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SUMMARY

Hemoglobin (Hb) and cytochrome P450 carry out aromatic ring hydroxylation of aniline. In the presence
of reductants and Hb, para- and orthe-aminophenol were formed. Under [*0JO,, 100% of product was
labeled; no incorporation occurred with ['*0OJH,0. Deuterium (1.9%) was detectable in p-aminophenol
formed from p-[*HJaniline by Hb, as compared with 6% retention observed with cytochrome P450. These
observations are consistent with a mechanism for Hb-dependent reaction involving formation of an iron—
oxo complex competent to hydroxylate substrate. Hb-mediated reactions may represent a source of extra-
hepatic metabolism since Hb is a major carrier for small organic molecules. The similarities of P450- and
Hb-mediated aniline hydroxylation using stable isotopes preclude their use as in vivo probes.

INTRODUCTION

The ability of cytochromes P450, particularly P4502E1, to catalyze hydroxylations
and other reactions with small organic molecules has been intensively studied {1,2].
Hemoglobin (Hb) and myoglobin have been found to carry out some similar reac-
tions with a variety of substrates [3,4]. Aromatic and aliphatic hydroxylations, N-
dealkylation, and O-dealkylation have been demonstrated using Hb and a variety of
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reducing systems (e.g., ascorbate, dihydroxyfumarate, P450 reductase/NADPH) [3-
51

Heme proteins are classified into four categories (oxygen carriers, peroxidases,
dioxygenases, and monooxygenases) based on their predominant function in vivo.
However, proteins from each group have some ability to carry out monooxygenase-
like chemistry in the presence of reductants and O, [6]. The heme-pocket active site
structures and implications for their enzymatic activities have been compared for four
heme-enzymes [6].

The study described here extends the characterization of the Hb-mediated hydrox-
ylation of aniline [7]. Possible in vivo significance of such reactions is further suggest-
ed by the finding that Hb acts as the major blood carrier for small organic molecules
including hexane and toluene [8]. These experiments were undertaken to determine
whether stable isotope studies might be a useful mechanistic probe for the occurrence
in vivo of Hb- and P450-mediated aniline hydroxylation.

MATERIALS AND METHODS

Materials

Methemoglobin (human type III) and L-ascorbic acid (sodium salt) were obtained
from Sigma (St. Louis, MO). ['*0]0,, [*OJH,0, and deuterium gas were purchased
from KOR Isotopes (Cambridge, MA). Other chemicals were obtained as follows:
palladium (5%) on activated charcoal, PHJCH,OH (99%), and the aminophenol stan-
dards, Aldrich (Milwaukee, WI); p-bromoaniline, MCB (Cincinnati, OH). All other
solvents or chemicals were at least reagent grade. Aniline was distilled and stored
under argon before use. Microsomes and purified P450 reductase were a generous gift
of Dr. Rosemary L. Sousa. Liver microsomes (2.9 nmol P450/mg protein) were pre-
pared from male Long Evans rats pretreated with phenobarbital. Purified P450 re-
ductase was determined to be homogeneous by SDS gel electrophoresis and it reduced
cytochrome c at a rate of 27.4 gmol/min/mg (1 unit = | gmol/min/mg).

Synthesis of p-{’H Janiline

p-Bromoaniline was recrystallized from ethanol/water to remove the contaminat-
ing aniline (about 5% by GC-MS). The exchangeable hydrogens were replaced with
deuterium by dissolving the chemical in excess ["HJCH,OH followed by solvent re-
moval under vacuum. In a hydrogenator, 0.19 g (90 umol) 5% palladium on charcoal
was charged with deuterium at 6 psi. Then, 1 g (5.8 mmol) p-bromoaniline dissolved
in 10 ml ethyl acetate and 1.6 ml (11.5 mmol) triethylamine were added to the palladi-
um. The reaction was stirred for 5 h with frequent adjustment of the deuterium
pressure to 6 psi. At the end of the 5 h, GC-MS analysis showed less than 0.5%
p-bromoaniline remaining. The reaction mixture was shaken with an equal volume of
H,O to reexchange the amine deuteriums. Ethyl acetate was removed, the water
reextracted with ethyl acetate, and the combined organic fractions dried with MgSO,.
The dried solution was evaporated in vacuo and the resulting liquid was distilled in a
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microdistillation apparatus giving 0.25 g (2.7 mmol) product (47% yield). The prod-
uct was determined to be pure by GC-MS analysis using both electron impact (EI)
and chemical ionization (CI). The product was labeled exclusively in the para position
as determined by NMR (Bruker WM250) using CDCl,. Shifts are reported relative to
residual chloroform as standard at 7.24 ppm: 3.63 (2H, s, —NH,); 6.68 (2H, d, J =
8 Hz); 7.15 (2H, 4, J = 8 Hz).

Hemoglobin incubations

Incubations were carried out in acid-washed glassware in phosphate buffer with
low iron content. These precautions reduced the metal-catalyzed, ascorbate-depend-
ent background hydroxylation reaction. Reaction solutions contained 10 4uM methe-
moglobin, 1 mM ascorbate, and 40 mM aniline (or p-[*H]aniline) in 1 ml final volume
of 100 mM potassium phosphate buffer (pH 7.0). Alternatively, ascorbate was re-
placed by 250 uM NADPH and 0.022 units P450 reductase. Reactions were carried
out for 30 or 60 min at 37°C. ['*0]O, incubations were carried out as described above
for the Hb reactions. Incubations were purged extensively with argon following which
the labeled gas was added.

Assay for aminophenols and 4-acetamidophenol by GC-MS

Reactions were terminated by addition of 40 ul of a 28% (w/v) ZnSQO, solution and
centrifuged for 3 min at 1300 x g. An aliquot (0.8 ml) of the supernatant was re-
moved. Subsequent to the determination that meta-aminophenol was not formed in
the incubations, 1 1 of a 5 mM solution in ethanol was added as an internal standard
before extraction with CHCI, (3 x 0.8 ml) to remove the aniline. The aqueous solution
was added to 100 ml H,O and derivatized with acetic anhydride and trifluoroacetic
anhydride [9]. The resulting product was unstable and was analyzed immediately. A
Hewlett Packard 5887A Gas Chromatograph-Mass Spectrometer system was used in
the EI and CI mode with either a Hewlett Packard 20 m methyl silicone column or a
DB-5 30 m column from J & W Scientific (Cordoba, CA). Analysis was done using
selected ion monitoring for several major ions: M (m/z 136, 187, 205, 247)and M + 2
(m/z 138, 189, 207, 249) were analyzed for the '®0 labelingg M, M - 1, M + I, M + 2
were analyzed for the ’H labeling experiments. Peaks were integrated for each ion and
the areas compared. Alternatively, samples were acetylated only and analyzed for M
(EIL: 109, 151, 193; CI: 194, 222), M — 1, M + 1, M + 2. The percent of product labeled
with 8O was normalized using the atom-percent excess determined in triplicate for
4-acetamidophenol formed by P450-catalyzed hydroxylation of acetanilide. This re-
action has been shown to incorporate the oxygen solely from molecular oxygen [10].
Incubations with acetanilide were carried out identically to, and in some cases simul-
taneously with, P450 or Hb reactions with aniline. Standards used for quantifying the
amounts of products were added to 0.8 ml buffer, extracted, and derivatized.
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RESULTS

Products of hemoglobin and microsomal P450 reactions

Reactions carried out for 30 min with methemoglobin, ascorbate, and aniline pro-
duced p-aminophenol and o-aminophenol as determined by the identical retention
times and mass spectra of the reaction products and authentic standards (Table I).
Both isomers were also found in reactions with NADPH/P450 reductase/aniline/
methemoglobin or NADPH/aniline/methemoglobin. Control incubations with ascor-
bate and aniline also formed the two aminophenol isomers. Presuiably, this ascor-
bate background reaction was catalyzed by contaminating iron or other metals since
it was reduced by acid washing glassware. No m-aminophenol was detected, nor was
product detected in the absence of Hb when NADPH and P450 reductase was the
reductant or in the presence of Hb without reductant. Similar results were obtained
using oxyhemoglobin, but for ease of performing the ['*0]O, experiments methemo-
globin was used.

The product ratio in ascorbate-only background reactions was 0.5 (paralortho).
The Hb-mediated reaction, using either reducing system, formed the para isomer
preferentially. Hb/ascorbate (net reaction above the ascorbate background) showed
a ratio of 5. Preference for the para isomer (ratio of 8) was found with Hb/NADPH/
P450 reductase.

Both ortho and para isomers were formed in reactions containing microsomal
P450; no meta was detectable. A product ratio of 1.1 was found with rat liver micro-
somes.

TABLE 1
AMINOPHENOL ISOMERS FORMED

System p-AP* m-AP® 0-AP* p-APlo-AP

Hb/ascorbate 11.0 £ 4.0 0 20 1.0 5.0

Hb/NADPH/P450 25103 0 0.33+0.01 8.0
reductase

Ascorbate 0.6 + 0.01 0 1.3 £03 0.5

P450 (microsomes)/ 91110 0 100 £1.8 1.1
NADPH

P450 reductase/ NADPH 0 0 0 0

2 nmol formed in 30 min incubation.
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Incubations with '*O

Reactions in ['*0]O, atmosphere using Hb with ascorbate as reductant showed
100% labeling (n = 6) of each isomer (Table II). Incorporation in the ascorbate con-
trol incubations was also 100%. Incorporation of '®0 was identical in the hydroxyla-
tion of aniline and acetanilide catalyzed by microsomal P450, indicative of 100%
incorporation. To confirm that O, was the only source of oxygen, the reactions were
also carried out in ['*O]H,0O. Reactions run in 90% ['*0O]H,O showed no increase over
the normal 1-2% background of M + 2 ions. NADPH/P450 reductase with Hb in
50% ['*O]JH,0 also showed no label incorporation.

Incubations with p-[?H Janiline

Retention of deuterium in para-hydroxylated products, often referred to as the
NIH shift, is characteristic of P450-mediated aryl hydroxylation but not of ascorbic
acid/Fe(II)-catalyzed reactions in aqueous solution [14]. o-Aminophenol formed in
the reactions with p-[?’H]aniline was essentially 100% deuterium labeled as expected
(Table II). p-Aminophenol showed only 1.9% + 0.4% (n = 3) retention of deuterium
in methemoglobin-containing incubations and in ascorbate only controls. The identi-
cal low retention was seen when P450 reductase and NADPH replaced ascorbate. Rat
liver microsomal P450-catalyzed hydroxylation showed 5.6 * 0.5% (n = 2) retention.
This is virtually identical to the 6% retention reported for rabbit liver microsomes
[13].

TABLE II

INCORPORATION OF ISOTOPIC LABEL INTO THE AMINOPHENOL PRODUCTS FORMED
FROM ANILINE

System % product labeled®
ortho para (n)
Hemoglobin/ascorbate/['*0]0, 100 100 ©6)
Hemoglobin/ascorbate/['*O]H,O ND* ND Q)
Hemoglobin/P450 reductase/NADPH/['*O]H,0 ND ND )
Ascorbate/['*0]O, 100 100 (1)
P450 (microsomes)/P450 reductase/NADPH/['*0]O, 100 100 3)
Hemoglobin/ascorbate/[*H]aniline 100 2 3)
Hemoglobin/P450 reductase/NADPH/[*H]aniline 100 2 2)
Ascorbate/[’H]aniline 100 2 )
P450 (microsomes)/P450 reductase/NADPH/[*H]aniline 100 6 2)

? % product labeled = [labeled/(labeled + unlabeled)] x 100.
®ND, not detected (= 3% incorporation detected).
¢ Hb was added as methemoglobin.
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DISCUSSION

Analysis of all the aminophenol isomers resulting from aniline hydroxylation con-
sistently shows the formation of only ortho- and para-aminophenol. m-Aminophenol
has never been detected in any of the numerous aniline hydroxylating systems due to
the ortho-para-directing nature of the amino substituent in electrophilic aromatic
substitution reactions. The ratio of para to ortho is, however, quite varied in different
systems. As exemplified in the work reported here, there is a large reversal in regio-
specific hydroxylation in the ascorbate background (p/o = 0.5) and Hb-dependent
(p/o = 5) reactions. The shift in regiospecificity suggests that there are steric factors
imposed by the protein. This would be expected if the reactive oxygen species respon-
sible for hydroxylation is formed in an environment that constrains the geometry of
aniline binding and reaction. Such effects, of course, are commonplace with enzymes
and could be expected for other proteins such as Hb when the reaction occurs within
the heme-pocket.

Ratios of product formed in vitro with liver microsomes from several species are
variable (p/o = 1-6), although always equal to or greater than 1.0 [11,12]. In vivo
exposures of rats and mice also produced urinary metabolites derived predominantly
from p-aminophenol, but again there was a large interspecies variation (rats: 8.1,
mice: 1.6). Overall, the Hb- and P450-mediated results are similar but contrast with
the ascorbate/iron background reaction.

The 80 experiments demonstrate that Hb, like P450, activates molecular oxygen
for incorporation into the parent compound in the presence of either reducing system.
In addition, virtually no product was produced when the incubations were saturated
with argon and O, excluded. The lack of incorporation of '*O from [**O]H,O under
['°0]O, atmosphere indicates that product does not result from mechanisms that
produce either free hydroxyl radicals or aniline cation radicals in solution. Rather, it
appears that an activated oxygen—iron complex is formed by both proteins.

Retention of deuterium varies greatly depending upon the substrate; aniline shows
low levels of retention as compared to others [13]. The Hb-mediated reaction shows
lower retention than the P450-catalyzed hydroxylation. This may indicate mechanis-
tic differences or differences in the degree of aprotic active site environment. Castle
and Lindsay-Smith [14] have shown that deuterium retention during the hydroxyla-
tion of anisole and acetanilide by hydroxyl radicals occurs to as high a degree as that
found with P450 when aprotic solvents were used, although there was no retention in
aqueous solutions.

Hb-mediated reactions are of interest for mechanistic comparisons with P450 and
their potential pharmacological or toxicological significance {15]. The ability of Hb to
carry out monooxygenase reactions in the presence of the serum constituent ascor-
bate or the methemoglobin-reducing enzyme system in the red blood cells (Magee,
B.H. and Marletta, M.A., unpublished results) may be important for in vivo oxida-
tion of therapeutic drugs or environmental toxins. The studies reported here show the
two protein-mediated reactions share mechanistic similarities. The differences are too



153

small to allow the use of these stable isotopes as probes for distinguishing the two
reactions in vivo.
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