiity of Stop 225The N-terminal domain of MutY

by the amount of 25-nt product (Figure 4A). In addition, (Stop 225) that contains only the first 225 amino acids has
with time, essentially no increase in the ratio of 25-nt:50-nt been shown to have a reduced efficiency for adenine removal
fragments was observed (Figure 4B). Thus, in this case, from mismatched susbstrates as well as a loss of specificity
behavior consistent with a processive mechanism is notfor OG (20, 22). The C-terminal domain of MutY is
observed; however, the reaction cannot be described asstructurally homologous to the d(OG)TPase MutT and thus
distributive since the amount of product formed does not has been implicated as the OG-binding domain. Therefore,
significantly increase with time, suggesting that there is no processivity experiments were conducted with Stop 225 on
significant turnover of the enzyme. In contrast, adenine the concatemeric substrates containing -@Gnd GA
removal by MutY upon substrates containing multipleAG mismatches to determine the correlation between substrate
mismatches results in production of a continuously increasing specificity and mechanism of target location. The same
amount of 25-nt fragments. At 1 min the ratio of 25-nt:50- reaction conditions used for the previous studies with full-
nt fragments is 0.94, supporting the assumption that initial length MutY were used with Stop 225 and the results are
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FiGUure 5: Processivity experiments of the reaction of Stop225 with

-~
-
_ -
o _. 2
-~
/
_ -
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.
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0 10 20 30 40 50 60
time (min)

20 30 40 50 60
time (min)

concatemers containing O& (black diamond) and €\ (gray - ;
squares). Shown are representative plots of (A) the accumulationwe tested whether Fpg would scan more efficiently with
of 25-nt fragments and (B) the ratio of 25-nt:50-nt fragments as a substrates containing OG versus OGA. The main alter-

function of time. The 50-nt fragment represents |ntermed|ate'|ength at|on to the experlmental des|gn was |ack Of alka“ treatment

fragments since it is assumed the enzyme would not translocate
past a recognition site without acting upon it. Conditions: [enzyme]

= 4 nM, [substrate}= 5 uM without added NacCl.

depicted in Figure 5. In contrast to full-length MutY, the
ratio of 25-nt:50-nt fragments over time indicates that Stop shown in Figure 6. With O&C-containing concatemeric
225 behaves similarly with O®@- and GA-containing
substrates. With Stop 225, accumulation of 25-nucleotide fragments is observed compared to the intermediate length
monomers occurs at a slightly faster rate with concatemersfragments (Figure 6A). This swift accumulation of 25-nt
containing GA (Kproc 0.03+ 0.01 mint) versus OGA (Koroc
0.0064 0.003 mirt); however, both retain similar 25-mer:
50-mer ratios. This behavior appears to be in contrast to theA mispairs also suggest a processive mechanism. As shown
reaction with the monomer substrate, in which the intrinsic in Figure 6B, the rate of monomer production with substrates
rate of adenine removak) is faster with OGA substrates.
However, enzyme turnovekd) is slightly faster with GA
substrates, and the rates of processivity with the concatemerict 0.6 min't), even though the buildup of intermediate
substrates correlate well with the rate of product relekge (
determined with the monomeric substrates. Thus, the in-that Fpg remains processive with the @Gconcatemer,
creased rate of 25-nt fragment production (i.e., processivity) albeit at a much slower rate. At 10 min the ratio of 25-nt:
with the GA substrates is likely due to faster substrate 50-nt fragments is 4.5 with substrates containing-OG
turnover due to more efficient release of the enzyme from versus a ratio of 2.5 with substrates containing-@GThis

the product AP site. This result further demonstrates the roleis consistent with the intrinsic rate of OG removal (i.e., steps
of the C-terminal domain in OG recognition and, further-

more, suggests that the high affinity of MutY for OG hinders

processive scanning of DNA.

Processiity of Fpg Fpg catalyzes the removal of a wide
variety of lesions resulting from oxidative damage from
duplex DNA (10). It has been previously shown that Fpg
removes OG from O&C-containing substrates much faster
than from OGA-containing substrate®8). This activity is
consistent with the biological role of Fpg in that removal of
OG from substrates containing O& would be promu-
tagenic, leading to a permanent@to T-A transversion.
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FIGURE 6: Processivity results of Fpg with concatemers containing
(A) OG-C and (B) OGA. Shown are representative plots of
fragment percentages as a function of time, depicting both 25-nt
and intermediate-length fragments. Conditions: [Fpg}d nM,
[substrate}= 5 uM, without added NaCl.

Therefore, in experiments analogous to those with MutY,

used for strand scission, since Fpg also catalyzes strand
scission viaf- and o-elimination concomitant with its
glycosylase activity Z4).

Results from Fpg activity on polymeric substrates are

substrates and Fpg, a rapid and sustained burst of 25-nt

fragments suggests that Fpg uses a processive mechanism
for target location. The results with substrates containing OG

containing OGA mispairs Ko 0.17+ 0.03 min'?) is much
slower than with the O&C-containing concatemekyoc 2.5

fragments is similar with the two substrates. This indicates

including chemistry) from the two substrates dominating the
rate of processivity, rather than the rate of product release.
Indeed, the ratio of the steady-state ratesd for the OG

C- versus OGA-containing concatemeric substrates is similar
to the ratio of the rate constants that characterize chemistry
(k) derived from single-turnover experiments on the mon-
omeric substrates (Table 1).

Effect of NaCl on Procesgty. Enzymes that exhibit
processive behavior have been shown to be highly responsive
to variations in salt concentration due to the electrostatic
nature of the scanning proceg?). Thus, experiments were
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carried out to investigate whether the target location’s ,
mechanism of MutY, Stop 225, and Fpg could be shifted 2 ®1 ooy
from processive to distributive by increasing the sodium ES —
chloride concentrations. The same reaction conditions were & 41
carried out as described above with the exception of the %, .
addition of various amounts of sodium chloride. § 5

The ratio of 25-nt:50-nt fragments was monitored at five §
different sodium chloride concentrations (0, 25, 50, 100, and " ﬂ
400 mM) for MutY with both OGA- and GA-containing 0- o s s 0o 400

concatemeric substrates (Figure 7). MutY retains a 25-nt:

50-nt fragment ratio of about 1.2 with G&-containing Ficure 9: Effect of sodium chloride concentration of processivity
polymeric substrate over the entire range of sodium chloride Fpg With concatemers containing @Gand OGA. Shown are

concentrations. We have previously observed that increasecﬁapresentative plots of 25-nt:50-nt fragment ratios as a function of
monovalent salt concentration can slightly increase the rateNacCl concentration at 32 min time point. [Fpg]4 nM, [substrate]

of product release in reaction of MutY with O& substrates = 5 uM.

(43), and therefore the increased salt concentration may have

been expected to enhance turnover and therefore allow forbehavior with Stop 225, unlike full-length MutY, was
observation of processive behavior with the @@oncate-  consistent with a processive mechanism with both-®G
mer. However, the lack of an observable change in the and GA-containing substrates at low ionic strength. How-
product distribution with the O@\ concatemeric substrate ~ ever, at higher sodium chloride concentrations, the observed
in the presence of increasing sodium chloride concentrationsdistribution of fragments remains constant with time, indicat-
suggests either that these salt concentrations are not highng the same mechanistic shift, from processive to distribu-
enough to facilitate turnover or that any enhancement of tive, for both concatemeric substrates. In the case of Stop
product release is counterbalanced by a negative effect on225, the adenine glycosylase activity with 30-bp duplexes
the electrostatic association of the enzyme with the DNA containing GA and OGA mismatches was affected by
required for scanning. In marked contrast, withAG concentrations of NaCl above 100 mM (N. H. Chmiel and
containing concatemers, at low salt concentrations (0 andS. S. David, unpublished results). Thus, at 50 mM NaCl,
25 mM) the 25-nt:50-nt fragment ratio remains high; the observed shift in the distribution of fragments is due to
however, at sodium chloride concentrations of 50 mM and an effect on scanning, rather than an intrinsic effect on the
above, the ratio of 25-nt:50-nt fragments is considerably ability to remove adenine from mismatched substrates.
reduced. This is consistent with a shift of MutY with the  The effects of increasing the salt concentration in the
G-A concatemer from a more processive mechanism to oneprocessivity experiments with Fpg are shown in Figure 9.
predominantly distributive at 50 mM NaCl. At these higher  Similar to the results obtained with full-length MutY and
salt concentrations, the observed behavior of théA G Stop 225, the observed distribution of fragments produced
substrate is similar to that of OB. It should be noted that by the catalytic activity of Fpg suggests a distributive
at 100 mM sodium chloride a decrease in the total amount mechanism at high sodium chloride concentrations. There
of cleavage was observed, and at 400 mM the total cleavageis, however, a notable difference between the reaction of Fpg
is significantly diminished. Previously, we have observed wijth OG-C- and OGA-containing concatemers. A salt
that at KCI concentrations above 100 mM there is a decreaseconcentration above 100 mM NaCl was required to make
in the rate of adenine removal with 30-bp substrates the mechanistic shift for the substrates containing-OG
containing a single &\ mismatch, under single-turnover whereas substrates containing @Gmispairs assumed

[NaCl] (mM)

conditions 43). distributive behavior around 50 mM NaCl. Notably, above
The effect of increasing sodium chloride concentration on 100 mM NacCl, the total amount of product formation is
experiments with Stop 225 with the O& and GA decreased, consistent with previous reports by Castaing et

concatemeric substrates are shown in Figure 8. The observeal. (44) for a duplex containing a single OG site.
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DISCUSSION not affect the observed distribution of fragments. In contrast
with the GA concatemeric substrate, the presence of higher
salt concentrations decreased the observed ratio of 25-nt:
50-nt fragments. This is consistent with a switch to a

In this study, we have demonstrated tiatcoli MutY
and Fpg, two enzymes in the 8-oxoguanine repair pathway,

utilize a processive mechanism in target location. In addition, predominantly distributive mechanism when acting upen G
we have shown that the C-terminal domain of MutY, thought a_containing substrates at salt concentrations around 50 mM

to be responsible for substrate specificity, also plays an 4q higher. Notably, the same sodium chloride concentration
important role in target location. We have also observed that,, » ¢ reported to produce a similar shift to a distributive

increasing monovalent salt concentrations shifts the damagéy,echanism for the BER glycosylasgscoli UDG (35), and

location mechanism to one that is predominantly distributive, 14 endonuclease V3Q). The sensitivity of target Io’cation

consistent with the expected electrostatic nature of the mechanism to high salt concentration supports the conclusion

sctanning process. _ that MutY utilizes a processive mechanism with substrates
Several concatemeric polynucleotide substrates were synontaining GA mispairs at low salt concentrations.

thesized with repeating damaged/mismatched base pairs and on the basis of kinetic and binding experiments of the

EcaRl restriction sites at 25-nt intervals. The analysis of the N-terminal domain (Stop 225), and the structural and

processivity ofEcoRI endonuclease, an enzyme known o sequence homology of the C-terminal domain to the d(OG)-
scan DNA efficiently, served as a benchmark for the relative Tpase, MutT, the C-terminal domain of MutY has been
distribution of 25-nt versus longer fragments as a function jmpjicated as a primary determinant for discrimination
products was observed with each substrate as expected fogontaining substrates. Hence, processivity assays were carried
a processive enzyme. This also illustrates that the abnormalpyt to test the effect of substrate specificity upon target

OG nuclectide does not interfere with the ability B¢oR| location mechanisms. Results show that, like full-length

to translocate along the DNA or catalyze its endonuclease pjyty, Stop 225 behaves processively withAScontaining

reaction. _ . - substrates. In contrast to what is observed with the full-length
For these concatemeric substrates, the reactionEvitoli protein, Stop 225 also exhibited processive behavior with

MutY resulted in predominantly 25-nt fragments, in a manner OG-A-containing substrates. The processive nature of Stop
similar to EcoRl, consistent with the use of a processive 225 with both substrates was further corroborated by the
mechanism for target location. However, the nature of the effect of increased ionic strength that resulted in a shift to a
recognition site was shown to strongly affect the mechanism distributive pattern. The similarity in behavior of Stop 225
of target location by MutY. Indeed, MutY clearly uses a with G-A and OGA substrates is completely consistent with
processive mechanism with concatemericA@ontaining the proposed role of the C-terminal domain in OG recogni-
substrates. In the case of the @Gconcatemer, the target  tion. This result further suggests that the tight binding of
location mechanism is less clear. Previous work has shownfull-length MutY to the OGAP site product may be
that MutY has a higher affinity for its O@P site product  responsible for the inability to observe processive behavior
over its GAP site product 16, 37). Hence, we suggest that  with OG-A substrates.
the strong affinity for the OGAP site stalls the enzyme and Determination of the mechanism of target location for Fpg,
therefore disrupts the ability to obseve the translocation the bifunctional glycosylase responsible for 8-oxoguanine
process. One possible scenario may be that MutY protectsremoval from OGC mispairs, was conducted in a similar
the OGAP site from the action of OG glycosylases, to manner. Though a primary substrate for Fpg is likely to be
prevent a double strand break, until the proper enzymes areDG-C mispairs, Fpg can also catalyze removal of 8-oxogua-
recruited to continue the repair of the lesion. Though it may nine from OGA mispairs, albeit at a much reduced rate of
be important to protect the ‘BP site product due to the  catalysis 23, 44). The inefficient removal of OG from OG
inherent toxicity of AP sites, the presence of a normal base, A base pairs by Fpg is consistent with the enzyme’s
G, may make this site less in need of ardent protection piological role; indeed, Fpg-catalyzed removal of 8-oxogua-
relative to an OGAP site. Indeed, we have recently shown nine from an OGA mispair would be promutagenic, leading
thatE. coli AP endonucleases enhance the turnover of MutY to a permanent G to T transversion. Experiments with Fpg
with G-A substrates but not O@ substrates45). Obviously were performed on both OB and OGC substrates to
MutY cannot predetermine what type of substrate it will determine whether, as in the case of MutY, specific substrates
encounter. Therefore, this would suggest that MutY utilizes can modulate the mechanism of target location. The results
a scanning mechanism to find the first damaged base pairwith the concatemeric substrates suggest that Fpg behaves
and, depending on the substrate found, would continue toin a processive manner toward substrates containing either
translocate in search of another mismatch or remain boundtarget base pairs. In addition, the accumulation of monomer
to the product for an extended time. In the case of the OG fragments with the O&-containing concatemeric substrate
AP product, the residence time for MutY is much longer is much more rapid than with the concatemers containing
(half-life ~ 3 h) (16) than the time course analyzed (32 min); OG-A mispairs. This is consistent with previous data with
thus, this prevents observation of translocation to anotherduplex substrates containing a single @®r OGA base
OGA site in a reasonable time frame for enzymatic pair (23 44). Thus, these results suggest that the mechanism
experiments. of target location is unaffected by the rate of catalysis. That
Experiments were also conducted with various ionic is, the rate of enzymatic catalysis is distinct from the rate at
strengths to observe whether a processive mechanism camvhich the enzyme translocates along the DNA. Therefore,
be modulated to a distributive mechanism. In the case of we suggest that the difference in the rate of scanning, as
MutY with the OGA substrate, the high salt conditions did determined by the rate of accumulation of 25-nt fragments,
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is due to a difference in the rate of catalysis and not the rate DNA double helix is comparable. However, there does seem
of translocation. This suggestion is also consistent with the to be a correlation with a higher rate and a larger number of
observation that the rate of scanning with MutY correlates base pairs traversed. IndeddigaRl has a higher rate of
with the differences in rate of product release of MutY with processivity and a greater number of base pairs are traveled
OG- and G-containing substrates. In the case of Fpg, theper association event relative to MutY, which has a lower
rate for formation of 25-nt fragments is dictated by the rate of processivity and remains associated with a smaller

intrinsic rate of base removal since product release is notnumber of nucleotides during a given binding event.

rate-limiting, while with MutY, product release is rate-

In comparing MutY and Fpg, Fpg is slightly more

limiting and therefore dominates the observed scanning processive than its MutY cousin. Also, Fpg was shown to

speed.

sustain its scanning ability into higher salt concentrations,

The reaction of Fpg on the concatemeric substrates waswhereas MutY is more sensitive. This evidence is consistent
also modulated by the presence of salt, consistent with a shiftwith the kinetic data, which suggest that the affinity of the

from a processive to distributive mechanism with both-OG
A- and OGC-containing substrates. However, with the OG

enzyme for its product is inversely proportional to its degree
of processivity. That is, MutY has a strong affinity for its

C substrates, the reaction was more tolerant of higher saltproduct, which results in a lower capacity to scan. This
concentrations, remaining processive up to a NaCl concen-relationship between product affinity and scanning is also

tration of 100 mM. With OGA-containing concatemers, Fpg
switched to a distributive mechanism at 50 mM NacCl. This
difference in ionic strength could be largely due to the
differences in binding affinity of Fpg for the two substrates.
It has been shown that Fpg has a significantly lower affinity
(approximately 40-fold lower) for O€A sites versus O&C
sites @#6). The degree of processivity is intimately related
to the ability of the enzyme to remain associated with the
DNA duplex. Thus, the decreased affinity of Fpg toward
substrates containing O& mispairs would be expected to
result in a greater susceptibility of dissociation with higher
ionic strength.

supported in the experiments with Stop 225; the product
release rate for Stop 225 with OG- and G-containing
substrates is similar, resulting in a similar ability to catalyze
adenine removal from multiple mismatches opposite OG or
G on the same target duplex.

The strong attraction of MutY for its product, resulting in
diminished processivity, could have important physiological
implications. The slow product release of MutY might be
advantageous in that the @& site would be protected until
the proper enzymes are recruited to continue repair of the
lesion. Therefore, other enzymes could be involved in
displacing MutY from the product, in effect increasing the

Though enzymes are usually categorized as utilizing a rate of processivity. In addition, the significance of the

processive or distributive mechanism, it is important to

activity of MutY with G-A substrates remains enigmatic.

appreciate that a continuum exists between the two extremes|ndeed, removal of A from @\ mismatches may be

The relative processivity must be taken into account.

promutagenic unless there is coordination with other proteins,

Replicative polymerases may be cited as an example ofsych as enzymes involved in mismatch repair or DNA
extreme processivity, wherein they catalyze their reactions replication. Thus, with both substrates, the relative proces-

for thousands of nucleotides before dissociatir).(In this

sivity may be modulated in vivo. Alternatively, the amount

study, using the relative amount of 25-nt to 50-nt fragments of MutY in E. coli, estimated at 30 copies per celbj, may
indicates that the MutY enzyme excises approximately four pe sufficient for the number of O@ base pairs «1 per

adenine residues from the &concatemer prior to dissocia-

10 GsY (2, 50) within the cell, such that processing of

tion and this corresponds to traversing approximately 100 several mismatches by a single enzyme is not necessary.

bp per association event. Interestingly, removal of the

However, one might expect that the rarity of these mis-

C-terminal domain increases the observed scanning tomatches would make a facilitated diffusion mechanism of
approximately seven sites and 175 bp per association eventtarget location appealing. The majority of OG would most
Fpg appears to be slightly more processive, with removal of jikely be found within an OGC context, which would

11 OG residues from the OG substrate while traveling 275

correlate well with the increased rate of Fpg processivity

bp. These data correpond well to those reported for other and increased amount of this enzyméEincoli (200 copies/
base-excision repair enzymes. Indeed, the human AP endocell) (49). Thus, the relative processivity may be directly

nuclease 48) and UDG @B4) were reported to scan 175
200 and 206-225 nt, respectively, per association event.
These values also place MutY and Fpg into the “quasi-

related to the type and number of damaged/mismatched base
pairs located within the cell.

processive” category in that hundreds, rather than thousandsACKNOWLEDGMENT

of base pairs are traversed at a time. Using a similar method

to calculate the processivity &coRl at similar extents of
conversion of substrate to product indicates EwiR| travels
approximately 275300 bp per association event. This value
corresponds exceedingly well to previous estimates o
processivity ofEcoRI (41). In the previous studieEcoRl

We thank Mike Leipold and Nik Chmiel for purifying the
Fpg and Stop 225 enzymes used in this work.

f SUPPORTING INFORMATION AVAILABLE

Storage phosphor autoradiograms for processivity experi-

was shown to act processively over distances of up to several,ants of MutY with OGA- and G A-containing concate-

hundred base pairs, with 300 bp estimated as the upper limit

(42). Interestingly, the rate of formation of 25-nt fragments,
which is the rate of processivity, is much faster witooRlI
than Fpg and MutY. Thus, the rate of processivity may differ

2 A variety of estimates of the number of OG lesions in cells have
been reported varying from 1 per3® 10 Gs. Thus, the maximum
number of OGA lesions will be dependent on the amount of OG and

considerably, even though the extent of association with the would be expected to be significantly lower.
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mers. This material is available free of charge via the Internet 25.

at http::/pubs.acs.org.
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