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ABSTRACT: One of the functions of MutY fromEscherchia coliis removal of adenine mispaired with
7,8-dihydro-8-oxoguanine (8-oxoG), a common lesion in oxidatively damaged DNA. MutY is composed
of two domains: the larger N-terminal domain (p26) contains the catalytic properties of the enzyme while
the C-terminal domain (p13) affects substrate recognition and enzyme turnover. On the basis of sequence
analyses, it has been recently suggested that the C-terminal domain is distantly related to MutT, a dNTPase
which hydrolyzes 8-oxo-dGTP [Noll et al. (1999)Biochemistry 38, 6374-6379]. We have studied the
solution structure of the C-terminal domain of MutY by NMR and find striking similarity with the reported
solution structure of MutT. Despite low sequence identity between the two proteins, they have similar
secondary structure and topology. The C-terminal domain of MutY is composed of twoR-helices and
five â-strands. The NOESY data indicate that the protein has twoâ-sheets. MutT is also a mixedR/â
protein with two helices and twoâ-sheets composed of five strands. The secondary structure elements
are similarly arranged in the two proteins.

Oxidative damage to DNA has been implicated in mu-
tagenesis, cancer, and aging (1). One of the most significant
lesions produced by oxidative attack on DNA is 7,8-dihydro-
8-oxoguanine (8-oxoG) (2). 8-oxoG is particularly mutagenic
due to the propensity of some polymerases to pair it with
adenine (3). In Escherchia colia set of three enzymes, Fpg
(MutM), MutY, and MutT, work in concert to combat the
mutagenic properties of 8-oxoG (4, 5). Fpg removes 8-oxoG
paired with cytosine, and MutT hydrolyzes 8-oxo-dGTP so

that it cannot be incorporated into DNA. MutY is a 39 kDa
protein that catalyzes the removal of adenine mispaired with
guanine, cytosine, 8-oxoG, and other lesions (6). E. coli
strains deficient in MutY show elevated rates of G‚C to T‚
A transversions (7). MutY homologues have been found in
a number of species, and the sequence of the catalytic domain
is conserved fromE. coli to humans, indicating its funda-
mental significance in DNA repair (8). Proteolytic digestion
revealed that MutY contains two domains (9, 10): a 26 kDa
N-terminal domain (approximately residues 1-225, p26) and
a 13 kDa C-terminal domain (approximately residues 226-
350, p13). The catalytic activity of the enzyme resides in
the larger N-terminal domain. The structure of the N-terminal
p26 domain has been solved by X-ray crystallography and
shows that MutY belongs to the helix-hairpin-helix su-
perfamily of base excision repair glycosylase and glycosy-
lase/AP lyase enzymes (11). Crystals of the N-terminal p26
domain with adenine in the active site strongly suggest that
MutY utilizes a base flipping mechanism (11).
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Initial work studying the function of the C-terminal domain
by comparing assays of intact MutY with the MutY N-
terminal domain showed differences in activity and binding
(10, 12). More recently, larger differences have been
demonstrated between intact MutY and the catalytic N-
terminal domain in both the rate of excision of adenine and
the rate of turnover after adenine excision from an A‚8-oxoG
mispair (13). This suggests that the C-terminal domain plays
an important role in the specificity for A‚8-oxoG (13). Noll
et al. also suggest that the C-terminal domain of MutY is
evolutionarily related to MutT, a pyrophosphohydrolase of
129 residues, despite∼12% identity. MutT prevents the
incorporation of 8-oxo-dGTP by hydrolyzing it to 8-oxo-
dGMP (14). Although the enzymes are involved in the
catalysis of different chemical reactions, each recognizes
8-oxoG. The tertiary structure of MutT, determined by
NMR,1 is globular and compact with fiveâ-strands and two
R-helices with the parallel portion of theâ-sheet sandwiched
between the helices (15).

In this report on the structure of the p13 domain of MutY,
we find striking similarities between the structure of MutT
and that of the p13 domain of MutY. We present NMR
evidence to show that the secondary structure and topology
of the p13 domain of MutY are very similar to the reported
structure of MutT.

MATERIALS AND METHODS
Cloning the MutY C-Terminal Domain. The region coding

for the p13 domain, residues 226-350, of themutYgene
was PCR amplified from the vector pKKYEco (gift from
Drs. J. H. Miller and M. L. Michaels) using primers designed
with sequence information from the intact gene (16). Using
restriction sites designed into the PCR primers, the coding
region was inserted into the expression vector pET11a. The
construct also coded for an added N-terminal methionine.
This construct failed to produce significant amounts of the
p13 protein. A recent study showed that, in some cases,
increased expression of small proteins inE. coliwas observed
when single amino acid additions were made after the
N-terminal methionine, particularly if the insertion was an
arginine or lysine (17). On the basis of this work, the
QuickChange (Stratagene) site-directed mutagenesis kit was
used to insert a lysine between the codon for the added
N-terminal methionine and the codon for glutamine 226. This
addition is equivalent to including the last residue of the
N-terminal p26 domain, lysine 225, with the p13 domain.
Expression of the protein was significantly improved by the
lysine addition. The protein being studied consisted of an
N-terminal methionine and MutY residues 225-350 and will
be referred to as Kp13.

Expression and Purification of15N- and15N-13C-Labeled
Kp13. An overnight culture ofE. coli strain BL21(DE3)
containing the Kp13 construct was grown in LB broth
supplemented with 5 g/L glucose and 0.10 g/L ampicillin.
The overnight culture was diluted 1:100 in minimal media
(vida infra) and grown at 33°C with vigorous shaking to an
A600 of 0.35-0.45. One molar isopropylâ-D-thiogalactoside
(IPTG) was added to a final concentration of 2 mM, and the

culture was shaken at 33°C for 6 h. The cells were collected
by centrifugation (6500g for 10 min) at 4°C and frozen at
-80 °C.

Minimal media consisted of the following: 12 g/L Na2-
HPO4, 6 g/L KH2PO4, 2 mL/L 4.3 M NaCl, 2 mL/L of 1 M
MgSO4, 0.10 g/L ampicillin, 100µL/L of 1 M CaCl2, 2 g/L
glucose (unlabeled or U-13C6 labeled), 1 g/L NH4Cl (15N
labeled), 10 mL/L vitamin solution, and 1 mL/L trace metals
solution. The vitamin solution consisted of the following:
10 mg of thiamin, 10 mg of niacinamide, 10 mg of
pantothenic acid, 10 mg of pyridoxine hydrochloride, 10 mg
of PABA, 1 mg of riboflavin, 10 mg of folic acid, and 10
mg of biotin. The vitamins were individually dissolved,
combined, and made up to 100 mL total volume with H2O.
The following trace metals were combined, dissolved in 8
mL of concentrated HCl, and then brought to a final volume
of 50 mL with H2O: 0.69 g of ZnCl2, 0.57 g of H3BO3,
0.25 g of MnCl2‚4H2O, 0.184 g of FeCl2, 80 mg of CoCl2,
80 mg of CuCl2, and 55 mg of (NH4)6Mo7O24‚4H2O.

Following the 6 h expression Kp13 was found to ac-
cumulate in the periplasm. To efficiently release the Kp13,
the cells were subjected to an osmotic shock as follows. The
frozen cell pellet was thawed at room temperature in 1×
PBS and then resuspended with a homogenizer; the sample
was centrifuged at 4°C (6500g for 20 min), and the
supernatant was discarded. The pellet was resuspended with
a homogenizer in ice-cold 20% sucrose, and 5 mM Tris-
HCl, pH 7.5, and incubated on ice for 30 min. The sample
was centrifuged at 4°C (6500g for 20 min), the supernatant
was discarded, and the pelleted cells were resuspended with
a homogenizer in ice-cold autoclaved water and incubated
on ice for 30 min. The sample was centrifuged at 4°C (6500g
for 20 min), and the supernatant which should primarily
contain soluble proteins from the periplasm was collected.
An equal volume of room temperature saturated (NH4)2SO4

solution was added to the collected supernatant with stirring.
This solution was incubated on ice for 30 min and then
centrifuged at 4°C (6500g for 20 min). The supernatant was
discarded, and the precipitate was resuspended in 100 mM
NaCl buffer B (50 mM sodium phosphate buffer, pH 7.5,
10 mM EDTA, and 1 mM DTT). The solution was dialyzed
against 100 mM NaCl buffer B and then passed over in series
Q-Sepharose (Pharmacia), SP-Sepharose (Pharmacia), and
Affi-Gel Blue (Bio-Rad) affinity matrixes. The Kp13 protein
bound to the Affi-Gel Blue matrix and eluted at ap-
proximately 2.5 M NaCl buffer B. For desired purity
(>95%), the Affi-Gel Blue purification was repeated. The
sample was dialyzed against 100 mM NaCl, 20 mM
phosphate buffer, pH 7.5, 0.1 mM EDTA, and 0.1 mM DTT.

NMR Sample Preparation.The Diaflo diafiltration system
(Amicon) was used to concentrate the sample. After being
concentrated,1/10 volume of D2O was added, which resulted
in the following: 0.7-1.3 mM Kp13 protein, 18 mM sodium
phosphate buffer, pH 7.5, 90 mM NaCl, 0.1 mM DTT, and
0.1 mM EDTA. For samples with 100% D2O as the solvent,
a volume of H2O buffer (18 mM sodium phosphate buffer,
pH 7.5, 90 mM NaCl, 0.1 mM DTT, and 0.1 mM EDTA)
equivalent to the final amount of D2O buffer required was
evaporated to dryness, resuspended in approximately1/10 the
final volume of D2O, again evaporated to dryness, and then
resuspended in 100% D2O. The Diaflo system was used to
perform a buffer exchange into the 100% D2O buffer.

1 Abbreviations: AMPCPP,R,â-methyleneadenosine triphosphate;
CSI, chemical shift index; DTT, dithiothreitol; EDTA, ethylenedi-
aminetetraacetate; PCR, polymerase chain reaction; NMR, nuclear
magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy.
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NMR Spectroscopy. All of the NMR spectra were collected
at 25°C on 750 or 600 MHz Varian UnityPlus instruments
using triple resonance probes (Varian, 5 mm) equipped with
actively shielded pulsed field gradients. Quadrature detection
in the indirectly detected dimensions was achieved using the
States-TPPI schemes (18). The sensitivity-enhanced pulsed
field gradient approach was used for the collection of the
1H-15N HSQC spectra (19-22) and all HSQC-based triple
resonance experiments in which magnetization is detected
on the amide protons (23-26). Presaturation and spin-lock
pulses (27) were avoided to reduce saturation and chemical
exchange of the amide protons. Suppression of the water
signal was achieved mostly by the pulse field gradients used
for coherence selection of the desired signals and in some
experiments by placing the water signal along the+Z axis
immediately prior to acquisition through the use of water-
selective flip-back pulses (2.2 ms) and gradients (28).
Assignments of terminal aliphatic methyl groups and aro-
matic side chains were confirmed by two appropriately
optimized constant time1H-13C HSQC experiments (29).
The 15N-edited NOESY (30, 31), 13C-edited NOESY (32),
and the simultaneous15N,13C-edited NOESY (33) experi-
ments were recorded using a 100 ms mixing time and the
sensitivity-enhanced method (20-22). The pulse field gradi-
ent HCCH-TOCSY experiment (34) was recorded on a D2O
sample with a mixing time of 16 ms, and the center of the
1H frequency was set to 2.7 ppm in both proton dimensions
to provide greater resolution.

Several modifications were made to the original sensitivity-
enhanced pulse sequences. These modifications include the
use of double-adiabatic13C homonuclear decoupling pulses
for the elimination of Bloch-Sigert shifts during thet1 period
(35). To enhance sensitivity and resolution and to reduce
sample heating, where appropriate, the13C′ and13CR regions
were simultaneously decoupled using the double-WURST
decoupling scheme (36). The 1H chemical shifts were
referenced relative to external DSS (2,2-dimethyl-2-sila-
pentane-5-sulfonate). The15N and13C chemical shifts were
referenced indirectly using the1H/X frequency ratios (37).

Data Processing. NMR data were processed using
FELIX97 (MSI, San Diego, CA) running on an SGI indigo
workstation. Forward linear prediction was used to extend
the time domain data in the indirectly detected dimensions.
The time domain data were zero-filled to increase the spectral
resolution in all dimensions. Phase-shifted skewed sine bell
squared apodization functions were used in all three dimen-
sions. Cross-peaks were picked using the automated peak-
picking routine available in the FELIX program. Noise peaks
and spectral artifacts were then removed manually. Post-
acquisition water signal suppression was achieved using a
sine bell convolution function (provided in FELIX).

Modeling of the MutY/DNA Complex. The MutY p13
C-terminal structure was constructed using the NMR struc-
ture of MutT (15) as a template using the following protocol.
The ensemble of 15 MutT structures was averaged using
AMBER5:CARNAL (38), and the result was subjected to
2000 steps of minimization using AMBER5:SANDER (38).
The RMSD between the minimized structure and the 15
parent structures was calculated to be 1.887( 0.219. The
minimized MutT structure was read into AMBER5:LEAP
(38) to provide a set of backbone atom coordinates. The
amino acid sequence of MutY p13 was then read into LEAP

and threaded onto the MutT coordinates. All missing or
inappropriate atoms were replaced, and this MutY coordinate
set was written out. The new MutY coordinates were then
subjected to another 2000 steps of minimization. At this point
MutY NOE restraints betweenâ-strandsâ1 andâ4 were used
to adjust the alignment ofâ1 relative to â4 in a set of
MORASS/rMD (39) refinements in which the coordinates
of residues 242-350 were fixed and only residues 225-
241 were allowed to move. MOLMOL (40) was then used
to calculate the solvent-accessible surface, which was then
painted with a colorized palette of the calculated electrostatic
charges due to the amino acid side chains. Upon examination
it was quickly apparent which face of the p13 molecule had
the correct topology and charge distribution to mate properly
with the DNA, and this orientation was manually “docked”
onto the MutY p26/DNA complex. The full p26-p13/DNA
complex was then subjected to minimization and deemed
complete.

RESULTS

Resonance Assignments. Sequence-specific backbone reso-
nance assignments were made by correlating cross-peaks in
the HSQC, HNCO, HNCA, HN(CO)CA, HNCACB, and
CBCA(CO)NH spectra in the standard manner and were
reported earlier (41). The side chain resonances were
determined using the 3D HCCH-TOCSY experiment. The
HNCO (42) and (HB)CBCACO(CA)HA (43) experiments
facilitated theR proton and carbonyl carbon assignments.
Resonance assignments for the prolines relied on CR(i-1)
and Câ(i-1) connectivities from theiri+1 residues in the
triple resonance experiments, when available,dRN(i,i+1) as well
as HCCH-TOCSY and13C-edited NOE correlations. NOE
correlations between prolineδ protons and the HR protons
of the previous amino acid were also used, particularly in
the two instances of sequential prolines. The resonance
assignments are deposited with the BioMagResBank at
Wisconsin (44) with the accession number 4353.

Secondary Structure and Topology. The chemical shift
index method (CSI) has proven to be a useful indicator of
secondary structure in proteins (45). The CSI-derived
secondary structure of the MutY Kp13 domain using the HR,
CR, C â, and C′ chemical shifts shows well-defined areas of
â-strands andR-helices. The secondary structure predicted
by the CSI method was largely verified by the intensity
patterns in the 100 ms mixing time15N-edited NOESY data.
The NOESY data show strongdRN(i+1) and weakdRN(i,i)

correlations in the regions predicted by CSI to beâ-strands
and strongdNN(i,i+1) and dRN(i,i) NOEs, but weakdRN(i,i+1)

NOEs, in the regions predicted to beR-helical. The combined
CSI and NOE data correlated well and indicated that two
R-helices and fiveâ-strands were present in Kp13.

Interstrand NOEs betweenâ-strands were used to construct
two â-sheets. The antiparallelâ-strands were connected by
strong long-rangedRR and weakerdRΝ anddΝΝ NOEs in the
13C-edited NOE data. Parallelâ-strands were connected by
medium intensity long-rangedRΝ and weak intensitydΝΝ

NOEs. The data indicate the presence of twoâ-sheets (Figure
1). The largestâ-sheet consists of strandsâ1, â3, andâ4
with strandâ4 in the middle, running parallel to strandâ1
but antiparallel to strandâ3. A second smallerâ-sheet
consists ofâ-strandsâ2 andâ5 in an antiparallel alignment.
The fact that strandsâ1 andâ2, which are in different sheets,

Accelerated Publications Biochemistry, Vol. 39, No. 25, 20007333



are separated by only five residues suggests that the two
â-sheets might be connected, but no definitive connections
between these two strands have been determined to date.
Another interesting aspect of the largerâ-sheet is the unusual
NOEs observed between the amide proton of L287 and the
amide proton of W305 and the HR of M304, which indicate
some deviation from the normalâ-strand structure ofâ3 near
L287. The lack of NOEs observed between the amide proton
of Q286, or theR proton of L287, to protons onâ-strandâ4
further supports such a deviation in structure. However,
strongdRN(i,i+1) NOEs were still observed from residues 284-
292. MutT has a similar deviation in the planarity ofâ3
between residues 66 and 68 (15).

DISCUSSION
Relationship with MutT. It has recently been suggested

that the C-terminal domain of MutY may have evolved from
MutT, an 8-oxo-dGTPase (13), despite their extremely low
sequence identity (∼12% with two gaps). The present data
strongly agree with this hypothesis. The secondary structure

of the MutY p13 domain is essentially the same as that of
MutT, although the lengths of the loops connecting secondary
elements are slightly different in the two proteins and the
length of the firstR-helix is three residues shorter in MutY
(Figure 2). In addition, the overall topology of theâ-sheets
in the two proteins is nearly identical, with the only
significant difference being that in MutT the twoâ-sheets
were connected by a few NOE correlations.

In the alignment of Figure 2, MutY residues L270 through
V308 have been shifted one residue in the N-terminal
direction relative to the alignment suggested by Noll et al.
(13), and the gap between residues V308 and S309 has been
increased by one residue. In our manual adjustment to the
alignment of Noll et al., MutT residues L54, L67, W85, and
L86 are conserved, rather than residues R52, I60, F75, and
H79. In the MutT structure, the Hδ protons of L54 in helix
R1 interact with the aromatic portion of W85 in strandâ4,
and the HR and Hâ protons of W85 are less than 3 Å from
residue L67 in strandâ3. Thus this alignment conserves

FIGURE 1: Schematic representation of the NOEs used to construct the alignment of theâ-strands. Unusual NOEs to the amide proton of
L287, which indicate some disruption of the normalâ-sheet structure, are indicated by dashed arrows.

FIGURE 2: Sequence alignment of theE. coli MutY C-terminal domain and MutT proteins illustrating the common secondary structural
elements present in both proteins. Conserved residues are in bold letters. The underlined residues MutY R271, I279, F294, and H298 and
MutT R52, I60, F75, and H79 are conserved in the alignment of ref13. See text for an explanation of the differences between the two
alignments.
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hydrophobic interactions which appear to be integral to the
MutT structure. In addition, MutT residues L54 and L67 have
been shown to interact withR,â-methyleneadenosine tri-
phosphate (AMPCPP) and/or dGMP (46). This alignment
also aligns MutT residue V50, which binds AMPCPP, with
MutY residue L270, a conservative substitution. In contrast,
the conserved MutT residues R52, I60, F75, and H79 in the
Noll alignment do not interact with AMPCPP or dGMP (43).
The present alignment is also consistent with the NOESY
data for p13. The alignment of Noll et al. (13) suggests that
the HR protons of p13 residues 294 and 292 inâ3 should be
directly across theâ-sheet from the HR protons of residues
299 and 301, respectively, inâ4. However, the NOESY data
indicate that residues 293 and 291 are across from residues
298 and 300, respectively. A similar one-residue shift is
observed in the NOESY data betweenâ-strandsâ1 andâ4.
Thus, although a total of four residues are conserved between
MutY residues 270 and 308 in the present alignment as well
as in that of Noll et al. (13), which are underlined in Figure
2 for comparison, the present alignment is consistent with
the NOESY data for p13 and conserves a cluster of four
MutT residues which interact with each other and with
substrate analogues.

The similarity between the secondary structure and topol-
ogy of the C-terminal domain of MutY and MutT strongly

supports the hypothesis that the two share a common
evolutionary origin. The similarity is surprising considering
the sequence identity between the two proteins is only 12%.
Our structural results combined with the kinetic analyses of
Noll et al. (13) strongly support the hypothesis that the
C-terminal domain provides a strong determinant of specific-
ity for 8-oxoG.

Speculation on the Role of the p13 Domain. The C-
terminal domain of MutY is clearly evolutionarily related
to MutT, a pyrophosphohydrolase which recognizes the
mutated 8-oxoG base (14). While speculative, MutY may
recognize the 8-oxoG‚A mismatch by a “double flip”
mechanism: the p26 catalytic domain recognizes mismatched
dA by a single-base base flip mechanism, and the p13 domain
similarly recognizes the 8-oxoG by a single-base base flip
mechanism on the opposing strand. Noll et al. (13) found
that the catalytic domain of MutY dissociates from DNA
containing 8-oxoG‚abasic or G‚abasic sites at nearly equal
rates but that the full-length MutY enzyme dissociates 1500-
fold more slowly. These studies also found a 30-fold faster
adenine excision rate for MutYwith 8-oxoG‚A mismatches
relative to G‚A mismatches, and the relative rate dropped to
only 4-fold upon deletion of the MutY p13 domain. On the
basis of these kinetic data, they suggest that the p13 domain
could bind to the 8-oxoG across from the flipped out adenine.

FIGURE 3: (A) Stereoview of a model p13-p26 composite protein with docked DNA. (B) Stereoview of the protein complex showing the
electrostatic potential of the residues. The potentials are indicated by blue (positive) and red (negative). The coordinates of the DNA are
from an oligonucleotide containing 1-azaribose as an abasic site analogue cocrystallized with AlkA. The positions of the flipped out bases
are represented by adenines in the lower right center front (yellow) and in the upper left center (green) of the DNA binding domain in
diametric opposition. The structure of the p13 domain was calculated with AMBER 5.0 (38) from the NMR secondary structure constraints
applied to the MutT structure, and the MutY‚DNA model was built by docking the AlkA DNA duplex with the MutY using MIDAS 2.1
(48) and rendered with MOLMOL 2.6 (40). The position of the 1-azaribose abasic site analogue is rendered in green on a DNA strand. The
cubic Fe4S4 moiety is rendered in green (Fe) and magenta (S) and is visible near the top in this view.
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As they note, a flipped out configuration for 8-oxoG would
satisfy their kinetic model that “8-oxoG binding destabilize
the 8-oxoG-A mismatches and promote the flipping of
adenine” (13). A recent crystallographic study ofE. coli
endonuclease IV complexed with an oligonucleotide contain-
ing an abasic site analogue also reports strong evidence for
a double nucleotide flipping mechanism (47).

As shown in Figure 3, we have modeled a lesion DNA/
MutY complex using the X-ray crystal structure of the p26
domain with bound adenine (11), the coordinates of DNA
from an AlkA DNA cocrystal structure (49), and a model
for the p13 domain based upon the NMR data reported here
and the published 3D structure of MutT (15). The DNA is
an oligonucleotide containing the abasic site analogue
1-azaribose in a cocrystal with AlkA whose catalytic domain
is homologous to the N-terminal domain of MutY. Position-
ing one strand containing the flipped A base into the p26
domain still allows the p13 domain to position itself on the
opposite side of the mispair, near a putative 8-oxoG binding
pocket based on MutT (15). Consistent with the hypothesis
for a double flip mechanism, both bases of the 8-oxoG‚A
mispair can be flipped into the corresponding 8-oxoG and
A binding pockets. This dual mismatch recognition through
nucleotide flipping might provide an explanation for the
8-oxoG‚A mismatch specificity.
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