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Abstract

Heterocyclic and aromatic amine carcinogens are thought to lead to tumor initiation via the formation
of DNA adducts, and bioactivation to arylhydroxylamine metabolites is necessary for reactivity with
DNA. Carcinogenic arylhydroxylamine metabolites are cleared by a microsomal, NADH-dependent,
oxygen-insensitive reduction pathway in humans, which may be a source of inter-individual
variability in response to aromatic amine carcinogens. The purpose of this study was to characterize
the identity of this reduction pathway in human liver. Based on our findings with structurally similar
arylhydroxylamine metabolites of therapeutic drugs, we hypothesized that the reductive detoxication
of arylhydroxylamine carcinogens was catalyzed by NADH cytochrome bg reductase (b5R) and
cytochrome bg (cyt b5). We found that reduction of the carcinogenic hydroxylamines of the aromatic
amine 4-aminobiphenyl (4-ABP; found in cigarette smoke) and the heterocyclic amine 2- amino-1-
methyl-6-phenylimidazo [4,5-b] pyridine (PhIP; found in grilled meats) was indeed catalyzed by a
purified system containing only human b5R and cyt b5. Specific activities were 56 to 346-fold higher
in the purified system compared to human liver microsomes (HLM), with similar Michaelis-Menten
constants (K, values) in both systems. The stoichiometry for b5R and cyt b5 that yielded the highest
activity in the purified system was also similar to that found in native HLM (~1:8 to 1:10). Polyclonal
antisera to either b5R or cyt b5 significantly inhibited N-hydroxy-4-aminobiphenyl (NHOH-4-ABP)
reduction by 95 and 89%, respectively, and immunoreactive cyt b5 protein content in individual
HLM was significantly correlated with individual reduction of both NHOH-4-ABP and N-hydroxy-
PhIP (NHOH-PhIP). Finally, titration of HLM into the purified b5R/cyt b5 system did not enhance
the efficiency of reduction activity. We conclude that bSR and cyt b5 are together solely capable of
the reduction of arylhydroxylamine carcinogens, and we further hypothesize that this pathway may
be a source of individual variability with respect to cancer susceptibility following 4-ABP or PhIP
exposure.

Introduction

Heterocyclic and arylamine carcinogens such as 2-amino-1-methyl-6-phenylimidazo[4,5-b]
pyridine (PhIP,l generated in cooked meats) and 4-aminobiphenyl (4-ABP, a component of
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cigarette smoke) are established rodent carcinogens that have been epidemiologically linked
to human cancers of the colon, breast, and other organs. (1-4) Carcinogenesis from these
compounds is thought to be initiated by DNA adducts; however, generation of
arylhydroxylamine metabolites is necessary for DNA adducts to occur. (5) Carcinogenic
arylhydroxylamines are generated by P450 1A2, 1A1, or 1B1, lactoperoxidase, or
myeloperoxidase, (6-9) and are substrates for further activation through O-acetylation or O-
sulfonation prior to adduct formation. (5,10,11)

Arylhydroxylamines are eliminated by a reduction pathway in human liver that is NADH-
dependent, microsomal, and oxygen-insensitive. (12) This arylhydroxylamine reduction
pathway is much more efficient than the oxidative formation of carcinogenic
arylhydroxylamines, and the balance of reduction to forward oxidation can vary more than 20-
fold among individuals. (12) Structurally similar arylhydroxylamine metabolites generated
from drugs such as sulfamethoxazole and dapsone are metabolically reduced to their parent
amines by an apparently similar NADH-dependent system, (13) which we have shown to be
comprised solely of NADH cytochrome bs reductase (b5R) and cytochrome bg (cyt b5). (14)

In this report we provide evidence for the necessary and sufficient roles of b5R and cyt b5 in
the reduction of arylhydroxylamine carcinogens. We show that purified b5R and cyt b5 together
efficiently reduce the hydroxylamine metabolites of both 4-ABP (NHOH-4-ABP) and PhIP
(NHOH-PhIP), and that other microsomal proteins do not enhance activity. We further show
that the apparent Michaelis-Menten constants (Kyy,) for hydroxylamine reduction are essentially
identical in the purified system and in human liver microsomes, with 56 to 346-fold higher
specific activities in the purified system. In addition, arylhydroxylamine carcinogen reduction
activities correlate significantly with individual human liver microsomal cyt b5 content, and
are strongly inhibited by antisera to either b5R or cyt b5. We conclude that b5R and cyt b5 are
necessary and sufficient for direct reduction of arylhydroxylamine carcinogens in human liver,
and further hypothesize that variability in the expression of either of these proteins may
influence cancer risk following exposure to carcinogenic heterocyclic and aromatic amines.

Experimental Procedures

Expression of Soluble Human NADH Cytochrome bs Reductase (b5R) and Soluble Human
Cytochrome bg (Cyt b5)

Human recombinant b5R and cyt b5 were expressed in Escherischia coli (E. coli) using a His-
tag expression system, as previously described. (14,15) Briefly, the full length cDNA of human
soluble b5R (kindly provided by Dr. Komei Shirabe, Oita Medical University, Japan) was
inserted into an N-terminal histidine tag expression system (pCR T7/NT-TOPO®; Invitrogen;
Carlsbad, CA) to allow purification from E. coli lysate, using nickel affinity chromatography.
Induction with 1 mM IPTG was performed for 4 hours at room temperature. Stepwise elution
of contaminants followed by elution of His-tagged b5R was accomplished with 20, 100 and
350 mM imidazole, each at pH 8.0 in binding buffer. The eluent was collected in 1 mL fractions,
which were tested for purity by gel electrophoresis and silver staining, for identity using
immunoblotting, and for activity using potassium ferricyanide reduction. (13) The fractions
containing a single 36 kD band on silver stain (32 kD soluble protein plus 4 kD His tag) were
pooled and dialyzed against binding buffer pH 8.0, through 10,000 Mr cut-off cassettes (Pierce
Biotechnology, Rockford IL). The dialyzed sample was again bound to a nickel column and

1Abbreviations used: b5R; NADH cytochrome bg reductase; cyt b5: cytochrome bs; 4-ABP: 4-aminobiphenyl; PhIP: 2-amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine; NHOH-4-ABP: N-hydroxy-4-aminobiphenyl; NHOH-PhIP: N-hydroxy-2-amino-1-methyl-6-
phenylimidazo[4,5-b] pyridine; HLM: human liver microsomes; PBS: phosphate buffered saline (8.0 g/L NaCl, 0.2 g/L KCI, 0.2 g/L
KH2PO4 (anhyd), 1.15 g/L NagHPO4 (anhyd), pH 7.4); HSA: human serum albumin; TEA: triethylamine; PVDF:
polyvinylidenedifluoride; PHMB: p-hydroxy-mercuribenzoate; Mr: relative molecular mass (molecular weight).
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re-purified and pooled, as described for the first round of purification. The purified b5R was
dialyzed against PBS, pH 7.4 and concentrated to a final protein concentration of 2—3 mg/mL
using 10,000 Mr cut-off filtration devices (Centricon®, Millipore).

For cyt b5, the full length cDNA of human soluble cyt b5 was expressed in E. coli as described
for b5R, except for the use of pCR T7/CT-TOPO® vector, stepwise elution with 20, 40 and
100 mM imidazole, and hemin loading after protein purification. (15) Fractions containing a
single 15 kD band (12 kD soluble protein plus 3 kD His tag) on silver stain were pooled,
dialyzed, and re-purified as described for b5R, with identity verified by immunoreactivity with
antibody to human cyt b5. (14) Purified soluble proteins retained maximal activity at 4°C for
approximately 3 weeks.

Arylhydroxylamine Carcinogen Reduction. Caution

NHOH-PhIP, NHOH-4-ABP, PhIP and 4-ABP are extremely hazardous, potentially mutagenic
and carcinogenic compounds. Appropriate precautions should be taken when handling these
compounds, i.e. gloves, lab coat, and a face mask should be worn, and transfer of the solid
powders should be performed within a ventilated hood. NHOH-PhIP (Midwest Research
Institute, Kansas City, MO; in 100% methanol, 2.5 % final concentration) or NHOH-4-ABP
(Toronto Research Chemicals, Toronto, Ontario, Canada; in 50% DMSO, 1.25 % final
concentration) were incubated at varying concentrations with purified soluble human
recombinant b5R and cyt b5. The optimal stoichiometry of b5R : cyt b5 was evaluated by
measuring reduction activity using different ratios of b5R to cyt b5 while keeping the total
nanomol of protein constant. (16) Specifically, the molar ratio of b5R : cyt b5 was adjusted
from 14:1, 10:1, 8:1, 2:1, 1:1, 1:2, 1:8, 1:10 and 1:14 while the total number of mol in the
reaction remained constant at 1.1 nmol. Reactions were performed in PBS, pH 7.4, with 1 mM
NADH. Ascorbic acid (17) (3 mM) stabilized both arylhydroxylamines from further oxidation
over the incubation times of the assays (up to 30 min), and was included in all reactions.

Arylhydroxylamine reduction activities were determined by HPLC separation over a C18
column (Beckman ODS, 4.6 mm x 25 cm; Beckman Coulter Inc, Fullerton, CA), followed by
UV detection at 254 nm. Solvent A was 0.1% triethylamine (TEA) /1% acetic acid in water,
and solvent B was acetonitrile; the linear gradient for 4-ABP detection was 20—80% B over
15 min, at 2 mL/min. 4-ABP and NHOH-4-ABP eluted at 8.4 and 7.6 min, respectively. For
PhIP detection, solvent A was 0.2% TEA in water and solvent B was methanol/0.2% TEA.
The linear gradient was 50—-80% B over 14 min at 1.5 mL/min; PhIP and NHOH-PhIP eluted
at 9.4 and 10.5 min, respectively. Both assays were linear from 0.3 uM through 1 mM, with a
limit of detection of < 0.3 uM, and inter-assay coefficients of variation for both assays of 0.3
—9.6% over the range of concentrations used in kinetic determinations. During method
development, parent and arylhydroxylamine peaks were analyzed by HPLC-MS, and were
found to generate ions of the expected masses. Negative controls included reactions with human
serum albumin (HSA) instead of b5R/cyt b5, and systems lacking NADH or substrate.
Estimates for apparent K, and maximal velocity (Vmax) for the two substrates were determined
by nonlinear curve fitting to a one site Michaelis Menten equation using commercial software
(Prism 3; GraphPad Software, Inc., San Diego, CA). For comparison of specific activities and
apparent K., values between purified and native systems, kinetics were also determined in
pooled human liver microsomes (250 ug; BD Gentest, Woburn, MA). To assess the possible
involvement of additional microsomal enzymes in the reduction pathway, reduction of
NHOH-4-ABP or NHOH-PhIP (500 uM) by purified b5R and cyt b5 was also determined
following the addition of increasing amounts of pooled human liver microsomes (0, 250, or
1000 pg), with preincubation of the proteins for 10 min prior to addition of NADH.
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Determination of Native Stoichiometry Between b5R and Cyt b5 in Human Liver Microsomes

Purified human b5R and cyt b5 were each used to immunize individual rabbits using standard
protocols (Panigen Inc., Blanchardville, WI). To approximate the molar ratio of b5R and cyt
b5 as expressed in native human liver, these polyclonal antibodies were used to probe
immunoblots made from pooled human liver microsomes (40 ug; BD Gentest, Woburn, MA).
(14) Since b5R and cyt b5 are expressed only as holoenzymes, blots were also loaded with
standards of purified human b5R (0.18, 0.45 and 0.72 pmol) and cyt b5 (1.2, 2.94 and 8.82
pmol), in order to generate standard curves relating densitometry to pmol protein. These curves
were used for relative quantitation of immunoreactive b5R vs. cyt b5 in HLM.

Inhibition of Microsomal Arylhydroxylamine Reduction

To further confirm the importance of b5R and cyt b5 in arylhydroxylamine reduction in human
liver, anti-cyt b5 and anti-b5R antibodies were used for immunoinhibition experiments in
HLM. Our anti-cyt b5 and anti-b5R antibodies each bound to a single protein in full length
immunoblots, and were inhibitory in a dose-dependent manner to both hydroxylamine
reduction by purified b5R and cyt b5, and cytochrome c reduction (a marker activity for b5R/
cyt b5 (18)) in HLM (data not shown). b5R and cyt b5 antisera (150 pl each, based on
optimization for other hydroxylamine substrates (14)) were then each pre-incubated with
pooled human liver microsomes (250 pg) for 30 min at room temperature, followed by
quantitation of arylhydroxylamine reduction as described for the purified system. Similar
inhibition experiments were performed in the presence of the chemical b5R inhibitor p-
hydroxy-mercuribenzoate (19) (PHMB; Sigma-Aldrich; 1 mM in 50% DMSQO). Preimmune
rabbit serum or HSA instead of serum, and PHMB vehicle, were used as negative controls.

Immunocorrelation Studies

In order to determine the relationship between b5R and cyt b5 expression and
arylhydroxylamine reduction in human liver, antisera to b5R or cyt b5 were also used to probe
immunoblots prepared from individual human liver microsomes (40 pg; BD Gentest, Woburn,
MA; samples H3, H13, H32, H37, H47,H56, H74, H77, H1, H91, and H95). PVDF membranes
(Immobilon-P; Millipore Corporation) were blocked with 2.5% nonfat dry milk in PBS/0.1%
Tween-20 and washed with PBS/0.1% Tween-20. Primary antisera were diluted 1:10,000 for
immunoblotting; horseradish peroxidase-linked secondary antibody (donkey anti-rabbit
immunoglobulin G; Amersham Biosciences, Inc., Piscataway, NJ) was diluted 1:10,000. An
enhanced chemiluminescence system was used for signal detection (Amersham Biosciences,
Inc.), and was quantified using a Biospectrum AC Imaging System (UVP, Inc.). For each of
the individual human liver microsome samples (250 pg), b5R and cyt b5 immunoreactivity
were correlated with microsomal reduction of both substrates, as determined by HPLC, using
a correlation z test (Prism; GraphPad Software, Inc., San Diego CA).

Extra-Hepatic Expression of b5R and Cyt b5, and Extrahepatic Arylhydroxylamine Reduction

Activity
Normal human breast and colon tissues were obtained from the Cooperative Human Tissue
Network (Midwestern Division, Ohio State University, Department of Pathology).
Microsomes were prepared from breast or colon from 3 to 5 different individuals, and were
used to prepare immunoblots that were probed with b5R and cyt b5 antisera. In addition,
reduction activities for NHOH-4-ABP and NHOH-PhIP were determined in pooled human
breast and colon microsomes and cytosol, as described for liver microsomes.
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Statistical Analyses

All data were analyzed using a commercial statistical software program (Prism, GraphPad
Software Inc, San Diego, CA). Comparisons between groups were performed using unpaired
t test. All data are reported as mean = SD, with P < 0.05 considered significant.

Results

Expression and Purification of Human b5R and Cyt b5

Expression of histidine-tagged human soluble b5R in E. coli and purification using two rounds
of nickel affinity chromatography yielded an average of 3 to 4 mg of purified protein per liter
of culture. A single 36-kDa protein (32-kDa protein plus 4-kDa tag) was obtained with
consistent purity on silver staining, and strong immunoreactivity with anti-b5R antibody.
(14) Expression and purification of histidine-tagged human soluble cyt b5 yielded an average
of 5 mg of purified protein per liter of culture. A single 15-kDa protein (12-kDa protein plus
3-kDa tag) was obtained with consistent purity on silver staining and strong immunoreactivity
with anti-cyt b5 antibody. (14)

Reduction Kinetics of Arylhydroxylamine Carcinogens

Purified recombinant b5R and cyt b5 catalyzed the efficient reduction of the hydroxylamines
of both the aromatic amine 4-ABP and heterocyclic amine PhIP. Optimal reduction activity by
the purified system was obtained with cyt b5 in excess of b5R, with maximal activity observed
with a ratio of b5R to cyt b5 of approximately 1:8 (Figure 1). As this is similar to what we had
found for arylhydroxylamine metabolites of therapeutic drugs (1:8 to 1:10)(14), all subsequent
experiments were conducted with cyt b5 in excess of b5R (b5R: cyt b5 = 1:10). The kinetics
of NHOH-4-ABP and NHOH-PhIP reduction in the purified system and in HLM (Figure 2)
were each fit to a one-site Michaelis Menten equation with similar apparent K, values for both
the microsomal and purified systems (Table 1). The specific activities (Vax) for NHOH-4-
ABP and NHOH-PhIP reduction in the purified system containing only b5R and cyt b5 were
55 and 346 times higher than for HLM, respectively (Table 1). No activity was seen in pooled
human liver cytosol, with HSA instead of enzymes, in the presence of 3 mM ascorbate without
enzymes, or in the absence of NADH, and minimal activity was observed with either b5R or
cyt b5 alone (data not shown).

Because other investigators have proposed the involvement of a third, P450-like protein in the
reduction of therapeutic amidoximes and hydroxylamine metabolites of arylamine drugs,
(20) we also evaluated the effect of titrated amounts of microsomal protein on the reduction
activity of the purified system. These experiments were designed to determine whether the
addition of other microsomal proteins enhanced the efficiency of reduction compared to the
system containing b5R and cyt b5 alone. However, no increase in the efficiency of reduction,
other than the expected additive effect (since b5R and cyt b5 are present in human liver
microsomes), was seen with the addition of 250 or 1000 ug of pooled HLM to the recombinant
system (Table 2).

Immunoinhibition

Antisera to b5R and cyt b5 significantly inhibited NHOH-4-ABP reduction (500 uM) in pooled
human liver microsomes by 95% (P = 0.004) and 89% (P = 0.002), respectively, compared
with pre-immune sera (Figure 3). NHOH-PhIP reduction by pooled human liver microsomes
(250 pg) was also inhibited by antisera to b5R (64%) and cyt b5 (75%). The chemical b5R
inhibitor PHMB inhibited both NHOH-4-ABP and NHOH-PhIP reduction in pooled human
liver microsomes by 84% (P = 0.026; Figure 3) and 93% (P = 0.004), respectively.

Chem Res Toxicol. Author manuscript; available in PMC 2008 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurian et al. Page 6

Native Stoichiometry of b5R to Cyt b5 in Human Liver Microsomes

b5R and cyt b5 expression were semi-quantified in pooled human liver microsomes by
immunoblotting, along with b5R and cyt b5 purified standards. Membranes were first probed
for cyt b5, then stripped and probed again for b5R to directly compare b5R and cyt b5
immunoreactive protein concentrations within the same blot. Four separate experiments all
indicated a molar ratio of 1:8 to 1:10 for b5R:cyt b5 in native HLM (representative blot shown
in Figure 4). This estimate of native stoichiometry for b5R : cyt b5 in pooled human liver
microsomes was consistent with the stoichiometry that yielded maximal activity for
arylhydroxylamine reduction in the purified system (Figure 1).

Immunocorrelation

Reduction of NHOH-4-ABP or NHOH-PhIP did not correlate with microsomal content of
immunoreactive b5R protein in 11 individual human liver microsomes; however, b5R content
in these commercially available samples differed only by 1.8-fold (Figure 5A). On the other
hand, microsomal cyt b5 content was significantly correlated with reduction activities for both
NHOH-4-ABP (r =0.79; P =0.004; (Figure 5B)) and NHOH-PhIP (r=0.70; P =0.016) in these
individual human liver samples.

Extra-Hepatic Expression of b5R and Cyt b5 and Arylhydroxylamine Reduction Activity

Immunoreactive b5R and cyt b5 were both readily detected in pooled human breast and colon
microsomes (Figure 6). Importantly, breast and colon microsomes showed reduction activity
towards NHOH-4-ABP and NHOH-PhIP, respectively, at levels approximately 20%—40% of
those seen in HLM. Cytosolic reduction activity was absent in both breast and colon, as found
for liver cytosol (Table 3).

Discussion

NADH cytochrome bg reductase (b5R) is an FAD-containing protein expressed in soluble and
membrane bound forms, which are both the products of the same gene. (21,22) These isoforms
have identical catalytic domains, but differ only in a ~ 4 kDa hydrophobic anchor at the N
terminus, which targets the membrane-bound enzyme to the endoplasmic reticulum and outer
mitochondrial membranes of somatic cells. (23) The hemoprotein cytochrome bs (cyt b5), is
also expressed in soluble and membrane-bound forms, with identical catalytic domains that
are encoded by alternative splicing of a single gene; (24) for membrane-bound cyt b5, the
hydrophobic anchor is located at the C- terminus of the protein. (25) In liver and other tissues,
b5R and cyt b5 together mediate electron transfer from NADH to fatty acid desaturases or P450
oxidases. (26,27) The soluble forms of b5R and cyt b5 are expressed primarily in erythrocytes,
where they function to maintain hemoglobin in its reduced state. (28)

The results of these studies indicate that the complex of b5R and cyt b5 also has a direct role
in the metabolism of arylhydroxylamine carcinogens. This enzyme complex efficiently
catalyzed the reduction of the hydroxylamines of the aromatic amine 4-ABP and the
heterocyclic aromatic amine PhIP. The apparent Ky, values for reduction by the purified system
were nearly identical to those found in native human liver microsomes, which is consistent
with, but not proof of, the involvement of the same enzyme system. Microsomal activity was
inhibited by PHMB, a chemical inhibitor of b5R, and although PHMB has not been fully
evaluated for its specificity for b5R, antibodies to b5R, as well as to cyt b5, dramatically
inhibited activity. Further, arylhydroxylamine reduction correlated strongly with microsomal
content of cyt b5. These data together provide strong evidence that the enzyme complex of
b5R and cyt b5 is capable of the direct reduction of arylhydroxylamine carcinogens, and that
these two enzymes alone very likely comprise this pathway in human liver.

Chem Res Toxicol. Author manuscript; available in PMC 2008 August 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurian et al.

Page 7

The finding that addition of microsomal protein to the recombinant system did not enhance
activity more than additively is also supportive of the view that additional microsomal proteins,
other than b5R and cyt b5, are not required for efficient activity. However, these data should
be interpreted cautiously, in that soluble proteins in the purified system may not have interacted
optimally with microsomal enzymes in HLM under the conditions of these experiments.

The reduction of arylhydroxylamines represents an intriguing direct role for the b5R / cyt b5
complex in xenobiotic metabolism. Although b5R has been shown to reduce some
chemotherapeutic agents to their cytotoxic forms, (29,30) direct xenobiotic detoxication by
this enzyme complex had not been described. We recently reported a direct role for b5R and
cyt b5 in the reduction of hydroxylamines of sulfamethoxazole and dapsone, and in the
reduction of two amidoximes, the antihypertensive agent benzamidoxime and the antiprotozoal
drug DB289. (14,31) The nature of the enzymes involved in the reduction of hydroxylamines
has been somewhat controversial. Kadlubar and Ziegler, in their initial characterization of this
azide and carbon-monoxide insensitive microsomal pathway in pig liver,(32) concluded b5R
and cyt b5 were necessary, but that a third protein was involved in final electron transfer to the
hydroxylamine substrate.(33) This third protein was not isolated, but was thought not to contain
any heme or chromophores. Clement et al., also working in pig liver, reported that b5R and
cyt b5 were cofactors in amidoxime and hydroxylamine reduction, but concluded that a third
P450 protein was essential for efficient reduction. (20,34,35) This third protein has been
reported to share homology with P450 2D, (20) although the protein fractions used in
reconstituted activity assays have not been purified to homogeneity. (34) In addition, specific
activities with this reconstituted system were more than 400-fold lower than those observed
by our group for the same arylhydroxylamines, using only b5R and cyt b5.(14) Finally, a third
group, investigating amidoxime reduction, has reported a role for stearoyl CoA desaturase in
amidoxime and hydroxylamine reduction in rodent adipose.(36) However, a role for stearoyl
CoA desaturase in hydroxylamine reduction in human liver was not established.

Our data indicate that a purified recombinant system, containing only b5R, cyt b5, and NADH,
is capable of efficient and complete reduction of arylhydroxylamines in human liver. We found
that an excess of cyt b5 was optimal for activity, and that the highest activities were seen at a
ratio of 1:8 for the purified system containing b5R and cyt b5. This is similar to the findings
of Kadlubar and Ziegler, who, although they invoked the involvement of a third unidentified
protein in electron transfer, found maximal reduction activity when the ratio of b5R to cyt b5
was 1:9. (33) Further, we found this same approximate molar ratio in native human liver
microsomes, which is consistent with the stoichiometry of 1:10 that has been reported for b5R
and cyt b5 in rat and rabbit liver microsomes. (37,38) Previous studies implicating the need
for other proteins in this pathway in liver have incorporated b5R in excess of cyt b5, (20,35)
which may be non-physiologic. These experiments may have underestimated the capacity of
b5R and cyt b5 alone to reduce arylhydroxylamines and amidoximes.

Although b5R is necessary for arylhydroxylamine reduction, b5R immunoreactive protein did
not correlate with arylhydroxylamine carcinogen reduction activity in individual human liver
microsomes. This may be due to the relatively narrow range of b5R content in the small number
of livers evaluated. Studies are underway in a much larger group of individual liver human
livers to determine whether outliers in b5R content will correlate with arylhydroxylamine
reduction activities for various substrates. An alternative explanation for the lack of correlation
with b5R content could be that electron transfer from cyt b5, but not from b5R, is rate limiting
for hydroxylamine reduction. This is consistent with the finding that electron transfer from
b5R to cyt b5 is extremely rapid. (39,40) Indeed, in our studies, cyt b5 content significantly
correlated with arylhydroxylamine reduction, and appears to vary more widely in expression
in human liver than does its reductase.(14) Cyt b5 may therefore be a significant source of
toxicogenetic variability in the metabolism of arylhydroxylamine carcinogens in humans.
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In addition to liver, we also found that cyt b5 and b5R expression, and arylhydroxylmine
reduction activities, are readily detectable in both human breast and colon, which are suspected
targets of the carcinogenic effects of 4-ABP and PhIP. (41,42) A number of studies have
demonstrated DNA adducts, arising from heterocyclic and aromatic amine carcinogens, in
human breast and colon, indicating that these tissues are directly exposed to these
environmental carcinogens. (41,43-46) While previous studies have investigated the
relationships between the formation of carcinogenic DNA adducts and several enzyme
pathways, to include P450 1A1, (47,48) glutathione-S-transferase, (49-52) sulfotransferases,
(53) and N-acetyltransferases, (54-59) the role of reductive detoxication of arylhydroxylamines
has not been evaluated, either in the liver or locally in tissues affected by arylamine
carcinogenesis.

Because hydroxylamine generation is required for DNA adduct formation by arylamine
carcinogens, (5) the balance of arylhydroxylamine metabolites is likely to be very important
in determining the outcome of mutagenic DNA adduct formation in tissues susceptible to these
compounds. In this report we demonstrate that NADH cytochrome bg reductase and
cytochrome bs are sufficient for the reduction of arylhydroxylamine carcinogens in human
liver. We further hypothesize that b5R and cyt b5 comprise the primary pathway catalyzing
the reductive detoxication of carcinogenic arylhydroxylamines in target tissues of arylamine
carcinogens, such as human breast and colon. Further work is underway to fully characterize
the role of b5R and cyt b5 in carcinogenic arylhydroxylamine detoxication in these tumor target
tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Arylhydroxylamine reduction activities at various molar ratios of b5R : cyt b5. A Job Plot
(16) indicates maximal activity at a stoichiometry of 1:8 to 1:10 in the purified recombinant
system (1.1 nmol protein total for each ratio). Activity for NHOH-4-ABP reduction (500 M)
is shown.
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Velocity versus substrate concentrations for reduction of NHOH-4-ABP by (A) pooled human

liver microsomes (250 ng), and (B) purified human recombinant b5R and cyt b5 (1:10

stoichiometry). All reactions were in PBS, pH 7.4, with 1 mM NADH and 3 mM ascorbate for
arylhydroxylamine stabilization. Data for both enzyme sources were each fit to a one-site

Michaelis Menten equation.
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Fig. 3.

Inhibition of NHOH-4-ABP reduction. Antisera to b5R or cyt b5 significantly inhibited
NHOH-4-ABP reduction (500 uM) in HLM by 95% (2 P = 0.004) and 89% (° P = 0.002),
respectively, compared with pre-immune serum incubation. The chemical b5R inhibitor p-
hydroxymercuribenzoate (PHMB), also significantly inhibited NHOH-4-ABP reduction by
849% (° P =0.026) compared to microsomes incubated with vehicle. Microsomes (250 ug) were
pre-incubated with HSA (no serum), pre-immune sera or anti-sera (150 pl each), or PHMB (1
mM) or its vehicle for 30 min at room temperature prior to initiation of the reaction as described
in Fig. 1. Data shown are from two experiments, each performed in duplicate.
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Fig. 4.

Immunoblot of pooled human liver microsomes, probed for both NADH cytochrome b5
reductase (A) and cytochrome bs (B) content. Lane 1: pooled human liver microsomes, lane
2: duplicate pooled human liver microsomes, lanes 3—5: increasing concentrations of purified
recombinant b5R (Panel A; 0.18, 0.45, and 0.72 pmol) or cyt b5 (Panel B; 1.2, 2.94, and 8.82
pmol) to establish standard curves (pmol b5R = 0.0166 * HLM b5R density + 0.2198; pmol
cytb5=0.6455* HLM cyt b5 density + 0.6409). (Note: this cyt b5 antibody has a lower affinity
for cyt b5 (less dense bands), compared to the b5R antibody for b5R; therefore, more pmol of
cyt b5 have been loaded as standards to give a linear range for quantitation). Results from four
immunoblots (representative shown) indicated a native b5R : cyt b5 molar ratio of between
1:8t0 1:10 in HLM.
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Fig. 5.

(A) Microsomal content of NADH cytochrome b5 reductase (as measured by immunoreactivity
to b5R antibodies) did not correlate with NHOH-4-ABP reduction activity (500 uM substrate)
in 11 individual human liver microsomes (r =—0.11). However, there was only a 1.8-fold range
in b5R content in this sample of microsomes. (B) Microsomal cyt b5 content (as measured by
immunoreactivity to anti-cyt b5 antibody) did correlate significantly with NHOH-4-ABP
reduction in 11 individual human liver microsomes (r = 0.79; P = 0.004). Activity results are
representative of three experiments each performed in duplicate. Reactions included human
liver microsomes (250 pg), NHOH-4-ABP (500 uM), 1 mM NADH, and ascorbate (3 mM),
in PBS, pH 7.4.
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(A) Immunoblot of pooled microsomes prepared from human liver, breast, and colon (25 pg
per lane), and probed with polyclonal antibody to b5R. First 3 lanes of panel A: 0.32,0.16, and
0.0.08 pmol human recombinant b5R. (B) Immunoblot of pooled microsomes prepared from
human liver (10 pg per lane), breast (50 ug), and colon (50 ug), and probed with polyclonal
antibody to cyt b5. First 3 lanes of panel B: 0.42, 0.21, and 0.11 pmol human recombinant cyt
b5. 12% polyacrylamide gels.
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Table 1

Kinetics of arylhydroxylamine carcinogen reduction by human liver microsomes or purified soluble NADH cytochrome

bs reductase (b5R) and cytochrome bs (cyt b5).2

Substrate Enzyme Source K, (M) Vo, (NMol/mg protein/min)
NHOH-4-ABP| HLM 197410 4.13+0.05

bSRIcyt b5 220+ 897 2334367
NHOH-PhIP HLM 229+11°¢ 157+001

b5R/cyt b5 225¢ 544°

The maximal velocity (Vmax) of arylhydroxylamine carcinogen reduction by purified b5R/cyt b5 was 56-fold

and 346-fold

higher than in HLM for NHOH-4-ABP and NHOH-PhIP, respectively. All reactions were performed in PBS, pH 7.4, with 1 mM NADH and 3 mM
ascorbate, under conditions approximating linear kinetics. In the purified system, b5R and cyt b5 were used at a 1:10 stoichiometry. Velocity data are
expressed in nmol per total mg protein per min. Data represent two to three experiments performed in duplicate for each condition, except for NHOH-
PhIP by b5R/cyt b5, for which data are reported for one experiment performed in duplicate. Results are given as mean + SD.

aKm values were not significantly different between HLM and b5R/cyt b5 for either substrate

bP =0.75;

CP =0.65, one sample t test.

dP =0.01

e
P < 0.0001; one sample t test
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Table 2
Effect of addition of human liver microsomal protein to a purified system of b5R and cyt b5, on reduction capacity for

NHOH-4-ABP and NHOH-PhIP.2

Protein Source Substrate (Reduction velocities; nmol/min)
NHOH-4-ABP NHOH-PhIP
HLM 1.02+0.02 1.28 +0.001
b5R/cyt b5 2.88 +£0.01 2.88 +0.08
Predicted additive HLM + b5R/cyt b5 3_90b 4.16°
Observed HLM + b5R/cyt b5 4.15 + 0.04 ° 3.72+0.11°

2l reactions performed as described in Table 1, using 250 ug HLM (for NHOH-4-ABP) or 1.0 mg HLM (for NHOH-PhIP), and 1.1 nmol b5R/cyt b5

(1:10 stoichiometry), or both enzyme systems in combination (observed activity). Predicted additive activity was derived by adding mean activities for

each system alone. Note that total activities are not normalized to mg of protein, in order to more easily detect any enhancement of activity in the purified
system following addition of microsomal protein. These results represent data run in duplicate for each condition. Similar results were observed for addition
of 1.0 mg of HLM with NHOH-4-ABP as a substrate.

bNot significantly different by one sample t-test.

c A .
Not significantly different by one sample t-test.
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Table 3
Carcinogenic arylhydroxylamine reduction by microsomes and cytosol prepared from pooled human breast, liver, and

colon tissues.?

NHOH-4-ABP reduction (nmol/mg/min)| NHOH-PhIP reduction (nmol/mg/min)|
Breast Liver Colon Liver
Microsome 0.23 1.25 +0.08 0.38 0.92 + 0.05
Cytosol | = i i NP

aAII reactions performed in PBS, pH 7.4, with 1 mM NADH, 3 mM ascorbate, and 100 uM substrate, with 1 mg breast or colon microsomes or cytosol,
and 0.5 mg human liver microsomes or cytosol.

*
Not detected. NP = not performed. Data represent the mean of 2 experiments run in duplicate, except for breast and colon microsomes, one experiment,
each run in duplicate.
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