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SUMMARY

JEFFREY, ELIZABETH H. & MANNERING, GILBERT J. (1979) Mechanism of the
nucleotide pyrophosphatase induced distortion of stoichiometry of TPNH utili-
zatiom and product formation by hepatic cytochrome P-450 linked N-demethyt-
ase systems. Mol. Pharmacol., 15, 396-409.

By definition, an hepatic cytochrome P-450- and TPNH-linked monooxygemase reaction
requires that a mole of TPNH be utilized for each mole of product formed. When rat

hepatic microsomes have been used to study the stoichiometry of N-demethylase reac-
tions, considerably more TPNH utilization has usually been observed than can be
accounted for by product (HCHO) formation. The presence of nucleotide pyrophospha-
tase in microsomes has been shown to cause the apparent substrate-induced enhancement
of endogenous TPNH oxidation. Demethylation of the substrate (amimopyrime, benz-
phetamine, codeine or ethylmorphine) increases the rate of TPNH oxidation and this
enhances the rate limitation of TPNH for the pyrophosphatase reaction (a first order
reaction) without inflicting a TPNH rate limitation on the endogenous oxidation of

TPNH (a zero order reaction). As a consequence, tess 2’S’ ADP-an inhibitor of TPNH
oxidation-is formed from TPNH by the pyrophosphatase when the substrate is present
than when it is absent. Because less 2’S’ ADP is formed in the presence of substrate, less

inhibition of endogemous TPNH oxidation occurs; substrate thus appears to stimulate
endogenous TPNH oxidation when in fact it is only permitting the reaction to proceed at
a less inhibited rate. When EDTA (0.2 ms,i) or 5’AMP (1 mi�i) is used to inhibit

pyrophosphatase activity, a stoichiometry of TPNH oxidized:HCHO formed of unity was
observed when microsomes from several mammalian species were used. Unity was also
observed when the influence of pyrophosphatase was diminished by increasing the ratio

of demethylase activity to pyrophosphatase activity in microsomes by administering
phenobarbitat to rats; by modulating the ratios of the two enzymes in this manner, it was
shown that disparity in the 1:1 ratio of TPNH oxidation: HCHO formation is directly
related to the nucleotide pyrophosphatase content of the microsomes. When EDTA or
5’AMP is added to the medium, the rate of momooxygenase activity of hepatic microsomes
can be measured by monitoring the disappearance of the absorbance of TPNH at 340 mm.

INTRODUCTION (1) or mixed function oxidase systems (2),

The hepatic cytochrome P-450- and i.e., the systems catalyze the transfer of one
NADPH-depemdemt systems involved in of the oxygen atoms of molecular oxygen to
the oxidation of many drugs and other xe- the substrate and the other oxygen atom

nobiotics are classified as momooxygemase undergoes two equivalent reductions to
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form water. The stoichiometry of hepatic
microsomal momooxygenase reactions

therefore demands equivalent utilization of
TPNH, 02 and substrate. However, widely
different ratios of TPNH utilization to
product formation have been observed. For
example, when aminopyrine was the sub-
strate, Cohen and Estabrook (3) observed
twice as much TPNH oxidized as product
formed, whereas Stripp et al. (4) observed
about four times more product formed than
TPNH utilized. Hepatic microsomes oxi-
dize TPNH in the absence of added sub-
strate. This endogenous enzyme activity

(TPNH oxidase activity) may consume as
much or more TPNH than that required
for the oxidation of exogenous substrate.
The apparent increase in TPNH oxidation
above that required for product formation,
which occurs when drug substrates are in-
cubated with microsomes, might be ex-
plained in several ways. a) The measured
product of the reaction may be metabolized
further to a product which is not measured;
this is not a likely possibility when formal-

dehyde is the product (HCHO) because it
is not metabolized by microsomes, at least
not when semicarbazide is present (5). b)
Uncoupling may cause the formation of
more water than product (6). c) Cyto-
chrome P-450 generates H202 (7-9), thus
raising the possibility that H202 may be
formed at the expense ofproduct formation.
We do not consider b) or c) a strong possi-

biity when ethylmorphine is the substrate
because a 1:1 stoichiometry of TPNH oxi-
datiom and HCHO formation was achieved

in the presence of EDTA (10), which is not
known to prevent uncoupling; however, this
possibility cannot be ignored. d) Endoge-
nous TPNH oxidation is stimulated by ex-
ogenous substrate; this is a possibility to be
considered in view of our observation that
the rate of TPNH oxidation when ethyl-
morphine was present was about the same
with or without the addition of EDTA (10);
since EDTA increased endogemous TPNH
oxidation to the degree that TPNH oxida-
tion and HCHO formation were equivalent,
it could be implied that ethylmorphine
stimulated endogenous TPNH oxidation as
effectively as EDTA. e) The formation of
an inhibitor of endogenous TPNH oxida-
tiom during incubation is decreased when

exogenous substrate is present; with respect
to the action of EDTA, the result would be
indistinguishable from that produced by
mechanism d). Of the five possibilities, e)

appeared most likely. TPNH is hydrolyzed
by microsomal mucleotide pyrophosphatase
to nicotinamide momomucleotide (NMNH)
and 2’S’ ADP (11) which, as will be seem, is
an inhibitor of hepatic monooxygenase re-
actions. Indirect evidence will be presented
which shows that less 2’5’ ADP is formed
when exogenous substrate is present than
when absent, and that this explains why
more TPNH is oxidized when substrates
are N-demethylated by microsomes than
can be accounted for by product formation.

This report is an extension of an earlier
communication (10) which showed that a
TPNH:HCHO ratio of unity was achieved
when ethylmorphine was N-demethylated
by microsomes from male rats when EDTA
was added to the incubation medium in a
concentration that inhibits pyrophospha-
tase activity. The current communication
includes substrates other than ethylmor-
phine, and microsomes from species other
than the rat, different strains of rat, and
rats of both sexes.

MATERIALS AND METHODS

Chemicals. [N-methyl)4C] codeine HC1
was purchased from Amersham-Searle
Corp., 14C-formaldehyde was obtained from
International Chemical and Nuclear Corp.,
and catalase, TPNH, 5’AMP, 2’AMP and
2’S’ADP from Sigma. Codeine and ethyl-
morphine came from Mallinckrodt, and
aminopyrine from K & K Laboratories, Inc.
Benzphetarnine was a gift from Upjohn Co.

Animals. Male rats, mice, guinea pigs
and rabbits weighed 200-270 g, 10-12 g,
250-400 g, and about 2000 g, respectively.
Female rats weighed 250-270 g. Holtzman
rats were used except in specified experi-

ments which used Sprague-Dawley or Si-
monsem rats. Phemobarbital administration
was 40 mg of sodium phemobarbital in sa-
line/kg of rat/day for 4 days; 3-methyichol-
anthreme administration was 20 mg of 3-
methylcholanthreme in corn oil/kg of rat/
day for 3 days. Animals were killed about
24 hr after the last injection of these agents.

Liver preparation. Hepatic microsomes
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were prepared as described previously (12).
Determination of the ratio of the rate of

TPNH oxidation to the rate of product

formation. The rate of oxidation of TPNH
was measured by monitoring the rate of
disappearance of absorbance at 340 mm.
The incubation medium (3 ml) contained
60 m�i phosphate buffer (pH 7.4), 0.154 M

KC1, 0.5 mM KCN, 0.2 ml�i EDTA (diso-
dium salt), 2 mi�i MgCl2, 7.5 m�i semicar-
bazide and 3 mg of microsomal protein.
EDTA was included to inhibit lipid perox-
idase and nucleotide pyrophosphatase ac-
tivities (10). Cyanide was included to in-

hibit the fatty acyl CoA desaturation sys-
tern; 0.5 mM cyanide inhibits the desaturase
system almost completely, but has little or

no effect on the momooxygemase system
when TPNH is the sole source of electrons
(13). Three milliliters of the incubation me-

dium with or without substrate (ethylmor-
phime, codeine, aminopyrine, or benzphet-
amine) was placed in two cuvettes con-

tained in the heated chamber (37#{176})of an
Aminco DW-2 spectrophotometer. The cu-

vettes were allowed to stand for 4 mm. This

warming period was necessary because an
initial swelling of microsomes due to the
presence of Mg� interferes with absorption
at 340 mm if swelling is not complete prior
to addition of TPNH. The contents of the

cuvettes were balanced spectrally at 340
mm. The reaction was started by rapidly
injecting 10 �tl of an aqueous solution con-
taming about 300 mmoles of TPNH from a
Hamilton syringe into the sample cuvette.

The disappearance of absorption at 340 mm
was recorded for exactly 2 mm at which
time 2.0 ml of medium was immediately
removed for formaldehyde analysis. The
initial rate of disappearance of TPNH was
derived from the initial linear portion of the
curve. Calculation of the rate of TPNH
oxidation was based on an absorbance ex-
tinctiom coefficient at 340 mm of 6.22 nmi’
cm � The formation of reduced nicotin-
amide mononucleotide (NMNH) does not
interfere with the measurement of disap-

pearance of TPNH due to oxidation be-
cause the molar absorbance of NMNH at
340 mm is the same as that for TPNH. The
stoichiometry of TPNH oxidation relative
to product formation was calculated by di-
viding the difference between the rates of

TPNH oxidation in the absence and pres-
ence of substrate by the rate of HCHO

formation.
Determination of the rate of nicotin-

amide mononucleotide (NMNH) formation

from TPNH. The previously described in-
cubation medium with or without substrate
in the presence or absence of EDTA was

spectrally balanced at 37#{176}as described for
the determination of microsomal TPNH
oxidation. Forty seconds after the addition

of varying amounts of TPNH (210-900
nmoles), 0.1 ml of a mixture of glutamic
dehydrogenase (5 units), a-ketoglutarate
(0.12 M), ammomum chloride (0.12 M) and

S’AMP (30 mM) was added rapidly. The 40
sec incubation time was used because the
reaction was found to proceed linearly for
only 80-100 sec when TPNH was not in
excess. The glutamic dehydrogemase and
a-ketoglutarate convert all of the TPNH to
TPN within 10 to 20 sec; 5’AMP prevents
further conversion of TPNH to NMNH.
Absorption at 340 mm levels off within 10
to 20 sec after the addition of the mixture.

The plateau level of absorption at 340 mm
was used to calculate the amount of NMNH
formed in 40 sec (e = 6.22 rnj�i� cm’).

Assays. ‘4C-N-demethylatiom of [N-
methyl)4C] codeine was measured by the
method employed by Poland and Nebert
(14) to measure i4CN demethylation of [N-
methyl�i4C] amimopyrime except that the
pH was adjusted to 8.0 with 0.1 N NaHCO3
before the chloroform extraction to insure
that morphine, an amphoteric product of
the reaction, would remain with the sub-
strate in the chloroform phase. Recovery
studies employing [N�methyl�i4C] codeine
and i4Cformaldehyde showed that 99.47%
of the substrate was extracted into the corn-
bined chloroform extracts and 82.3% of the
HCHO remained in the aqueous phase. Cal-
culations took into account this distribution
of HCHO between aqueous and chloroform

phases.
Formaldehyde was determined by the

method of Nash (15). Protein was estimated
by the method of Lowry et al. (16). The

method of Omura and Sato (17) was used
for the estimation of microsomal cyto-
chrome P-450. Hydrogen peroxide was de-
termined by the method of Gillette et al.
(18), which measures HCHO formed
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through the action of catalase and H202 on

methanol, or by the colonmetric assay of
Hildebrandt and Roots (19) using ferrous
ammonium sulfate and potassium thiocya-
nate.

RESULTS

Stoichiometiy of TPNH utilization and

HCHO formation of N-demethylase reac-

tions by hepatic microsomes from rabbits,
mice, guinea pigs and three strains of
rat. Rates of codeine metabolism (0- + N-

demethylation) by microsomes from male
untreated rats, rabbits, mice and guinea
pigs using the measurement of HCHO
formed and the concomitant disappearance
of TPNH, monitored by the loss of absorb-
ance at 340 mm, are given in Table 1. Ratios
ofTPNH oxidized to HCHO formed ranged
between 0.90 and 1.22 with a mean value of
1.04. With the possible exception ofthe 1.22
value obtained with the rabbit, the ratios
are within experimental error of being
unity. Similar stoichiometry was observed
with microsornes from rats which had been
treated with phenobarbital or 3-methyl-
cholanthrene. Comparable TPNH:HCHO

ratios were observed with microsomes from
Holtzman and Sprague-Dawley rats when

ethylmorphine was the substrate, but a ra-
tio of 1:1.3 was seen with Simonsem rats.
Stoichiometry of unity was also observed

with aminopyrine and benzphetamine.
TPNH utilization and HCHO formation

by substrate-limited microsomal demeth-
ylation reactions. It is conceivable that
TPNH-dependent microsomal reactions
other than that responsible for the forma-

tion of HCHO may be stimulated or in-
hibited by the substrate. If this is the case,
the possibility must be considered that the
favorable stoichiometry shown in Table 1
may have been achieved through a fortui-
tous balance between stimulation and in-
hibition of these other reactions. Degrees
of stimulation and inhibition of these reac-
tions would presumably relate to substrate
concentration; thus, any balance that may
have existed when saturating concentra-
tions of substrate were used (Table 1)
would be altered at less than saturating

substrate concentrations. With this in
mind, the ratios of TPNH utilization to
HCHO formation were determined using

varying concentrations of aminopyrine,
ben.zphetamine, codeine or ethylmorphine.
These data were used to calculate apparent
kinetic constants (Table 2). The ratio of the
apparent maximum velocity (V) obtained
by measuring TPNH to that obtained by
measuring HCHO formation was near unity
when microsomes from male rats were used
to demethylate aminopyrine, benzpheta-
mine, codeine or ethylmorphine. Unity was

observed when codeine was demethylated
by microsomes from female rats, but not
when ethylmorphine was the substrate.
This discrepancy can be explained on the
basis that microsomes from female rats
contain more O-demethylase activity rela-
tive to N-demethylase activity than micro-
somes from male rats. When codeine is the
substrate, the rate of TPNH disappearance
equals the rate of HCHO formation regard-
less of the relative rates of 0- and N-de-
alkylatiom because both 0- and N-positions
are substituted with methyl groups. On the
other hand, ethylinorphine has an ethyl
group in the 0-position and a methyl group
in the N-position. The relative rates of 0-
and N-dealkylatiom mow become important

because the Nash method measures the
HCHO from N-demethylatiom, but not the
CH3CHO from 0-deethylation although
TPNH is required for both dealkylations. If
the ratio of N-dealkylatiom to 0-dealkyla-

tiom is high, the rate of disappearance of
TPNH will not differ greatly from the rate
of HCHO formation, but if it is not, the rate
of TPNH disappearance will be accordingly
higher than the rate of HCHO formation.
We have in fact shown recently that the
rates of 0- to N-dealkylation of ethylmor-
phine in the male Simonsem rat are about
4:1, whereas those in the female are about
1:1 (22). Thus, when microsomes from fe-

male rats are used, only about half of the
TPNH consumed during the 0- and N-de-
alkylation of ethylinorphine can be attrib-
uted to the formation of HCHO, i.e., the
ratio of TPNH utilization to HCHO for-
mation becomes 1.0:1.1 (0.91) rather than

2.0:1.1 (1.82). While the relative amount of
TPNH consumed in the 0-dealkylation of
ethylmorphine by male rats is much less
than that seen with female rats, it cannot
be ignored. If the hepatic microsomes from
the Holtzman rats used in the current study
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TABLE 2

Apparent kinetic constants for the demethylation of drug substrates and the concomitant oxidation of

TPNH by hepatic microsomes

The experimental procedure was the same as that given in MATERIALS AND METHODS except that 5

concentrations (0.1-1.0 mM) of each substrate were employed. Michaelis constants were analyzed by the method

of Wilkinson (20) using a Fortran program written by Cleland (21). Values are means ± S.E. obtained from 3

experiments. No statistical difference (p > 0.10) between TPNH utilized and HCHO formed was observed with

any of the substrates except at one concentration of benzphetamine (0.2 mM), where p was <0.1, but > than
0.05.

Substrata Sex K� or V” TPNH disappearance HCHO formation V(TPNH)

VHCHO)

Aminopyrine M K 0.13 ± 0.02 0.11 ± 0.02 1.05

V 6.4 ± 0.2 6.1 ± 0.3

Benzphetamine M K

V
0.18 ± 0.03

2.8 ± 0.3

0.15 ± 0.04

3.0 ± 0.5

0.93

Codeine M

F

K

V

K
V

0.71 ± 0.05

5.6±0.1

0.27 ± 0.03

2.1±0.2

0.65 ± 0.07

5.4±0.1

0.31 ± 0.02

1.9±0.1

1.04

1.10

Ethylmorphine M K 0.28 ± 0.05 0.34 ± 0.02 1.07

F

V

K

V

4.5 ± 0.5

0.21 ± 0.07

2.0±0.1

4.2 ± 0.7

0.34 ± 0.05

1.1±0.1

1.82’

a Apparent Michaelis constant ± SE. (mM).

h Apparent maximum velocity ± SE. (nmole/mg of protein/mm).

C See text for explanation for this disparity in stoichiometry.
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possessed 4 times more N- than 0-demeth-
ylase activity, as was the case with the
Simonsem rats used in the previous study
(22), the TPNH:HCHO ratio of 1.05 (Table
2) becomes 0.85 when adjusted to accom-

modate the amount of TPNH used for 0-
deethylation. However, this extrapolation
should be viewed with caution because rats
were used in the previous study at a differ-

ent time of the year; the same ratio of 0- to
N-dealkylatiom may not be constant

throughout the months or years. An exper-
iment conducted during the course of the
current study using N-methyl-14C codeine
(1.0 mi�t) as the substrate showed 12.0 ± 0.5

and 6.7 ± 1.3 nmoles of total HCHO
formed/nmole of P-450/mim by microsomes
from male and female Holtzman rats, re-
spectively, and corresponding values of 10.8
± 0.8 and 4.3 ± 07 nmole of i4CHCHO

formed/nmole of P-450. It can be calculated
from these data that the ratio of N-:0-de-
alkylatiom of codeine was 8.3 and 1.8 for
males and females, respectively. These re-
suits would suggest that either the ratio
may differ from time to time or that the
substrate specificities of the 0- and N-de-

alkylating systems are different for ethyl-
morphine and codeine. In any event, the
ratios were close to unity for the demeth-
ylation of codeine and two other substrates
which do not offer the possibility of 0-de-
alkylation (Tables 1 and 2).

If the ratio of N- to 0-dealkylation of
ethylmorphine by Simonsen rats was 4:1
when the data for Table 1 were collected,
as was the case when the animals were
observed earlier (22), the 1.30 stoichiometry
of TPNH utilization:HCHO formation seem
with that strain of rat can be explained.
When recalculated to accommodate the
TPNH utilized for 0-dealkylation, the ratio

of 1.30 becomes 1.04.
Effects of EDTA and zinc on micro-

somal nucleotide pyrophosphatase activ-

ity. Nucleotide pyrophosphatase activity
was observed to vary considerably in micro-
somes prepared on different days. However,
ZnCl2 (0.05 mM) elevated low levels of ac-
tivity to the high levels (Table 3); high
levels of activity were not altered by �
This suggests that the observed day to day
variation of pyrophosphatase activity may
relate to the amount of contaminating zinc
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TABLE 3

Effects ofEDTA and zinc on the activity of

nucleotide pyrophosphatase

Day Con

v’

trol

Kb

+ EDTA
(0.2 mM)

V K

+ Zinc
(.05 mM)

V K

1 18.2 150 8.3 151 23.0 151

2 26.3 154 13.0 154 26.3 149

3 16.5 154 8.3 151 24.0 158

4 24.0 141 12.1 140 24.0 141

a Apparent maximum velocity (nmoles NMNH
formed/mg of protein/mm) as derived in Table 2 (n
= 1); 5 concentrations of TPNH (70-300 �LM) were
used.

h Apparent Michaelis constant (�tM of TPNH).

contained in the incubation medium.
EDTA inhibited the reaction non-compet-
itively by about 50%. Zinc is a cofactor for
nucleotide phosphatase (23); EDTA is pre-

sumed to inhibit this enzyme by chelating
zinc. The apparent Michaelis constant
(about 150 �zM TPNH) was not altered by
EDTA or Zn�t

Inhibition of microsomal ethylmorphine
N-demethylation by 2’5’ADP and 2’AMP.

2’S’ ADP is a product of the hydrolysis of
TPNH by nucleotide pyrophosphatase; 2’5’
ADP is converted to 2’AMP by alkaline
phosphatase. Both enzymes are present in
hepatic microsomal preparations (11, 24).
2’AMP inhibits monooxygenase activity by
inhibiting TPNH-cytochrome c reductase
(24). 5’AMP inhibits mucleotide pyrophos-
phatase activity without inhibiting mono-
oxygemase activity. Its inclusion in the in-
cubatiom medium enabled the evaluation of
the inhibitory effects of added 2’5’ ADP
and 2’AMP without interference from ad-
ditional formation of these mucleotides
through the action of pyrophosphatase on
TPNH. 2’S’ ADP is seen to be a more

potent inhibitor of ethylmorphine N-de-
methylase than 2’AMP (Fig. 1). The appar-
ent inhibition constants of 2’AMP for the
inhibition ofethylmorphine N-demethylase
and NADPH oxidase activities were 20 to
40 times larger than those for 2’S’ ADP
(Table 4). The similarity of the apparent
Michaelis constants for the inhibition of
TPNH oxidase and momooxygemase activi-
ties suggests that inhibition occurs at a
common site, presumably at the level of

Inhibitor (pM)

FIG. 1. Inhibition of microsomal ethylmorphine

N-demethylase by 2’AMP and 2’5’ ADP

Microsomes were incubated for 2 mm with ethyl-

morphine using the medium described in Table 6 plus

1 mM 5’AMP and indicated concentrations of 2’AMP

or 2’5’ ADP. HCHO was determined by the method of

Nash (15). Each point represents the mean of two

experiments.

TABLE 4

Apparent inhibition constants (K,) for the inhibition

of TPNH oxidase and ethyirnorphine (EM) N-

demethylase by 2’AMP and 2’S’ ADP

Inhibitor Concentra- K, (mi�i)
tion (SM)

EMN- TPNH
demeth- oxidase

ylase

2’ AMP 50 0.30 0.43
100 0.29 0.53

2’5’ ADP 50 0.015 0.015

100 0.015 0.010

TPNH-cytochrome c reductase (23).
Effect of ethylmorphine on nucleotide

pyrophosphatase and TPNH oxidase ac-

tivities. When mucleotide pyrophosphatase
is inhibited by EDTA or 5’AMP, the rate
of TPNH oxidation by microsomes is in-
creased (10). When ethylmorphime is pres-

ent, the rate of TPNH oxidation is the same
regardless of whether or not EDTA or
5’AMP is present (10). This could be ex-
plained if EDTA, 5’AMP and ethylmor-
phine increased TPNH oxidation, or if each
of these compounds inhibited the formation
of 2’S’ ADP and 2’AMP from TPNH. Ex-
periments were designed to test the latter
possibility and to determine whether 2’S’

ADP and 2’AMP produced by microsomes



a � nmole (the amount of NMNH

absence of EM in 3 mm).

b 15.2 nmole (the amount of NMNH formed in the

presence of EM in 3 mm).
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from TPNH are more or less effective than
2’5’ ADP and 2’AMP added to the medium.
Two samples of the same microsomal prep-
aration were incubated with 100 nmole of
TPNH/m1 for exactly 3 mm, at which time
one of the samples was used for the deter-
mination of NMNH. 5’AMP was added to
the second sample to stop nucleotide py-
rophosphatase activity; this was followed
by the addition of enough TPNH to restore
the concentration of 100 nmole/ml. The
rate of oxidation of TPNH was then meas-
ured by monitoring the disappearance of
absorbance at 340 mm for about one minute.
This procedure enabled the determination
of the inhibitory effect of a measurable
amount of endogenously produced mucleo-

tides (2’5’ ADP produced by nucleotide py-
rophosphatase + 2’AMP produced from 2’S’
ADP by alkaline phosphatase = NMNH =

30 nmole/ml). Three samples of the same

microsomes were also incubated for 3 mm
with 100 nmole of TPNH/In1 in the pres-
ence of 5’AMP. TPNH was added to the
first sample to restore its concentration to
100 nmole/ml; the same amount of TPNH
was added to the other two samples and
either 2’5’ ADP or 2’AMP was added in a
concentration equimolar to the amount of
NMNH formed in the first part of the ex-
periment (30 nmole/ml). The rate of on-
dation of TPNH by each of the three sam-
ples was then measured by monitoring the
disappearance of absorption at 340 mm for
about one minute. The entire experiment
was repeated with an incubation medium
containing ethylmorphine (2 mid). The
amount of NMNH formed in the presence

of ethylmorphine during the 3 mm incuba-
tion period was 15.2 nmole/ml. Results are
presented in Table 5. 5’AMP increased the
rate of TPNH oxidation by 50% (Condition
1 vs. Condition 2), ethylmorphine by 85%
(Condition 6 vs. Condition 2). The combi-
nation of 5’AMP and ethylmorphine dou-
bled the rate of TPNH oxidation (Condi-
tion 5 vs. Condition 2). Endogenously
formed nucleotides (2’5’ ADP + 2’AMP)
inhibited TPNH oxidation to a lesser de-
gree than an equivalent concentration of
added 2’5’ ADP (Condition 4 vs. Condition
2), but to a greater degree than an equiva-
lent concentration of 2’AMP (Condition 3

TABLE 5

Effect of2’AMP, 75’ ADP and ethylmorphine (EM)

on microsomal TPNH oxidase activity

Two samples of hepatic microsomes (1 mg of pro-
tein/rnl) were incubated for exactly 3 min in a medium

(3 ml) containing 60 mM phosphate buffer (pH 7.4),

0.154 M KC1, 2 mM MgCl,, 7.5 mM semicarbazide and

0.1 mM TPNH. One sample was used for the deter-
mination of NMNH. 5’AMP (1 mM) and an amount of

TPNH which restored the TPNH concentration to

about 0.1 mM was added to the second sample and the
rate of TPNH oxidation was measured by monitoring
the disappearance of absorbance at 340 am for about
1 mis. Three samples of the same microsomes were

also incubated for 3 mm in the presence of 5’AMP (1

mM) and 0.1 mM TPNH. TPNH was added to the first

sample to restore its concentration to 0.1 mM; the

same amount of TPNH was added to the other two

samples and either 2’5’ ADP or 2’AMP was added in
a concentration equimolar to the amount of NMNH
formed, as determined earlier. The rate of oxidation of
TPNH by each of the three samples was then meas-

ured.

Conditions Rate of
TPNH oxida-

tion

nmoles/min/
mg

1. 5’AMP added at 0 mm 14.9

2. 5’AMP added at 3 mm 10.0

3. 5’AMP added at 0 mm and 2�AMPa

addedat3min 13.1

4. 5’AMP added at 0 mm and 2’5’
ADP added at 3 miri 7.5

5. EM and 5’AMP added at 0 mm 20.2

6. EM added at 0 mm and 5IAMPb
added at 3 min 18.6

7. EM and 5’AMP added at 0 mm;

2’AMP” added at 3 mis 18.8

8. EM and 5’AMP added at 0 mm;
2’5’ ADPb added at 3 mm 13.9

formed in the

vs. Condition 2). The greater inhibitory ef-

fect on TPNH oxidation seem with exoge-
nous 2’S’ ADP over that seem with nucleo-
tides produced endogenously through the
activities of nucleotide pyrophosphatase
and alkaline phosphatase can best be ex-
plained by differences in the activity of
alkaline phosphatase under the two condi-
tions. Under the condition where 2’S’ ADP
was added, 5’AMP, a substrate inhibitor of
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alkaline phosphatase, prevented the con-
version of the highly inhibitory 2’S’ ADP to

the much less inhibitory 2’AMP. Moreover,
under Condition 2 the alkaline phosphatase
was active for 3 mm, whereas under Con-
ditiom 4, the alkaline phosphatase was per-
mitted to react with 2’S’ ADP for only 1

mm. Under the condition where mucleotides
were produced endogenously, 5’AMP was
not present, and some of the highly inhibi-
tory 2’S’ ADP was converted to the less
inhibitory 2’AMP. This could also account
for the unidentified “other inhibitors” of
TPNH-cytochrome c reductase observed
by Sasame and Gifiette (24) in extracts of
microsomal preparations that had been in-
cubated with TPNH for 20 mm. They
showed that when TPNH was incubated

with microsomes for 60 mm all of the phos-
phorous that did not appear as inorganic

phosphorus could be accounted for as
2’AMP, which did not yield inorganic phos-
phorus. Am extract of the mixture made
after 20 mm of incubation had an inhibitory
constaht which was am order of magnitude
lower than that of 2’AMP. They concluded
that “other inhibitors” were present in the
extract. It would seem likely, however, that
in their experiment, not all of the 2’5’ ADP,
which has a K1 about 20 times lower than
that of 2’AMP for the inhibition of ethyl-
morphine N-demethylation (Table 4), was

converted to 2’AMP in 20 mm and that
“other inhibitors” is in fact 2’5’ ADP.

In the presence of ethylmorphime, the
rate of TPNH oxidation was only about 8%
faster when 5’AMP was added than when
it was omitted (Condition 5 vs. Condition
6). Since ethylmorphime does not prevent
the inhibition of TPNH oxidation by 2’S’

ADP (Condition 8), this suggests that ethyl-
morphine largely prevents the formation of
inhibitory mucleotides from TPNH. Be-

cause there is no rationale for the direct

inhibition of mucleotide pyrophosphatase
by ethylmorphime, another explanation is
needed to account for the inhibition of mu-
cleotide pyrophosphatase by ethylmor-
phime. The apparent Km TPNH for TPNH
oxidase (data not shown), momooxygemase

(benzpyrene, 24; aminopyrine, 25) and
TPNH-cytochrome c reductase (24) is 1

/.LM or less; that for nucleotide pyrophospha-

tase is about 150 �z (Table 3). A rate
limitation of nucleotide pyrophosphatase
activity imposed by the increased utiiza-
tion of TPNH that occurs when ethylmor-
phime is being demethylated would best

explain the effect.
Stoichiometry of TPNH utilization and

HCHO formation by microsomes with dif-
ferent levels ofnucleotidepyrophosphatase

activity. For a period of several weeks, our
rats yielded microsomes which contained

. only about one-third of the nucleotide py-
rophosphatase activity usually observed.
Activity was not increased by zinc. While
this unexplained event interrupted our
studies temporarily, it offered an opportu-
mity for a more direct observation of the
role of mucleotide pyrophosphatase activity
on stoichiometry. Microsomes from these
animals demethylated ethylmorphime at a
rate of 6.8 nmole of HCHO formed/mg of
protein/mm and used TPNH at rates of
7.15, 7.10 or 7.10 nmole/mg of protein/min

with the addition of 5’AMP (1 nmi), the
addition of EDTA (0.2 mi�) or no additions,
respectively. These data indicate that um-

der certain conditions, the mucleotide py-
rophosphatase content of microsomes may
be low enough as not to interfere with stoi-
chiometric relationships.

Phenobarbital induces demethylase ac-
tivity without causing an increase in pyro-
phosphatase activity (10). This enables the
determination of TPNH:HCHO ratios in

the presence of varying levels of pyrophos-
phatase activity. Rats given phenobarbital
for 0, 2 or 4 days yielded microsomes with
pyrophosphatase activities of 17.3, 9.1 and

3.02 nmole NMNH formed/mn/mg of pro-
teim, respectively, in one experiment, and

corresponding values of 14.4, 12.3 and 5.25
in a second experiment. Fig. 2 shows the
direct relationship between TPNH:HCHO
ratios and mucleotide pyrophosphatase ac-
tivity.

Effect ofsubstrate on microsomal hydro-

gen peroxide generation. TPNH is utilized
in the generation of hydrogen peroxide by
cytochrome P-450 (8). If the generation of

hydrogen peroxide and the demethylatiom
reactions are linked to the same system, the

possibility exists that hydrogen peroxide

may be formed at the expense of momoox-
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a By subtraction of individual experimental results.

ygenase activity. While the stoichiometry
of demethylatiom reactions considered in
the current study indicate that this is not

� the case, measurement of the effect of the
substrates on microsomal peroxide genera-

tion was undertaken to provide direct evi-
dence for this conclusion. In Table 6 it cam

be seem that during the time that the oxi-

FIG. 2. Effect of nucleotide pyrophosphatase con-

centration on the ratio ofthe rate ofTPNH oxidation

to HCHO formation during the microsomal N-de-

methylation of ethylmorphine

Hepatic mmcrosomes from male rats that had re-
ceived phenobarbital for 0, 2, or 4 days were incubated

with 0.1 mM TPNH as described in MATERIALS AND

METHODS except that EDTA and cyanide were omit-
ted. The rate of TPNH oxidation in the presence and

absence of ethylmorphine was measured and the dii-

ference was compared to the HCHO formed in the

presence of ethylmorphine. Nucleotide pyrophospha-

tase activity was measured as described in MATERIALS

AND METHODS. Data represent results obtained from
individual rats.

datiom of TPNH was measured (within 2
mm after initiation of the reaction), neither
ethylmorphine, aminopyrine, benzpheta-
mine nor codeine had a statistically signif-

icant (p < 0.05) effect on the rate of gem-
eration of hydrogen peroxide. This was the
case regardless of whether or not EDTA
and cyanide were present. Rates were lower
in the presence of EDTA and cyanide; this
degree of inhibition is sometimes seen with
0.5 mM cyanide.

Hydrogen peroxide generation by micro-
somes from control or phemobarbital-
treated animals, measured by the method
of Gillette et al. (18), w.as linear throughout
a 10 min incubation period and was not

affected by the presence of ethylmorphine
(data not shown). When the method of
Hildebrandt and Roots (19) was used, no
effect of ethylmorphine on H202 production

was observed, but there was a severe digres-
siom of apparent H202 production from in-
earity after 3 mm of incubation. When the
method of Gillette and associates is used,

H202 does not accumulate during incuba-
tion because added catalase rapidly con-
verts it to an amount of HCHO equivalent
to the H202 formed. The method of Hide-

brandt and Roots measures the H202 that
accumulates during the incubation period
(contaminating catalase is inhibited by

azide). The apparent decline in the rate of
H202 generation with time, observed when
the method of Hildebrandt and Roots is

Effect of microsomal N-demethylation on microsomal hydrogen peroxide generation

Microsomes (1 mg protein/mm) were incubated (37#{176})with a medium (7.5 ml) containing 60 mM phosphate

buffer (pH 7.4), 0.154 M KC1, 2 mai MgCl2, 7.5 mis semicarbazide and 0.1 mM TPNH. When H,O, alone was
determined (HCHO formed from H2O2), catalase (60 units/mI) and methanol (100 mM) were added to the

medium. When demethylase activity alone was measured, substrate was added to the medium in the indicated
concentrations and catalase and methanol were not added. When both H,O2 formation and demethylase activity
were measured (HCHO formed from both H2O, and substrate) catalase, methanol and substrate were added to

the medium. Samples were taken for HCHO analysis after 0 (blank) and 2 mm of incubation.

Source of EDTA (0.2 HCHO Formation
HCHO mjs)+CN

(0.5 mM) No Substrate Ethylinor- Aminopyrine Benzpheta- Codeine
phine (2 mM) (5 mM) mine (2 mM) (5 mM)

Substrate (1) - - 5.44 ± 0.3 10.30 ± 0.7 7.52 ± 0.9 6.64 ± 0.4

+ - 4.86 ± 0.5 8.51 ± 0.5 6.60 ± 0.5 5.82 ± 0.5
Substrate + - 10.65 ± 0.7 14.85 ± 1.0 22.62 ± 0.8 18.97 ± 0.7 16.61 ± 1.2

H,O, (2) + 8.24 ± 1.1 12.56 ± 1.2 16.66 ± 0.5 15.21 ± 0.8 12.67 ± 1.5

H2O2 (2�1)a 10.65 ± 0.7 9.32 ± 1.0 12.31 ± 1.0 11.14 ± 1.0 9.95 ± 1.2

+ 8.24 ± 1.1 8.00 ± 1.0 8.15 ± 0.5 8.58 ± 1.0 6.85 ± 1.0
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used, is probably due to destruction of
H202, possibly by cytochrome P-450 (26),
as significant amounts of H202 accumulate

in the medium.

DISCUSSION

The current studies implicate the pres-
ence of nucleotide pyrophosphatase in mi-
crosomes as the major cause of the failure
to obtain a 1:1 relationship of TPNH utii-
zatiom and product formation when cyto-
chrome P-450 linked N-demethylase sys-
tems have been studied. The following evi-
demce supports this conclusion:

1. TPNH:HCHO stoichiometry predic-
tive of a monooxygenase reaction is

achieved in the presence of EDTA, an in-
hibitor of mucleotide pyrophosphatase (10

and Table 1).
2. TPNH:02 stoichiometry predictive of

a monooxygenase reaction is achieved in
the presence of 5’AMP, an inhibitor of py-
rophosphatase (27).

3. A 1:1 stoichiometry of TPNH oxida-

tiom and product formation is achieved in
the absence of mucleotide pyrophosphatase

inhibitors when the ratio of momooxygenase
activity to mucleotide pyrophosphatase ac-
tivity is high, as is the case in hepatic
microsomes from rats treated with pheno-

barbital (Fig. 2) and in certain rats. A direct
relationship between TPNH:HCHO ratios
and nucleotide pyrophosphatase activity
exists (Fig. 2).

4. 2’S’ ADP, a product of the hydrolysis
of TPNH by mucleotide pyrophosphatase,
inhibits TPNH oxidase. The inhibitory ef-
fect on TPNH oxidase of an amount of 2’S’
ADP produced by microsomes in which
mucleotide pyrophosphatase had not been
inhibited by 5’AMP was about equal to the
inhibition produced by approximately the

same amount of 2’S’ ADP added to micro-
somes to which 5’AMP had been added
(Table 5).

The distortion of stoichiometry observed
when inhibitors of mucleotide pyrophospha-
tase are not employed is caused by a sub-
strate-induced increase in endogemous
TPNH oxidase activity. This increase is
due to a substrate-induced amelioration of

the formation of 2’S’ ADP, which inhibits
TPNH oxidase (Table 5). This occurs only

because the apparent Km TPNH for mucleo-
tide pyrophosphatase is much higher than
that for the oxidase reactions. The initial
concentration of TPNH in the medium

used for the determination of the rate of
TPNH oxidation was 100 �tM. The apparent
Michaelis constant for the hydrolysis of
TPNH by nucleotide pyrophosphatase is
150 �LM; thus TPNH is rate-limiting for the

mucleotide pyrophosphatase reaction at 0
time and the degree of rate limitation in-
creases rapidly as TPNH is oxidized. As the
oxidation of TPNH proceeds, an imcreas-

ingly smaller amount of 2’S’ ADP is gemer-
ated. When substrate is present, the rate of
loss of TPNH via oxidation is increased,
the degree of rate limitation of TPNH for
the mucleotide pyrophosphatase reaction is

enhanced, and less 2’5’ ADP is formed.
Because less 2’S’ ADP is formed in the
presence of substrate than in its absence,
there is less inhibition of TPNH oxidase in

the presence of substrate than in its ab-
sence. This 2’S’ ADP-imduced disparity in
the amount of TPNH oxidation that occurs
in the presence and absence of substrate
causes a false (higher) assessment of the
increase in TPNH oxidation due to N-de-
methylatiom when the value for TPNH ox-
idatiom in the absence of substrate is sub-

stracted from that obtained in the presence
of substrate. The very low apparent Mi-
chaelis constant of about 1 �.LM for TPNH

oxidation (24, 25) insures that TPNH is
never rate-limiting during the period when
measurements of TPNH oxidation are

made.
This explanation for the role of nucleo-

tide pyrophosphatase in the distortion of
stoichiometric relationships is even more
plausible when one considers the possibility
that the systems involved in the endoge-
mous oxidation of TPNH do not compete
with the cytochrome P-450-linked mono-
oxygemase systems involved in the oxida-
tion of exogenous substrates. In a recent
study (28), we observed that when linoleic
acid hydroperoxide is added to microsomes,
as much as 75% of the cytochrome P-450

and more than 75% of the ethylmorphime
N-demethylase activity was destroyed, but

that TPNH oxidase activity was not af-
fected. This suggests that the same systems
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are not involved in the oxidation of endog-
enous and exogenous substrates and that
any effect of exogenous substrate on TPNH
oxidase activity would have to be indirect.

The alteration of endogenous TPNH oxi-
dation by a substrate-induced rate limita-
tion of an inhibitor produced by nucleotide
pyrophosphatase is an example of such an

indirect effect. The failure of the substrates
used in the current study to alter micro-
somal hydrogen peroxide generation sug-
gests that the same cytochrome P-450-
linked system is not involved in hydrogen
peroxide production as that involved in the
N-demethylation of these substrates.

Our observation of a 1:1 stoichiometric
relationship between TPNH utilization and

product formation when aminopyrine,
benzphetamine, codeine and ethylmor-
phine were oxidized by hepatic microsomes
shows that the uncoupling phenomenon de-
scribed by Staudt et al. (6) is not a feature
of the N-demethylatiom of these drugs.
These investigators studied the stoichio-
metric relationship between product for-
mation, TPNH utilization and oxygen uti-
lization using hepatic microsomes from
phenobarbital-treated rats with cyclohex-

ane, n-hexane and perfluoro-m-hexane as
substrates. With cyclohexane, the stoichi-

ometry for product formed:TPNH used:O2
used was 1:1:1. With perfluoro-m-hexane, a
relationship of0:2:1 was observed. The stoi-
chiometry of m-hexane suggested that par-
tial uncoupling had occurred. These studies
have been interpreted to mean that umcou-
ping may occur in various degrees with
most substrates for the hepatic monooxy-

genase system and that this would explain
the well-known synergistic effect of DPNH
on TPNH-supported reactions. According
to this concept, active oxygen which is not
used for monooxygemation is reduced to
water by the DPNH-cytochrome b5 system
and this sparing effect accounts for DPNH
synergism (6). Because NADH synergism
occurs when aminopyrine, benzphetamine,
codeine and ethylmorphine are substrates
(29), and because the current study shows
that appreciable uncoupling cannot occur
with these substrates, we conclude that the
explanation for DPNH synergism given by
Staudt and associates cannot apply to

monooxygenase reactions involving these
substrates.

When nucleotide pyrophosphase was in-
hibited by EDTA, rates of N-demethylase
activity were very similar when measured

by the determination of HCHO formed or
by disappearance of absorbance at 340 nm

(Table 1). Comparable results were ob-
tamed with microsomes from several ani-

mal species, different strains of rat, rats of
both sexes, and rats which had been in-
duced with phemobarbital or 3-methylchol-
anthreme. The assay of the activities of
hepatic cytochrome P-450-linked monoox-
ygenase systems which measure the disap-
pearance of absorbance at 340 am offers
certain advantages over assays which meas-

ure product formation. 1) The assay is dy-
namic; this may have advantages in certain
studies. 2) Measurement of product often
requires innovative methodology, which

may also be tedious. 3) Assays of drug
metabolism which must rely on substrate
disappearance are frequently lacking in
sensitivity and reliability because the sub-
strate disappears in accordance with first

order kinetics and a large amount of sub-
strate must disappear before a significant
loss can be measured. The spectrophoto-
metric method measures the disappearance
of TPNH, but the oxidation of TPNH pro-
ceeds in accordance with zero order kinetics
throughout the period of measurement
even though a large percentage of the
TPNH has been oxidized. Because of the
very low Km TPNH, a large percentage of

the TPNH can be measured without it be-
coming rate-limiting. 4) The method mea-
sures all of the TPNH-depemdent reactions
that may be involved simultaneously in the
oxidation of the substrate. This was illus-
trated when the dealkylatiom of ethylmor-
phine was studied using microsomes from
both male and female rats. An apparent

sex-related discrepancy in the stoichiome-
try of ethylmorphine N-demethylatiom,
which did not exist when codeine was the
substrate, was explained when it was dis-
covered that 0-dealkylation is a relatively
more prevalent reaction in the dealkylatiom
of ethylmorphine and codeine when micro-
somes from female rats are used than when
the source of microsomes is the male rat.
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Thus the apparent discrepancy not only
revealed the sex difference in relative 0-
and N-dealkylase activities in the rat, but
also tested the validity of the method.
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