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We have cloned the human mutY gene (hMYH) from both genomic and cDNA libraries. The human gene
contains 15 introns and is 7.1 kb long. The 16 exons encode a protein of 535 amino acids that displays 41%
identity to the Escherichia coli protein, which provides an important function in the repair of oxidative damage
to DNA and helps to prevent mutations from oxidative lesions. The human mutY gene maps on the short arm
of chromosome 1, between p32.1 and p34.3.

The study of bacterial and yeast repair genes and their in-
volvement in preventing mutations has facilitated the under-
standing of mutagenesis and repair in humans. A stunning
example of this is the recent demonstration that inherited
susceptibility to hereditary nonpolyposis colon cancer
(HNPCC) is due to the inheritance of a defective copy of one
of the human homologs of the bacterial mismatch repair sys-
tem (4, 6, 8, 19). Defects in either the Escherichia coli mutH,
-L, or -S or the uvrD gene lead to a nonfunctional mismatch
repair system and an increased rate of spontaneous mutations,
the “mutator” phenotype (16). In humans, a mutator effect,
easily detectable by observing instability of microsatellite re-
peats (8, 9), is also seen to result from defects in the mismatch
repair system. This has led to renewed interest in characteriz-
ing mutator bacteria that might define additional repair sys-
tems and in finding their counterparts in humans.
We have described two mutator genes in E. coli, the mutY

and the mutM genes (5, 17), which work together to prevent
mutations from certain types of oxidative damage, dealing in
particular with the oxidized guanine lesion 8-oxodG (13). Fig-
ure 1 (see also reference 14) summarizes the concerted action
of the enzymes encoded by these two genes, both of which are
glycosylases. The MutM protein removes 8-oxodG from the
DNA, and the resulting a purinic site is repaired to restore the
GC base pair. Some lesions are not repaired before replication,
which results in a GC-to-TA transversion at the next round of
replication because polymerases involved in DNA replication
incorporate A across from 8-oxoG between 5-fold and 200-fold
more frequently than they incorporate C (22). However, the
MutY protein removes the A across from 8-oxodG and repair
synthesis restores a C most of the time (since polymerases
involved in repair insert C in preference to A across from
8-oxoG [22]), allowing the MutM protein another opportunity
to repair the lesion. In accordance with this, mutators lacking
either the MutM or the MutY protein have an increase spe-
cifically in the GC-to-TA transversion (5, 17), and cells lacking
both enzymes have an enormous increase in this base substi-
tution (13). A third protein, the product of the mutT gene,
prevents the incorporation of 8-oxodGTP by hydrolyzing the

oxidized triphosphate back to the monophosphate (11), pre-
venting AT-to-CG transversions.
The human homolog of the E. coli mutT gene has been

cloned and sequenced (20). Here we describe the character-
ization of the human homolog of the mutY gene (hMYH). The
gene is 7.1 kb long and contains 15 introns, most of which are
less than 200 bp in length. The exons, revealed by comparing
the genomic sequence with that from HeLa, brain, and testis
cDNA clones, encode a 535-amino-acid protein which has 41%
identity to the shorter E. coli protein. Using in situ hybridiza-
tion, we have mapped the human mutY gene to the short arm
of chromosome 1, between p32.1 and p34.3.

MATERIALS AND METHODS

cDNA and genomic libraries. cDNA libraries used in cloning of human mutY
were as follows: brain (Human Genome Sciences); brain, cerebellum; Lambda
ZAP library (catalog no. 935 201; Stratagene, La Jolla, Calif.), HeLa cell line S3,
grown to semiconfluency; and Uni ZAP XR library (catalog no. 937216; Strat-
agene). We also used a genomic pBAC library from human fibroblasts, kindly
supplied by M. Simon. All media and genetic manipulation were as described
elsewhere (15).
DNA synthesis and sequencing. Oligonucleotides were synthesized on a Beck-

man oligo1000 DNA synthesizer by using solid-phase cyanoethyl phosphorami-
dite chemistry. All oligonucleotides were deprotected in ammonium hydroxide
and used without further purification.
DNA sequencing was done by using [a-32P]dATP and a SequiTherm Cycle

Sequencing Kit (Epicentre Technologies, Madison, Wis.) with reagents supplied
by the manufacturer. For sequencing cDNA clones, we employed PCR condi-
tions described by the manufacturer; for sequencing genomic clones (;100 kb),
we performed one cycle at 948C for 5 min followed by 25 cycles of 948C for 45 s,
528C for 30 s, and 728C for 5 min.
PCR amplification of cDNA clones and 5* rapid amplification of cDNA ends

(RACE) reactions. Standard PCR to amplify cDNA clones was performed with
50-ml reaction mixtures containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5
mM MgCl2, 0.2 mM each deoxynucleoside triphosphate, 0.4 mM each primer, 1
U of Taq DNA polymerase (GibcoBRL, Life Technologies Inc., Gaithersburg,
Md.), and 1 ml of cDNA library (;1010 PFU/ml). Two different amplification
cycles on a PTC-100 thermal cycler (MJ Research, Inc., Watertown, Mass.) were
used. For PCR of cDNA clones, we used 30 cycles of 948C for 30 s, 528C for 30 s,
and 728C for 1 min, followed by 10 min at 728C. To determine the size of bigger
introns, we used 25 cycles of 948C for 45 s, 528C for 30 s, and 728C for 5 min. For
all reactions, we used hot start: 5 min at 948C followed by a decrease to 808C
when Taq polymerase was added. A 5-ml amount of PCR mixture was analyzed
by agarose gel electrophoresis followed by ethidium bromide staining.
To find cDNA clones of humanmutY, we performed two-step PCR. In the first

step we used primer 23 on the human mutY sequence (see Table 1 and Fig. 4)
and primer L1 on the Lambda vector (Table 1). The resulting PCR product was
purified by using the QIAquick PCR Purification Kit (Qiagen Inc., Chatsworth,
Calif.) and eluted with 50 ml of 10 mM Tris-HCl buffer (pH 8.0), and 2 ml of this
preparation was used as the DNA template in the second PCR with primers IcD* Corresponding author.
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and 58 or primers I7 and 23 (Table 1). Resulting cDNA bands were agarose
purified by using Gelase (Epicentre Technologies) and the QIAEX II DNA
purification kit (Qiagen Inc.) and then cloned into pCR-Script SK(1) vector by
using the pCR-Script SK(1) Cloning Kit (Stratagene). Cloned fragments were
sequenced.
To find the 59 end of the cDNA of the human mutY gene, we employed a 59

RACE kit (GibcoBRL, Life Technologies Inc.) with poly(A)1 RNA from human
testis tissue (Clontech Laboratories, Inc., Palo Alto, Calif.), using reagents and
protocols supplied by the manufacturer. As nested primer no. 1, we used primer
23 (Table 1); for PCR amplification, we used primers 58 and 64 (Table 1). The
resultant DNA bands were agarose purified and cloned into pCR-Script SK(1)
as described above.
Cloning the genomic clone of human mutY for fluorescence in situ hybridiza-

tion (FISH) mapping. A ;40-mg amount of the pBAC clone (;100 kb) con-
taining the human mutY gene was digested with 0.5 U of Sau3AI for 5 min at
378C by using enzyme and reaction buffer obtained from New England BioLabs
(Beverly, Mass.). Digested DNA was purified with the QIAEX II DNA purifi-
cation kit (Qiagen Inc.) and ligated to SuperCos1 cosmid vector (Stratagene)
digested and dephosphorylated according to the protocols supplied by the man-
ufacturer. Ligated DNA was then packed by using Gigapack III Gold Packing
Extract (Stratagene), and the resultant cosmids were screened by hybridization
with the PCR-amplified segments of mutY cDNA.
Hybridization. Human mutY cDNA fragments for use as hybridization probes

were obtained by PCR amplification with primers 22 and 23 (for screening the
genomic library) and primers 22 and 23 or IcD and 58 (for screening cosmid
libraries). All PCR-amplified DNA fragments were agarose purified as described
above and a-32P labeled by using the Prime-It II kit from Stratagene. In screen-
ing genomic libraries for background radiation, we also labeled pFOS DNA with
35S using the same Prime-It II kit. Prehybridization solution contained 1 M NaCl,
50 mM Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0), 1% sodium dodecyl sulfate
(SDS), and 10% dextran sulfate. The prehybridization solution was preheated to
658C, and then filters were added and the mixture was agitated at 658C for 2 h at

100 rpm. At that point, the DNA probes were boiled for 10 min together with
blocking human placental DNA (10 mg/ml) (Sigma, St. Louis, Mo.) and annealed
at 658C for 30 min. pFOS probe was boiled for 5 min, and then all probes were
added to prehybridized filters. Hybridization was carried out for 18 to 20 h at
658C. After hybridization, filters were washed once in 13 SSC (0.15 M NaCl plus

FIG. 1. The GO system. (A) 7,8-Dihydro-8-oxoguanine (8-hydroxyguanine). This is the structure of the predominant tautomeric form of the GO lesion. (B)
Oxidative damage can lead to GO lesions in DNA. The GO lesions can be removed by MutM protein, and subsequent repair can restore the original GC base pair.
If the GO lesion is not removed before replication, translesion synthesis by replicative DNA polymerases is frequently inaccurate, leading to the misincorporation of
A opposite the GO lesion. MutY removes the misincorporated adenine from the A-GO mispairs. Repair polymerases are much less error prone during translesion
synthesis and can lead to a C-GO pair—a substrate for MutM. (C) Oxidative damage can also lead to 8-oxo-dGTP. MutT is active on 8-oxodGTP and hydrolyzes it
to 8-oxodGMP, effectively removing the triphosphate from the deoxynucleotide pool; otherwise, inaccurate replication could result in the misincorporation of
8-oxodGTP opposite template A residues, leading to A-GO mispairs. MutY could be involved in the mutation process because it is active on the A-GO substrate and
would remove template A, leading to the AT3CG transversions that are characteristic of a mutT strain. The 8-oxodGTP could also be incorporated opposite template
cytosines, resulting in a damaged C-GO pair that could be corrected by MutM. dNTP, deoxynucleoside triphosphates.

TABLE 1. Primers used for amplification of hMYH
cDNA fragments

Primera Sequence

Exons 1–10
64-N ............59TCCTCTGAAGCTTGAGGAGCCTCTAGAACT39
58-C ............59TAGCTCCATGGCTGCTTGGTTGAAA39

Exons 2–10
IcD-N..........59GCCATCATGAGGAAGCCACGAGCAG39
58-C ............59TAGCTCCATGGCTGCTTGGTTGAAA39

Exons 6–16
I7-N.............59TTGACCCGAAACTGCTGAATAG39
23-C ............59CAGTGGAGATGTGAGACCGAAAGAA39

Exons 10–16
22-N ............59CAGCCCGGCCAGGAGATTTCAACCA39
23-C ............59CAGTGGAGATGTGAGACCGAAAGAA39

L1 on
Lambda
ZAP ............59CCCTCACTAAAGGGAACAAAAGCTGG39
a N indicates the primer on the 59 side of the gene; C indicates the primer on

the 39 side.
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0.015 M sodium citrate)–0.17% SDS–0.05% sodium PPi at room temperature for
15 min and twice in 0.13 SSC–0.1% SDS at 658C for 15 min.
FISH mapping.DNA of the cosmid clone used for FISH mapping was purified

by using the QIAgen Plasmid Purification Kit (Qiagen Inc.), and 1 mg was labeled
by nick translation in the presence of biotin-dATP by using the BioNick Labeling
Kit (GibcoBRL, Life Technologies Inc.). Biotinylation was detected with the
GENE-TECT Detection System (Clontech Laboratories, Inc.). In situ hybrid-
ization was performed on slides by using the ONCOR Light Hybridization Kit
(ONCOR, Gaithersburg, Md.) to detect single-copy sequences on metaphase
chromosomes. Peripheral blood of healthy donors was cultured for 3 days in
RPMI 1640 supplemented with 20% fetal calf serum, 3% phytohemagglubinin,
penicillin, and streptomycin; synchronized with 1027 M methotrexate for 17 h;
and washed twice with unsupplemented RPMI. Cells were incubated with 1023

M thymidine for 7 h. Growth of the cells was arrested in metaphase after 20 min
of incubation with colcemid (0.5 mg/ml), and then cells were subjected to hypo-
tonic lysis in 75 mM KCl for 15 min at 378C. Cell pellets were then spun out and
fixed in Carnoy’s fixative (methanol-acetic acid, 3:1). Metaphase spreads were
prepared by adding a drop of the suspension onto slides and air dried. Hybrid-
ization was performed by adding 100 ng of probe suspended in 10 ml of hybrid-
ization mix (50% formamide, 23 SSC, 1% dextran sulfate) with blocking human
placental DNA (1 mg/ml). The probe mixture was denatured for 10 min in a 708C
water bath and incubated for 1 h at 378C, before being placed on a prewarmed
(378C) slide, which was previously denatured in 70% formamide–23 SSC at
708C, and dehydrated in an ethanol series, chilled to 48C. Slides were incubated
for 16 h at 378C in a humidified chamber. Slides were washed in 50% form-
amide–23 SSC for 10 min at 418C and in 23 SSC for 7 min at 378C. Hybrid-
ization probe was detected by incubation of the slides with fluoroisothiocyanate-
avidin (ONCOR) according to the manufacturer’s protocol. Chromosomes were
counterstained with propidium iodine suspended in mounting medium. Slides
were visualized by using a Leitz ORTHOPLAN 2-epifluorescence microscope,
and five computer images were taken, by using an Imagenetics computer and a
MacIntosh printer.

RESULTS

Cloning the human mutY gene. We have screened the Hu-
man Genome Sciences human cDNA sequence database for
fragments encoding protein sequences homologous to the E.
coliMutY protein. We detected one clone from a human brain
cDNA library with this property. The initial expressed se-
quence tag (EST) clone used in the study was discovered by
scientists at the Institute for Genomic Research using estab-
lished EST methods (1, 2). This clone is part of a larger EST
project (3). We extended the sequence of the cDNA fragment,
which was 1,200 bp long and contained the 39 end of the mutY
coding sequence.
Using primers 22 and 23 (Table 1), we PCR amplified the

800-bp fragment of cDNA used as a probe for hybridization
with a human pBAC library, with an average insert size of 100
to 300 kb. We detected four clones which hybridized to the
probe: 79B8 (2CH), 79D11 (3CH), 124B11 (4CH), and 815G2
(7CH). For further analysis, we used clone 79B8 (2CH) and we
sequenced a segment of it using primer extension. By examin-
ing protein homologies and applying the rules for intron-exon
boundaries (18, 21), we were able to predict the positions of
most of the introns and exons.
By designating primers from different predicted exons, we

screened two cDNA libraries from human brain tissue (Strat-
agene and Human Genome Sciences) and one from HeLa cells
(Stratagene). We found that only the HeLa cell library con-

FIG. 2. Organization of the human mutY locus and cDNA clones. The boxes containing numbers 1 to 16 represent individual hMYH exons. The size of each exon
is given below each box, and the size of each intron is given above the region between individual pairs of exons. The lines below the gene represent each of the cDNA
clones obtained. cDNA clones are labeled with an identification name and the identification number of each exon contained in the clone. Lines: a, human testis MYH
cDNA obtained with 59 RACE kit; b, HeLa cell library (Stratagene); c, brain library (Human Genome Sciences); d, GenBank.
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FIG. 3. Nucleotide sequence of human mutY and its deduced amino acid sequence. The nucleotide sequence of hMYH is shown, with numbering relative to the A
of the ATG translational start site (11). Amino acid sequence is shown below in single-letter code and is also numbered in the margin. Bold letters indicate the
differences found in different libraries (see Results).
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FIG. 4. Sequences of the exon-intron boundaries. Sequences of introns are given in lowercase, and those of exons are in uppercase. The numbers in parentheses
above the exon sequences are nucleotide coordinates of the exon sequences, assuming that the A of ATG is nucleotide 1. Additional intron sequence (sequences of
whole introns except for intron 1) is available on request.
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tained a detectable level of mutY cDNA. Using primers IcD
and 58 and primers I7 and 23 (Table 1), we amplified two DNA
segments, which were then sequenced. The 59 terminus was
found by employing the 59 RACE kit (GibcoBRL) with
poly(A)1 RNA from human testis tissue (Clontech) with prim-
ers 64 and 58. Sequencing overlapping clones allowed the ver-
ification of the gene structure, which is shown in Fig. 2. Addi-
tional confirmation of the sequence of the extreme 59 end of
the human mutY cDNA came from the sequence of the
EST07222 clone retrieved from GenBank because of the over-
lap with the genomic sequence of the human mutY gene. Sub-
sequently, we retrieved two additional sequence stretches of
human mutY cDNA from GenBank: EST56698 at the 59 end
and yj560.s1 at the 39 end.
The human mutY gene contains 15 introns ranging in size

from 42 to approximately 1,500 bp, although most of the in-
trons are less than 200 bp. The entire gene is 7,100 bp and
encodes a protein, MutY, of 535 amino acids. Figure 2 shows
the clones used in determining the gene structure, and the
sequence of the mutY cDNA is given in Fig. 3. We found three
differences between DNAs from different libraries. Two of
them are silent mutations: C at position 195 in the genomic
sequence is changed to T in the cDNA from testis tissue, and
C at position 558 in the genomic sequence is changed to T in
the cDNA from testis tissue. One difference changes the amino
acid histidine to glutamine (C at position 972 in the genomic
DNA is changed to G in the cDNA from brain tissue). All the
changes are indicated in Fig. 3. Figure 4 depicts the intron-
exon boundaries.
The human MutY protein shows 41% identity to the E. coli

MutY protein, as determined by the Bestfit program (7). These
two protein sequences are shown in Fig. 5. Note the extensive
homology near the beginning of the E. coli protein, which is
characterized by a run of 14 identical amino acids in a stretch
in which 16 of 17 amino acids are identical. Table 2 reports the
comparison of the MutY sequence with other known MutY
proteins.

FISH mapping. We used a genomic clone containing the
first 15 exons of the humanmutY gene (Fig. 2) for mapping the
gene on the human chromosome by FISH. Clone 156 was
obtained by Sau3AI digestion of the 79B8 (2CH) clone from
the genomic library followed by ligation to the SuperCos1
cosmid vector (Stratagene) and packaging of ligated DNA by
using Gigapack III Gold Extract (Stratagene). The cosmid
clones from subcloning of 2CH were screened by hybridization
to the PCR-amplified segments of human mutY cDNA. Cos-
mid 156 hybridized to two segments of mutY cDNA obtained
with primers 22 and 23 and primers IcD and 58. It contained
the 20-kb insert with 15 exons and 14 introns from the 59 end
of the mutY gene. By using clone 156, the human mutY gene
was mapped on the short arm of chromosome 1 (Fig. 6).

DISCUSSION

The GO system in bacteria prevents mutations arising from
the oxidation product 8-oxodG (13, 14). Of the three compo-
nents of this system, the MutY, MutM, and MutT proteins, two
have now been characterized in humans. The mutT gene was
previously cloned, and the protein was expressed in bacteria
(20). Here we report the cloning and sequencing of the human
mutY gene and show that it maps on the short arm of chro-
mosome 1, at p32.1 to p34.3. The human mutY gene translated
from our clone encodes 535 amino acids, which is in good
agreement with the size of a polypeptide detected in HeLa cell
material that cross-reacted with antibody against E. coliMutY
protein (12).
Because cells lacking the human mismatch repair system are

mutators and this defect leads to an increased susceptibility to
colon cancer (4, 6, 8, 19), it is possible that any repair defect
that generates a mutator phenotype might also lead to cancer
susceptibility. Therefore, it becomes crucially important to
characterize new repair systems and to examine the conse-
quences of defects in these systems. The system repairing 8-ox-
odG in bacteria clearly has its counterpart in humans. A de-
tailed comparison of each enzyme activity awaits high-level
expression and purification of both the MutY and, subse-
quently, the MutM proteins. We are using the human mutY
clone to construct a knockout mouse lacking the mutY gene.
Will heterogenotes with one good copy have an increased
susceptibility to cancer? Ultimately, it will be interesting to
compare the properties of a double-knockout mouse, defective
in both copies of themutY andmutM genes, with those ofmutY
mutM bacteria, which have an enormous mutation rate (13).
The human mutY gene sequence can also be used to screen

selected tumor lines for defects in this gene. Some tumor lines
have intact mismatch repair systems yet are still mutators
(16a). In fact, it has been argued that a mutator phenotype may
be required for multistage carcinogenesis (9, 10).
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