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ABSTRACT: NAD(P)H:quinone oxidoreductases (NQOs) are flavoproteins that catalyze the oxidation of
NADH or NADPH by various quinones and oxidation-reduction dyes. We have previously described a
complementary DNA that encodes a dioxin-inducible cytosolic form of human NAD(P)H:quinone oxido-
reductase (NQO,). In the present report we describe the nucleotide sequence and deduced amino acid
sequence for a cDNA clone that is likely to encode a second form of NAD(P)H:quinone oxidoreductase
(NQO,) which was isolated by screening a human liver cDNA library by hybridization with a NQO, cDNA
probe. The NQO, cDNA is 976 nucleotides long and encodes a protein of 231 amino acids (M, = 25956).
The human NQO, cDNA and protein are 54% and 49% similar to human liver cytosolic NQO, cDNA and
protein, respectively. COS1 cells transfected with NQO, cDNA showed a 5-7-fold increase in NAD-
(P)H:quinone oxidoreductase activity as compared to nontransfected cells when either 2,6-dichloro-
phenolindophenol or menadione was used as substrate. Western blot analysis of the expressed NQO, and
NQO, cDNA proteins showed cross-reactivity with rat NQO, antiserum, indicating that NQO, and NQO,
protems are immunologically related. Northern blot analysis shows the presence of one NQO, mRNA of
1.2 kb in control and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) treated human hepatoblastoma Hep-G2
cells and that TCDD treatment does not lead to enhanced levels of NQO, mRNA as it does for NQO,
mRNA. Southern blot analysis of human genomic DNA suggests the presence of a single gene approximately
14-17 kb in length. The NQO, gene locus is highly polymorphic as indicated by several restriction fragment
length polymorphisms detected with five different restriction enzymes. The NQO, gene was localized to
human chromosome 6 by Southern analysis of human-rodent somatic cell hybrids. Further analysis of several
hybrids containing breaks or translocations involving chromosome 6 allowed regional localization of the
NQO, gene to chromosome 6pter-q12.

NAD(P)H:quinonc oxidoreductases, formerly known as
DT-diaphorases (EC 1.6.99.2), are flavoproteins that catalyze
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the oxidation of NADH or NADPH by various quinones and
oxidation-reduction dyes (Lind et al., 1982; Thor et al., 1982;
Morrison et al., 1984; Di Monte et al., 1984a; 1984b; Ernster
et al., 1960). The physiological functions of these enzymes
are not yet understood though they seem to be involved both
in the detoxification of nonphysiological quinones (Ernster et
al., 1982) and in the bioactivation of vitamin K (Stenflo et
al., 1974). In rat liver the oxidoreductase activity is found
mainly (approximately 95%) in the cytosolic fraction, but
5-10% of the total cellular activity is recovered in the mi-
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crosomal (Danielson et al., 1960), mitochondrial (Conover &
Ernster, 1963), and Golgi subfractions (Edlund et al., 1982).
Several reports concerning the purified proteins and/or an-
tibodies raised to these proteins suggest the presence of at least
three different forms of rat liver cytosolic DT-diaphorases
(Hojeberg et al., 1981; Raftell & Blomberg, 1980; Prochaska
& Talalay, 1986). In human tissues a complex series of ox-
idoreductase enzymes encoded by four different gene loci (Dia
1 to Dia 4) catalyzing the oxidation of NAD(P)H and using
the quinoid redox dye 2,6-dichlorophenolindophenol as electron
acceptor have been described (Leroux et al., 1975; Fisher et
al., 1977; Edwards et al., 1980). Recently we cloned and
sequenced the cDNA encoding human dioxin-inducible cyto-
solic NAD(P)H:menadione oxidoreductase (NQO,),! which
is likely to represent the product of the diaphorase 4 gene locus
(Jaiswal et al., 1988). In the present study we report the
nucleotide sequence of a cDNA representing a second member
of the NQO gene family that is likely to encode another form
of NAD(P)H:quinone oxidoreductase. The gene encoding for
NQO, protein is localized to chromosome 6.

MATERIALS AND METHODS

Cloning and Sequencing of Human NQO, cDNA. Tsolation
of poly(A)+ RNA from human liver and the construction of
cDNA expression library in Agtl1 is described (Jaiswal et al.,
1988). Approximately 60000 plaques were screened with the
32P_1abeled nick-translated human NQO, ¢cDNA ending with
first polyadenylation site, as shown in Figure 1A. The filters
were hybridized for 16 h at 65 °C in 1 M NaCl, 1% SDS, 50
mM Tris, pH 8.0, 10% Denhardt’s solution, and 100 ug/mL
denatured salmon sperm DNA. We used 5 X 105 ¢pm of
activity of 32P-labeled probe for each milliliter of hybridization
mixture. The filters were washed under conditions of low
stringency (three times with 2 X SSC at room temperature,
5 min each; two times with 2 X SSC + 1% SDS at 50 °C, 30
min each; and two times with 0.1 X SSC at room temperature,
15 min each). Several positive clones were plaque-purified,
digested with EcoRI, and analyzed. Restriction endo-
nuclease/partial sequence analysis showed that six clones
corresponded to NQO, and two clones to a substantially
different sequence. The insert from one of the two latter clones
was used to screen 50000 more plaques to obtain full-length
c¢DNA clones.

The inserts from two clones were isolated by agarose gel
electrophoresis and used to prepare a sonication shotgun library
(Denninger, 1983) in M13 mp8. Sequencing was carried out
by standard M13 cloning protocols and the dideoxy sequencing
method (Sanger et al., 1977; Messing et al., 1981) using the
Sequenase kit supplied by United Biochemical Corp.
Whenever necessary, various restriction enzyme fragments
were isolated, cloned into M 13, and sequenced. Each stretch
of DNA was sequenced on both strands, usually 10-12 times.
Nucleotide alignment and analysis of nucleotide and protein
data were examined by standard computer programs (Staden,
1980; Brutlag et al., 1982; Orcutt et al., 1982; Wilber &
Lipman, 1983; Lipman & Pearson, 1985).

RNA Isolation and Northern Analysis. RNA was isolated
from control and TCDD-treated (100 nM, 3 days) human
hepatoblastoma cell line Hep-G2 as described (Chirgwin et
al,, 1979). Poly(A)+-enriched RNA was prepared by two
successive passages through oligo(dT)-cellulose. Northern
analysis was performed as described (Jaiswal et al., 1985;

! Abbreviations: TCDD, tetrachlorodibenzo-p-dioxin (dioxin); NQO,
NAD(P)H:quinone oxidoreductase; NQO,, the NQO gene specifically
induced by dioxin; NQO,, the NQO gene not induced by dioxin; bp, base
pairs; kb, kilobases; RFLP, restriction fragment length polymorphism.
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FIGURE 1: Restriction map and DNA sequence of human NQO,
c¢DNA clone. (A) Restriction map of the human NQO, and human
NQO, cDNA clones. P, Pstl; E, EcoRI; B, BamHI; A, A1-A4;
polyadenylation signals (AATAAA). 5, middle, and 3’ are the three
different probes used for restriction fragment length polymorphisms.
(B) Comparison of the human NQO, and NQO, cDNA sequences.
The initiation codons, the termination codons, and the putative
poly(A)+ addition signal (AATAAA) are underlined. The human
NQO, cDNA sequence is numbered; the NQO, sequence is shown
only at those positions where there was no match, and this sequence
starts at position 117.
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Gonzalez & Kasper, 1982) using the hybridization and
washing conditions of Church and Gilbert (1984). The
northern blots were prehybridized for 2 h at 65 °C in 15 mL
containing 1% BSA, 7% SDS, 0.5 M NaH,PO,, pH 7.0, 1 mM
EDTA, and 100 ug/mL denatured salmon sperm DNA. The
hybridization mixture was the same as the prehybridization
mixture. The two probes (NQO, and NQO, cDNAs) were
nick-translated [specific activity = (1-2) X 10® cpm/ug of
DNA] and added to the hybridization bag to a final concen-
tration of 1 X 106 cpm/mL of hybridization mixture. The
RNA-DNA hybridization was carried out at 65 °C overnight.
Following hybridization, the filters were washed two times
(each time 10 min at 55 °C) with 0.5% BSA, 5% SDS, 40 mM
NaH,PO,, pH 7.0, and 1| mM EDTA and then four times
(each time 10 min at 55 °C) with 1% SDS, 40 mM NaH,PO,,
pH 7.0, and | mM EDTA. The filters were then dried and
autoradiographed. After autoradiography with intensifying
screens, the hybridized probe was removed from the mem-
branes by incubating in 0.005 M Tris-HCl, pH 8.0, 0.0002
M Na,EDTA, 0.05% sodium pyrophosphate, and 0.1 X
Denhardt’s solution [1 X Denhardt’s solution is 0.02% BSA,
0.02% poly(vinylpyrrolidone), and 0.02% Ficoll] at 65 °C for
2 h. The membranes were rehybridized with human S-actin
probe.

Cell Hybrids, DNA Isolation, Southern Hybridization, and
Chromosomal Localization. Construction of human x mouse
and human x hamster somatic cell hybrids, karyotypic analysis
of their banded mitotic chromosomes, and electrophoretic
analysis of human biochemical markers in these hybrids have
been detailed elsewhere (McBride et al., 1982a—c). Briefly
described, the strategy for chromosomal assignment (Roderick
et al., 1984; Shows et al., 1982) involves use of a well-char-
acterized cDNA to probe restriction endonuclease digested
DNA from a battery of these hybrids. The presence or absence
of the human gene in each hybrid cell line is then correlated
with the presence or absence of each human chromosome.

The DNA was isolated from 54 human x mouse and 38
human x hamster somatic cell hybrids that have retained
varying numbers of human chromosomes after segregation.
Ten micrograms of DNA from each hybrid cell line was di-
gested with various restriction enzymes, size-fractionated on
agarose gels, and transferred to nylon membranes as described
(McBride et al., 1982b,c). Membranes were hybridized for
24-48 h at 42 °C with 32P-labeled probes in 50% formamide
containing 5 X SSPE (1 X SSPE is 0.15 M NaCl, 0.01 M
sodium phosphate, and 0.001 M EDTA, pH 7.4), 5 X Den-
hardt’s solution [1 X Denhardt’s solution is 0.02% poly(vi-
nylpyrolidone), 0.02% bovine serum albumin, and 0.02% Fi-
coll], 10% dextran sulfate, 0.2% SDS, and denatured herring
sperm DNA at 150 ug/mL. Membranes were washed twice
at room temperature in 2 X NaCl/citrate (1 X NaCl/citrate
is 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0) con-
taining 0.2% SDS and four times with 0.1 X NaCl/citrate plus
0.2% SDS at 55 °C. After autoradiography with intensifying
screens, the hybridized probe was removed from the mem-
branes by incubating in 0.4 M NaOH at 42 °C. The mem-
branes were neutralized, prehybridized with carrier DNA, and
hybridized with a second probe.

Detection of Restriction Fragment Length Polymorphisms.
DNA was isolated from the peripheral leukocytes of ten
normal unrelated individuals and size-fractionated restriction
digests were transferred to nylon membranes and analyzed for
the presence of restriction fragment length polymorphisms
(RFLPs) with 5, middle, and 3 NQO, cDNA probes as
depicted in Figure 1A. When RFLPs were detected, DNA
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isolated from 29 additional individuals were similarly analyzed.
After autoradiography, probes were removed from blots with
alkali and the same blots were hybridized with additional
probes as described above.

Cloning of NQO, ¢cDNA into Expression Vector and
Transfection of COS Cells. The pMTII vector (Wong et al.,
1985) has several features that make it ideal for the transient
expression of cloned cDNAs in monkey kidney COS cells. The
cDNA inserted into the vector is transcribed under the control
of the adenovirus strong major late promoter. The vector
contains a portion of the SV40 genome that codes for T-
antigen required for viral replication, and it has the SV40
origin of replication. This allows propagation of multiple DNA
copies in T-antigen containing COS cells, resulting in over-
production of the cDNA-expressed protein. The pMTII vector
also contains the VA RNA gene, the product of which en-
hances expression of cloned cDNA presumably by counter-
acting inhibition of translation caused by the presence of
double-stranded RNA. Full-length cDNA inserts for NQO,
and NQO, were cloned into expression vector pMTII and
transfected into COS cells by the DEAE dextran chloroquine
method (Luthman & Magnusson, 1983). Untransfected COS
cells served as control. Forty-eight hours after transfection,
the cells were washed three times with ice-cold Dulbecco’s
phosphate-buffered saline without calcium and magnesium,
scraped with a rubber policeman, and collected by centrifu-
gation (800g for 5 min). The cell pellet from each dish was
homogenized briefly in 0.25 M sucrose supplemented with 0.1
mM phenylmethanesulfonyl fluoride (PMSF) corresponding
to protein concentrations of 1-5 mg/mL. The homogenate
was centrifuged in an Eppendorf centrifuge at 14000 rpm for
15 min at 4 °C, and the supernatant was removed and used
for analysis of the expressed NQO, and NQO, proteins by gel
electrophoresis and immunoblotting (Laemmli, 1970; Towbin
et al,, 1979). The western blots were probed with antiserum
against purified rat liver cytosolic NQO, protein (Robertson
et al., 1986). The 14000 rpm supernatants were also analyzed
for their capacity to reduce menadione and 2,6-dichloro-
phenolindophenol as described earlier (Prochaska & Talalay,
1986; DeLong et al., 1986). The final reaction mixture con-
tained 25 mM Tris-HCI, pH 7.4, 0.18 mg/mL BSA, 5 uM
FAD, 0.01% Tween 20, 200 uM NADH or NADPH, and the
supernatant protein (0.2 ug in the case of NQO, and 20 ug
in the case of NQQO,). When menadione was used as substrate,
the reaction rate was monitored by measuring the decrease
in absorbance at 340 nm due to oxidation of the pyridine
nucleotide. When 2,6-dichlorophenolindophenol was used as
substrate, the decrease in absorbance due to self-reduction was
monitored at 600 nm.

Probes. The full-length NQO, cDNA insert from one re-
combinant bacteriophage was subcloned into pUC13 and
isolated from the resultant plasmids by agarose gel electro-
phoresis and electroelution. The 233 bp EcoRI-BamHI (5’
terminus to nucleotide 233), 575 bp BamHI~PstI (positions
234-808), and 168 bp PstI-EcoRI (809 to 3’ terminus) seg-
ments of NQO,, designated 5, middle, and 3, respectively
(Figure 1A), were purified by 5% polyacrylamide gel elec-
trophoresis, electroeluted, and used in addition to the full-
length ¢cDNA insert for restriction fragment length poly-
morphism analysis. The fragments were labeled with [32P]-
dCTP by nick translation or random oligonucleotide primed
DNA synthesis to a specific activity of at least (1-2) X 10°
cpm/ug of DNA for use as probes.

RESULTS AND DISCUSSION
We reasoned that if human liver contains several immu-
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190 210 230
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250 270
NQO, KEVQDEEKNKKFGLSVGHHLGKSIPTDNQIKARK

FIGURE 2: Comparison of human NQO, and human NQO, protein
seequences. Identical residues between human NQO, and NQO, are
indicated by (:) and related amino acids by (.). The four highly
conserved regions between NQO, and NQO, are underlined and
numbered I-1V. Abbreviations for amino acids: A, alanine; C,
cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G,
glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine;
N, asparagine; P, proline; O, glutamine; R, arginine; S, serine; T,
threonine; V, valine; W, tryptophan; Y, tyrosine.

nologically related cytosolic NQOs like rodent liver, then these
would be expected to share some structural features not only
because of their antigenic similarity but also because they
catalyze nearly equivalent reactions, using NADH or NADPH
as electron donor albeit with different substrates, and because
they all associate with flavin-containing nucleotide (Hojeberg
et al., 1981; Raftell & Blomberg, 1980; Prochaska & Talalay,
1986). Recently we have reported (Jaiswal et al., 1988) the
cDNA and protein sequence for a dioxin-inducible human liver
cytosolic NAD(P)H:quinone oxidoreductase (NQO,). We
attempted to isolate cDNA clones for other NQOs by
screening a human liver Agtll cDNA library with NQO,
c¢DNA as a hybridization probe. We isolated eight positive
clones, six of which corresponded to NQO, cDNAs, and two
clones showed restriction maps quite different from that of
NQO, ¢cDNA. These clones were named NAD(P)H:quinone
oxidoreductase (NQO,) since they were likely to represent
¢DNA clones for another form of human cytosolic DT-dia-
phorase.

NQO, cDNA Nucleotide Sequence. The human NQO,
cDNA of 976 bp was completely sequenced (Figure 1B). This
c¢DNA has an open reading frame (positions 176-868) and
codes for a protein of 231 amino acids including the initiator
methionine. The initiator ATG codon as shown in Figure 1B
is believed to be the true initiation codon because (i) it has
the adjacent sequences that are characteristic of other euka-
ryotic initiation codons (Kozak, 1986) and (ii) it aligns per-
fectly with the initiation codons of human NQO, (Figure 1B)
and the rat NAD(P)H:menadione oxidoreductase reported by
Robertson et al. (1986). Nucleotide sequence comparison
between the NQO, and NQO, cDNA (Figure 1B) shows 54%
homology overall. It is noteworthy that the 80% of the 5" end
of NQO, cDNA shows greater than 60% sequence similarity
to NQO, cDNA, while the sequence similarity drops sub-
stantially in the remaining 20% of NQQO, cDNA sequence.

NQO, Protein Sequence. The human NQO, cDNA codes
for a protein of 231 amino acids (M, = 25956) that has 49%
sequence similarity to the human dioxin-inducible cytosolic
NQO, protein. The two protein sequences can be aligned
without inserting or deleting any residues (Figure 2). The
NQO, protein is, however, 43 amino acids shorter at its C-
terminus compared to NQO, protein. Amino acid sequence
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FIGURE 3: Northern blot hybridization analysis of mRNA from
TCDD-treated and control cultures. Five micrograms of poly-
(A)+-enriched RNA from Hep-G2 cells exposed to control medium
or 100 nM TCDD for 3 days was subjected to electrophoresis and,
after transfer to nitrocellulose, hybridized with the nick-translated
(specific activity 1 X 10® cpm/ug) probes. The full-length cDNA
clones used for hybridization were blot A, with NQO, cDNA ending
with first polyadenylation site, and blot B, with NQO, cDNA.

comparison between NQO, and NQO, shows four very highly
conserved regions that are underlined and designated I-IV in
Figure 2. The complete amino acid sequence of NQO, protein
and the conserved stretches -1V (Figure 2) were compared
to the NBRF data base by using the FASTP program (Lipman
& Pearson, 1985), and no highly significant homology with
any other protein sequence including the other flavoenzymes
was found except the human NAD(P)H:menadione oxido-
reductase (NQO,) reported by us earlier (Jaiswal et al., 1988)
and rat NAD(P)H:menadione oxidoreductase (Robertson et
al., 1986). The highly conserved stretches of amino acid
sequences within the NQO, and NQO, proteins (I-1V in
Figure 2) may play a role in the binding to the cofactors
NADH/NADPH or FAD or participate in the enzyme active
site and are a subject for future investigation. It is likely that
NQO, cDNA encodes a cytosolic protein since the hydropathy
profile for the human NQO, protein (data not shown) does
not reveal the presence of a highly hydrophobic sequence that
could represent a membrane-anchoring domain or insertion
signal for translocation across the ER membrane.

NQO, mRNA Is Not Induced by TCDD in Hep-G2 Cells.
Northern blot analysis of Hep-G2 mRNA using the hybrid-
ization and washing conditions of Church and Gilbert (1984)
showed that only one band of 1.2 kb hybridized to NQO,
c¢DNA and that the level of this mRNA is not affected by
TCDD treatment (Figure 3B). In contrast, as previously
reported, the expression of the NQO, gene in human Hep-G2
cells in culture (Figure 3A) is increased severalfold in the
presence of TCDD. It should be noted that under the Church
and Gilbert hybridization conditions the NQO, cDNA does
not hybridize to NQO, mRNA (compare parts A and B of
Figure 3). Longer exposures of the northern blot shown in
Figure 3B did not reveal the presence of higher molecular
weight mRNA species as seen in Figure 3A. The presence
of equal amounts of RNA in control and TCDD-treated lanes
of blots shown in Figure 3 was confirmed by hybridization of
the same filters with human B-actin probe (data not shown).
It should be noted that the intensity of the signal seen for
NQO, in Figure 3B is weaker relative to that obtained with
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FIGURE 4: Chromosomal localization of the NQO, gene. Southern
hybridization of representative EcoRI-digested human—-hamster (A)
and human-mouse (B) somatic cell hybrid DNAs with the full-length
NQO, cDNA probe is shown. Aliquots (10 ug) of DNA were
size-fractionated by (0.7%) agarose gel electrophoresis, transferred
to nylon membranes, and hybridized as described under Materials
and Methods. A different hybrid cell DNA is present in each lane;
parental chinese hamster (C), mouse (M), and human placental (H)
DNA are also shown. The sizes of hybridizing human (2.0, 4.05, 4.2,
and 4.3 kb), hamster (8.2 and 13 kb), and mouse (3.7 and § kb) DNA
fragments are indicated. The presence (+) of human hybridizing
sequences is indicated above the lanes. All hybridizing human DNA
fragments segregated concordantly in the hybrid cell DNAs.

NQO, in Figure 3A. As both the northern blots were done
under similar conditions using equal amount of probes and time
of exposure, the difference in the intensity of bands may in-
dicate a low level of expression of NQO, gene compared to
NQO,. The one band of NQO, mRNA described above for
Hep-G2 cells in culture was also detected in RNA isolated
from normal human liver samples (data not shown).

Southern Analysis and Assignment of NQO, Gene to Hu-
man Chromosome 6. As detailed below, a comprehensive
Southern blot analysis of human genomic DNA using frag-
ments of the NQO, cDNA as probes (Figures 4-6) suggested
strongly the presence of a single NQO, gene.

To determine the chromosomal location of the human
NQO, gene, the 1-kb EcoRI full-length NQO, cDNA probe
was used for Southern analysis of EcoRI-digested human-
rodent somatic cell hybrid DNAs retaining varying numbers
of human chromosomes after segregation (Fibure 4). Four
hybridizing bands (2.0, 4.05, 4.2, and 4.3 kb) were detected
in human DNA, and these bands were well resolved from
weakly cross-hybridizing 3.7- and 8-kb or 8.2- and 13-kb bands
in mouse and hamster DNAs, respectively. Analysis of 92
human-rodent somatic cell hybrid DNAs (Table I) clearly
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FIGURE 5: Detection of restriction fragment length polymorphisms
(RFLPs) with the 3 NQO, cDNA probe. The restriction endo-
nuclease used is indicated above each panel. The sizes of the hy-
bridizing bands are indicated at the right of each photograph. Simple
two-allele polymorphisms were found with the 3’ probe in EcoRV,
Sacl, Bglll, and Tagql digests. In the case of Bglll, Sacl, and Tagl
digests the heterozygotes (lane 1) and homozygotes (lanes 2 and 3)
are shown and lane 3 is absent when homozygotes for only one of the
alleles were found. With EcoRV digestion, the homozygotes (lanes
1 and 2) and heterozygote (lane 3) are shown. A three-allele poly-
morphism was observed in Mspl digests; homozygotes (lanes 1, 4-7,
and 9) and heterozygotes (lanes 2, 3, and 8) are shown.
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FIGURE 6: Detection of restriction fragment length polymorphisms
(RFLPs) with the 5 NQO, cDNA probe. Two-allele polymorphisms
were found with the 5 probe in Tagl (3.2- and 7.6-kb alleles), EcoRI
(8.6- and 14-kb alleles), and Sacl (8.5- and 23-kb alleles) digests;
constant bands observed were 5.5 kb (Tagl), 5.4 kb (Sacl), and 2.1
and 4.3 kb (EcoRI). A 2.5-kb band was not present in two Pstl digests
hybridized with the 5" probe; this band is probably allelic with a 5.1
kb and is not resolved from a constant band of similar size. A 5’ probe
three-allele polymoprhism in Mspl digests is shown containing a
1.65-kb allele (lane 1), a 2.35-kb allele (lanes 1-5), and a 3.4-kb allele
(lanes 3 and 6). A 3.25-kb constant band is present in all lanes. A
complex polymorphism was found in Poull digests with the 5" probe;
a single constant (1.2-kb) band not visible in many cases because of
a very weak signal and various combinations of 2.8-, 3.0-, 4.8-, 8.6-,
and 11.4-kb variable bands were observed (see Table III and text for
discussion).

indicates that this gene is present on chromosome 6 since the
gene segregates concordantly with this chromosome and dis-
cordantly (>18%) with all other human chromosomes. The
assignment of the NQO, gene to chromosome 6 was confirmed
by analyzing these same EcoRI-digested hybrid cell DNA blots
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Table I: Segregation of NQO, Gene with Human Chromosomes

Table II: RFLPs Detected with NQO, 168 bp 3/ cDNA Probe?

human

chromo- gene/chromosome
some +/+ +/- -/+ -/- % discordancy
1 31 17 0 44 18
2 24 24 4 40 30
3 22 26 11 33 40
4 33 15 19 25 37
5 18 30 5 39 38
6 48 0 0 44 0
7 22 26 9 35 38
8 19 29 8 36 40
9 15 33 2 42 38
10 17 31 3 41 37
11 22 26 9 35 38
12 24 24 10 34 37
13 22 26 11 33 40
14 33 15 18 26 36
15 33 15 13 31 30
16 16 32 12 32 48
17 12 36 15 29 55
18 21 27 26 18 58
19 30 18 5 39 25
20 34 14 7 37 23
21 29 19 28 16 51
22 23 25 10 34 38
X 30 18 23 21 45

2The NQO, gene was detected as 2.0-, 4.0-, 4.2-, and 4.3-kb bands
in EcoRI digests of somatic cell hybrids DNAs after Southern hybrid-
ization with the entire NQO, cDNA. Detection of the human gene is
correlated with the presence or absence of each human chromosome in
the group of somatic cell hybrids. Discordancy indicates presence of
the gene when the chromosome is absent (+/-) or absence of the gene
despite the presence of the chromosome (-/+), and the sum of these
numbers divided by total hybrids examined X 100 represents percent
disordancy. The human-hamster hybrids consisted of 24 primary
clones and 14 subclones (25 positive of 38 total), and the human-
mouse hybrids comprised 12 primary hybrids and 42 subclones (23
positive of 54 total). The isolation and characterization of the hybrid
cell lines has been described (McBride et al., 1982a—).

with a 233 bp 5" ¢cDNA subfragment after removing the
previous probe with alkali (data not shown). The 4.2- and
4.3-kb human EcoRI bands were not detected with the 5’
cDNA probe, which represents primarily the 5" untranslated
region of the NQO, mRNA, but the intensity of hybridization
with a 14-kb human band (not clearly visualized with the
full-length cDNA probe) was markedly increased and cross-
hybridization with rodent sequences was not observed. Hence,
it was possible to map all of the hybridizing bands to chro-
mosome 6.

The gene could be regionally localized to the short arm or
proximal long arm of chromosome 6 by analysis of several
hybrids containing breaks or translocation involving this
chromosome. One human—-hamster hybrid containing only
human chromosome 22, X, and 6pter-q13 also retained the
NQO, gene. A human—hamster hybrid line resulting from
fusion of hamster cells with human fibroblasts containing a
reciprocal translocation of chromosomes 2 and 6 (GM2658)
retained the 6q12-qter translocation chromosome but not the
NQO, gene whereas another hybrid retained the reciprocal
translocation chromosome and the gene. A human—mouse
hybrid and nine subclones retained a chromosome 6 with a
deleted long arm and loss of human mitochrondrial superoxide
dismutase (SOD-2) activity; the NQO, gene was retained in
this hybrid. These combined results permit regional locali-
zation of the NQO, gene (including all hybridizing bands) to
chromosome 6pter-q12.

Detection of Restriction Fragment Length Polymorphisms
(RFLPs) with the NQO, cDNA Probes. RFLPs were found
when digested DNAs from 10 individuals were hybridized with
the full-length cDNA probe. Multiple bands were usually

enzyme constant bands (kb) N? alleles (kb) frequency
Bglll none 78 Al =105 0.79
A2 =6.1 0.21
EcoRV none 76 Bl =13 0.17
B2 =55 0.83
Sacl none 78 Cl =148 0.06
C2=095 0.94
Tagql none 86 D1 = 5.1 0.09
D2 =43 0.91
Mspl none 58 El1 =57 0.48
E2 =44 043
E3 =138 0.09

¢ All of these polymorphisms were also detected with a 576 bp mid-
dle ¢cDNA fragment. ®N = number of chromosome sets examined.

Table III: RFLPs Detected with NQO, 223 bp 5 ¢cDNA Probe

enzyme constant bands (kb) N2 alleles (kb) frequency
EcoRI 2.1,43 78 Al =14 0.88
A2 =286 0.12
Sacl 5.4 78 Bl =23 0.13
B2 =385 0.87
Tagql 04,54 78 Cl=176 0.87
C2=132 0.13
Mspl 32 58 Dl =34 0.22
D2 = 2.35 0.72
D3 = 1.65 0.05
Pstl 5.1 78 El =25 20.97
E2 = 75.1
Poull® 1.2 58 11.4
8.6
48
3.0
2.8

¢N = number of chromosome sets examined. ®Complex polymor-
phism with PvuIl with single constant band (1.2 kb). The combina-
tions of variant bands observed (and instances of each) inclued the
following: 2.8 + 4.8 + 8.6 (12), 4.8 + 8.6 (5),2.8 + 4.8 (4),2.8 + 8.6
(2),3.0+48+86+114(3),28+3.0+48+ 11.4(2),and 2.8 +
30+48+8.6+ 11.4(1).

observed, and the identification of allelic bands was frequently
difficult. Hence, these same blots, as well as DN As from 29
additional individuals, were examined sequentially by using
subfragment probes derived from the middle, 5’ end, and 3’
end of the full-length cDNA as depicted in Figure 1. The 3’
c¢DNA probe detected RFLPs with five different restriction
enzymes (Figure S, Table II), and all appear to result from
single base changes causing the gain or loss of a restriction
site. These included simple two-allele polymorphisms with
Bglll, EcoRV, Sacl, and Tagql all resulting from mutations
in flanking sequences distal to the 3’ end of the gene. The
three-allele polymorphism with Mspl results from alterations
at one site in the 3’ flank (i.e., 4.4-kb vs 5.7-kb alleles) and
one site in an intron within the 575 bp middle fragment (i.e.,
1.9-kb plus 3.8-kb vs 5.8-kb alleles). Additional RFLPs were
detected with the 5 cDNA probe (Table III and Figure 6).
The two- and three-allele polymorphisms found with Sacl and
Mspl, respectively, involve restriction sites at the 5’ flank of
the gene, and the two-allele polymorphisms with £coRI and
Tagl probably also involve sites in these flanking sequences.
A 2.5-kb band was not found in 2 of the 39 Ps:I digests; no
allelic band was detected, suggesting that this band may not
be resolved from a 5.1-kb constant band in these digests. A
very complex but highly informative polymorphism was de-
tected in Poull digests with the 5’ probe. Obviously, this
complex band pattern reflects polymorphism at more than a
single Pvull restriction site if only one gene is detected. A
clear interpretation of this polymorphism awaits the results
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Table 1V: NQO Activity of Proteins Encoded by NQO, and NQO, cDNA into Monkey Kidney COS1 Cells?

NAD(P)H:quinone oxidoreductase (NQO) activity [umol of
2,6-dichlorophenolindophenol reduced/(min-mg of protein)]

cell/construct

x-fold increase over
untransfected cells

[
COS! + pMTII-NQO,
COS1 + pMTII-NQO,

0.05 1
0.25-0.35 5-1
7.50-40.0 150-800

4Values obtained from three separate transfections followed by enzyme assays. Similar results were obtained when menadione was used as

substrate, in which case the oxidation of NAD(P)H was measured.

of hybridization with smaller subfragments of the 5’ cDNA
or oligonucleotide probes.

The above results indicate that the NQO, gene constitutes
a highly polymorphic locus that is eminently suited for further
mapping by genetic linkage studies. Analysis of RFLPs in-
dicates that most individuals can be expected to be informative
with at least one of these restriction enzymes combined with
the use of both 5" and 3’ probes.

All of these RFLPs must be considered tentative since
Mendelian segregation of the allelic bands has not been dem-
onstrated. It is highly improbable that any of the hybridizing
bands represent contamination with extraneous DNA, such
as plasmid, since these bands were not detected during reuse
of the same blots with at least 20 different probes. In all cases,
identical patterns of polymorphic alleles have been identified
on at least two different blots prepared at different times using
DNAs isolated from unrelated individuals (see Materials and
Methods). Hence it is unlikely that the polymorphic bands
represent artifacts of incomplete digestion or “star activity”
(i.e., reduced restriction site specificity). Finally, a reasonable
dosage dependence of hybridization intensity was observed with
the polymorphic alleles, and no more than two alleles were
detected in any individual. For these reasons, it is likely that
the RFLPs described are authentic.

Estimation of NQO, Gene Copy Number and Size.
Chromosomal mapping studies indicated that all NQO, se-
quences are located on human chromosome 6 but provided no
information relating to the gene copy number at that locus.
Two lines of evidence strongly suggest that a single NQO, gene
is detected with the full-length and subfragment cDNA probes.
The 3’ cDNA probe clearly detects only one gene since a single
band (or allelic bands) was found in 12 different restriction
digests of DNAs isolated from 10 or more individuals. It is
highly improbable that restriction sites in the flanking sequence
of multiple genes would have resulted in bands that were
indistinguishable in size in all 12 digests. Moreover, it was
anticipated that probes derived from contiguous cDNA se-
quences would detect a single common hybridizing band in
all restriction digests of a single gene, and this was, indeed,
observed. In contrast, the number of bands in a restriction
digest hybridizing with both contiguous cDNA probes could
have provided an estimate of the gene copy number if more
than one band had been observed. The gene must contain at
least five introns containing restriction sites as determined from
the number of hybridizing fragments in restriction digests.
From the size of internal restriction fragments, the size of the
gene was also estimated to be 14-17 kb.

Expression of NQO, and NQO, cDNAs into COS1 Cells.
In order to characterize and assess the NQO activity of pro-
teins encoded by the NQO, and NQO, cDNAs, they were
cloned into the expression vector pMTII (Wong et al., 1985)
and transfected into COSI cells. The western blot analysis
of the homogenates using the antibody against rat liver cy-
tosolic NQO, revealed bands of 31 or 25 kDa in the homo-
genates of COS cells transfected with NQO, and NQO,
cDNAs, respectively (Figure 7), indicating, clearly, that the
two proteins are immunologically related. The stronger re-

COS+NQO;
COS ALONE
COS +NQO2

Neor W 'NQO
2

FIGURE 7: Western blot analysis of homogenates from COS cells
transfected with NQO, and NQO, cDNAs cloned into pMTII vector.
Five micrograms of 14 000 rpm supernatant proteins obtained from
untransfected COS cells, COS cells transfected with pMTII-NQO,,
and COS cells transfected with pMTII-NQO, were electrophoresed
on a SDS-polyacrylamide gel and transferred to nitrocellulose
membranes, and the transferred proteins were probed with the rabbit
antisera against purified rat NAD(P)H:quinone oxidoreductase (rat
NQO,).

action of the NQO,-encoded protein with the antibody against
rat NQO, was most likely due to the higher sequence similarity
between human NQO, and the orthologous rat NQO, protein.
The homogenates of the transfected cells were also analyzed
for their capacity to reduce 2,6-dichlorophenolindophenol and
menadione. It was observed that homogenates of cells
transfected with NQO, cDNA had a very high capacity to
catalyze the reduction of both substrates [7.5 =40 umol of
2,6-dichlorophenolindophenol reduced/(min-mg of protein)]
whereas cells transfected with NQO, cDNA showed a sub-
stantially lower activity, which was nevertheless 5-7-fold higher
than that of homogenates of untransfected cells (Table IV).
It should be noted that when 2,6-dichlorophenolindophenol
was used as substrate, the activity detected reflected the ap-
pearance of its reduced product. When menadione was used
as substrate, however, and the reaction was followed by
monitoring the decrease in absorbance at 340 nm that reflected
the oxidation of NAD(P)H, this activity did not represent the
consequence of redox cycling by its interaction with other redox
centers as a nonspecific redox partner since the activity of
transfected cells was always 4-8 times higher than that of
nontransfected cells. The relatively low activity of NQO, with
2,6-dichlorophenolindophenol and menadione as substrates
would indicate that NQO, might have a preference for other,
as yet unknown, substrates as electron acceptors. It is note-
worthy that diaphorase 5 identified by Edwards et al. (1980)
did not utilize 2,6-dichlorophenolindophenol and could be
detected only with menadione as electron acceptor.

The human NQO, cDNA characterized in the present study
will allow us to clone and characterize the structural gene
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encoding the NQO, enzyme, to study aspects of its regulation,
and to carry out further studies on the structure and function
of NQO, protein.

ACKNOWLEDGMENTS

We thank our colleagues for helpful discussions and a
careful review of the manuscript. We also thank Dr, Daniel
W. Nebert, NIH, Bethesda, MD, for providing us the an-
tiserum against rat liver cytosolic NQO,, Dr. N, Batula, NCI,
Bethesda, MD, for human B-actin gene, and Dr. Randal
Kaufman, Genetics Institute, Cambridge, for the gift of ex-
pression vector pMTII. We greatly appreciate the expert
secretarial assistance of Bernice Rosen. We thank Lara
Schulman for her help in computer analysis. We are also
thankful to Drs. Peter M. Shaw and Allison Reiss for Western
analysis of COS cell homogenates (Figure 7).

REFERENCES

Brutlag, D. L., Clayton, J., Friedland, P., & Kedes, L. H.
(1982) Nucleic Acids Res. 10, 279-294.

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., & Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

Church, G. M., & Gilbert, W. (1984) Proc. Natl. Acad. Sci.
US.A. 81, 1991-1995.

Conover, T. E., & Ernster, L. (1963) Biochim. Biophys. Acta
67, 268-280.

Danielson, L., Ernster, L., & Ljunggren, M. (1960) Acta
Chem. Scand. 14, 1837-1838.

DeLong, M. J,, Prochaska, H. J. & Talalay, P. (1986) Proc.
Natl. Acad. Sci. US.A. 83, 787-791.

Denninger, P. L. (1983) Anal. Biochem. 129, 216-223.

Di Monte, D., Bellomo, G., Thor, H., Nicotera, P., & Orrenius,
S. (1984a) Arch. Biochem. Biophys. 235, 343-350.

Di Monte, D., Ross, D., Bellomo, G., Eklow, L., & Orrenius,
S. (1984b) Arch. Biochem. Biophys. 235, 334-342.

Edlund, C., Elhrmammer, A., & Dallner, G. (1982) Biosci.
Rep. 2, 861-865.

Edwards, Y. H., Potter, J., & Hopkinson, D. A. (1980) Bio-
chem. J. 187, 429—-436.

Ernster, L., Danielson, L., & Ljunggren, M. (1960) Acta
Chem. Scand. 14, 1837-1838.

Ernster, L., Lind, C., Nordenbrand, K., Thor, H., & Orrenius,
S. (1982) in International Symposium on Oxygenases and
Oxygen Metabolism (Nogahi, M., Yamamoto, S., Ischi-
mura, Y., Coon, M. J,, Ernster, L., & Estabrook, R. W,
Eds.) pp 357-370, Academic Press, New York/Tokyo.

Fisher, R. A., Edwards, Y. H., Putt, W., Potter, J., & Hop-
kinson, D. A. (1977) Ann. Hum. Genet. 41, 139-149,

Gonzalez, F. J., & Kasper, C. B. (1982) J. Biol. Chem. 257,
5962-5968.

Hojeberg, B., Blomberg, K., Stenberg, S., & Lind, C. (1981)
Arch. Biochem. Biophys. 207, 205-216.

Jaiswal, A. K., Gonzalez, F. J., & Nebert, D. W. (1985)
Science 228, 80-83.

Jaiswal et al.

Jaiswal, A. K., McBride, O. W., Adesnik, M., & Nebert, D.
W. (1988) J. Biol. Chem. 263, 13572-13578.

Kozak, M. (1986) Cell 44, 283-292,

Laemmli, U. K. (1970) Nature 227, 680-685.

Leroux, A., Junien, C., Kaplan, J. C., & Bamberger, J. (1975)
Nature 258, 619-620.

Lind, C., Hochstein, P., & Ernster, L. (1982) Arch. Biochem.
Biophys. 216, 178-185.

Lipman, D. J., & Pearson, W, R. (1985) Science 227,
1435-1441.

Luthman, H., & Magnusson, G. (1983) Nucleic Acids Res.
11,1295-1308.

McBride, O. W., Battey, J., Hollis, G. F., Swan, D. W,
Sieberlist, U., & Leder, P. (1982a) Nucleic Acids Res. 10,
8155-8170.

McBride, O. W., Heiter, P. A., Hollis, G. F., Swan, D., Otey,
M. C., & Leder, P. (1982b) J. Exp. Med. 155, 1480-1490.

McBride, O. W., Swan, D. C., Santos, E., Bambacid, M.,
Tronick, S. R., & Aaronson, S. A, (1982c) Nature 300,
773-774.

Messing, J., Crea, R., & Seeburg, P. H. (1981) Nucleic Acids
Res. 9, 309-321.

Morrison, H., Jernstrom, B., Nordenskjold, M., Thor, H., &
Orrenius, S. (1984) Biochem. Pharmacol. 33, 1763-1769.

Orecutt, B. C., George, D. C., Frederickson, J. A. & Dayhoff,
M. O. (1982) Nucleic Acids Res. 10, 157-174.

Prochaska, H. J., & Talalay, P. (1986) J. Biol. Chem. 261,
1372-1378.

Raftell, M., & Blomberg, K. (1980) Arch. Biochem. Biophys.
199, 165-171.

Robertson, J. A., Chen, H. C., & Nebert, D. W. (1986) J.
Biol. Chem. 261, 15794-15799.

Roderick, T. H., Lalley, P. A., Davisson, M. T., O’Brien, S.
J., Womack, J. E., Creau-Goldberg, H., Echard, G., &
Moore, K. L. (1984) Cytogenet. Cell Genet. 37, 312-339.

Sanger, F., Nicklen, S., & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. US.A. 74, 5463-5467.

Shows, T. B., Sakaguchi, A. Y., & Naylor, S. L. (1982) in
Advances in Human Genetics (Harris, H., & Hirschhorn,
K., Eds.) p 341, Plenum Publishing Corp., New York.

Staden, R. (1980) Nucleic Acids Res. 8, 3673-3694.

Stenflo, J., Fernlund, P., Egan, W., & Roepstorff, P. (1974)
Proc. Natl. Acad. Sci. U.S.A. 71, 2730-2733.

Thor, H., Smith, M. T., Hartzell, P., Bellomo, G., Jewell, S.,
& Orrenius, S. (1982) J. Biol. Chem. 257, 12419-12425.

Towbin, H., Staehelin, T., & Gordon, J. (1979) Proc. Natl.
Acad. Sci. US.A. 76, 4350-4354,

Wilber, W. J., & Lipman, D. J. (1983) Proc. Natl. Acad. Sci.
US.A. 80, 726-730.

Wong, G. G., Witek, J. S., Temple, P. A., Wilkens, K. M.,
Leary, A. C., Luxenberg, D. P., Jones, S. S., Brown, E. L.,
Kay, R. M., Orr, E. C., Shoemaker, C., Golde, D. W.,
Kaufman, R. J., Hewick, R. M., Wang, E. A., & Clark, S.
C. (1985) Science 228, 810-815.



