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ABSTRACT
IN VITRO METABOLISM OF 2,4-DINITROPHENOL
BY RAT LIVER HOMOGENATES
By
Julie Louise Eiseman

The in vitro metabolism of C14

-2,4-dinitrophenol
(DNP) was examined in rat liver (300-500 g, males) and
DNP, 4-amino, 2-nitrophenol (4A2NP) and 2-amino, 4-
nitrophenol (2A4NP) were separated. The extraction pro-
cedure for metabolite separation was developed on the
basis of pH dependent aqueous-organic partitioning.

When cofactors and pH were optimized ﬁn vitro, the
anaerobic enzymatic disappearance of DNP was first order
for 30 minutes. The pH optimum for metabolite formation
in vitro was 6.5 (37°C). During a 30 minute incubation of
DNP, whole liver homogenate, 81 * 4% of DNP was metabolized:
75 * 4% to 2A4NP, 23 * 2% to 4A2NP, and 1% to 2,4 diamino-
phenol (DAP).

Most enzyme activity was located in the 105,000 g
supernatant. Oxygen did not alter the distribution of
enzyme activity, but did decrease metabolite formation in
the whole homogenate after 10 minutes.

Michaelis-Menton kinetics for DNP disappearance and
metabolite formation were examined and the apparent Km in
4

the whole homogenate preparation was 1.8 x 10 ° M. The

apparent Vmax was 1.13 nmoles/mg/min. o-Nitrophenol (ONP),
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p-nitrophenol (PNP), p-nitrobenzoic acid (PNBA), and 2,4-
dinitro, 6-sec butyl phenol (DNBP) were examined as
inhibitors of DNP metabolism Zin vitro. ONP was a
competitive inhibitor with an apparent Ki of 5.1 x 10“4 M.
PNP and DNBP were non-competitive inhibitors, their
apparent Ki's were 7.1 x 10_4 M and 1.3 x 10-4 M, respec-
tively. PNBA had no effect on the reduction of DNP.
Mo+4 appeared to stimulate while Cu+2 appeared to

depress DNP metabolism. Mo+4 blocked the depression

produced by Cu+2.

Initial heat denaturation studies were undertaken in
an attempt to separate two enzymes or two steric sites.
There was no evidence for more than one enzyme involved
in the metabolism of DNP.

It was concluded that .DNP was enzymatically metabolized
by rat liver to 2A4NP and 4A2NP. The primary activity was
located in the 105,000 g soluble fraction. Oxygen did not
alter the intracellular distribution of enzyme activity
but did depress metabolite formation indicating it was
competing with 2,4-dinitrophenol for reduced cofactors.
ONP, PNP, and DNBP, but not PNBA, were inhibitors of the
DNP nitro reduction. Cu+2 and Mo+4 appear to inhibit and
stimulate respectively, the DNP nitro reduction system.

Only one enzyme system appears to be involved in DNP nitro

reduction.
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INTRODUCTION

Aromatic nitro compounds may be metabolically reduced
to their corresponding amines by mammalian enzyme systems.
Channon et al. (1944) proposed that the nitro groups of
2,4,6-trinitrotoluene (TNT) were reduced in viveo through

2H 2H 2H
the steps: -NO2 + -NO + NHOH > -NHZ, a chemical
process involving the transfer of 6 hydrogen atoms.
Bueding et al. (1946) provided experimental evidence that
demonstrated TNT nitro-reduction to the corresponding amines
via nitroso and hydroxyl amine intermediates which required
xanthine oxidase.

This enzyme system has been termed the "nitro
reductase system." Reduced pyridine nucleotides act as
hydrogen donors for the nitro reduction and several workers
have demonstrated the involvement of flavin nucleotides and
heavy metals in the reduction mechanism. Westerfeld et al.
(1957) postulated the essential role of molybdenum. 1In
addition, copper and molybdenum antagonism was investigated
in bacterial nitro reduction (Saz, 1954; McElroy and Glass,
1956; Mackler et al., 1954). Otsuka (1961l) showed the

presence of this ion activity in the mammalian system as

well.



Fouts and Brodie (1957) located the nitro reductase
for p-nitrobenzoic acid (PNBA) and chloramphenicol

in microsomes and soluble fractions of liver and
kidney. NADPH or NADH served as hydrogen donors and
excess flavins accelerated the reaction. Oxygen but not
aureomycin completely inhibited the reaction. Previously,
Westfall (1943) reported similar nitro reduction rates
under aerobic and anaerobic conditions.

Species variability appeared to be an important
characteristic of the nitro reductase system. Mouse or
guinea pig liver was three times more active than rabbit
liver which was ten times more active than rat. Rat liver
was found to be fifteen times more active than dog liver
with respect to nitro reductase (Fouts and Brodie, 1957).

Otsuka (1961) separated two protein fractions from
swine liver by ion exchange chromatography (DEAE cellulose)
which were involved in the nitro reduction of p-nitrophenol
(PNP). Two nitro reductase enzymes were postulated for
the reduction of the nitro and nitroso groups respectively.
Both enzymes were active at pH 7.8 and both required NADH
as hydrogen donor. Nitro reductase but not nitroso
reductase was inhibited by oxygen. Both enzymes were
inhibited by chelating agents suggesting metallo-protein
involvement.

Kamm and Gillette (1963) also studied flavin stimula-

tion of nitro reductase using chloramphenicol, PNBA, and






nitrobenzene as substrates. Their results supported the
view that the anaerobic reduction of nitro compounds and
the aerobic oxidation of NADPH were catalyzed by the same
enzyme system. Gillette and Sasame (1965) found that
carbon monoxide and SJF 525-A inhibited nitro reductase,
implying involvement of cytochrome P450. Gillette and
Kamm (1968) linked an NADPH~dependent enzyme of liver
microsomes, presumably cytochrome P450, with the reduction
of p-nitrobenzoate.

Kato et al. (1969) studied the reduction of PNBA by
rat liver and noted two enzyme systems, one present in the
soluble fraction and one in the microsomal fraction.

These two systems displayed different properties with
respect to stimulation by phenobarbital and inhibition by
oxygen. The enzyme system of the microsomal fraction
appears to be NADPH-linked while that in the soluble
fraction appeared to be NADH-linked. Kato's results were
in agreement with Kamm and Gillette (1963) who observed
that flavin-adenine dinucleotide (FAD) was reduced by
purified NADPH-cytochrome c reductase and that FADH could
reduce p-nitrobenzoate non-enzymatically. Purified p-
nitrophenol reductase from swine liver homogenate reduced
FAD to flavin mononucleotide (FMN) but only FADH could
reduce PNP; thus only FAD would stimulate the PNP reductase.
Purified p-nitrophenol reductase in addition was NADH
dependent and only negligible activity was observed with

NADPH.



The differing results of Otsuka (1961l) and Kamm and
Gillette (1963) suggest the involvement of a different
enzyme system for nitrophenolic reduction.

Juchau (1970) investigated nitro reductase in liver
and placental tissues of man and rats (microsomal fractions)
and described a model system for the reduction of p-
nitrobenzoic acid. The system included: NADPH or NADH
as initial hydrogen donors, flavins (FAD, FMN, or
riboflavin), a sulfhydryl donor (glutathione or cysteine)
and a salt (MnClz). Carbon monoxide inhibited activity
in boiled placental fractions but not in model systems,
suggesting a chemical interaction with an electron carrier
to inhibit non-enzymatic election transfer.

Carlson and DuBois (1970) described two nitro reductase
systems in rat liver. One resided in the soluble fraction
and was not dependent upon the addition of NADP. A
smaller portion of the nitro reductase activity was found
in the microsomal fraction which required NADPH for
maximal activity. This microsomal system was inducible

by phenobarbital and DDT but the induction of the system
in vivo did not enhance total nitro reduction of PNBA.
DuBois et al. (1970) therefore concluded that the toxicity
of drugs detoxified by nitro reduction was not reduced by
inducing agents.

Few studies have considered the enzymatic nitro

reduction of 2,4-dinitrophenol. Saz and Slie (1954)



reported that DNP was unique among all the compounds
tested in their bacterial (E. coli) system since it was
resistant to significant enzymatic reduction. DNP

(3 x 10-3M) inhibited the reduction of various other
nitro compounds such as chloramphenicol, 3,5-dinitro-
benzoate and m-dinitrobenzene. Fouts and Brodie (1957)
found the nitrophenols, DNP, PNP, and m-nitrophenol,
resistant to rapid metabolism by the mammalian nitro
reductase systems. Instead DNP and p-nitrophenol anta-
gonized the reduction of PNBA.

In previous studies, Greville and Stern (1935)
reported DNP metabolism by a bacterial succinic
dehydrogenase system (E. coli). 2A4NP was found as the
major metabolite. 1In addition, Magne et al. (1932) found
2A4NP to be the primary metabolite in the urine of man and
dogs. On the other hand, Parker (1952) using rat liver
homogenates found 4A2NP as the major metabolite while
2A4NP and DAP were minor metabolites.

The biological effects of DNP are well known. DNP
increases the rate of tissue metabolism in many species
including man, and the heat production associated with the
increased metabolic rates exceeds the physiological
capacity for heat dissipation, and fatal hyperthermia can
result. This response is g result of the ability of DNP to
uncouple oxidative phosphorylation. DNP was used clinically

for treatment of obesity because of its ability to



stimulate fat metabolism. Its use, however, was discarded
because of hyperthermia. Horner (1942) reported that pro-
longed intake of DNP produced cataracts in 1% of the
individuals. However, the cataractogenic species of DNP
in unknown. Robbins (1944) was able to experimentally
produce DNP cataracts in baby ducks and chicks and Ogino
and Yasukura (1957) extended this work to include guinea
pigs and rabbits. The cataractogenic agent in DNP
cataract formation was concluded to be 2-amino-p-
quinonimine. Gehring and Buerge (1967) explored the
cataractogenic properties of DNP in ducklings and rabbits.
The present investigation was undertaken to
characterize the in vitro metabolism of DNP by rat liver
homogenates. The metabolic reduction products were
identified. Optimum experimental conditions were established
with respect to cofactor requirements and pH. 1In addition
the intracellular distribution of DNP nitro reductase was
determined and the effects of varying concentrations of
oxygen were investigated. The effects of PNBA, PNP, o-
nitrophenol (ONP) and 2,4-dinitro,6-sec-butyl phenol (DNBP)

on the kinetics of DNP metabolism were determined.



METHODS

Chemicals

14c_2,4-dinitrophenol (0.50 millicuries; 80.5

milligrams, lot no. 277-227) was obtained from New England
Nuclear Corp., Boston, Mass. and diluted to a final volume
of 50 ml with distilled water. This solution was then
diluted and combined with 2,4-dinitrophenol (Eastman
Organic Chemicals, Rochester, New York) to make up experi-

5 5 4

M, 5x 10 °M, 1 x 10 M,

3M, with 0.05 pc Tc-pNp/ml.

mental concentrations of 1 x 10

5 x 10'4M, and 2.5 x 10~

Cell Fraction Preparation

Male Sprague-Dawley rats weighing 300-500 g (Spartan
Research Animals, Haslett, Michigan) were housed in
stainless steel cages and allowed standard lab block diet
and water ad libitum until use. Animals were sacrificed
by decapitation and their livers were perfused with 10 ml
of cold 0.05 M tris-histidine buffer (pH 6.5). The liver
was excised, blotted, minced with a scissors, weighed and
homogenized in two volumes of buffer using a teflon-glass
Potter-Elvejhem homogenizer.

Nuclei and cell debri were obtained from the homo-

genate fraction by centrifugation at 900 g for 10 minutes



using an International Refrigerated Centrifuge, Model
B-20. The supernatant fraction was readjusted with
buffer to the initial volume of the homogenate and
recentrifuged at 9000 g for 20 minutes to obtain the
mitochondrial fraction. The mitochondrial fraction was
washed and resuspended in buffer to the initial volume.
The 9000 g supernatant was also readjusted to the initial
volume. Microsomes were separated from the soluble frac-
tion by centrifugation of the 9000 g supernatant fraction
for 90 minutes at 105,000 g on a Beckman Model L ultra-
centrifuge. The microsomes were washed with buffer

and recentrifuged for 60 minutes. After washing, the
microsomes were resuspended in buffer to the initial
volume of the homogenate. The volume of the 105,000 g4
supernatant containing the soluble cell fluids was also
readjusted to the initial volume with buffer. All fractions

were maintained at 4°cC.

Protein Determination

The protein content of the homogenate and each cell
fraction was determined by the method of Lowry et al.
(1951) . The values for a 1 to 100 or 1 to 10 dilution of
the cell fraction were compared with a standard bovine
serum albumen curve read at 500 or 750 mu on a Beckman DB

spectrophotometer.



Incubation Procedure

14C--DNP was incubated with

In the various experiments
the different cell fractions in 25 ml beakers in Dubnoff
metabolic incubators (90-100rpm, 37°C) in an atmosphere
of nitrogen and/or oxygen. Under optimized conditions,
each beaker contained 250 mmoles 14C—DNP (0.025 pc); 0.5 ml
of .25 M tris-histidine buffer (0.25 M tris (tris [hydroxy
methyl] aminomethane) and 0.25 M L-histidine, pH 6.5, 37°C);
0.5 ml of cell fraction, 12.5 umoles glucose-6-phosphate
(G-6-PO4), 12.5 pmoles magnesium sulfate (MgSO4) and 1 umole
nicotinamide adenine dinucleitide phosphate (NADP) in a final
folume of 2.5 ml. A marble was added to each beaker to
insure adequate mixing. Aerobic samples were flushed with
7%, 21%, or 100% oxygen for 15 minutes prior to the addition
of substrate and during the timed incubation. Carbon dioxide
was removed from the gas mixture by passing it over a soda
lime (Soda Sorb, Ohio Chemical, Madison, Wisconsin) column.
The pH of samples was checked before and after incubation
to make certain the pH remained constant. Anaerobic
samples were flushed with 100% N2 in the same manner. The
enzymatic reaction was terminated by the addition of 1.5
ml of 20% trichloroacetic acid (TCA). Blanks without

14C-DNP but no cell

fraction, and samples containing both 14

substrate, standards containing the
C-DNP and TCA
precipitated cell fraction were incubated and served as

controls.
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Extraction Procedure

DNP and its metabolites were separated on the basis
of their pH dependent aqueous organic partitioning. After
terminating the enzymatic reaction, all samples were
transferred to 15 ml test tubes. The beakers were rinsed
to remove residual radioactivity. The 15 ml tubes were
then centrifuged for 5 minutes to sediment precipitated
protein. The supernatant as well as 2 rinses of the pre-
cipitated protein, and 1 ml of 10™° M DNP, 4A2NP, 2A4NP,
and DAP (carrier) were transferred to 50 ml centrifuge tubes.
Samples were adjusted to pH 3.0 and DNP was extracted into
10 ml of reagent grade chloroform by shaking. The chloroform
layer was transferred to 15 ml screw top test tubes and DNP
was reextracted into 2 ml of 0.2 M sodium hydroxide (NaOH) .
One ml of aqueous phase was transferred to a counting vial.
This fraction was considered to represent DNP. Ten ml of
modified Bfay's solution (100 g naphthalene, 6 g diphenyl-
oxazole (PPO) in one liter reagent grade dioxane) was added
to each vial. One drop of 5 M hydrochloric acid (HCl) and
0.5 ml distilled water were added to each vial to clear the
solution. The radioactivity present in each sample was
assayed by liquid scintillation counting using external or
internal standardization to determine disintegrations per
minute from the count rate.

The aqueous fraction remaining after DNP extraction

was adjusted to pH 10-11 with 20% NADH to dissociate



11

metabolic complexes. After 20 minutes, these samples were
adjusted to pH 6.5 and the extraction procedure was repeated
with 10 ml of chloroform. At pH 6.5, 4A2NP was readily
extracted into chloroform while 2A4NP and DAP remained in
the aqueous phase. The chloroform layer was transferred
to 15 ml screw-top test tubes and the 4A2NP was reextracted
into 2 ml of 0.2 M NaOH. One ml of the aqueous fraction
was counted in the manner described for DNP.

2A4NP and DAP were separated at pH 7.4 using a
cellulose cation exchange column (Cellex C-M, Biorad
Laboratories, Richmond, California). 2A4NP remained in
the aqueous phase and DAP adsorbed to the column. DAP

was eluted as a reddish-pink band with 0.1 M NH,OH. DAP

4
accounted for less than 1% of all the metabolites in the
initial experiments. Therefore for most experiments, this
separation was discontinued. 2A4NP (and DAP) were quanti-
fied by counting a 2 ml aliquot of the aqueous phase. 1In
the case of 2A4NP, a drop of 5 M HCl and 0.5 ml of
distilled water were not necessary to clear the solution.
One drop of 5 M HCl was added to the DAP samples. The
aqueous samples were then counted in the manner previously
described.

The extraction procedure was confirmed using non-
radioactive DNP, 4A2NP, 2A4NP, and DAP in concentrations

3 to 10_5 M and the partition coefficient was deter-

of 10~
mined for 4A2NP and 2A4NP extraction at pH 6.5 using

the equation:
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(KV )

CN = co (RV, + V3)

where: CN = concentration of the amount
remaining after mixing

CO = concentration of the initial
solution

K = partition coefficient when the
volumes are equal, in this case
9 for the extraction of 2A4NP
from an aqueous layer (pH 6.5)

V, = volume of the aqueous layer

V, = volume of the solvent (chloroform)

n = number of times the extraction is
carried out.

DNP was measured at 360 mu in KZHPO4 buffer at
pH 7.4;

2A4NP was measured at 460 mu and

4A2NP was measured at 480 mu in base or 420 my
at pH 6.5.

The partition coefficient at pH 6.5 for 4A2NP was
6.805 £ .321 (approximately 87% of total 4A2NP was extracted
with one 10 ml extraction) and for 2A4NP 0.146 *+ .010 (5-

15% of the 2A4NP was extracted at pH 6.5) (Table 1).

Chromatography

Thin layer chromatography (cellulose) was used to
identify the parent compound and metabolites using a basic
solvent system (95% ethanol; n-butanol; NH4OH; benzene;
4:2:2:2). Rf values for DNP, 2A4NP, 4A2NP, and DAP
respectively were: 0.75-0.80, 0.55-0.65, 0.25-0.45 and
0.0-0.1. sSimilar separations were obtained with an acidic

solvent system (benzene; 95% ethanol; acetic acid; 4:2:2).
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Rf values for DNP, 2A4NP, 4A2NP, and DAP in this system,

respectively were: 0.65-0.75, 0.50-0.55, 0.45-0.50,

0.02-0.10. Silica gel plates were run in a solvent

system composed of petroleum ether; ether, formic acid

(8:1:1). Rf values in this system were: DNP, Q87-095;

4A2NP, 0,75-080; 2A4NP, 070-0.75; and DAP, 065-0.70.

Standard solutions of DNP, 4A2NP, 2A4NP, and DAP were run

with each sample. Rf values for non-radioactive compounds

were determined by inspection under ultraviolet light

(ChromatoVue,Model CC-22, Ultra Violet Prod., San Gabriel, Cal.)
For radioactive samples the chromatograms were cut

into two x one centimeter strips (0.5 cm preceding the

origin to the point of solvent front), and the strips placed

in consecutively numbered counting vials. One half ml of

distilled HZO was added to the counting vial to dissolve

the radioactive compounds. Ten ml of modified Bray's

solution was added to each vial and the samples were

counted in the manner previously described. Rf's calculated

for the radioactive compounds using the peak location

were in agreement with Rf values of standard compounds

determined by inspection.

Test for Amino Group

The procedure outlined by Bratten and Marshall (1939)
was modified slightly and used to verify the presence of
primary amines of DNP metabolites. Two ml of 1 N TCA and

l ml of 0.1% NaN02 were added to one ml of the unknown.
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The sample was stored on ice for ten minutes. One ml
of 0.5% ammonium sulfamate was added. After 3 minutes,
one ml of Marshall reagent was added. The reaction was
allowed to proceed for 30 minutes in the dark. A deep
purple or brown color indicated a positive test for

amino groups.

Heat Denaturation

Heat denaturation of the whole homogenate was per-
formed by incubating the homogenate before incubation with
substrate at a constant temperature for a previously
determined time. This procedure was used in an attempt
to specifically denature one enzyme or active site respon-

sible for metabolism of DNP.

Statistical Analysis

Statistical analysis of data was by Students t test.
The level of significance was chosen at P < 0.05. Linear
regressions were calculated by the method of least squares
(Steele and Torrie, 1960). Data presented are the mean

from at least 3 experiments with duplicate determinations.



RESULTS

Optimizing Cofactors

The in vitro metabolism of DNP was measured in two

ways: 1) by 14

C-DNP substrate disappearance and 2) by

the appearance of the metabolic products, 2A4NP and 4A2NP.
The concentration of cofactors, G-6-PO4 and MgSO4,

and NADP were optimized by altering individual cofactors.

The in vitro incubation preparation consisted of

250 mmoles 14C-DNP (0.25 pyc), 0.5 ml 33% liver homogenate,

0.5 ml of 0.25 M tris-histidine buffer, 0.5 ml of G-6-

PO4 and MgSO4 (variable concentration), NADPH (variable

concentration) and distilled water to bring the final

volume to 2.5 ml. The optimum concentrationsof NADPH,

G-6-P04 and MgSO4 were 1 umole, 12.5 umoles and 12.5 umoles

respectively (Tables 2, 3).

Optimization of pH

DNP disappearance and metabolite formation was deter-
mined in vitro over the pH range of 3.5-9.5 using five
buffer systems (0.1 ACS&S¥ate, pH 3.5 to 5.5; 0.1 M and
0.05 M tris-histidine, pH 5.5 to 9.5; 0.1 M K,HPO,,
to 9.5; and 0.1 M tris, pH 6.5-9.5 and a 30 minute

pH 5.5

incubation. The overlap points did not differ significantly

16
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Table 3. Optimization of Glucose-6-Phosphate and
Magnesium Sulfate Concentrations.

1

Conc DNP™ unmetabolized metabolites formed
G-6-P04 (nmoles/mg protein) (nmoles/mg protein)
MgS0, 4A2NP 2A4NP
(umoles)

6.25 l.263i.1542 1.211+.072 5.096+.175
12.5 1.451+,220 1.160+.131 5.161+.331
25.0 1.469,.200 1.135+.097 4.303%+.235

4

1 DNP concentration used was 1 x 10 ~ M. Incubation
time was 30 minutes.

2 Mean * standard error.
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between buffer systems indicating that the buffer system
did not interfere with the reaction (Figure 1).

The optimum pH for DNP disappearance was 5.5 to 6.5,
but the optimum for metabolite formation was 6.5. Over
the entire pH range, 2A4NP was the major metabolite. 4A2NP
was formed in lesser amounts. Both monoamines were formed
more readily than DAP.

Using optimized conditions DNP disappearance was
linear and first order for 30 minutes. No enzyme or co-
factors limited the reaction. The linear regression line
by least squares analysis had a correlation coefficient

of 0.97 (Figure 2).

Intracellular Location of Enzyme Activity

Homogenateswere divided into various cell fractions
(nuclei and cell debri, mitochondria, mitochondria-free
supernatant, microsomes, and 105,000 g supernatant) and

14C-DNP for 30 minutes. Metabolism was

incubated with
expressed as the amount of metabolites formed (Figure 3).
Maximum enzyme activity for the reduction of DNP was

found in the soluble fraction. This correlates with the
location of other nitro reductase enzymes (Parker, 1952;
Fouts and Brodie, 1957; Kamm and Gillette, 1963; Kato et al.,
1969; Juchau et al., 1970). The high activity in the
nuclear fraction may be caused by the sedimentation of

whole cells since this fraction was a crude preparation.

Absence of activity in the washed microsomal fraction may
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3.5 4.5 55 6.5 7.5 8.5 9.5
pH

Determination of pH optimum for the metabolism
of DNP and the formation of 4A2NP and 2A4NP.
Values are the mean for 30 minute incubations
under nitrogen at 37°. Five buffers were used
over the pH range: pH 3.5 to 5.5, 0.1 M
acetate; pH 5.5 to 9.5, 0.1 M and 0.05 M tris-
histidine; pH 5.5 to 9.5, 0.1 M K,HPO,; pH 6.5
to 9.5, 0.1 M tris.
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3 5 10 15 30
MINUTES OF INCUBATION

Anaerobic, in vitro metabolism for DNP under
optimum conditions (pH 6.5, 37°C). The reaction
medium contained: 0.5 ml of rat liver homogenate,
1l mmole NADP, 12.5 EToles G-6-P0O,, 12.5 umoles
MgSO,, 250 mmoles C-*-DNP, ando.g ml of .25 M
tris-histidine buffer (pH 6.5) in a final volume
of 2.5 ml. The reaction was linear for 30

minutes and the linear regression line by least
squares analysis had a correlation coefficient

of 0.97. .
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[ «A2nP

i1 2A4NP

Lo o &

homog. nuclei mito. 9000g micro. 1050009

CELL FRACTION

Distribution of activity in intracellular
fractions. The amounts of 4A2NP and 2A4NP formed
during a 30 minute anaerobic incubation under
optimum conditions are expressed as percent of
total DNP substrate. The specific cell fraction
was substituted for the rat liver homogenate in
the incubation medium.

*2A4NP formed by incubation with homogenate should
read 67% instead of 55%.
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be explained by the deficiency of soluble enzymes such
as glucose-6-phosphate dehydrogenase which are necessary
for NADPH generation. The 9000 g supernatant fraction
did not possess more activity than the combined micro-

somes and soluble fraction (Figure 3).

Effect of Oxygen on Apparent Cellular Distribution of

Enzyme Activity

When samples were incubated under an atmosphere of
21% oxygen for 30 minutes, oxygen did not alter the
apparent cellular distribution of enzyme activity since
the soluble fraction maintained the greatest activity.
However, the formation of metabolites was depressed in

all fractions (Figure 4).

Oxygen as an Inhibitor of DNP Metabolism

The temporal aspects of oxygen inhibition of DNP
reduction were examined using whole homogenates (Figure
5). The disappearance of DNP was followed for 30 minutes

under an atmosphere of 100% N2' 7% O 21% 02, or 100% O

2'

Gas mixtures used were: 95% O2 and 5% COZ' air from an

20

air valve; and 7% 0,/ 5% co, and 88% N,. All the gas mix-
tures were passed over a "Sodasorb" column to remove C02.
The pH of select samples was measured at the end of the
incubation and there was no change in pH greater than 0.2

pH.units. Oxygen, in the concentrations examined, did not

alter the initial
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3 5 10 15 30
MINUTES OF INCUBATION

Oxygen inhibition of DNP enzymatic reduction.
7%, 21% and 100% oxygen significantly depressed
the metabolism of DNP after 10 minutes.

Asterisk (*) indicates significance at P < 0.05.
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rate of DNP metabolism; but did significantly depress
metabolite formation beyond ten minutes. 100% oxygen,
however, did not completely inhibit the metabolism of
DNP. This suggests that the nitro reductase(s) involved
in DNP metabolism are not as sensitive to oxygen as was
the nitro reductase responsible for metabolizing p-

nitrobenzoic acid.

Effects of Copper and Molybdenum on DNP Nitro Reductase

Activity
Copper in final concentration of 5 x 10 % M

inhibited DNP metabolism below control values

in a 30 minute incubation. Molybdenum in final concen-

3

trations of 5 x 107> M and 5 x 10~ % M stimulated the

metabolism of DNP. The addition of both Cu (5 x 10-4

3

M)
and Mo (5 x 10 ° M) did not alter metabolism from control
levels (Table 4). These data suggest that the DNP nitro

reductase system, like bacterial nitro reductase systems,

can be altered by metal cations in the media.

Heat Denaturation of Enzyme(s) Involved in DNP Reduction

A preliminary attempt was made to separate enzymes
forming 4A2NP and 2A4NP by selective heat denaturation.
Two initial experiments monitoring DNP disappearance
suggested that incubation at 50°C for 10 minutes prior
to incubation with substrate could decrease DNP metabolism
by as much as 50%. This heating period was then selected

and the metabolite formation ratio was examined (Table 5).
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Table 5. Heat Denaturation of Homogenate Preparation

Time of
Incubation DNP unmetabolized 2A4NP/4A2NP formed
(minutes) (nmoles/mg protein)
Control 5 5,745+ ,374% 3.658+.213
10 4,.081+.469 4,191+%,249
30 1.721+.045 4,041,137
Treated? 5 7.893+.290 3.281+.141
10 5.860x.106 3.660+,156
30 3.490+,710 3.772+,.328

1l Mean * S.E. of 2 experiments with duplicate determinations

at each time.

2 Heat denaturation at 50°C for 10 minutes prior to incuba-

tion with substrate.
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For normal incubation procedures, the metabolite ratio
(2A4NP : 4A2NP) is approximately 3:1. The ratio of meta-
bolites was not altered although the amount of DNP was
markedly reduced. This data suggest that there may be
only one enzyme system responsible for reduction of DNP.
The preference for reduction of the nitro group in the 2
position may be explained by its closer proximity to the

phenolic hydroxyl (OH) group.

Enzyme Kinetics

Kinetic analysis of DNP nitro reductase activity over

6 5

five substrate concentrations (2 x 10 ° M, 10°° M, 2 x

1072 M, 1074

4

M, 5 x 10”4 M) revealed an apparent Km of
1.8 x 100" M and an apparent Vmax of 1.13 nmoles/mg pro-
tein/min. Incubations were carried out under optimized
conditions for 3, 5, and 10 minutes and the velocity
determined by measuring total product formed (mmoles) per
minutes in each time interval.

PNBA, DNP, PNP, and DNBP were examined as inhibitors
of the DNP nitro reductase. Incubations were carried out
for 3, 5, and 10 minutes at optimum conditions with five
concentrations of substrate and 1 concentration of

inhibitor (2 x 10~ 4

M). PNBA had no effect, while ONP,
PNP and DNBP significantly inhibited DNP reduction

(Figure 6). Kinetic analysis utilizing the Hofstee plot
(Dowd and Ross,1965) and linear regression analysis showed

ONP to be a competitive inhibitor of DNP reduction while
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Figure 6.
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Ny — 30 MINUTE INCUBATION

B 4A2NP
O 2a4nP
|
¥
3
*
CONTROL  PNBA ONP PNP P
DNP 10x 10x 10x 100x

Inhibition of DNP nitro reduction. DNP
concentration was 10-4 M. PNBA (10-3 M) had
no effect on DNP reduction. ONP (103 M) and
PNP (10-2 M) significantly depressed the
formation of metabolies during the 30 minute
incubation. Asterisk (*) indicates signifi-
cance at P < 0.05.
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PNP and DNBP were non-competitive inhibitors (Figure 7).

The respective Ki's calculated from the regression lines

4 4 4

were: 5.1 x 10 " M, 7.1 x 10 " M, and 1.3 x 10 ' M

(Table 6).
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Table 6. Kinetic Data for DNP Enzymatic Reduction

Constant Apparent Value

Vimax 1.13 nmoles/min/mg protein
1 -4

KM 1.8 x 10 M

K oNp? 5.1 x 1074 M

Ky pNp> 7.1 x 1074 M

K, DNBR* 1.3x10°%m

1 DNP concentrations used were: 2 x 10-6 M, 1 x 1072 M,
2 x 100 M, 1 x 104 M, and 5 x 104 M. 1Incubations

were run for 3, 5, and 10 minutes.

4

2 ONP concentration was 2 x 10 ° M.

4

3 PNP concentration was 2 x 10 - M.

4

4 DNBP concentration was 2 x 10 M.
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w = DNP
==e== DNP with DNBP

nnenn DNP with PNP
racrs DNP with ONP

Hofstee Plot of DNP Nitro Reduction. Each point
is the mean of at least 3 experiments with
duplicate determinations at incubation times of
5 and 10 minutes. The lines are the linear
regression lines. Concentrations of DNP _sub-
strate(s) used were: 2 x10°6 M, 1 x 1073 M,

2 x10° M, 1 x 1004 M and 5 x 1074 M. The
concentration of each inhibitor was 2 x 10-4 M.
Velocity (V) and V/S are expressed as nmoles/
mg protein/minute and nmoles / M/mg protein/
minute respectively. ONP was a competitive
irkitki+oare -7 and DNRP were noh-comretit+ive



DISCUSSION

The in vitro reduction of DNP to 2A4NP and 4A2NP by
rat liver homogehates was confirmed (Figure 8). The pre-
sence of only trace amounts of DAP indicates its role as
a minor reduction product as Parker (1952) suggested. The
extent of formation of other metabolites, however, differed
markedly from Parker's results. 1In the present study,
2A4NP was the major metabolite contributing 75 * 4% of
total amine while 4A2NP contributed only 23 * 2% of total
amine. 4A2NP was the least stable of the two and could
be oxidized to a non-extractable product. Conceivably
spontaneous oxidation of 4A2NP could have contributed to
the difference in results but when the metabolipes were
extracted from the sample within one hour after incubation,
the proportional relationship between the amines remained.
The proportion of metabolites formed by the liver prepara-
tion seems to parallel the activity of the bacterial
succinic dehydrogenase system reported by Greville and

Stern (1935).

Optimization of Cofactors

The DNP nitro reductase cofactor requirement was
similar to that described by Fouts and Brodie (1957). The

addition of G—6-P04, MgSO4, and NADP increased the activity

34



35

OH OH

PJC)z rqfiz
f‘()2 rqc)z
DNP 2A4NP
OH OH
O, NH,
NH, NH,
4A2NP DAP

Figure 8. Proposed Mechanism of Reduction of DNP.
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in the homogenate. NADP apparently was reduced to act as

the hydrogen donor for the nitro group reduction. G-6-PO4
and NADP, together with glucose-6-phosphate dehydrogenase

from the soluble fraction of the cell presumably served

to generate NADPH.

pH Optimum

The pH optimum (6.5, 37°C) for the formation of both
metabolites was more acidic than the pH of 7.4 used by
Parker (1952) or the pH of 7.2 used by Fouts and Brodie
(1957) . In addition it was more acidic than the pH of 7.8
used by Otsuka in his study of p-nitrophenol reduction.
However, the pH optimum of the present system was in
agreement with that reported by Juchau et al. (1970) and
close to the pH optimum of 7.0 used by Kato and Takahashi
(1969). The lower pH optimum may be indicative of a diff-
erent enzyme system for nitrophenolic compounds than the
system which reduces PNBA. Fouts and Brodie (1957) found
nitrophenols resistant to rapid reduction b;ffiver
slices but in the present study DNP was rapidly metabolized.
Moreover, DNP and p-nitrophenol were found to antagonize
the reduction of PNBA in vitro.

One pH optimum for DNP reduction suggested the
involvement of only one enzyme system in the metabolism
of DNP to 2A4NP and 4A2NP. The enzyme system, however,

appears to reduce the ortho nitro group 3 times more readily

then the para nitro groups. The enzyme therefore may
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possess steric specificity for the 2 position. The OH
group in such close proximity may serve to position the

molecule on the enzyme.

Location of Enzyme Activity

Enzyme activity appears to be located primarily in
the soluble fraction. Most other nitro reductases are
located in both the microsomes and the soluble fraction.
Fouts and Brodie (1957) found 60% of the enzyme activity
in the soluble fraction while the microsomes possessed
the remaining 40%. However, they could only demonstrate
activity in the microsomal fraction by adding a trace of
the soluble fraction. Presumably soluble enzymes such as
glucose-6-phosphate dehydrogenase were necessary for the
generation of reducing equivalents.

More recently, Kato et al. (1969) showed two
separate enzyme systems for the reduction of PNBA. The
enzyme located in the soluble fraction required NADH as
a hydrogen donor while the enzyme in the microsomes was
specific for NADPH. Using PNBA and the carcinogenic
agent, 4-nitroquinoline N-oxide (4-NQO), Kato and
Takahashi (1969) defined separate enzyme systems. PNBA
was reduced mainly by microsomes while 95% of 4NQO
reduction activity was found in the supernatant. Both
systems, PNBA and 4NQO, required reducing equivalents

furnished by an NADPH generating system.
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Carlson and DuBois (1970) performed quantitative
assays of nitro reductase activity in liver fractions and
confirmed that the soluble fraction plays the major role
in total nitro reductase activity of the liver. The
activity of the soluble fraction per unit of tissue was
unaffected by changes in the amount of tissue, NADP con-
centration, pretreatment with DDT or phenobarbital, cobra
venom (hydrolyzes NADPH) or by SKF 525-A, a microsomal
enzyme inhibitor. Cyanide, however, inhibited the soluble
enzyme to a greater extent than the microsomal reductase.
Apparently the induction of microsomal nitro reductase was
not as important for detoxification reactions as the
soluble enzyme system.

The enzyme system metabolizing DNP appears to be more
closely related to the 4NQO system. That system utilizes
NADP as a cofactor and activity in both the homogenate
and soluble fractionwiS increased by the addition of

G-6-PO, and NADP. The ability of the microsomes to

4
metabolize DNP was much lower than that of the soluble
fraction. The 9000 g4 cell fraction, containing both
microsomes and cell fluids, did not possess greater total
activity than that of the soluble fluids or microsomes
alone. Furthermore, the microsomal enzyme system was not
as active in the metabolism of DNP as in the metabolism
of p-nitrobenzoic acid. Therefore, the primary system

for DNP metabolism appears to be located in the soluble

fraction.
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Oxygen Inhibition

The location of the major DNP nitro reductase activity
was not altered by oxygen, but the formation of the meta-
bolites after ten minutes was depressed. The amount of
depression appeared to be concentration dependent. The
incomplete inhibition of the DNP nitro reductase by 100%
oxygen suggested that the nitrophenolic system was
different from the PNBA system which was completely inhibited
by oxygen (Fouts and Brodie, 1957). The DNP reduction
system may be similar to certain bacterial systems (E.
coli) where the reaction was not markedly inhibited by
oxygen (Saz and Slie, 1954). Both systems may require a
cofactor or cofactors which "are not as sensitive to
oxygen as the cofactors involved in the mammalian reduction
of PNBA. Kato and Takahashi (1969) defined the soluble
nitro reductase for 4NQO and found that it was only
slightly inhibited by air (21% 02).The DNP reductase system
therefore, may be more closely related to the mammalian

4NQO system.

Copper and Molybdenum, Inhibition and Stimulation

Westerfeld et al. (1957) postulated molybdenum as
an essential component of nitro reductase since the enzyme
level in rat liver was significantly lower in molybdenum
deficient animals. The copper inhibition and molybdenum
stimulation of enzyme activity postulated for mammalian
systems was shown to function in bacterial systems (Saz,

1954; Mackler, 1954) and in nitrate reduction (Fridovich
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and Handler, 1956). The two elements are known to be
mutually antagonistic on metabolic and physiologic events
(Hochster and Quastel, 1963). The present findings confirm
the antagonistic properties of Mo+4 and Cu+2 and extend

the evidence to include crude mammalian nitro reductase

2

preparations. cut® inhibited the metabolism of DNP and

Mo+4 stimulated the reduction. However, a combination of

2

a inhibitory concentration of cu’® and a stimulatory con-

4

centration of Mo'® added together to the in vitro

preparations had no effect on nitro reductase activity.

2 and Mo+4

The role of cut in the nitro reductase system

is not known. However, Mo+4 is required for normal
activity of xanthine oxidase. Xanthine oxidase may be the
rate limiting step as indicated by the effects of copper

and molybdenum.

Heat Denaturation

Heat denaturation at 50°C for 10 minutes did not
alter the DNP metabolite ratio although DNP metabolism
was decreased by 30%-50%. If different enzymes or active
sites were involved in the selective metabolism of DNP
to 2A4NP and DNP to 4A2NP, selective alteration by heat
denaturation may have been expected to shift metabolite
ratios during the step-wise denaturation. However, no
change was found in the metabolite ratios indicating the

involvement of only one enzyme. Heat denaturation at
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50°C, however, may not have been selective enough to
effect only one enzyme. Evidence, however, from pH optima,
oxygen inhibition and heat denaturation support the con-
clusion that only one enzyme system is involved.

Selective reduction of the DNP ortho nitro group,
while not explained by a different enzyme, may be explained
by the electrophilic properties of the substituted groups
and by their orientation on the benzene ring. The OH in
DNP is strongly activating and releases electrons making
the ring more negative. Substituent groups attached to
neighboring carbon atoms would be influenced extensively.
Both NO2 groups on the other hand are deactivating and
electron withdrawing. The close proximity, however, of
the NO2 group in the ortho position to the electron
releasing OH group exerts a stronger withdrawing power
over the m electron cloud of that group than that of the
para NOZ‘ The increased electronegativity attracts ut
reducing equivalents. Therefore, the ortho NO2 is more

subject to reduction than the para NO, .

Enzyme Kinetics

The kinetics of DNP nitro reduction were determined
using the Hofstee plot where v was plotted against v/s.
The Hofstee plot was chosen over the Lineweaver-Burk
plot since the latter distributes weight inappropriately
among observations. Plots of the calculated linear

regression lines yielded a Km of 1.8 x 10-4 M and a Vmax
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of 1.13 nmoles/mg protein/minute. Parker (1952) deter-
mined Michaelis constants for DNP nitro reductase from
the slope of a Lineweaver-Burk plot and found Km to be
8.5 x 107> M DNP. The value of Km determined in this
study was about twice that reported by Parker, but this
was acceptable since the conditions varied between the
two systems.

Compounds structurally related to DNP, PNBA, ONP,

PNP, and DNBP, were examined as inhibitors of the nitro
reductase system. PNBA did not effect DNP nitro reduction,
suggesting separate metabolic pathways for the two
compounds. These data may explain the observation of Fouts
and Brodie (1957) and Saz and Slie (1954) where DNP was
found resistant to reduction in their systems. Further-
more the present data explain the observed absence of DNP
antagonism of PNBA by the above authors. In contrast to
the PNBA results, ONP was found to be a competitive
inhibitor of DNP nitro reduction. ONP presumably was
competing for the same active site as DNP. Although it
was not demonstrated here ONP was probably reduced to o-
amino phenol since Smith and Williams (1951) found that

ONP was reduced in vivo to o-amino phenol.

PNP and DNBP, unlike ONP, were found to be non-
competitive inhibitors of DNP nitro reduction. Apparently,
PNP and DNBP bind at different site(s) on the enzyme(s)
than DNP. Smith and Williams (1951) showed PNP metabolism

to p-amino phenol in vivo and Otsuka (1961) showed PNP
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metabolism by a swine liver nitro reductase preparation.
In other studies, DNBP was shown to be reduced to 4 amino-
2-nitro-6 sec butyl phenol and to 2-amino, 4-nitro, 6-sec
butyl phenol in rat liver homogenates ( Ernst, 1964).
Apparently, however, the 6-alkyl group of DNBP hinders its
attachment to the enzyme in the same manner as DNP.

The interpretation of the present data are complicated
by the fact that one substrate is reduced to two products.
Furthermore the system was an impure preparation. One
cannot predict, therefore, whether there are two active
sites on the DNP nitro reductase enzyme, or whether there
is one specific enzyme for each nitro group. Taken as a
whole, however, it was concluded from the present data

that only one enzyme is involved in DNP reduction.






SUMMARY

DNP was reduced enzymatically by rat liver homogenates
to 2A4NP, 4A2NP and DAP. 2A4NP was the major metabolite
found in amounts three to four times greater than 4A2NP.
DAP was present in trace amounts.

DNP disappearance and product formation showed a pH
optimum of 6.5 which was more acidic than the optima for
many nitro reductases.

NADPH, G—6-PO4, and MgSO4 were required for optimum
in vitro activity of DNP nitro reductase.

The major enzyme activity was found in the 105,000 g
soluble fraction of liver cells and this distribution was
not changed in the presence of oxygen. Oxygen, however,
depressed the amount of metabolites formed in all cell
fractions. Presumably oxygen competed with DNP for
reducing equivalents.

DNP nitro reduction was responsive to Mo+4 stimulation

and Cu+2

inhibition indicating cation influence on the
nitro reductase enzyme(s).

Heat denaturation reduced DNP reductase activity 30-
50% but had no effect on the product ratio.

Kinetic studies showed an apparent Km of 1.8 x lO-4 M

and an apparent Vmax of 1.13 mmoles/mg protein/minute for
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the DNP nitro reductase. PNBA, a non phenolic

nitro compound did not inhibit the enzyme system. ONP,
however, was a competitive inhibitor with an apparent Ki

of 5 x 10-4 M. PNP and DNBP were non-competitive inhibitors
and had Ki's of 7 x 100 Mand 1 x 1074 & respectively.

The kinetic data suggested more than one active site on

the DNP nitro reductase enzyme.

It was concluded that a single soluble hepatic enzyme

from rats may reduce DNP to 2A4NP, 4A2NP and DAP.
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