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SUMMARY

MutY prevent DNA mutations associated with
8-oxoguanine (OG) by catalyzing the removal of ade-
nines opposite OG. pH dependence of the adenine
glycosylase activity establish that Asp 138 of MutY
must be deprotonated for maximal activity con-
sistent with its role in stabilizing the oxacarbenium
ion transition state in an SN1 mechanism. A cellular
OG:A repair assay allowed further validation of the
critical role of Asp 138. Conservative substitutions
of the catalytic residues Asp 138 and Glu 37 resulted
in enzymes with a range of activity that were used
to correlate the efficiency of adenine excision with
overall OG:A repair and suppression of DNA muta-
tions in vivo. The results show that MutY variations
that exhibit reduced mismatch affinity result in
more dramatic reductions in cellular OG:A repair
than those that only compromise adenine excision
catalysis.

INTRODUCTION

The integrity of the genome is preserved by an array of DNA

damage response and repair pathways (Friedberg et al., 2006;

Hoeijmakers, 2001). Chemical modifications of DNA bases in-

flicted by ionizing radiation, alkylating agents, reactive oxygen

species, and replication errors are repaired primarily through

the process of base excision repair (BER; David and Williams,

1998; Robertson et al., 2009). DNA glycosylases initiate BER

by locating and excising damaged bases sprinkled within an

excess of normal DNA. After base excision, short- or long-patch

BER enzymes carry out strand scission, gap-filling, and ligation

reactions to restore the DNA duplex (Robertson et al., 2009).

A highly mutagenic DNA lesion in the absence of repair is

8-oxo-7,8-dihydro-20-deoxyguanosine (OG), which is formed

via oxidation of 20-deoxyguanosine by a variety of biological

oxidants (Burrows and Muller, 1998; David et al., 2007; David

andWilliams, 1998; van Loon et al., 2010). Themutagenic poten-

tial of OG arises from its ability to mimic thymine, resulting in

misinsertion of A during DNA replication (David et al., 2007).

The combined efforts of two BER glycosylases, human OG
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glycosylase 1 (hOGG1) and human MutY homolog (MUTYH),

prevent mutations associated with OG in DNA (David et al.,

2007; van Loon et al., 2010). hOGG1 removes the OG base

when mispaired with C, whereas MUTYH excises the undam-

aged, yet mispaired adenine base from an OG:A mismatch (Fig-

ure 1A; David et al., 2007; van Loon et al., 2010). The importance

of preventing mutations associated with OG is underscored by

the link between biallelic germline mutations in the mutyh gene

and colorectal cancer, referred to as MUTYH-associated poly-

posis (MAP; Cheadle and Sampson, 2007; David et al., 2007).

An important component in defining MAP as a new colorectal

cancer mechanism (Al-Tassan et al., 2002) relied upon func-

tional studies on the corresponding amino acid variants in the

Escherichia coli (Ec) MutY enzyme. These studies built upon

previous genetics (Michaels and Miller, 1992) and enzymology

(Chepanoske et al., 1999; Porello et al., 1998) of bacterial MutYs

and were further elaborated in subsequent structural (Fromme

et al., 2004) and mechanistic (Chmiel et al., 2003; Livingston

et al., 2005) studies.

MutY enzymes are members of the structurally related BER

superfamily of glycosylases that contain a signature helix-

hairpin-helix (HhH) DNA binding motif followed by a glycine-

proline rich region and a conserved catalytic aspartic acid

residue (David and Williams, 1998). Conversion of the conspic-

uous Asp in Ec MutY (Asp 138) to Asn abrogates catalytic

activity while maintaining high affinity for an OG:A mismatch

(Guan et al., 1998; Williams, 2000; Wright et al., 1999). Based

on the X-ray studies of the catalytic domain of Ec MutY contain-

ing a free adenine base, Asp 138 was proposed to act as the

general base in activating the water nucleophile in an SN1

mechanism. These structural studies also implicated Glu 37

as the general acid catalyst for protonation of AN-7 and demon-

strated the lack of glycosylase activity for E37S MutY (Guan

et al., 1998). Surprisingly, X-ray crystallographic studies on

D144N Bacillus stearothermophilus (Bs) MutY (where Asp 144

corresponds to Asp 138 in Ec MutY) bound to an OG:A

mismatch-containing duplex (henceforth referred to as the

lesion recognition complex or LRC) showed no direct contact

of Glu 43 (equivalent to Glu 37 in Ec MutY) to the adenine.

The presence of a water molecule between Glu 43 and AN-7

prompted the proposal that Glu 43 protonates AN-7 via a water

molecule, and then in its deprotonated form, activates a second

water molecule for nucleophilic attack at C10. In addition, Asp

144 was proposed to play a key role in stabilizing the oxacarbe-

nium ion intermediate formed in an SN1 mechanism. Kinetic
vier Ltd All rights reserved
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Figure 1. Prevention of OG-mediated Mutations via the ‘‘GO’’ Base Excision Repair and Proposed Catalytic Mechanism of MutY

(A) Mutations caused by 8-oxoguanine and repair mediated by MutY/MUTYH and MutM/hOGG1.

(B) Proposedmechanism for adenine glycosylase activity of MutY based on kinetic isotope effect studies and X-ray crystallography. The residue that participates

in activating the water nucleophile remains uncertain and thus is not shown in this mechanism.

Chemistry & Biology

Key Catalytic Residues in MutY
isotope effect (KIE) studies of the reaction with a G:A substrate

(McCann and Berti, 2008) established the mechanism of MutY

as a stepwise SN1 (DN*AN
z). More recently, a structure of wild-

type (WT) Bs MutY bound to a duplex containing the catalysis

resistant 20-deoxy-20-fluoroadenosine paired with OG (hence-

forth referred to as the fluorine lesion recognition complex or

FLRC) shows that the adenine base is more fully engaged within

the base-specific pocket, with a direct contact between Glu 43

and AN-7 (Lee and Verdine, 2009). Based on the FLRC,

a revised mechanism was proposed in which Asp 144 plays

dual roles in stabilizing the oxacarbenium ion and activating

the water nucleophile. The common features of the proposed

mechanisms and disposition of residues are illustrated in

Figure 1B.
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In order to further define the catalytic roles of Asp 138/144

and Glu 37/43, we determined the pH dependence of the

glycosylase activity of WT and MutY forms mutated at these

positions, specifically, E37D, D138E, and D138C MutY. More-

over, in order to correlate the in vitro kinetic parameters with

the consequences on overall repair, these mutated MutY

enzymes, as well as catalytically inactive versions (E37Q,

E37S, E37C, and D138N), were evaluated using an OG:A

repair-specific cellular assay. In order to calibrate the relative

impact of deficiencies in mismatch affinity and base excision

catalysis on cellular mismatch repair, similar assays were per-

formed on a form of MutY lacking the C-terminal OG recognition

domain (MutYD226–350). Results from the OG:A cellular

repair assay were also compared to those from rifampicin
–286, February 24, 2012 ª2012 Elsevier Ltd All rights reserved 277



Figure 2. Kinetic Scheme and pH Depen-

dence of WT MutY and Modified Active-

Site Mutants

(A) Kinetic scheme used to analyze the activity of

MutY.

(B) pH dependence of kobs for WT, D138E, E37D,

and D138C MutY with OG:A-containing DNA

determined under single-turnover conditions at

37�C. See also Figure S1 (enzyme stability at pH

extremes) and Figure S2 (pH dependencewithG:A

substrate).
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resistance assays that gauge the effectiveness of mutated

MutY enzymes to reduce spontaneous DNA mutations. The

pH dependence of the glycosylase assay indicates the require-

ment of a deprotonated residue for maximal activity with a pKa

of 4.9. Mutagenesis of Asp 138 to cysteine shifts the pKa

providing evidence that Asp 138 is the residue responsible for

the pH-dependent activity. The differential ability of the various

mutated MutY forms (e.g., D138C, D138N, E37D, and

MutYD226–350) to mediate OG:A repair and suppress DNA

mutations indicate that MutY alterations that reduce only base

excision are tolerated more than those that alter OG:A mismatch

affinity in the overall biological role of MutY in repair and pre-

vention of DNA mutations.

RESULTS

pH Effects on MutY Stability and Mismatch
Binding Affinity
The glycosylase activity of Ec MutY was assessed by polyacryl-

amide gel electrophoresis analysis of the extent of strand

scission at the ‘‘A’’ within a 30 bp OG:A mismatch-containing

duplex revealed via NaOHquenching at the abasic site produced

by the adenine removal activity of MutY (Porello et al., 1998). We

have previously shown that under multiple-turnover (MTO)

conditions ([MutY] < [DNA]), the reaction progress curves are

biphasic, consisting of a rapid exponential ‘‘burst’’ phase

followed by a slow linear steady-state phase (Porello et al.,

1998). This behavior is due to slow product release and has

provided the basis of our established approach to determine

the relevant rate constants (Figure 2A; Chepanoske et al.,

2004; Porello et al., 1998). Of note, the rate constant k2 which

describes the step(s) involved in the intrinsic chemistry of base

excision was measured under conditions of single-turnover

(STO), where [MutY] > [DNA].

The pH dependence of rates of enzyme catalyzed reactions

often reveals insight into the mechanism and residues involved

in catalysis (Fersht, 1985). Herein, we evaluated the pH depen-
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dence of the adenine excision rate by

Ec MutY under STO conditions in the pH

range of 4.0–9.5 (vide infra). We first per-

formed three important controls. The first

was establishing thatMutY is stable at the

pH extremes of 4.0 and 9.5. The stability

of MutY was confirmed by active-site

titrations with the OG:A substrate that

showed no loss of active enzyme fraction
after incubation in the assay buffer at both pH extremes for

60 min (Figure S1 available online; Porello et al., 1998). The

second control was establishing that buffer concentration did

not alter the observed rate to ensure no participation of the buffer

in catalysis. The third control was establishing that substrate

binding was not altered by pH. In this case, we measured the

dissociation constant Kd for MutYwith a 30 bp duplex containing

a noncleavable 20-deoxyfluoroadenosine (FA) paired with G at

several pH values using electrophoretic mobility shift assays

(EMSA; Chepanoske et al., 1999). The Kd values (nM) at pH

5.0, 7.5, and 9.5 were 27 ± 5, 30 ± 10, and 50 ± 20, respectively.

The Effect of pH on the Activity of Ec MutY
with an OG:A-Containing Substrate
The rates for adenine removal catalyzed byWTMutY on an OG:A

substrate were determined under STO conditions in the pH

range between 4.0 and 9.5. The log of the observed rates was

plotted against pH and fitted to Equation 1, where kobs is the

observed rate, c is the maximum rate observed in the profile,

[H+] is the concentration of protons, andKa is the acid equilibrium

constant.

log kobs = log
�
c=

�
1+

�
H+

��
Ka

��
(1)

As shown in Figure 2B, log kobs increased between pH 4.0 and

5.5 with a slope near unity and then remained relatively constant

in the pH range between 6.0 and 9.5. This pH profile suggests

the importance of a residue that must be deprotonated for

optimal activity. Thus, as the pH decreases, the equilibrium of

this residue in the enzyme shifts from the active deprotonated

form to the inactive protonated form, and the observed rate of

catalysis decreases. The pKa value determined for this residue

is 4.9 ± 0.1 (Table 1).

Identification of the pH-Sensitive Amino Acid in EcMutY
The likely candidate residues responsible for the pH-dependent

reaction of Ec MutY are Asp 138 and Glu 37. Site-directed

mutagenesis was used to make conservative changes at these
ed



Table 1. The k2, Kd, and pKa Values for WT and Modified MutY

Enzymes

Enzymea
k2 (min�1)

OG:Ab

k2 WT/k2
Mutant pKc

a Kd (nM)d k2/Kd

WT 13 ± 3 1 4.9 ± 0.1 0.2 ± 0.1 65

D138E 13 ± 1 1 5.2 ± 0.1 0.5 ± 0.2 26

E37D 0.07 ± 0.01 200 4.8 ± 0.1 0.3 ± 0.1 0.2

D138C 0.02 ± 0.01 600 6.6 ± 0.1 0.3 ± 0.2 0.5

MutYD226–350 0.4 ± 0.1 30 nd 90 ± 10 0.004

The rate constant k2, binding affinity Kd, and pKa values for WT andmodi-

fied MutY enzymes as discussed in this paper. k2/Kd refers to a ‘‘speci-

ficity factor’’ that combines both substrate affinity and catalytic efficiency

in order to describe the overall MutY-mediated repair in vivo. nd, not

determined.
aD138N, E37S, E37C, and E37Q MutY do not have detectable levels of

glycosylase activity. The Kd values with the OG:A duplex are 4 ± 1 nM

for D138N, 1.4 ± 6 for E37Q, 0.4 ± 0.3 for E37C, and <0.04 nM for

E37S MutY.
bk2 values were measured under single-turnover conditions with an

OG:A-containing DNA substrate at 37�C (pH 7.5).
cpKa values forWTMutY andmodified active-site enzymeswith anOG:A-

containing substrate determined from pH versus kobs profiles at 37�C.
See also Figure S1 for stability at pH extremes.
dKd values were determined with an OG:FA-containing duplex as

described previously (Chepanoske et al., 2000).
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residues (D138E and E37D MutY) to potentially reveal the amino

acid responsible for the pH-dependent activity. The D138E and

E37DMutY enzymes exhibit biphasic kinetic behavior prompting

the use of a similar strategy as the WT enzyme for determining

the kinetic parameters (Figure 2A). Both enzymes were overex-

pressed at levels similar to the WT and exhibit similar stability

in the pH ranges examined (Figure S1). The rate constants (k2)

for adenine removal with D138E and E37D at pH 7.5 with an

OG:A-containing substrate are shown in Table 1. The rate

constants for D138E and WT MutY with an OG:A-containing

substrate are within error of each other, whereas a 200-fold

reduction in k2 was observed for the reaction of E37D MutY

with the same substrate. Binding affinity of E37D and D138E

MutY for an OG:FA-containing duplex was found to be similar

to WT (Table 1). The overall shapes of the pH profiles of both

D138E and E37D MutY with an OG:A-containing substrate are

similar to that of WT MutY (Figure 2B) with similar pKa values

of 5.2 ± 0.1 and 4.8 ± 0.1, respectively.

To more dramatically alter the pH profile, we replaced Asp 138

andGlu 37 with themore basic amino acid cysteine. Both D138C

and E37C were stable to overexpression at similar levels as the

WT; however, E37C MutY was completely inactive. D138C

MutY retained activity, though activity was significantly reduced

relative to WT. Notably, stability of D138C MutY at several pH

values was similar to the WT enzyme (Figure S1). With an

OG:A-containing substrate at pH 7.5, based on the rate esti-

mated from the initial slope (0.02 ± 0.01 min-1), the reaction of

D138CMutY was at least 600-fold slower thanWT. Interestingly,

both D138C and E37CMutY retain high affinity for the substrate,

as judged by similar Kd values as WT MutY (Table 1). The pH

dependence based on initial rates of D138C showed the same

overall trend as WT MutY (Figure 2B), and the pKa from this

data was determined to be 6.6 ± 0.1 (Table 1). This large shift
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of the pKa for D138C MutY supports the assignment of Asp

138 as the amino acid residue giving the pH-dependent profile

of WT MutY.

The Effect of pH on the Activity of Ec MutY
with a G:A-Containing Substrate
Based on the fact that the KIE measurements utilized a G:A

containing substrate, pH dependence of WT MutY with a G:A-

containing substrate was also performed (Figure S2). Interest-

ingly, MutY displays a different pH profile with a G:A-containing

substrate than it does with an OG:A-containing substrate. The

pH profile appears to be a bell-shaped curve in which the

observed rate decreases with decreasing pH between pH 4.0

and 6.5, plateaus between pH 6.5 and 8.0, and then decreases

with increasing pH between pH 8.0 and 9.5. This is indicative

of acid/base catalysis in which an essential base is inactivated

at low pH because of protonation, and an essential acid is

inactivated at high pH because of deprotonation. However, in

the pH region between pH 4.0 and 6.5, the observed rate

decreases with decreasing pH between pH 6.5 and 5.5 and

then levels off between pH 5.5 and 5.0 before decreasing again

between pH 5.0 and 4.0. This finding suggests that there are

two basic residues affecting the observed rate of MutY with a

G:A-containing substrate in this pH range (4.0–6.5). The basic

residue responsible for the decrease in rate between pH 6.5

and pH 5.5 does not completely inactivate the enzyme as it

becomes protonated but rather shifts the enzyme into a less

active form. Therefore, the observed rate plateaus between pH

5.5 and 5.0. The second basic residue then decreases the

observed rate of catalysis of MutY as it becomes protonated

between pH 5.0 and 4.0. Thus, it appears that the pH profile of

MutY with a G:A-containing substrate is affected by three

species, two basic residues, and one acidic residue with pKa

values of 4.8 ± 0.1, 6.1 ± 0.1, and 8.8 ± 0.5 (see Supplemental

Experimental Procedures, for more details).

The rate constants (k2) for adenine removal with D138E and

E37D at pH 7.5 with a G:A-containing substrate are 0.6 ± 0.1

and <0.003 min-1, respectively, relative to 1.4 min-1, for the WT

enzyme. Thus, using the less-optimal G:A substrate, the catalytic

defects due to alterations of these residues are magnified. The

pH dependence of D138E with a G:A-containing substrate also

suggests that three residues are affecting the pH profile

(Figure S2) with pKas of 5.0 ± 0.1, 5.8 ± 0.1, and 9.0 ± 0.1. Due

to the low activity of E37D MutY with a G:A substrate, a well-

defined pH profile could not be obtained with this enzyme form.

Design of a Cellular Assay to Monitor OG:A Repair
of Modified MutY Enzymes
To allow for a direct comparison between the glycosylase

activity and cellular OG:A repair of a specifically modified

MutY enzyme, we devised a strategy that reports on OG:A

mismatch repair by modified MutY enzymes in E. coli (Figure 3).

Briefly, JM101 muty- E. coli cells are transformed with the

appropriate MutY-expressing plasmid (e.g., pkk-MutYWT) to

express WT MutY or one of the aforementioned modified

MutY enzymes. The lesion-containing reporter plasmid was

prepared by ligation of a double-stranded, OG:A-containing

DNA substrate into a small plasmid vector (pACYC177). The

resulting plasmid substrate reporter was then transformed into
–286, February 24, 2012 ª2012 Elsevier Ltd All rights reserved 279



Figure 3. Cellular Repair Assay

Cellular repair assay to study mutated MutY enzymes. A plasmid vector containing a central OG:A mismatch within a Bmt1 restriction site is transformed into

JM101 muty- E. coli cells expressing a specific MutY enzyme (WT or modified MutY). Restriction fragment and sequence analyses of the resulting plasmids

isolated from E. coli indicate the amount of G:C bp at the original lesion site defining the extent of MutY-mediated repair.
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JM101 muty- E. coli expressing the desired MutY form. Subse-

quent amplification, isolation, and restriction digestion analysis

of the recovered plasmid allowed for determination of the extent

of conversion of the OG:A mismatch to G:C. The amount of G:C

at the lesion site was compared to the corresponding plasmid

isolated from cells lacking MutY to assess the levels of MutY-

mediated repair. A key feature of this assay is the location of

the OG:A mismatch in the double-stranded DNA substrate

within a potential BmtI restriction site. Repair of the OG:A lesion

to a G:C base pair creates a second BmtI recognition sequence

within the plasmid such that restriction digestion followed by

agarose gel electrophoresis produces two DNA fragment bands

of 1748 and 1308 bps. If the OG:A lesion site is not restored to

G:C, restriction digestion analysis results in only one DNA frag-

ment of 3056 bps.

Background levels of OG:A repair in cells lacking MutY were

determined by transformation of the OG:A substrate reporter

into JM101 muty- cells. Restriction digestion analysis of plas-

mids recovered from these cells yielded a combination of the

three bands, indicating a presence of both G:C and T:A bps,

which was confirmed by DNA sequencing (Figure 4). Quantifica-

tion of the relative intensities of the bands provides a measure of

% G:C at the lesions site of 39 ± 2, which is consistent with ex-

pected levels of correct insertion of C opposite OG during DNA

replication (Shibutani et al., 1991). This value is only slightly

higher than the % G:C of 29 ± 3 observed with an OG:A plasmid

isolated from a dam+ E. coli strain (Livingston et al., 2008), sug-

gesting minimal mismatch repair action on the OG:A mismatch

in the absence of MutY. Levels of G:C at the lesion site over

these baseline values would be indicative of repair of the

OG:A mismatch mediated by the MutY form provided on the

expression plasmid. Consistent with this expectation, supple-
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mentation of JM101 muty- with a plasmid expressing WT

MutY resulted in the observation of 100% G:C at the lesion

site based on the restriction digestion (no 3056 bp band) and

sequencing (only G at lesion site; Figure 4). These results

show that complete repair of an OG:A mismatch can be medi-

ated by exogenous WT MutY provided via an expression

plasmid. Similar results are obtained using E. coli harboring

endogenous MutY to establish the robustness of the assay

(Livingston et al., 2008). All of the mutated MutYs examined

herein were expressed at levels similar to WT (Figure S3), allow-

ing differences in levels of repair to be correlated to intrinsic

enzymatic activity.

In Vivo OG:A Repair Mediated by D138N, E37S, E37C,
and E37Q MutY
D138N, E37S, E37C, and E37QMutY are all catalytically inactive

in vitro, although all forms retain high affinity for an OG:A

mismatch (Table 1; Guan et al., 1998; Williams, 2000; Wright

et al., 1999). Thus, these enzyme forms provide the opportunity

to examine whether high affinity of MutY for the OG:A mismatch

alone may be sufficient to mediate some repair. Expression of

D138N MutY provided a level of G:C at the lesion site of

29% ± 2%, which is similar to the level of G:C from E. coli lacking

MutY (Figure 4). This indicates that D138N MutY is unable to

carry out or facilitate repair of the OG:A mismatch to any appre-

ciable extent. The level of G:C at the lesion site in E. coli-express-

ing E37SMutY is slightly higher at 35% ± 2% (Figure 4), whereas

expression of E37Q or E37C affords 30% ± 3% and 31% ± 2%

G:C at the lesion site, respectively. The cellular repair assay

establishes that these active-site mutants lack any significant

ability to repair an OG:A mismatch, despite the high affinity of

these enzyme forms for the mismatch. This underscores that
vier Ltd All rights reserved



Figure 4. Cellular Repair Assay Results for WT MutY, Modified Active-site Mutants, and MutYD226–350

(A) Bar graph of the percent G:C bp at the lesion site after transformation of the reporter vector into E. coli expressing WTMutY, modified active site mutants, and

MutYD226–350 determined by restriction fragment analysis. Mean values (95% confidence intervals) are as follows: muty-: 39 ± 2; WT: 100; D138N: 29 ± 2;

D138E: 100; D138C: 47 ± 3; E37S: 35 ± 1; E37C: 31 ± 2; E37Q: 30 ± 3; E37D: 68 ± 2; and MutYD226–350: 27 ± 1. Averages are from a minimum of eight separate

experiments.

(B) Representative DNA sequence analysis for different active-site mutants and MutYD226–350. The ‘‘K’’ in the nucleotide sequence of D138C and E37Q MutY

indicates that the sequencing program could not distinguish between themixes of bases at that position, though the scans clearly show that T dominates over G,

consistent with the mutation spectrum of cells deficient in MutY. See also Figure S3 that shows relative expression of mutated MutY enzymes.
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some glycosylase activity is necessary for MutY-mediated repair

to be observed in this assay.

In Vivo OG:A Repair Mediated by D138E, E37D,
and D138C MutY
The OG:A repair activity of D138E, E37D, and D138C MutY was

also investigated using the cellular repair assay in order to

determine how the catalytic defects due to the amino acid

changes translate to overall repair in vivo. Importantly, these

three mutated enzymes exhibited similar stability (Figure S1)

and levels of overexpression (Figure S3), allowing differences

in repair to be attributed to differences in base excision effi-

ciency. Similar to WT MutY, D138E MutY is able to completely

repair an OG:A mismatch in this assay (Figure 4). On the other

hand, the % G:C measured at the mismatch site from E. coli-

expressing D138C MutY is only 47 ± 3 (Figure 4), which is

slightly higher than that observed for the inactive MutY enzymes
Chemistry & Biology 19, 276
D138N and E37S, as well as in the absence of MutY. Observa-

tion of even a small amount of repair mediated by D138C MutY

is surprising, based on its extremely weak glycosylase activity

in vitro.

The%G:C obtained at the lesion site with E37DMutY is 68 ± 2

(Figure 4), which is roughly half of the amount of repair mediated

by the WT enzyme when considering the % G:C background in

the absence of MutY. The diminished ability to repair the OG:A

mismatch is expected based on the reduced glycosylase activity

observed in vitro using kinetic assays. However, the observation

of significant levels of repair suggests that the adenine glycosy-

lase activity can be compromised to a significant extent (200-

fold) yet still support the ability to repair OG:A mismatches within

a cellular environment. Moreover, these results suggest that

a carboxylic acid functional groupmay be needed at this position

in order for any amount of repair to occur as no MutY-mediated

repair is seen when Glu 37 is mutated to Ser, Gln, or Cys.
–286, February 24, 2012 ª2012 Elsevier Ltd All rights reserved 281



Table 2. Rifampicin Resistance Assay with Modified MutY

Enzymes

Plasmid f (310�8)a f/f(WT)

pkk223.3 45 (22–105) 59

GT100y-m- cells 34 (24–51) 45

pkkWT MutY 0.75 (0.02–2.6) 1

pkkD138N MutY 10 (8–15) 13

pkkE37S MutY 15 (10–25) 20

pkkE37D MutY 4.8 (2–15) 6

pkkE37Q MutY 12 (8–21) 16

pkkE37C MutY 22 (10–32) 29

pkkD138E MutY 0.1 (0.02–0.6) 0.2

pkkD138C MutY 25 (13–53) 33

pkkMutYD226–350 20 (10–38) 26

Assessmentof themutation frequencybyWTandmodifiedMutYenzymes

using the rifampicin resistance assay. The rpoBmutation frequency (f) per

cell was calculated by dividing the median number of mutant colonies by

the average number of colonies determined from a series of cultures.
a95% confidence limits based on the mean value are listed in

parentheses.
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In Vivo OG:A Repair Mediated by MutYD226–350
A unique feature of MutY compared to other enzymes in the

BER superfamily is the presence of the C-terminal domain

that has been shown to be involved in OG recognition (Chmiel

et al., 2001; Fromme et al., 2004; Noll et al., 1999). We previ-

ously examined the kinetics with OG:A and G:A substrates,

as well as the binding properties with a series of substrate

analogs, of a modified form of MutY lacking the C-terminal

domain, MutYD226–350 (Chmiel et al., 2001). With this enzyme

form, the rate constant for adenine excision (k2) is reduced

approximately 30-fold, whereas substrate affinity, as judged

by affinity for an OG:FA-containing duplex, is dramatically

reduced by approximately 200-fold compared to full-length

WT MutY. Thus, this truncated enzyme provided the opportu-

nity to compare MutY forms defective primarily in substrate

mismatch recognition to those with only catalytic defects

(e.g., D138C and E37D) in the ability to mediate OG:A repair

within a cellular environment. Surprisingly, the MutYD226–350

enzyme is unable to mediate any detectable level of OG:A

mismatch repair in vivo; the percent G:C seen at the lesion

site was 27 ± 3, a value similar to that observed in the absence

of MutY (Figure 4). This illustrates the critical nature of the

C-terminal domain in mediating OG:A repair in a cellular envi-

ronment. The lack of observable repair is somewhat surprising,

given the fact that MutYD226–350 retains fairly robust adenine

glycosylase activity in vitro.

Mutation Frequency Suppression Complementation
Assays
Rifampicin resistance assays that rely upon spontaneous

mutations in the rifampicin binding site (rpoB) of E. coli RNA

polymerases provide a useful means to evaluate the ability of

MutY enzymes to suppress DNA mutations (Bai and Lu, 2007;

Golinelli et al., 1999; Kundu et al., 2009). If DNA repair is low,

the accumulation of mutations in an RNA polymerase will render

rifampicin less effective as a block to transcription, allowing cell
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growth in the presence of the drug. The mutation frequency (f)

can then be related to the number of rifampicin-resistant colo-

nies relative to the control plates for the viable titer (Wolff et al.,

2004). Plasmid expression of WT and D138E MutY significantly

reduces the mutation frequency (f = 0.75 and 0.12 respectively)

compared to the vector only control (f = 45; Table 2) using an

E. coli strain (GT100 y-m-). The catalytically inactive forms,

D138N, E37Q, and E37S exhibit high mutation frequencies,

with f values of 10, 12, and 15, respectively. Interestingly, these

values are not quite as high as the vector-only control, suggest-

ing that some suppression of mutation frequency may be

mediated by the presence of catalytically inactiveMutY. Notably,

MutYD226–350, D138C, and E37C MutY were slightly less

effective at suppressing the mutation frequency (f = 20, 25,

and 22, respectively) than were most of the inactive forms

(e.g., D138N). The presence of E37D MutY suppressed the

mutation frequency (f = 4.8) more effectively than the inactive

MutY forms but less effectively than theWT enzyme. Sequencing

of the rpo gene from colonies observed on rifampicin-containing

plates (for E37C, E37D, E37Q, E37S, and D138C) revealed only

G / T transversion mutations, which is consistent with the

defect in the GT100 y-m- strain.

DISCUSSION

Asp 138 Is the Residue Responsible for pH-Dependent
Adenine Glycosylase Activity
In this study, we sought to provide insight into the functional

significance of crystallographically observed interactions of

two active-site residues of MutY, Asp 138/144 and Glu 37/43

(Fromme et al., 2004; Guan et al., 1998; Lee and Verdine,

2009). The pH profile of Ec MutY with an OG:A-containing

substrate reflected that expected of a base-catalyzed mecha-

nism, in which the rate of the reaction increased with increasing

pH between pH 4.0–5.5 and then remained relatively constant in

the pH range between 6.0–9.5. The reduced activity at low pH

indicates that a deprotonated group (pKa = 4.9 ± 0.1) in the

enzyme-substrate complex is required for catalysis. Analysis of

the activity of D138C Ec MutY provided evidence that Asp 138

is the residue responsible for the pH dependence and observed

pKa. Conversion of the Asp to Cys severely compromised

adenine excision activity as the k2 measured at pH 7.5 was

reduced >600-fold compared to WT MutY. Moreover, a higher

pKa value (6.6 ± 0.1) was observed with D138C MutY consistent

with the expected pKa of a thiolate. This shift in the pH-rate

profile of D138C strongly implicates Asp 138 as the residue

that must be deprotonated for maximal activity of the WT

enzyme. Studies with human AAG and E. coli UDG revealed

that a carboxylic acid moiety, either an Asp or a Glu, acts as

an essential base in the glycosylase mechanism, as protonation

of these residues greatly decreases the catalytic rate of the DNA

glycosylase (Drohat et al., 1999; O’Brien and Ellenberger, 2003).

Based on the two X-ray structures of Bs MutY bound to DNA,

Asp 144 (Asp 138 in Ec MutY) has been proposed to participate

in base excision in two ways. First, it provides for stabilization of

the oxacarbenium ion intermediate. Second, it activates the

water molecule for nucleophilic attack at C10 (Fromme et al.,

2004; Lee and Verdine, 2009). KIE measurements of Ec MutY

have established that the mechanism is a stepwise SN1 reaction
vier Ltd All rights reserved
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that proceeds through a highly reactive oxacarbenium ion

intermediate (McCann and Berti, 2008). In the FLRC, Asp 144

of BsMutY is positioned 3.2 Å away fromC10 and thus is situated

nicely to stabilize positive charge accumulation on an oxacar-

benium ion transition state (TS) and intermediate. The impor-

tance of a carboxylate residue in stabilizing an oxacarbenium

ion TS/intermediate is also revealed in the crystal structure of

AlkA bound to DNA containing a 1-azaribose transition state

mimic (1N; Hollis et al., 2000a, 2000b). In this structure, Asp

238 of AlkA is in direct contact with the N10 of the 1-azaribose

ring, which corresponds to the C10 position of a modeled

20-deoxyribose (Hollis et al., 2000a). These results are consistent

with the notion that the conserved aspartic acid of DNA

glycosylases in the HhH-GPD superfamily in its deprotonated

carboxylate form is involved in stabilization of the positive charge

on the oxacarbenuim ion TS/intermediate (Berti and McCann,

2006; Hollis et al., 2000a). The retention of activity of D138C

MutY is likely due to the presence of a significant fraction of

the anionic thiolate that is able to provide the needed stability

to the oxacarbenium ion TS. It is notable that D138EMutY retains

WT activity, despite the longer side-chain length of the Glu

residue. This may be a consequence of flexibility and redundant

interactions within the MutY active site that maintain this key

catalytic interaction.

The highly conserved Asp residue within members of the

HhH-GPD superfamily has also been suggested to play an

important role in activating the nucleophile, a water molecule

or a lysine residue, for attack on the anomeric carbon (David

and Williams, 1998). This role was originally ascribed to Glu 43,

based on the Bs MutY LRC structure; more recently, though,

these authors suggest that Asp 144 is more optimally positioned

to activate a water molecule for nucleophilic attack at the C10

based on the FLRC structure (Lee and Verdine, 2009). It is worth

mentioning that in an SN1 mechanism, activation of the nucleo-

phile is not as critical because of the highly reactive oxacarbe-

nium ion intermediate. Thus, we suggest that the major con-

tribution to catalysis for Asp 138 results from stabilization of

the oxacarbenium ion intermediate. Indeed, a similar conclusion

was also drawn based on structural studies of hOGG1 (Norman

et al., 2003).

Importance of a Catalytic Acid in Adenine Excision
The use of general acid catalysis by MutY with protonation at

AN-7 is consistent with the observation of an inverse 15N-7 KIE

in the reaction with a G:A substrate (McCann and Berti, 2008).

The importance of protonation at AN-7 in MutY-catalyzed base

excision is also consistent with the observed lack of activity

toward 7-deaza-A-containing substrates and retention of activity

toward adenosine isosteres preserving nitrogen at the N-7 posi-

tion (Francis et al., 2003; Porello et al., 1996). Indeed, protonation

of adenine is an expected approach used for enzyme-catalyzed

glycosidic bond cleavage of adenosine, based on the long-

history of study of acid-catalyzed depurination reactions

(Maxam and Gilbert, 1977). The nonenzyme catalyzed depurina-

tion of purine nucleotides is strongly pH-dependent, increasing

in rate with decreasing pH (Stivers and Jiang, 2003). Additionally,

other enzymes that hydrolyze the glycosidic bond of adenosine

within RNA or AMP utilize an acid-catalyzed mechanism (Berti

and McCann, 2006). Surprisingly, evidence of an essential acid
Chemistry & Biology 19, 276
was not seen in the pH range studied of the reaction of MutY

with an OG:A substrate. Additional pKas were observed in the

pH-dependent glycosylase assays with the G:A substrate at

6.1 and 8.8 but could not be definitively assigned to Glu 37.

However, Glu 37 in Ec MutY is clearly an important catalytic

residue, as its replacement with Asp severely compromises the

adenine removal activity (200-fold) compared to WT. In addition,

all of the structural studies to date have implicated Glu 43/37 as

the residue responsible for N-7 protonation (Fromme et al., 2004;

Guan et al., 1998; Lee and Verdine, 2009). The reduced activity

of E37D may be due to the shorter amino acid side chain that

maymake it difficult for the residue to protonate the base directly

but still allow for protonation of AN-7 via a water molecule.

Cellular OG:A Repair Assays Confirm the Importance
of Asp 138 and Glu 37
To further evaluate the consequences of alterations of both Glu

37 and Asp 138, an assay was developed that monitors the

repair of OG:A mismatches mediated by a modified MutY

enzyme in a cellular context. In E. coli lacking endogenous

MutY, supplementation with WT MutY expressed on a plasmid

vector produced complete conversion of the OG:A mismatch

to a G:C bp. The catalytically inactive forms D138N, E37S,

E37C, and E37Q Ec MutY, while retaining high affinity for OG:A

mismatch-containing DNA (Guan et al., 1998; Williams, 2000),

were unable to mediate repair of an OG:A mismatch, consistent

with a requirement that some level of glycosylase activity is

required for OG:A mismatch repair by MutY. This data further

underscores the crucial function of Asp 138 and Glu 37 in initi-

ating BER.

The activities of D138E, D138C, and E37D MutY in the cellular

repair assaywere assessed in order to determine how alterations

in catalysis caused by specific changes in active-site residues

translate to overall repair in a cellular context. Similar to WT

MutY, D138E MutY is able to carry out complete repair of an

OG:A mismatch to a normal G:C base pair. This result is some-

what surprising, given the proposed critical role of this carbox-

ylate residue in stabilizing the oxacarbenium ion in the SN1

mechanism of MutY. However, it is consistent with the in vitro

glycosylase activity, which showed that this variation did not

alter the rate constant k2 for adenine removal at pH 7.5 and

only slightly shifted the pKa in the pH profile. The activity of

D138E shows that the active site is flexible enough to utilize

the longer Glu residue in catalysis, despite the additional

demands of finding OG:A mismatches and cleaving adenine

bases within a plasmid DNA substrate in vivo. In contrast,

D138C MutY lacks a carboxylate side chain but retains some,

albeit minimal, glycosylase activity. Despite the severely

reduced rate of base excision (at pH 7.5, >600-fold reduced),

the percent G:C seen at the lesion site upon restriction enzyme

digestion for the D138C mutant is above baseline levels, indi-

cating that this form is capable of mediating OG:A repair albeit

to a limited extent.

The levels of OG:A repair mediated by E37D MutY (68% G:C)

are considerably more than the corresponding inactive forms

E37S, E37C, and E37Q MutY and thus demonstrate an ability

to mediate a significant amount of repair, albeit reduced

compared to WT and D138E MutY. Though this Glu to Asp

mutation conserves the carboxylate functional group, the
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shorter side chain appears to have a more dramatic effect on

both the cellular repair and the in vitro excision rates than does

the corresponding change of Asp to Glu in D138E MutY. The

hampered repair activity both in vivo and in vitro underscores

the importance of this amino acid in the catalytic mechanism

of E. coli MutY.

Correlation between Adenine Excision Rates
and Cellular OG:A Repair
Despite the fact that MutYD226–350 possesses all of the resi-

dues needed for adenine excision catalysis and exhibits robust

levels of glycosylase activity in vitro, our results show that this

is not sufficient to support OG:A repair within a cellular context.

Using the cell-based repair assay, the percent G:C at the lesion

site provided by MutYD226–350 was similar to that obtained in

cells harboring an inactive MutY form. These results emphasize

the critical role that the C-terminal domain plays in mediating

repair of OG:A mismatches in vivo, by aiding in locating the

OG:A mismatch within the cellular milieu. All of the OG-specific

contacts are harbored within the C-terminal domain (Fromme

et al., 2004) such that its absence eliminates the ability to distin-

guish OG fromGand also dramatically reduces overall mismatch

affinity (Chmiel et al., 2001).

The adenine excision efficiency of MutYD226–350 enzyme as

judged by k2 is only modestly reduced (30-fold) compared to

E37D MutY (200-fold). However, the presence of E37D MutY

resulted in respectable levels of cellular OG:A repair. Also

striking is the comparison with the results of D138CMutY, where

adenine removal efficiency is extremely low (>600-fold reduced

compared to WT) yet detectable, albeit very small, levels of

OG:A repair are observed in the cellular assay. This apparent

disconnect between the glycosylase activity and the ability to

mediate OG:A repair in vivo is likely due to the importance of

locating the mismatch. Importantly, E37D and D138C MutY

retain high affinity for the OG:A mismatch (Table 1), whereas

the affinity with MutYD226–350 is dramatically reduced 200-

fold (Chmiel et al., 2001). Indeed, overall efficiency of MutY-

mediated repair in vivo would be anticipated to be a combina-

tion of both substrate affinity and catalytic efficiency. To reflect

both features, we can define a ‘‘specificity factor’’ of k2/Kd,

where k2 is the rate constant with the OG:A substrate, and Kd

is the dissociation constant with the OG:FA substrate analog

duplex. Interestingly, such an analysis (Table 1) shows that

a higher value for k2/Kd correlates with the greatest level of

OG:A repair efficiency in vivo. Using this analysis, the data for

MutYD226–350 makes sense. The dramatic binding defect

combined with a reduced intrinsic ability to remove adenine

gives low levels of OG:A repair in a cellular context. In contrast,

though there is a dramatic reduction in k2 for E37D, a significant

extent of OG:A repair is observed in vivo likely due to the fact that

high affinity for the mismatch is retained. Similarly, the detect-

able levels of cellular repair mediated by D138C MutY, despite

its extremely low levels of glycosylase activity observed

in vitro, may be due to its extremely high affinity for the OG:A

mismatch.

Notably, there is a higher correlation between the adenine

glycosylase activity of a given MutY form with the ability to

mediate OG:A repair than with the ability to suppress sponta-

neous mutations in rifampicin-resistance assays. In general,
284 Chemistry & Biology 19, 276–286, February 24, 2012 ª2012 Else
the trends are similar. Inactive or compromised MutY enzymes

do not suppress the mutation frequency as efficiently as the

WT enzyme. The surprising result is that in the presence of

D138C MutY and MutYD226–350, the observed mutation

frequency is larger than with the completely inactive enzymes

(e.g., D138N and E37S). This suggests that significantly com-

promised enzymes (in terms of adenine excision or mismatch

affinity) are less effective at reducing spontaneous mutations

than are enzymes that are just catalytically inactive but retain

mismatch affinity. One possibility is that compromised recogni-

tion and excision activities of some MutY forms may interfere

with other processes in the cell and thereby lead to a higher

overall level of mutations. The higher correlation of the adenine

glycosylase assays with the OG:A repair assays may also be

expected, since this cellular assay directly examines the pro-

cessing of an OG:A substrate by MutY rather than indirectly

reporting on the ability of a given MutY enzyme to suppress

spontaneous mutations. It is possible that the ability to suppress

mutations independent of the glycosylase activity may be related

to other features of MutY that have yet to be fully appreciated.

Indeed, previous work has shown that the [4Fe-4S]2+-cofactor

in MutY can mediate repair of G radicals formed in a flash-

quench experiment (Yavin et al., 2005), suggesting that inactive

forms that retain high DNA affinity may be able to directly repair

oxidative base damage via this mechanism to reduce the spon-

taneous mutation frequency in vivo.

The Importance of Being OG
We previously showed that recognition of OG is a dominant

feature in MutY-mediated repair in vivo by using a complemen-

tary strategy to evaluate cellular repair of modified DNA

substrates (Livingston et al., 2008). Indeed, effectiveMutY-medi-

ated repair of OG:Z3 (where Z3 = 3-deazaadenine) to G:C at

a level of 92% ± 1% (compared to 100% for OG:A bps) was

observed. This was remarkable, considering the rate constant

k2 for 3-deazaadenine removal from an OG:Z3-containing DNA

duplex was 100-fold less than was the rate constant measured

for adenine removal from the corresponding OG:A-containing

duplex. Importantly, the Kd values measured using the inactive

E37S MutY indicated similar high affinity (Kd < 0.04 nM) for

both OG:A- and OG:Z3-containing DNA. These results sug-

gested that substrate modifications that reduce base excision

may be tolerated if ‘‘OG’’ is present and high mismatch affinity

is retained. Consistent with this idea, minimal repair of a

G:A-containing plasmid in the cellular assay was observed

despite the activity of MutY on G:A substrates in vitro. These

results strongly suggest that efficient MutY-mediated repair

relies most heavily on efficient recognition of OG. The work

herein underscores this idea. By using an analogous cell-based

assay to evaluate modified MutY enzymes, a modification of

MutY that alters the ability to recognize OG (e.g., MutYD226–

350) was found to be unable to mediate OG:A repair. Similarly,

substitutions of catalytic residues of MutY that dramatically

reduced base excision catalysis yet preserved the high affinity

of the enzyme for the OG:A mismatch (e.g., E37D MutY) were

not as severely deleterious on overall cellular OG:A repair.

The fact that modifications of the enzyme or the substrate

that alter lesion bp affinity are less readily tolerated in terms

of cellular repair than those that alter base excision activity
vier Ltd All rights reserved
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highlights the critical task of the repair enzyme to ‘‘find’’ the

lesion in the context of a large amount of undamaged DNA.

Moreover, DNA repair is in competition with other cellular

processes, such as replication, which will seal the fate of the

lesion. Decreased affinity for the OG:A mismatch will create

missed opportunities to repair the mismatch and thus lead to

permanent mutations. In contrast, high affinity for the mismatch

will stall other processes and inhibit access of the replication

machinery to the mismatch, providing the needed time to

execute its repair.

SIGNIFICANCE

MUTYH-associated polyposis (MAP) is a new colorectal

cancer syndrome linked to inherited variations in the

adenine glycosylaseMUTYH and 8-oxoguanine (OG) associ-

ated mutations in the adenomatous polyposis coli gene

(David et al., 2007). Since the discovery of MAP, >100

different germline mutations inMUTYH have been identified

with a large fraction leading to single amino acid missense

substitutions in MUTYH. Revealing the cellular conse-

quences of modifications in MUTYH will provide useful

insight in predicting clinical outcomes of new MAP-associ-

ated variants and delineate features of MUTYH that are

important for its tumor suppressor function. Herein, an

approach that connects amino acid changes that alter

specific recognition and excision steps of the enzymatic

reaction with the consequences on repair in cells is

described. Specifically, conservative and nonconservative

substitutions at two key catalytic active-site residues, Asp

138 and Glu 37 in Ec MutY, have provided a detailed picture

of how these amino acids positions aid in catalysis of the

adenine glycosylase activity and how such alterations

impact OG:A repair and mutation frequencies. The pH-

dependent kinetics revealed that Asp 138 must be deproto-

nated for maximal activity likely in order to stabilize the

oxacarbenium ion TS/intermediate. In addition, assays that

directly evaluateMutY-mediated repair of OG:Amismatches

illustrate the impact of the enzymatic properties on repair in

cells. Indeed, the largest reductions in OG:A repair were

correlated with decreased OG:A affinity rather than reduc-

tion in base excision chemistry. Notably, bacterial counter-

parts of the two most common MUTYH variants exhibit

a decreased affinity for OG-containing DNA substrates and

are unable to distinguish OG from G (Chmiel et al., 2003;

Livingston et al., 2005). This suggests thatMUTYH variations

that alter OG recognition may be more disease-predispos-

ing than are variants that are located within the active site

where base excision takes place.

EXPERIMENTAL PROCEDURES

Enzyme Preparation

E. coli MutY and mutants were overexpressed in JM101 using a pkk223.3

expression vector (Pharmacia, New York, USA) containing the E. coli muty

gene as described previously (Chmiel et al., 2001; Golinelli et al., 1999; Porello

et al., 1996). Enzyme concentrations for active enzyme forms listed throughout

are corrected for active fraction (Porello et al., 1998). For inactive MutY forms,

a binding titration with a 30 bp duplex containing OG:THF was used at [DNA]

above Kd (where binding would be expected to be 1:1) to determine the
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fraction capable of binding product analog DNA as a means to correct for

competent enzyme fraction (Porello et al., 1996).

Adenine Glycosylase Assays and Dissociation Constant

Determinations

The following 30-nucleotide DNA duplex was used for in vitro experiments:

50-CTGTAACGGGAGCTXGTGGCTCCATGATCG-30 and 50CGATCATGGAG

CCACYAGCTCCCGTTACAG-30, where X = A, FA, Y = OG, G. Glycosylase

assays were performed using [g-32P-ATP]-radiolabeled substrates using

manual and rapid-quench flow methods (Chepanoske et al., 2004; Porello

et al., 1998). Active-site titrations and MTO experiments used 20 nM

DNA and 2–5 nM active MutY in 20 mM Tris-HCl (pH 7.6), 10 mM EDTA,

0.1 mg/ml BSA, and 30 mM NaCl. Rate constants listed determined under

STO conditions used [MutY] of 40 nM. The assay buffers for pH dependence

studies were as follows: 20 mM sodium acetate buffer was used at pH at

4.0, 4.5, and 5.0; 20 mM MES buffer was used at pH of 5.0, 5.5, 6.0, and

6.5; and 20 mM Tris was used at pH 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5. All buffers

contained 5 mM EDTA.Dissociation constants of WT E. coli MutY and the

modified active-site enzymes were measured using electrophoretic mobility

shift assays (EMSA; Chepanoske et al., 1999). Serial dilutions of relevant

MutY enzymes were made in dilution buffer (20 mM Tris-HCl [pH 7.5],

10 mM EDTA, and 20% glycerol) to a concentration range between

2,000 nM and 0.05 nM at 4�C. Either 1-10 pM OG:FA or OG:A, or

50-100 pM G:FA-containing DNA substrate duplexes were incubated with

increasing concentrations of enzyme for 30 min at 25�C.

Cellular Assays

Comprehensive details for the OG:A repair and rifampicin resistance assays

are provided in the Supplemental Experimental Procedures. Of note, the assay

to evaluate OG:A repair of specific mutated versions of MutY used elements of

a previously designed assay for evaluating repair synthetic lesion-containing

DNA plasmids (Livingston et al., 2008). The key alteration was sequential

transformation of vector encoding the modified MutY enzyme of choice and

then the substrate OG:A vector plasmid into JM101 muty- cells. An important

additional modification was preparation of the pACYC177 cloning vector using

the dam- GM2929 cell strain to prevent methylation and potential interference

from mismatch repair pathways. The 39-nucleotide OG:A duplex used in this

assay (see Supplemental Experimental Procedures) contained a potential

BmtI site and the appropriate overhangs for ligation into the BamHI and PstI

restriction sites. The single-stranded were phosphorylated and annealed to

form duplex DNA, which was subsequently ligated into the BamHI- and

PstI-digested pACYC177 plasmid vector to prepare the OG:A reporter

plasmid.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and Supplemental Experi-

mental Procedures and can be found with this article online at doi:10.1016/

j.chembiol.2011.11.011.
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