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Abstract
MUTYH-associated polyposis (MAP) is the only inherited colorectal cancer syndrome that is
associated with inherited biallelic mutations in a base excision repair gene. The MUTYH glycosylase
plays an important role in preventing mutations associated with 8-oxoguanine (OG) by removing
adenine residues that have been misincorporated opposite OG. MAP-associated mutations are present
throughout MUTYH, with a large number coding for missense variations. To date the available
information on the functional properties of MUTYH variants is conflicting. In this study, a kinetic
analysis of the adenine glycosylase activity of MUTYH and several variants was undertaken using
a correction for active fraction to control for differences due to overexpression and purification. Using
these methods, the rate constants for steps involved in the adenine removal process were determined
for the MAP variants Y165C, G382D, P391L and Q324R MUTYH. Under single-turnover
conditions, the rate of adenine removal for these four variants was found to be 30–40% of WT
MUTYH. In addition, the ability of MUTYH and the variants to suppress mutations and complement
for the absence of MutY in E. coli was assessed using rifampicin resistance assays. The presence of
WT and Q324R MUTYH resulted in complete suppression of the mutation frequency, while G382D
MUTYH showed reduced ability to suppress the mutation frequency. In contrast, the mutation
frequency observed upon expression of P391L and Y165C MUTYH were similar to the controls,
suggesting no activity toward preventing DNA mutations. Notably, though all variations studied
herein resulted in similar reductions in adenine glycosylase activity, the effects in the bacterial
complementation are quite different. This suggests that the consequences of a specific amino acid
variation on overall repair in a cellular context may be magnified.
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1. Introduction
An unavoidable consequence of life in an aerobic environment is the presence of reactive
oxygen species (ROS) such as hydrogen peroxide, superoxide, and hydroxyl radicals [1,2].
DNA modifications due to reactions with ROS have been linked to the initiation and
progression of cancer [1–3]. A common product of oxidative damage to 2′-deoxyguanosine is
7,8-dihydro-8-oxo-2′-deoxyguanosine (OG) [4,5]; in fact, the amount of OG is often used as
an indicator of the level of oxidative stress in cells [2]. In bacterial and mammalian cells, in
the absence of repair, OG has been shown to be highly mutagenic, producing G → T
transversion mutations [4]. This is consistent with the miscoding properties of OG that lead to
misinsertion of A during DNA replication to form a stable OG:A mismatch [3,4]. In humans,
three enzymes work in concert to prevent mutations that arise from OG in DNA [3]. The human
MutY homologue (MUTYH) is responsible for removing adenine bases from OG:A
mismatches, while the human OG glycosylase (hOGG1) removes damaged OG bases when
paired with C. These two enzymes initiate base excision repair (BER), which is then completed
by other enzymes in this pathway that act sequentially at the base-less site to restore the proper
nucleotides and preserve the correct sequence of base pairs [6]. A third enzyme, the human
MutT homologue (hMTH1) is responsible for hydrolysis of d(OG)TP to d(OG)MP, thereby
preventing incorporation of OG-containing nucleotides into DNA by polymerases.

The direct link between a familial form of colorectal cancer (CRC), familial adenomatous
polyposis (FAP), and inherited variations in the DNA glycosylase MUTYH has further
underscored the crucial nature of repair mechanisms for mitigating the mutagenic potential of
OG [3]. The MUTYH-CRC link was first discovered in a British family in which three siblings
possessed clinical symptoms characteristic of FAP, yet lacked the characteristic hallmark of
FAP of inherited mutations in the adenomatous polyposis coli (APC) gene [7]. Instead, afflicted
family members harbored compound heterozygous biallelic MUTYH mutations coding for two
missense variants, Y165C and G382D MUTYH. Functional defects in the MUTYH variant
enzymes are proposed to be responsible for the observation of inactivating G → T transversion
mutations in APC leading to the polyposis phenotype. There has been considerable work that
has firmly established the relationship between MUTYH germline mutations, inactivating
somatic mutations in APC and colorectal polyposis leading to the designation of a distinct
cancer pre-disposition mechanism: MUTYH-associated polyposis (MAP) [8]. In addition to
the variants described above, approximately eighty new germline mutations in MUTYH have
been identified in patients with colorectal adenomas and carcinomas [8]. These include
missense and truncating mutations, in-frame deletions, frame shifts, and splice-site mutations.
Notably, several novel germline MUTYH mutations have been observed in specific populations
[8,9].

An important component of the initial discovery of MAP was the analysis of the enzymatic
activity of the highly homologous E. coli enzyme, which has proven to be an excellent model
system for the study of mammalian MutY homologues [7]. The E. coli MutY mutants (Y82C
and G253D MutY) corresponding to those in MAP showed reduced adenine removal activity
in vitro with 30-bp duplex substrates containing a G:A mismatch or when analyzed with the
corresponding OG:A mismatch substrate at low temperature (2 °C) [7]; however, only the
Y82C MutY enzyme showed reduced activity under conditions of physiological temperature
and salt [10,11]. Both mutated enzymes were shown to have a reduced affinity for duplexes
containing OG opposite a noncleavable analog of A, 2′-deoxy-2′-fluoroadenosine (FA),
indicating a compromised ability to recognize OG [11]. The intimate role these two amino
acids play in recognizing OG was further illuminated in the X-ray crystal structure of an
inactive mutant of Bacillus stearothermophilus MutY (D144N Bs MutY) bound to an OG:A-
containing duplex (Figure 1)[12].
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Several studies have examined the enzymatic activity of MUTYH variant proteins associated
with MAP; however, these studies have not provided a consistent and clear picture of the
consequences of these variations on the adenine glycosylase activity. For example, while
studies of the murine equivalents to Y165C and G382D MUTYH indicated reduced activity
and binding affinity [13] analogous to the results with the bacterial enzyme, the first report on
Y165C and G382D MUTYH suggested that both variants are completely devoid of activity
[14]. More recently, Ali et al. [15] reported that the Y165C variant was severely defective in
both its glycosylase activity and binding affinity, while G382D was partially active in its DNA
binding and glycosylase activity. Controversies regarding the intrinsic enzyme activity of
MutY enzymes are not new [16,17]. In fact, previous work from our laboratory was
instrumental in sorting out the origin of controversial data and establishing protocols for
quantitative analysis of the activity of the bacterial enzyme that has allowed for reproducible
and comparable results between different laboratories [16,18–20]. Activity analyses of the
human enzyme may also be complicated by varying amounts of folded and active protein
isolated after purification from protein overexpression in bacteria. In fact, even wild-type (WT)
E. coli MutY exhibits variability in active enzyme fraction among different preparations [11,
16,21]. In addition, the stability of a particular variant may be different than the WT over the
time course of the reaction. Effects on intrinsic catalytic activity and stability are two pieces
of information needed to understand the role of a particular variant MUTYH protein in CRC
predisposition. Resolving some of the basic issues associated with the activity of WT MUTYH
and specific variants will be important for teasing out the relevant information related to the
pathogenicity of a given variant, and predicting the potential impact of new variants on OG-
mediated mutagenesis.

In this study, in addition to a thorough examination of WT MUTYH and the two most
commonly occurring MAP variants, Y165C and G382D MUTYH, two other novel variants,
P391L and Q324R MUTYH, have been characterized. We also characterized D222N MUTYH
as a control that would be expected to be inactive based on the corresponding mutated bacterial
enzymes [12,22]. The Q324R MUTYH variant is a novel variant, though other mutations at
this codon have been observed. Most notably, Q324H MUTYH is thought to be a common
polymorphism [8,23], though this variant has also been suggested to be associated with
colorectal cancer in specific populations [15,24]. In addition, a truncated enzyme (Q324X
MUTYH) has been observed in some patients due to a mutation at the Gln codon that converts
it into a stop codon [8]. The Q324R MUTYH variant was reported by Myriad Genetics in the
screening of a cohort of patients found to be negative for mutations in the genes coding for
mismatch repair proteins MLH1 and MSH2 associated with hereditary nonpolyposis colon
cancer (HNPCC) [25].

Three different groups have reported the mutations encoding P391L MUTYH independently
and in patients with different ethnicity. Kanter–Smoler et al.[26] reported this mutation in
Swedish patients where the mode of inheritance appeared to be dominant rather than recessive.
In one patient, the mutation was found on one allele, with the other allele harboring the mutation
encoding Y165C MUTYH, while an unrelated patient was homozygous for the P391L
mutation. In a different study, Aretz et al.[27] reported the presence of P391L MUTYH along
with G382D MUTYH in German patients who displayed an attenuated polyposis phenotype.
Middeldorp et al.[28] observed the P391L variation frequently in Dutch patients in both
homozygous contexts or in combination with other known MUTYH variants.

Surprisingly, in the kinetic analysis herein, all of the MUTYH variants studied, Y165C, G382D,
P391L, and Q324R, exhibited similarly compromised adenine glycosylase activity that was
30–40% of the activity of the WT enzyme. Notably, the assays were performed using correction
for active fraction to provide the intrinsic reduction in the enzyme activity caused by the amino
acid changes. In the preparations for this study, the amount of active enzyme relative to total
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protein after purification was typically less than with WT, suggesting that these mutations also
affect proper folding and stability during the purification process. The ability of WT MUTYH
and the variants to suppress mutations and complement for the absence of the bacterial MutY
enzyme in E. coli was assessed using rifampicin resistance assays. It was observed that the
presence of WT and Q324R MUTYH completely suppressed the mutation frequency and fully
complement for the absence of the bacterial MutY enzyme. In contrast, the presence of Y165C
and P391L MUTYH provided for no significant reduction in the mutation frequency. The
results with G382D MUTYH indicate a modest reduction of mutation frequency. Taken
together, these results show that a reduced glycosylase activity as measured in vitro is only one
aspect that suggests a reduced ability to suppress DNA mutations and is highly dependent on
the type and position of the amino acid variation. Other factors, such as protein stability and
folding may also contribute significantly to the ability to prevent mutations in vivo and
therefore, consequences of specific amino acid variations on activity may be magnified in a
cellular context.

2. Materials and methods
2.1 General methods, reagents and bacterial strains

All routine chemicals used to make buffers and other reagents were purchased from Fisher
Scientific, VWR or Sigma. E. coli strain BL21(DE3) was used for protein overexpression and
GT100 mutY:mini-Tn10 mutM for the bacterial complementation assays. Standard protocols
were followed for DNA manipulation [29]. UV-visible spectroscopy was performed on a
HP8452A diode array spectrophotometer. Storage phosphor autoradiography was performed
on a Typhoon Trio phosphorimager system (GE Healthcare). Data analysis was performed
using ImageQuaNT (Version 5.2a) and the rate constants were determined from fitting of the
data with GraFit 5.0. PCR was performed on a GeneAmp PCR system 2400 from Perkin Elmer.
DNA sequencing and synthesis was provided by core facilities at the University of Utah
Medical School and University of California, Davis. 7,8-Dihydro-8-oxo-2′-deoxyguanosine
phosphoramidite was purchased from Glen Research. Oligonucleotides used for mutagenesis
via PCR were purified using oligonucleotide purification cartridges (OPC). All other
oligonucleotides were purified via HPLC on a Beckman Gold Nouveau system with a C18
RCM column from Waters. [γ-32P]-ATP and T4-polynucleotide kinase (T4-PNK) used for
end-labeling were purchased from Perkin-Elmer and New England Biolabs, respectively.
ProbeQuantG-50 spin columns (GE Healthcare Life Sciences) were used for purifying the
labeled oligonucleotides following the manufacturer’s protocol.

2.2 Gene cloning and site-directed mutagenesis of MUTYH
The pQEMUTYH plasmid containing the MUTYH gene in which the first seven arginine codons
had been modified to those more commonly found in bacteria was generously shared by M.M.
Slupska and J.H. Miller (UCLA). This modified gene was subcloned into the BamHI site of
the pMal-c2x vector (NEB). An additional stop codon (TAA) was engineered into the gene
after the original stop codon. DNA sequencing was performed to confirm the presence and
orientation of the MUTYH gene. The resulting plasmid was named pMalMUTYH WT.
Mutations in the MUTYH coding region for Y165C, G382D, P391L, D222N, and Q324R
MUTYH were made by site-directed mutagenesis using the QuikChange mutagenesis kit
(Stratagene) and the following primers where the underlined sequence defines codon change:

Y165C-1: 5′-GGGCTGGCCTGGGCTGCTATTCTCGTGG-3′

Y165C-2: 5′-CCACGAGAATAGCAGCCCAGGCCAGCCC-3′

G382D-1: 5′-CAGTCCTGCCAGCAGATCTGAGTTGGGCC-3′
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G382D-2: 5′-GGCCCAACTCAGATCTGCTGGCAGGACTG-3′

P391L-1: 5′-GGACTGTGGGAGTTCCTGTCCGTGACCTGGG-3′

P391L-2: 5′-CCCAGGTCACGGACAGGAACTCCCACAGTCC-3′

Q324R-1: 5′-CCCAACACTGGACGGTGCCACCTGTGC-3′

Q324R-2: 5′-GCACAGGTGGCACCGTCCAGTGTTGGG-3′

D222N-1:5′-ACCGGTGTGGTGAATGGCAACGTAGC-3′

D222N-2:5′-GCTACGTTGCCATTCACCACACCGG-3

Plasmid DNA was isolated from XL-1 Blue E. coli cells using a Wizard Plus DNA purification
kit (Promega) according to manufacturer’s protocol. Presence of the mutations of interest were
confirmed by DNA sequencing. These plasmids were named pMalMUTYH Y165C,
pMalMUTYH G382D, pMalMUTYH P391L, pMalMUTYH D222N and pMalMUTYH
Q324R respectively.

2.3 Enzyme Expression and Purification
BL21 (DE3) E. coli were made chemically competent by calcium chloride using standard
protocols [29] and then transformed with the expression vectors pMalMUTYH WT, Y165C,
G382D, P391L, D222N or Q324R using standard heat-shock procedures. Colonies were
selected using 100 μg/mL ampicillin by growth on LB agar plates. For protein expression, a
single colony was chosen to inoculate an overnight starter culture of LB media containing 100
μg/mL ampicillin and supplemented with 2 mg/mL glucose. The starter culture was then used
to inoculate 1 L of LB growth containing ampicillin and glucose at the same concentrations.
The cells were grown at 37 °C to an OD600 of 0.8 and protein expression was induced by
addition of a final concentration of 300 μM IPTG and then incubated at 30 °C for 3 hours. The
cells were then collected by centrifugation, resuspended in 20 mL of column buffer A (20 mM
Tris-HCl pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT), supplemented with 1 mM PMSF,
and stored at −80 °C. All subsequent protein purification steps were performed at 4 °C unless
otherwise noted. Cells were thawed slowly at 37 °C and an additional 1 mM PMSF was added
once completely thawed. Sonication was performed with six series of 30-second pulses using
a Branson sonifier 250 at 70% power. After centrifugation to remove cellular debris, the
supernatant was batch bound with 1 mL of amylose resin for one hour. The resin-supernatant
mix was then loaded onto a column and washed with ten column volumes of column buffer A
and the protein was eluted in five column volumes of column buffer B (same as column buffer
A with the addition of 10 mM maltose). The protein was concentrated approximately 10-fold
using an Amicon stirred cell concentrator (YM 10 membrane), aliquoted into single-use
fractions, and stored at −80 °C. The purity of the protein sample was assessed by Sypro orange
(Invitrogen)-stained SDS-PAGE and the presence of the MBP-MUTYH construct confirmed
by Western blot analysis using an antibody to the MBP tag (NEB).

2.4 General features of glycosylase assay and substrate DNA preparation
The following oligonucleotide duplex was used for these experiments:

d(5�-CGATCATGGAGCCAC XAGCTCCCGTTACAG-3�)

d(3�-GCTAGTACCTCGGTG ATCGAGGGCAATGTC-5�)
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Where X = 7,8-dihydro-8-oxo-2′-deoxyguanosine or 2′-deoxyguanosine and A = 2′-
deoxyadenosine. The A-containing strand (2.5 pmoles) was radiolabeled on the 5′ end with
[γ-32P]-ATP using T4-PNK. For glycosylase assays under multiple-turnover conditions
additional unlabeled A-containing oligonucleotide strand was added such that the final
concentration would contain approximately 5% [γ-32P]-phosphate labeled DNA. The
complementary X-containing strand was then added in 10 % excess to the A-containing strand
in annealing buffer (20 mM Tris-HCl pH 7.6, 10 mM EDTA, 150 mM NaCl). The DNA duplex
was then annealed by heating to 90 °C for five minutes followed by slow cooling to room
temperature overnight. For glycosylase assays under single-turnover conditions and binding
experiments, 10 % excess of the X-containing strand was added to 100 % labeled A-containing
DNA in the annealing buffer.

Adenine glycosylase activity assays of WT MUTYH and variant enzymes Y165C, G382D,
P391L, Q324R and D222N MUTYH were performed similarly as reported previously for E.
coli MutY and murine Mutyh by our laboratory [16,30]. In general, the enzyme activity is
monitored by assessing the amount of strand scission at the abasic site produced by MUTYH
at the A opposite OG in the duplex. The standard assay buffer consists of 40 mM Tris-HCl pH
7.5, 10 mM EDTA, 0.1 mg/mL BSA, and 150 mM NaCl. Enzyme and DNA substrate were
incubated at 37 °C and aliquots were removed at various times (20 sec to 60 min). These aliquots
were quenched with 0.2 M NaOH and heated to 90 °C for 5 min. An equal volume of formamide
loading dye (0.025 % bromophenol blue, 0.025% xylene cyanol, and 80% formamide in 1X
TBE) was added and the samples were heated at 90 °C for an additional 5 min. The samples
were resolved on a 15 % (19:1) denaturing polyacrylamide gel in 1X TBE at 1500 V for 1.5
hours and visualized by storage phosphor autoradiography.

2.5 Glycosylase assays under multiple-turnover conditions: Active site titrations, stability
assays, and determination of k3

For active site titration (AST) and multiple-turnover experiments, the removal of adenine from
5–10 nM DNA substrate is monitored with the amount of MUTYH enzyme adjusted to give a
burst amplitude in a detectable range, typically 20% of the DNA concentration. The analysis
of the data is analogous to that previously reported for E. coli MutY and murine Mutyh [16,
30]. The data from these experiments were fitted with equation 1 to determine the amplitude
of the burst (A0), kobs (rate constant for the burst phase) and kss (rate constant for the linear
phase). Under conditions where [E] > Kd, A0 = [active MUTYH]. All concentrations listed are
active site concentrations, corrected on the basis of the active site titrations.

(1)

The stability of MUTYH and the four variants was assessed by monitoring the amplitude of
the burst phase of the reactions after pre-incubation of the enzyme at 37 °C in the glycosylase
buffer for time ranging from 0–10 minutes, prior to addition of the labeled substrate. The rate
constant k3 = kss/[A]0 as described previously for MutY [16].

2.6 Glycosylase Assays under single-turnover conditions: Determination of rate constant
k2 and dissociation constant for MUTYH with an OG:A-containing substrate

Single-turnover ([MUTYH] > [DNA]) kinetic assays were performed in general as described
above using a DNA concentration of 100 pM and an active MUTYH concentration that was
as high as possible (1–2 nM). Data from single-turnover experiments were used to determine
the observed rate of product formation (kobs) from fitting of the data using equation 2. Under
conditions of single-turnover where [E] > Kd, kobs = k2 (Scheme 1). That appropriate single-
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turnover conditions were present under these conditions is consistent with no observed change
in maximal kobs if the DNA (0.5 nM) or enzyme (2.0 nM) concentration was increased.
Unfortunately, enzyme solubility issues precluded obtaining active [MBP-MUTYH]
concentrations significantly above 2 nM. Lower DNA concentrations (0.01 nM) in Kd
measurements also gave similar maximal kobs values.

(2)

For kinetic determination of the dissociation constant (Kd) the DNA concentration was reduced
to 10 pM and enzyme concentrations were varied between 100 pM and 2 nM. Values for Kd
were determined by fitting the observed rate of adenine removal (kobs) versus log[enzyme] to
the one-site ligand binding equation using the GraFit 5.0 program.

2.7 Complementation Assays
Complementation experiments performed herein were followed as outlined previously [31].
The WT MUTYH gene or gene expressing Y165C, G382D, P391L and Q324R MUTYH were
used in the pMAL-c2x expression constructs described above. The relevant plasmids, as well
as the parent pMAL-c2x plasmid, were individually transformed into the E. coli strain GT100
mutY:mini-Tn10 mutM. A series of overnight cultures (at least ten) were grown in LB media
containing 100 μg/mL ampicillin and 15 μg/mL tetracycline antibiotics from the transformed
colonies. Cells from the same culture were plated on LB agar media containing the appropriate
antibiotics supplemented with 100 μg/mL rifampicin. To determine the number of viable cells,
a 107-fold dilution from each independent culture was plated on LB agar plates containing the
same antibiotics, incubated at 37 °C overnight, and the resulting colonies were counted. The
mean number of colonies from the rifampicin containing plates was divided by the average
value for the viable cells to calculate the mutation frequency (f) as described previously [32].

3. Results
3.1 Overexpression and Purification

An expression vector containing the gene encoding MUTYH with an N-terminal His6-tag
(pQEMUTYHWT) was used that had been modified from the previously published construct
[33] to convert seven rare arginine codons present in the region coding for the N-terminal
domain into those more commonly found in bacteria (AGG → CGC, AGA → CGC). Initial
overexpression studies using this construct provided low amounts of MUTYH protein which
was unstable to purification and contained significant amounts of degraded MUTYH
fragments. Consequently, the MUTYH gene was sub-cloned into a pMAL-c2x vector and
expressed as a fusion protein with an N-terminal maltose binding protein (MBP) tag in protease
deficient BL21 (DE3) cells. The addition of an MBP tag often aids in overexpression, solubility
and stability of proteins [34,35]. We have previously observed 20-fold greater levels of
overexpression of MBP-MutY relative to untagged versions in E. coli [36]. The recombinant
MBP-MUTYH protein was purified in a one-step affinity chromatography procedure using
amylose resin. The purified protein contained mainly MBP-MUTYH, with Western blot
analysis using an MBP antibody compared to total protein staining with Sypro orange showing
that the major contaminants are fragments that contain MBP, either due to premature translation
termination after MBP, or due to proteolytic cleavage in the linker region between MUTYH
and the MBP-tag (Supplementary Figure 1).

The variant enzymes associated with MAP, namely Y165C, G382D, Q324R and P391L, were
overexpressed and purified in an analogous manner, and the spectrum of protein products is
similar to that observed with WT MUTYH (Supplementary Figure 1). The overall yield of total
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protein is similar for the variants and WT MUTYH, and is comparable to the GST-fusion
constructs reported previously[15]. Notably, we detected intrinsic glycosylase activity for all
variants, which is discussed in more detail below. In order to establish that the activity observed
for the overexpressed variants was not due to contaminating E. coli MutY, an inactive version
of MUTYH (D222N MUTYH) was also prepared using the identical approach. The resulting
D222N MUTYH exhibited no detectable glycosylase activity, establishing that the purification
strategy had removed all contaminating E. coli MutY. In addition, the amount of the D222N
MUTYH protein present was determined by Western blot analysis with an anti-MBP antibody
to establish that the expression levels of this mutated enzyme were similar to the WT (data not
shown).

3.2 General features of MUTYH activity: Active site titration and stability
Although it has been reported previously that MUTYH is able to act upon OG:A mismatches
[33], the activity has not been evaluated using a quantitative kinetic approach. Our laboratory
has previously shown with several glycosylases that a detailed kinetic approach can unveil
intricacies of the enzyme action that explain apparent discrepancies [16,37–39]. For this reason,
we have used a similar approach to analyze the activity of MUTYH. Under multiple-turnover
conditions with a 30-bp duplex containing a centrally located OG:A mismatch, in which
[MUTYH] < [DNA], WT MUTYH displayed an initial exponential burst of product formation
followed by a slower linear steady-state phase (Figure 2A). This type of “burst” kinetics is
often seen in enzyme-substrate reactions where a slow step occurs after the initial chemistry
step and may be exploited to determine the amount of active enzyme since this is related to the
amplitude of the burst phase [40].

In order to establish that the biphasic behavior is due to a slow step (i.e. product release)
following chemistry, we determined the stability of MUTYH during the time-course of the
reaction since loss of activity or inactivation with time may also provide a biphasic progress
curve. The enzyme stability was assessed by analyzing the amplitude of the burst phase after
incubation of the enzyme under the reaction conditions at 37°C for several time periods.
Aliquots removed at different time intervals were assayed for the adenine removal activity
under multiple-turnover conditions to determine the amplitude of the burst phase, which was
then compared to that obtained with no pre-incubation of the enzyme. These experiments were
performed at both 100 mM and 150 mM NaCl. The results, illustrated in Figure 2B for the
reactions at 150 mM NaCl, show that the amplitude of burst phase remains nearly constant for
the first ten minutes of incubation at 37 °C in the assay buffer indicating that the protein is
stable during the reaction time course. Notably, the burst phase is complete within the first
minute, well before the time that the enzyme loses significant activity establishing that the
burst amplitude accurately reflects the active enzyme fraction in the overexpressed protein
sample. Thus, all enzyme concentrations listed in this work are based on the active site
concentration determined by this method. These experiments also indicated similar stability at
100 and 150 mM NaCl; consequently, the higher salt concentration was used in all subsequent
experiments.

3.3 Active site titration and stability of MUTYH variants
All of the variants displayed biphasic kinetic profiles similar to that of WT MUTYH enzyme
under multiple-turnover conditions (Figure 3A). In this experiment, though the same amount
of total protein for each variant and WT was used, significant differences in burst amplitudes
are observed indicating differences in active fraction among the variants; the WT enzyme at
the same total protein concentration consistently has the largest burst amplitude. In addition,
the variants were assayed by monitoring the burst amplitude in a manner similar to WT
MUTYH to determine the relative stability under the assay conditions. These experiments
showed that the loss of enzyme activity for the variants is similar to the WT protein, and also
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confirms the appropriateness of using the burst amplitude to reflect upon active concentration
(Figure 3B). Of note, the burst amplitude for P391L MUTYH increases slightly by the end of
the incubation period. Using the amplitude of the burst phase of the reaction with the OG:A
substrate from variant enzymes, the active enzyme concentration from enzyme isolated from
several different protein preparations was determined (Table 1). Generally, the variants Y165C,
G382D, and P391L MUTYH had an active yield that was lower than the wild type protein.
Q324R MUTYH preparations generally exhibited active fractions that were the most similar
to those of the WT enzyme. These values are reasonably reflective of several different
preparations; however, just as the active fraction of WT MUTYH and E. coli MutY vary from
different preparations, so does the active fraction of the variants. This underscores the
importance of evaluating the active site concentration of a given preparation, since this ensures
that the glycosylase reactions are performed under the desired conditions of enzyme in defect
or excess (i.e. multiple-turnover or single-turnover, respectively) and allows for reliable and
reproducible determination of the relevant kinetic rate constants. The fact that many variants
generally provide for lower yields of active fraction is highly suggestive that proper folding of
the enzymes into the active conformation may be influenced by a specific amino acid variation.

3.4 Determination of product release rate, k3, from glycosylase activity of WT MUTYH and
variants

Since WT MUTYH and all of the variants displayed a similar kinetic behavior to that observed
previously with E. coli MutY[16,18], we have used the same minimal kinetic scheme (Scheme
1) and approach in our analyses of the glycosylase activity. Using this simplified scheme,
reactions were performed under single- and multiple-turnover conditions to determine the
relative rate constants, k2 and k3 [16].

The rate constant k3 can be derived from the slope of the linear portion of the production curves
under multiple-turnover conditions and likely reflects the rate of release of MUTYH from the
DNA product. However, if the enzyme loses activity over the time course of the reaction,
equating the rate of turnover to k3 is not appropriate as the rate of enzyme activity decay has
not been accounted for. The active site titration assays performed above (Section 3.2) establish
that MUTYH loses minimal activity during the reaction period and therefore the rate
determined from the linear phase of the curve may be related to the rate constant k3. The values
of k3 determined from at least three separate reactions are listed in Table 1. The rate constant
k3 was calculated to be 0.011 ± 0.006 min−1 for WT MUTYH suggesting the OG:AP product
is released at a very slow rate. This k3 value is very similar to that observed for E. coli MutY
at 150 mM NaCl with the same duplex substrate [41].

Based on the fitting of the linear phase from the biphasic plots, the rate constant k3 (0.012 ±
0.005 min−1) for Q324R MUTYH is similar to the WT enzyme. The values of k3 for G382D
and Y165C (0.006 ± 0.002 and 0.006 ± 0.001 min−1, respectively) were twofold decreased
compared to the WT protein. Of note, the most altered k3 compared to the other enzymes was
for P391L MUTYH (0.002 ± 0.001 min−1).

3.5 Single-turnover reactions of glycosylase activity of WT MUTYH and variants: k2 and Kd
measurements

In order to determine the rate constant k2, reactions were performed under single-turnover
conditions where the concentration of the enzyme is in excess of the DNA substrate [16]. The
observed rate constant of the glycosylase reaction, kobs, is related to the rate constant k2 and
depends on the enzyme concentration and the dissociation constant Kd under conditions of
rapid equilibrium between the enzyme and substrate DNA. If the enzyme concentration is
above the Kd, then it is valid to assume that the observed rate constant is the true rate constant
for the base removal step(s) (k2 ≅ kobs). The value for the rate constant k2 determined for the
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adenine excision by MBP-MUTYH (1.6 ± 0.02 min−1) is quite similar to that obtained for
reactions with His6-murine Mutyh [30] and His6-MUTYH with the same OG:A-containing
30-bp duplex (Table 1). Surprisingly, however, the adenine excision of MBP-MUTYH with
the G:A containing DNA substrate under the same conditions (Figure 4) resulted in a minimal
reaction (kobs < 0.002 min−1).

Representative plots of the reaction of the variant MUTYH enzymes with the OG:A substrate
under single-turnover conditions, compared to the WT enzyme, are shown in Figure 5 and the
values for k2 determined from at least four separate experiments are listed in Table 1. Single-
turnover experiments were also performed at the highest concentrations of the variant enzymes
that could be attained without enzyme precipitation, as well as a ten-fold increase in DNA; no
change in kobs for the reaction for either condition was observed indicating that the kobs ≈ k2
assumption is reasonable. Under these conditions, all of the variants examined exhibited a k2
value with the same OG:A substrate that was three-fold reduced compared to the wild type
protein under similar reaction conditions (Table 1).

Under single-turnover conditions the dissociation constant Kd can be determined since this is
related to the rate constant k2 through equation 3, where [E0] is the initial concentration of the
enzyme. In this case, the DNA concentration was lowered to 0.01 nM to make sure this was
below the expected Kd values.

(3)

Kd is equal to the enzyme concentration when the kobs equals half of the k2. Therefore, it is
possible to evaluate kobs as a function of enzyme concentration under single-turnover
conditions and determine the dissociation constant with the substrate. The DNA concentration
was kept constant at 0.01 nM while WT MUTYH concentration was varied between 0.025 nM
to 1.5 nM. The kobs for the wild type enzyme increased with increasing enzyme concentration
up to a MUTYH concentration of 1 nM. However, increasing the enzyme concentration to 1.5
nM did not produce any significant change in the kobs for the WT protein. A plot of kobs as a
function of enzyme concentration is shown in Figure 6. WT MUTYH binds to an OG:A-
containing DNA substrate tightly with the dissociation constant Kd of 0.3 ± 0.1 nM. This value
is similar in magnitude to that observed with murine Mutyh binding to the same OG:A
mismatch substrate (0.4 ± 0.1 nM) [30]. Similar titrations were performed with the variant
enzymes (Supplementary Figure 2) indicating a similar affinity for the OG: A substrate.

3.6 Mutation frequency complementation assays
The ability of MUTYH and MutY to prevent mutations can be evaluated in E. coli using a
rifampicin resistance assay [10,31,33,42]. This assay involves observing spontaneous
mutations in the rifampicin binding site of E. coli RNA polymerases. If DNA repair activity
is low, the accumulation of mutations in an RNA polymerase will render rifampicin less
effective as a block to transcription, allowing cell growth in the presence of the drug. The
mutation frequency (f) can then be related to the number of rifampicin resistant colonies relative
to the control plates for viable titer [32].

The rifampicin complementation assays were performed in an E. coli strain (GT100 y-m-) that
lacks functional MutY and the bacterial OG glycosylase MutM [10,43] to allow for differences
in mutation frequency between cells expressing WT MUTYH and variants to be readily
detected (Table 2). Expression of WT MBP-MUTYH in the GT100 y-m- strain reduced the
number of colonies on rifampicin-containing plates providing for a low value for the mutation
frequency (f = 1.9). This represents a reduction in mutation frequency of 6-fold and 12-fold

Kundu et al. Page 10

DNA Repair (Amst). Author manuscript; available in PMC 2010 December 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with respect to the vector only control and the GT100 y-m- cells. This result indicates that
recombinant MUTYH expressed in bacteria can complement for the absence of MutY in E.
coli. Sequencing of the rpoB gene from colonies observed on rifampicin-containing plates
revealed only G→T transversion mutations, which is consistent with the defect in the GT100
y-m- strain (data not shown).

The mutation frequencies with the four variants Y165C, G382D, Q324R, and P391L MUTYH
were determined in a similar fashion. The presence of Q324R MUTYH provided a mutation
frequency nearly identical to WT MUTYH. In contrast, the mutation frequency observed with
Y165C and P391L MUTYH variants (f = 23 and 17, respectively) was similar to that observed
in the GT100 y-m- strain. This represents an approximate 10-fold increase in mutation
frequency with these variants compared to the presence of WT MUTYH. The mutation
frequency observed with G382D MUTYH (f = 6.6) was between that observed with WT
MUTYH and the other variants corresponding to a 4-fold increased mutation frequency
compared to WT MUTYH. Differences in mutation suppression could not be related to
differing amounts of protein since expression levels determined in total cell lysates using
Western blot analysis were found to be similar (data not shown). In the presence of all of the
variants, sequencing the rpoB gene in the rifampicin resistant colonies indicated that the
predominant mutations were G→T transversions (data not shown).

4. Discussion
MUTYH is a unique glycosylase that catalyzes the removal of an undamaged adenine that has
been misincorporated opposite the lesion OG. In 2002, MUTYH was thrust into the limelight
when inherited mutations in the gene were correlated with colorectal cancer [7]. MUTYH-
associated polyposis (MAP) is the only documented form of cancer that originates from
inherited biallelic mutations in a base excision repair gene [3]. The initial mutations in
MUTYH that were uncovered encoded the variants Y165C and G382D MUTYH [7].
Subsequent work has uncovered a plethora of other missense mutations, as well as truncating
and splice site mutations associated with MAP; however, these two original mutations
presently represent 70–80% of the known mutations in MUTYH [8]. Though the clinical data
related to MAP has been accumulating rapidly, the amount of functional data on MUTYH and
variants is limited. Moreover, the reported results from enzyme assays of MUTYH variants
are conflicting and provide a murky picture of the relationship between the glycosylase activity
and pathogenicity of a given MUTYH variant [14,15,44–46]. We believe the conflicting results
are a consequence of the variable amounts of active MUTYH obtained from bacterial
overexpression that complicate the analysis of the enzymatic activity. The aim of this study
was to provide an approach for characterizing the glycosylase activity of MUTYH and variants
associated with MAP. We have analyzed the kinetics of adenine removal from an OG:A-
containing substrate with several common MAP variants, namely P391L, Q324R, Y165C, and
G382D MUTYH. These results, in combination with the ability of the variant MUTYH
enzymes to suppress DNA mutations in rifampicin resistance assays, provide new insight into
the factors influencing the ability of MUTYH and variants to prevent mutations associated
with OG.

In order to obtain enough high quality protein to analyze the adenine glycosylase activity of
MUTYH in vitro, we have overexpressed MUTYH as a fusion-protein with the maltose-
binding protein at the N-terminus in E. coli. The expression as an MBP-fusion coupled with
the modified MUTYH gene that contains optimal Arg codons resulted in enough active
MUTYH protein to use the same approach used previously to analyze the adenine removal
activity of E. coli MutY. A critical aspect of this approach is measurement of the burst
amplitude from pre-steady state reactions of MUTYH with an OG:A substrate to determine
the amount of active enzyme. The challenges associated with expression and isolation of
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MUTYH from bacteria results in significant fractions of the overexpressed protein that may
be misfolded and therefore inactive. Indeed, we observe considerable variations in active
fraction with different preparations of WT MUTYH. However, using the active site
concentration allows for correction between preparations and reproducible determination of
the kinetic rate constants k2 and k3 that correspond to steps involved in the base excision process
and product release, respectively. The rate constant k3 is similar for MUTYH to E. coli MutY
under the same conditions indicating a similarly high affinity for the DNA product [41].
Interestingly, the rate constant k2 for the intrinsic base excision step measured for WT MUTYH
with an OG:A substrate is similar to the corresponding rate constant with the murine Mutyh
measured previously [30]. However, WT MUTYH showed minimal activity toward the G:A-
containing substrate under the assay conditions approximating physiological salt (150 mM
NaCl). This is consistent with results obtained with E. coli MutY, where there is a 70-fold
lower k2 rate constant for the adenine glycosylase activity for the G:A containing duplex
substrate compared to the OG:A counterpart at higher salt concentrations [41]. In the same
study, when the same sequence context for G:A was evaluated in a cellular repair assay,
nominal MutY-mediated repair at the G:A bp was observed, while the OG:A mismatch was
completely repaired. Such results are consistent with the supposition that OG:A mismatches
are the most physiologically relevant substrates for both the bacterial and mammalian forms
of this BER glycosylase [33,47].

Using the same kinetic approach, the adenine glycosylase activity of Y165C, G382D, Q324R,
and P391L MUTYH variants was examined. Single-turnover experiments were used to
determine the rate constant k2 for these variants (Table 1). Our results show a 3-fold reduction
in rate for each variant compared to WT MUTYH. This is quite different from previous reported
results for Y165C and G382D MUTYH [14,15,44]. For example, the results of Wooden et
al. with cell extracts containing Y165C and G382D MUTYH expressed as an N-terminal GST
fusion in a CC104 mutY- strain indicated that the variant enzymes were completely devoid of
adenine glycosylase activity [14]. A more recent study reported measurements of the rate
constant k2 with purified GST-fusion constructs of Y165C and G382D MUTYH expressed in
a bacterial strain harboring the tRNAs for the rare Arg codons [15]. The authors concluded
that the glycosylase activity of Y165C MUTYH was severely compromised while that of
G382D MUTYH was only slightly compromised compared to the WT MUTYH enzyme
[15]. We attribute the differences in the previous results to those reported herein to the lack of
consideration and correction for active enzyme fraction. We have observed different active
enzyme fractions from different preparations of the same enzyme form, including WT
MUTYH. In fact, in preliminary work using an expression vector without the Arg codon
changes encoding His6-tagged WT MUTYH, some enzyme preparations exhibited barely
detectable adenine removal activity. Correction for active site concentration is critical, since
differences in active site fraction among different preparations of the same enzyme can be as
large as those between different variant enzymes. In the study of Wooden et al., the reaction
of WT MUTYH with the OG:A substrate was not complete within the 30 minute incubation-
time analyzed indicating a low amount of active enzyme in the reaction [14]. In the later study
by Ali et al. [15], the reaction of the OG:A substrate with WT GST-MUTYH was shown to
go to completion indicating a higher active enzyme concentration by expression in E. coli
harboring the rare Arg tRNAs; however, in the determinations of the rate constant k2, the
reactions were performed using the same concentration of total enzyme rather than active
enzyme. This type of analysis is misleading since different amounts of active protein may lead
to differences in the observed rates. In such cases, attributing these differences to the mutation
of a specific amino acid would misrepresent the pathogenicity of a given variant. Moreover,
ensuring that the observed rate approximates the rate constant k2 requires that the active enzyme
concentration be above Kd and the DNA concentration. Appropriate analysis of the kinetic
parameters allows for accurate assessment of the extent with which a modification in an amino
acid affects a specific aspect of the mismatch recognition or base excision process. Indeed,
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such knowledge may also allow for more accurate prediction of the potential outcomes of
amino acid changes at other positions in MUTYH. It should also be noted that reproducibly
lower amounts of active enzyme fraction for a given variant compared to the WT form may
be due to the amino acid change that alters the proper folded conformation required for
catalysis; therefore, this is an additional piece of information on the consequences of an amino
acid variation in MUTYH.

The kinetic results from adenine glycosylase assays of the Y165C and G382D MUTYH
variants in this study are consistent with previous work from our laboratory on the bacterial
[10,11] and murine Mutyh [13] enzymes, consistent with the high degree of sequence
conservation between MutY enzymes from bacteria to humans. The major difference is that
previous functional work on E. coli MutY showed a more dramatic decrease in adenine
glycosylase activity caused by the Tyr to Cys change [11]. In addition, the affects on the activity
and binding are consistent with the location of the corresponding Tyr and Gly residues in the
Bs MutY-DNA structure [12] that place both residues in close proximity to OG. Thus, the
structural and functional data are consistent with an increased frequency of G to T transversions
in a variety of genes, most conspicuously APC, leading to MAP.

P391L MUTYH is a variant that has been reported in several MAP cases [8,26–28]. Pro 391
in MUTYH corresponds to Pro 269 in Bs MutY and is highly conserved across species (Figure
1). The P391L variant is particularly interesting since the Pro residue is located quite remotely
from the OG and adenine binding sites as well as the DNA backbone (Figure 1). This residue
is located in the C-terminal domain, which makes extensive contacts with the OG-containing
strand and interfaces with the catalytic domain of Bs MutY [12]. Indeed, functional studies
have established that this domain plays an important role in the recognition of OG within OG:A
mismatches [48,49]. Recently studies using a cell-based repair assay showed that identification
of OG rather than the adenine base has a greater influence on location and repair of the
mismatch by MutY [41]. Though seemingly far away from the target OG:A bp in the Bs MutY-
DNA structure, Pro 269 resides near several other hydrophobic residues and together these
residues form a hydrophobic core within the C-terminal domain [12]. Moreover, Pro 269 is
involved in a turn region between two β-sheets that are strongly packed with other portions of
the C-terminal domain. Disruption of the intricate contacts within this domain by introduction
of the large leucine residue might result in destabilization or altered flexibility of this domain
that ultimately hamper the enzyme’s ability to recognize OG [26].

The region of MUTYH corresponding to Gln 324 is located in a region not found in the bacterial
enzymes that represents an extension of the N-terminal domain before the flexible linker
between the two domains (Figure 1). This location makes it difficult to make structural
prediction on the possible consequences to DNA mismatch binding and catalysis caused by
mutations at this position. Interestingly, the codon for Gln 324 is frequently mutated. The
commonly observed polymorph Q324H MUTYH [8] was shown by Ali et al. to be slightly
less active than the wild type protein [15], while Shinmura et al. reported that the activity of
this enzyme form is identical to the WT protein [50]. In the case of the mutation of Gln to Arg
in Q324R MUTYH, we observe that the rate constant k2 for adenine removal from OG:A
substrates is reduced three-fold compared to the WT protein. Western blot analysis with whole
cell lysates also shows that the bacterial expression levels are comparable to the WT protein
(data not shown). Q324R MUTYH is also able to suppress the mutation frequency to WT levels
in the rifampicin assays in the absence of endogenous MutY. Thus, in this case, though this
variant showed a reduced rate for adenine excision in the glycosylase assays, the enzyme
activity was sufficient to mediate repair and prevent mutations in a cellular context. This
suggests that enough active enzyme with a sufficient rate of adenine excision was present,
providing full complementation for the bacterial enzyme. The idea that some reduction in
adenine removal activity may be tolerated is consistent with recent work in our laboratory that
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showed that the modified substrate base pair, OG:Z3 (where Z3 = 3-deaza-2′-deoxyadenosine),
was fully repaired to G:C in E. coli despite having a 100-fold reduction in the measured k2 for
base removal in vitro with MutY [41]. However, it was noted that MutY exhibits high affinity
for OG:Z3 base pairs suggesting that a reduction in catalytic adenine removal may be more
readily tolerated in terms of overall repair if the mismatch is effectively recognized and
intercepted prior to replication.

Despite having similar reductions in the rate of adenine removal as Q324R MUTYH compared
to WT MUTYH (Table 1), the Y165C, G382D, and P391L MUTYH variants are all less able
to suppress mutations as determined in the rifampicin resistance assays. In the presence of
G382D MUTYH, the mutation frequency is increased 4-fold over the WT enzyme and is only
2-fold reduced compared to the expression vector control lacking MUTYH. The presence of
Y165C or P391L MUTYH provided mutation frequency values that are greater than the vector
control indicating an absence of any ability to prevent DNA mutations. The compromised
ability to prevent mutations of these three variants could be a result of the reduced stability and
the active fraction of these variants in E. coli. Western blot analyses indicated that total amounts
of the variant proteins were similar to the WT MUTYH enzyme; this is an advantage of using
the MBP tag since its presence equalizes protein expression compared to other tag constructs.
However, the concentration of active protein for the Y165C, P391L and G382D MUTYH
proteins measured via the glycosylase reaction are typically less than the WT protein. Reduced
amounts of active protein coupled with slower adenine removal capacity would effectively
further reduce OG:A repair and increase the mutation frequency. It is also possible that the
intrinsic activity and active fraction of these variants may be further compromised in the cellular
environment. Indeed, we previously observed that the rate constant k2 from adenine glycosylase
assays of both the Y150C and G365D murine Mutyh variants was reduced by the presence of
the AP endonuclease while the corresponding k2 measurements with WT murine Mutyh
enzyme was not affected [13]. This suggested that other proteins may be able to compete with
the variants, but not the WT enzyme, for the DNA substrate, thus magnifying any defects in
activity in a cellular setting. Interestingly, our previous work showed that Y82C MutY was
more severely compromised in terms of catalysis of adenine removal compared to G253D
MutY [10]. In addition, the rifampicin assays herein show that the mutation frequency was
reduced, albeit modestly (only 2-fold), in the presence of G382D MUTYH, while no mutation
suppression was observed with Y165C MUTYH. These results suggest that some specific
amino acid substitutions may be more sensitive and consequences due to the presence of the
variant MUTYH may be more readily revealed in cellular assays than in vitro. Notably, a recent
clinical study showed that the presence of the Y165C MUTYH variant is associated with an
earlier onset and a more severe CRC phenotype than G382D MUTYH [51].

P391L MUTYH resulted in mutation frequency results similar to Y165C MUTYH. With this
variant the results are not as easily rationalized as those for Y165C MUTYH. For example, the
analogous E. coli enzyme (P262L MutY) was found to be identical to the WT MutY in a variety
of aspects, including kinetics, mismatch affinity, stability, and ability to suppress DNA
mutations [52]. A potential explanation of the seemingly conflicting results with P391L
MUTYH may be a result of magnification of defects in locating the mismatch in a large DNA
substrate in a cellular context that are not apparent in the bacterial enzyme or the in vitro
experiments with a short defined duplex containing a single lesion. In addition, the results can
not simply be explained by instability of the enzyme leading to its degradation and absence,
since Western blot analyses showed that the level of total protein in cell lysates was similar
for P391L and WT MUTYH. However, active fraction on average is reduced for P391L
MUTYH and may be magnified in the cellular context. A distinct feature of the kinetics of
P391L MUTYH is the considerably reduced rate constant k3 indicating a product release rate
that is even slower than WT MUTYH. In a cellular context, MUTYH not only initiates BER
but also makes sure that the DNA intermediate is passed on to the next protein in the pathway
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(APE1) [53,54]. Though this is a bacterial assay, the fact that MUTYH is able to complement
for MutY suggests that initiation of BER and coordination with downstream BER enzymes is
still maintained. The magnitude of the rate of product release may be quite important to ensure
a “safe transition” between the glycosylase and the AP endonuclease. If the release is too fast,
this may release the toxic and mutagenic OG:AP site product intermediate prior to full BER.
Failure to release the product at some point may also be problematic since this may also thwart
full repair of the mismatched site to a G:C base pair.

Clearly many unanswered questions remain as to the extent that defects in the catalytic rates
of adenine glycosylase activity translate to reduction in repair of OG:A mismatches and
increases in mutation frequency in APC. In the case of Q324R MUTYH, the fact that this
enzyme was able to complement for E. coli MutY in the rifampicin assay suggests that this
enzyme is functional to reduce mutations despite its reduced glycosylase activity. Together
these results suggest that this variant may be less deleterious compared to the other variants
that show defects in both types of assays. However, caution should be taken when translating
these results to a clinical outcome since other factors may also modulate the activity of the
MUTYH protein in colonic cells. For example, post-translational modifications should be
considered with eukaryotic enzymes. Indeed, previous work has suggested that MUTYH is
phosphorylated [44,55]. In addition, MUTYH has been shown to interact with several proteins
associated with the repair and replication machinery [56]. In considering these issues, it is
possible that the activity of variants such as Q324R and G382D MUTYH may be more reduced
in human cells. Deficiency in the glycosylase activity of MUTYH may only be one of the pieces
in the context of a larger repair puzzle. Hence, in order gain a better understanding of the
potential pathogenic properties of MUTYH variants, several different types of analyses should
be undertaken. For example, determining the effects of the mutations on stability, protein
expression levels, recognition and binding of the OG:A mismatch, rate of base removal,
interaction with other BER and replication machinery proteins, and cellular mutation
frequency, would be particularly illuminating. These results can be correlated with clinical data
on the phenotypic presentation associated with a given variant. One might expect that variants
that exhibit defects in a variety of assays will be the most strongly correlated with detrimental
effects to human health. This is an exceptional example of a cancer mechanism where
functional data from biochemical and cellular experiments coupled with structural insight from
X-ray crystallography can be correlated with clinical data on patients to provide a
comprehensive picture of the disease mechanism.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MUTYH variations associated with MAP. (A) Bacillus stearothermophilus MutY-DNA
cocrystal structure (1RRQ) with residues corresponding to variations in MUTYH involved in
MAP highlighted: Y88, black; G260, pink; P269, dark blue; FeS cluster; brown and orange;
adenine, violet; OG, green; DNA, grey; N-terminal domain, light blue; C-terminal domain,
yellow, linker region between domains, black dotted line. The sequence present only in
MUTYH shown in green dotted line harbors position of Q324. This region is not based on the
structure, and was added into a structure generated from coordinates (1RRQ) from the reported
structures. (B) Summary of conserved residues across different species. X denotes no matching
residue found on sequence alignment using Clustal W.
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Figure 2.
Adenine glycosylase assays of WT MUTYH under multiple-turnover conditions (A)
Representative plot of adenine removal activity by WT MUTYH under multiple-turnover
conditions at 37 °C and 150 mM buffer salt concentration with an OG:A-containing duplex
DNA substrate (10 nM). Line represents fit to equation 1 to determine A0 and k3, which are =
0.92 and 0.008 min−1, respectively, for this particular data set. (B) Stability assays of WT
MUTYH based on A0 values determined after incubation of WT MUTYH in assay buffer show
no significant reduction in enzyme activity as a function of time. The activity of MUTYH
without prior incubation was normalized to 1. Aliquots were removed at intervals of 2, 5 and
10 minutes for adenine glycosylase assays under multiple-turnover conditions, and active

Kundu et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2010 December 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enzyme concentrations were determined from the burst amplitudes of the progress curves. The
adenine glycosylase activity at each time point was measured in at least three separate
experiments. The grey bars represent the average on the basis of the initial amplitude and the
error bars represent the standard deviation from the average (as a percentage of the normalized
value).
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Figure 3.
Comparison of burst amplitudes of MUTYH variants to the WT enzyme.
(A) Representative plot of adenine removal activity by WT MUTYH and variants under
multiple-turnover conditions at 37 °C and 150 mM buffer salt concentration with an OG:A
containing duplex DNA substrate (10 nM). WT MUTYH (closed circles), Y165C (closed
squares), Q324R (closed stars), G382D (open triangles), P391L (open rhombus) were added
to the reaction mix to provide equal total protein concentrations (30 ug as measured by Bradford
assay). Lines represent fit to equation 1, with values of A0 obtained for the various enzymes
of WT = 0.93; Y165C = 0.19; Q324R= 0.38; G382D = 0.19; P391L = 0.24.
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(B) Stability assays of WT MUTYH and variants in assay buffer as measured by glycosylase
assays show no significant reduction in enzyme activity as a function of time. Aliquots were
removed at intervals of 0, 5 and 10 minutes for adenine glycosylase assays under multiple-
turnover conditions and fit to equation 1 to determine the burst amplitudes, A0. The activity
of MUTYH without prior incubation was normalized to 1. The bars at 5 and 10 min represent
the average loss of activity on incubation. The adenine glycosylase activity at each time point
was measured in at least three separate experiments and the error bars represent one standard
deviation from the average (as a percentage of the normalized value).
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Figure 4.
Adenine glycosylase assays of MUTYH under single-turnover conditions with OG:A and G:A
substrates. (A) Representative storage phosphor autoradiogram of denaturing PAGE
experiment. Bands derived from substrate and product are shown. The minus (−) lane
represents the G:A-containing DNA with no enzyme added as a control. (B) Plot of adenine
removal activity by WT MUTYH with OG:A- (close circles) and G:A- (open squares)
containing substrates at 37 °C. Lines represent fits of the data to a single exponential (equation
2). For this particular experiment, k2 = 1.5 min−1 and <0.002 min−1, for OG:A and G:A,
respectively. Reaction conditions: 0.1 nM DNA, 1.5 nM active enzyme in 150 mM NaCl-
containing assay buffer.
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Figure 5.
Representative plot of adenine removal activity by WT MUTYH and variants under single-
turnover conditions with an OG:A-containing duplex DNA substrate at 37 °C in 150 mM buffer
salt concentration. Reaction conditions include 0.1 nM DNA and 1.5 nM active enzyme. WT
MUTYH (closed circle), Y165C (open circle), Q324R (open triangle), G382D (open square),
P391L (open rhombus). The lines represent fits to a single exponential curve (equation 2) to
obtain kobs (= k2). The values for the rate constants determined from at least three measurements
for each enzyme (from different enzyme preparations) were averaged and are listed in Table
1.

Kundu et al. Page 25

DNA Repair (Amst). Author manuscript; available in PMC 2010 December 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Representative binding data of WT MUTYH. Rate of adenine removal (kobs) was determined
at 37°C and 150 mM buffer NaCl concentration. Reaction conditions included and OG:A
mismatch-containing duplex DNA substrate (0.01 nM) and enzyme concentrations between
0.02 and 1.5 nM. The kobs value at each concentration was determined at least three times to
provide an average value and the error bars represent the standard deviation from the average.
The line represents the fit of the data to a single binding site isotherm and provided a Kd of 0.3
± 0.1 nM.
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Scheme 1.
Minimal kinetic scheme used in the analysis of the adenine glycosylase activity of MUTYH
[16].
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Table 1

Active yield and rate constants determined for WT MUTYH and variants with an OG:A-containing duplex DNA
substrate at 37°C in 150 mM NaCl-containing assay buffer. Reported rate constants have been averaged over at
least three separate experiments and the error reported is one standard deviation from the average. Rate constants
k3 were determined under conditions of multiple-turnover ([DNA] > [Enzyme]) while rate constants k2 were
determined under single-turnover conditions.([DNA] < [Enzyme]).

Enzyme
Active Yield (ng) per one liter

culture k3 (min−1) k2 (min−1) % of WT k2

WT MBP-MUTYH 143, 195, 850a 0.011 ± 0.004 1.6 ± 0.2 100
Y165C MBP-MUTYH 19, 29, 122 0.006 ± 0.001 0.5 ± 0.1 31
Q324R MBP-MUTYH 159, 163 0.012 ± 0.005 0.6 ± 0.1 37
G382D MBP-MUTYH 17, 45 0.006 ± 0.002 0.5 ± 0.1 34
P391L MBP-MUTYH 20, 135 0.002 ± 0.001 0.5 ± 0.1 29
WT His6-MUTYHb Not measured 0.013 ± 0.005 1.2 ± 0.5 NA
WT His6-mMutyh Not measured 0.002 ± 0.004c 1.0 ± 0.2 NA

a
Amount extrapolated from a 200 mL growth culture for WT MBP-MUTYH

b
Rate constants measured at 100 mM buffer NaCl concentration

c
Rate constant previously published [30].
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Table 2

Rifampicin resistance assay data for MUTYH and variants in GT100 mutY mutM E. coli.a

Plasmid f (10−8)b Increase (fold) over WT

none 22 (17–41) 12
pMAL-c2x 12 (9.0–23) 6
pMalMUTYH WT 1.9 (1.3–2.1) 1
pMalMUTYH Y165C 23 (22–27) 12
pMalMUTYH Q324R 1.9 (1.4–2.7) 1
pMalMUTYH G382D 6.6 (5.4–9.5) 3.5
pMalMUTYH P391L 17 (16–32) 9

a
The rpoB mutation frequency (f) per cell was calculated by dividing the median number of mutants by the average number of cells in a series of cultures.

b
95% confidence limits based on the mean value are listed in parentheses.
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