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Abstract—Nicotinamide, an additive to almost all media used to study oxidative
metabolism of substrates of hepatic microsomal mixed-function oxidase, is shown to
inhibit the metabolism of known substrates of this system. Inhibition of aminopyrine
demethylation appears to be competitive, while inhibition of aniline hydroxylation
appears to be a mixture of competitive and noncompetitive inhibition. It is shown
that an accurate assay of substrate metabolism can be obtained in the absence of
nicotinamide if the assay time is kept short, NADPH concentration is maintained at a
high level, and the concentration of microsomes in the medium is kept low.

EARLY studies in vitro with liver microsomal mixed-function oxidase indicated a
requirement for nicotinamide!~¢ to inhibit the pyridine nucleotidase of liver reported
by Mann and Quastel.? The length of incubation of the assay media in these early
studies ranged from 30 min to an hour; the amount of nicotinamide employed by
the various investigators varied widely. Nicotinamide has been used in concentra-
tions between 8 mM and 50 mM!-8 without an attempt to determine whether this
compound has any effect on the enzyme system when NADPH is not a limiting
factor.

In addition to the pyridine nucleotidase mentioned above, which destroys nicotin-
amide adenine dinucleotide phosphate (NADP), Gillette et al.? have recently demon-
strated the presence in liver microsomes of an enzyme that destroys the reduced form
of this cofactor, NADPH. This pyrophosphatase splits NADPH to the reduced
nicotinamide ribotide, which has an extinction at 340 my similar to that of NADPH,
but does not serve as a cofactor for the microsomal oxidase. This enzyme is not
inhibited by nicotinamide.10

Recentlyll-13 this laboratory has reported spectral evidence of interaction of
substrates with the liver microsomal cytochrome P-450. Further studies have indi-
cated that the substrate concentration necessary to obtain half-maximal enzyme
activity is nearly the same as that required to evoke half-maximal spectral change
for the different substrates.!* These investigations have provided evidence that the
spectral changes are indicative of formation of an enzyme-substrate complex. In the
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course of these studies it was observed that nicotinamide likewise causes spectral
change, similar to that caused by aniline, when added to a liver microsomal sus-
pension. Consequently, the effect of nicotinamide on the substrate-induced spectral
changes, and on the microsomal mixed-function oxidase, was investigated.

MATERIALS AND METHODS

Microsomes were prepared from 0-25 M sucrose homogenates of livers of male adult
rats (ca. 180-230 g) as previously described.!! Assay media contained 50 mM Tris,
pH 7:5; 5 mM MgClz; 8 mM sodium isocitrate; 0-33 mM NADP; 15 pg Sigma type
1V isocitric dehydrogenase (IDH)/ml (capable of reducing 3 umoles NADP/min/mg
at 37°); and saturating levels of substrate (either 8 mM aminopyrine or 7-4 mM
aniline) unless otherwise stated, in a volume of 3 ml. Nicotinamide was not included
in the assay medium unless otherwise stated. Assay media were preincubated at 37°
in a Dubnoff shaker for 15 min prior to the addition of microsomes to ensure re-
duction of ail of the NADP to NADPH. Formaldehyde (HCHO) and p-aminophenol
(PAP) were measured as previously described.4 Protein was determined by a biuret
procedure,!® and was 1 mg/ml in the reaction medium unless otherwise stated.

RESULTS
Spectral effects
Previously we have described!! the spectral changes accompanying the addition of
a variety of substrates to rat liver microsomes. As illustrated in Fig. 1, A and B,
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Fi.. 1. The effect of nicotinamide on the formation of substrate-induced type I and type II spectral
changes. Liver microsomes from phenobarbital-treated male rats were suspended in 50 mM tris
buffer, pH: 7-5 or in 50 mM tris buffer, pH 7-5, containing 50 mM nicotinamide to a protein con-
centration of 1 mg/ml. The difference in absorbance between an experimental cuvette and a reference
cuvette, each containing 3 ml of the microsomal suspension, was obtained in a wavelength-scanning
recording spectrophotometer. A: 3-3 mM hexobarbital was added to the experimental cuvette and
the spectra recorded. B: 3-3 mM aniline was added to the experimental cuvette. The dashed line
spectral curves were obtained with microsomes suspended in tris buffer containing nicotinamide;
the solid curves were obtained in the absence of nicotinamide.

two types of spectral changes are obtained, dependent on the nature of the substrate
used. The addition of hexobarbital, aminopyrine, chlorpromazine, phenobarbital,
etc., results in the disappearance of absorbance at about 420 my with the con-
comitant increase in absorbance at about 390 my. This type of change in the spectral
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properties of liver microsomes has been termed!3 type I spectral change, and is
illustrated in Fig. 1A for the effect of hexobarbital addition to a rat liver microsomal
suspension. A second type of spectral change, termed type II, is observed when
nitrogenous base substances, such as aniline, nicotine, pyridine, etc., are added to
liver microsomes. Figure 1B illustrates the effect of aniline addition to liver micro-
somes. The magnitude of the spectral change observed on addition of substrates was
less intense when nicotinamide was present in the reaction medium. Figure 1 illus-
trates the influence of nicotinamide on the spectral changes observed on addition of
hexobarbital or aniline to liver microsomes suspended in a medium without (solid-
line curve) or with (dashed-line curve) 50 mM nictotinamide. As a consequence of
this observation, the effect of nicotinamide on the enzymatic oxidation of two
substrates of the microsomal mixed-function oxidase was investigated.

Enzymatic reactions

The extent to which pyridine nucleotidase and reduced pyridine nucleotide pyro-
phosphatase affect the microsomal mixed-function oxidase in a medium containing
an adequate NADPH-generating system depends upon the amount of NADPH
present at the initiation of the reaction, the amount of microsomal protein present,
the length of the assay period, and the rate of NADPH-dependent substrate oxidation.
Since nicotinamide is supposed to protect against a depletion of NADPH level, the
requirements of the mixed-function oxidase for NADPH and nicotinamide were
studied. Figure 2 illustrates the effect of microsome and NADPH concentrations on
the rate of the NADPH-dependent oxidation of aminopyrine and aniline in the
absence of nicotinamide. In Fig. 2A, curves A and B represent aminopyrine demethy-
lation, measured as formaldehyde (HCHO) production in 10 min, in the presence of
1 and 2 mg microsomal protein/ml respectively. Curve C represents aniline hydroxy-
lation, measured as p-aminophenol (PAP) production in 15 min, with 1 mg micro-
somal protein/ml. In Fig. 2B, reciprocal plots (Lineweaver-Burk) of the data in
Fig 2A reveal a K value for NADPH of 2-8 x 10— M, with microsomal protein
concentrations of 1 mg/ml, in excellent agreement with the value previously reported
by Orrenius.8 Aniline hydroxylation and aminopyrine demethylation therefore have
the same NADPH dependency. Of interest is the observation that the requirement
for NADPH increases at higher microsomal protein concentrations (curve B), pre-
sumably because of the increasing influence of other microsomal reactions which
utilize NADPH, e.g. lipid peroxidation'® and NADPH oxidase,1? as well as the
above-mentioned pyridine nucleotidases.?> ® The addition of 50 mM nicotinamide to
the medium above does not alter the Ky, obtained for NADPH.

For routine assays of substrate oxidation by hepatic microsomal mixed-function
oxidase, a NADPH concentration of about 0.3 mM should be employed, dependent
on the length of the assay and concentration of microsomal protein used.

Enzyme stability

The effect of incubation time on formaldehyde production from aminopyrine and
p-aminophenol production from aniline is illustrated in Fig. 3, A and B respectively.
These experiments were carried out in a medium containing 0-34 mM NADPH and
no nicotinamide. Although the media employed in both experiments were identical,
except for the substrate added, the rate of aminopyrine oxidation begins to decrease
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after 5 min, whereas no decrease in aniline oxidation rate at the same microsomal
protein concentration is observed until after 15 min. The most probable explanation
is that the more rapid onset of limiting conditions is related to the greater rate
(fifteen fold) of aminopyrine oxidation than of aniline oxidation. Products of amino-
pyrine oxidation (HCHO, monomethylaminoantipyrine, and aminoantipyrine) do
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Fi1G. 2. The NADPH dependence of aminopyrine demethylase and aniline hydroxyalse.

A: Plots of NADPH dependence of aminopyrine demethylation rate (formaldehyde (HCHO)
production) and aniline hydroxylation rate [p-aminophenol (PAP) production] in a medium des-
cribed in Methods. Curves A and B are aminopyrine demethylase activities in media containing 1
and 2 mg microsomal protein/ml respectively. Curve C is aniline hydroxylase activities in a medium
containing 1 mg microsomal protein/ml. Microsomes were obtained from livers of adult female rats,
pretreated for 3 days prior to being sacrificed, with 80 mg phenobarbital sodium/kg. Assay times
were 10 min for aminopyrine demethylase and 15 min for aniline hydroxylase.

B: Reciprocal plots of the data in 2A. The ordinate under C is the reciprocal of PAP production/
15 min/ml assay medium, and that under A, B is the reciprocal of HCHO production/10 min/ml
assay medium.

not inhibit aminopyrine demethylase at concentrations that could have been generated
in 10 min in the experiments described. The decline in enzyme activity begins earlier
in the incubation medium with higher concentrations of microsomal protein (Fig. 4).
A plot of the different activities (determined from the initial rates of aminopyrine
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oxidation in this figure) vs. the concentrations of microsomal protein in the medium
(Fig. 5, curve A) shows that good assays can be obtained if the initial rates are used.

If the enzyme activity is determined from the concentration of product formed at
a later time, as for example 10 min, the specific activity of the enzyme (amount of
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FiG. 3. The influence of length of incubation on the concentration of products formed.
A: The curve of aminopyrine demethylase activity for 1 mg microsomal protein/ml medium is
presented. Enzyme activity is expressed as mumoles of formaldehyde (HCHO) formed/ml medium.
B: Aniline hydroxylase activity was measured and is expressed as mumoles p-aminophenol (PAP)
formed/ml assay medium, in a medium containing 1 mg/microsomal protein/ml. Conditions are as
described in Methods. Livers from normal adult male rats were used.
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F1G. 4. The effect of microsome concentration on aminopyrine demethylase activity. Above is a

family of curves showing the time course of formaldehyde production during aminopyrine demethy-

lation in a medium containing microsomal protein concentrations ranging from 0-5 mg protein/ml

to 2 mg/ml. The enzyme activity is expressed as mumoles formaldehyde (HCHO) formed/ml medium.
Livers from normal adult male rats were used.

product formed/min/mg protein) decreases with increasing protein concentration
(Fig. 5, curve B). Since many workers have used 30- or 60-min reaction times, the
divergence from linearity of enzyme activity as a function of protein concentration
is sufficiently large to question the validity of many results determined with such long
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incubation periods. Recently Gram and Fouts!8 and Leadbeater and Davies!® have
also observed a similar decrease in specific activity of rat liver microsomes during
the time course of the reaction. Of interest is the failure to observe a similar decrease
with preparations from the livers of rabbits or mice.
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Fic. 5. The influence of time of incubation and protein concentration on the specific activity of

aminopyrine demethylation. In curve A, the initial rate of formaldehyde production was deter-

mined; in Curve B the activity is based on the amount of formaldehyde actually formed in 10 min
(data in Fig. 4).

The rate of NADPH oxidation in the presence of aminopyrine would not be
expected to elevate the concentration of NADP in the medium in the presence of
the more active NADPH-generating system; the system used was capable of generating
NADPH at a rate three times that of its oxidation by aminopyrine demethylase,
assuming that 1 mole of NADPH is consumed per mole of formaldehyde formed, and
the reaction was initiated with all the NADP in the reduced form. Consequently, the
decline in aminopyrine demethylase would not be expected to result from a reduction
in the NADP-NADPH concentration by action of the Mann and Quastel enzyme,
which attacks NADP. Furthermore, the presence of 50 mM nicotinamide in the
medium does not prevent the decline in enzyme activity with incubation time (Fig. 6).
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Fi1G. 6. The effect of 50 mM nicotinamide (NIC) on the time course of aminopyrine demethylase
activity. One mg of microsomal protein was used/ml medium. Enzyme activity is expressed as
mumoles HCHO formed/ml medium. Other conditions are as described in Fig. 3A.

In agreement with Gram and Fouts,!® increasing or decreasing the level of the
NADP-reducing system (isocitric dehydrogenase) in the medium containing 0-34 mM
NADP had no influence on the rate of the microsomal oxidase reaction. It was found
that decreasing the IDH level to 7-5 ug/ml (half that used in Fig. 3), or increasing it
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to 30, 60, 90, or 150 pg/ml, did not prevent the observed decrease in the rate of
HCHO or PAP production. The inactivation of the enzyme system has been shown
by Gram and Fouts'8 not to be due to lipid peroxidase activity, since the inactivation
of the latter enzyme with the anti-oxidant a-tocopherol was without effect on the
early decline in drug oxidase activity. In agreement with the work of Orrenius e al.,16
they found that aniline and aminopyrine inhibited lipid peroxidation.

In a further attempt to determine the cause of early enzyme inactivation, and the
possible influence of nicotinamide on the reaction, the concentration of NADP and
NADPH was determined throughout a 45-min aminopyrine demethylase assay. It
was observed that the concentration of enzymatically oxidizable NADPH rapidly
declined during the assay (Fig. 7); the NADPH level decreased 30 per cent in the

NADP or NADPH(mM)
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FiG. 7. The effect of incubation time on the NADP and NADPH concentration during the amino-
pyrine demethylase assay. Two 125-ml flasks containing 60 ml of a reaction medium composed of
50 mM Tris buffer, pH 7-5, 5 mM MgCls, 8 mM sodium isocitrate, 0:36 mM NADP, and 8 mM
aminopyrine were prepared. The contents of one flask was supplemented by the addition of nico-
tinamide to give a final concentration of 50 mM. After temperature equilibration at 37°, 0-2 ml of
an isocitric dehydrogenase solution (2 mg protein) was added (—15 min). The reaction mixture was
further incubated for 15 min at 37°. At zero-time, 2-0-ml aliquots of rat liver microsomes (27 mg
protein/ml) were added to each reaction flask. At the times indicated (—15, 0, 1, 10, 20, 30, and 45
min) 2-ml aliquots were removed for determination of NADP and NADPH, and 3-ml aliquots
were removed for determination of formaldehyde concentration. Oxidized pyridine nucleotides
were determined fluorometrically in neutralized acid extracts, with glucose 6-phosphate dehydro-
genase as described by Estabrook and Maitra.2! NADPH was determined fluorometrically, with
neutralized alkaline extracts (2 ml of reaction medium plus 0-5 ml of 3 N KOH in 95% ethanol)
together with oxidized glutathione and glutathione reductase. The concentration of NADPH (solid-
line curves) in the presence (A -A) and absence (@——@) of 50 mM nicotinamide is
indicated. The concentration of NADP is shown by the solid squares, dashed curve. Microsomes
were prepared from livers obtained from normal adult male rats.

first 10 min after the addition of microsomes, and by 45 min was 10-20 per cent of
the original level. Nicotinamide (50 mM) afforded only a minimal protection for
maintenance of the NADPH. NADP did not accumulate in the assay medium,
regardless of whether nicotinamide was present (50 mM) or absent. The assays for
NADPH showed, however, the presence of a highly fluorescent compound similar
to NADPH, but this was not oxidized in the presence of oxidized glutathione and
glutathione reductase.
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The decreasing level of NADPH alone can not explain the loss in enzyme activity,
because the further addition of 1 mM NADPH to the assay medium, 20 min after
initiation of the aminopyrine demethylase reaction, did not restore linear enzyme
activity with time. This lack of effect of a second addition of NADPH is in con-
firmation of an observation by Leadbeater and Davies.!® Gram and Fouts!8 also
found that the further addition of NADPH, 5 min after the reaction was initiated,
did not prevent the decrease in enzyme activity with time. At present the reason for
the early inactivation of the drug oxidase is unknown, but there is an indication that
it may be due, in part, to the aerobic incubation of the microsomes. In confirmation
of the report by Gram and Fouts,20 incubation of microsomes in the absence of
substrate, but with NADPH, resulted in a deterioration of enzyme activity similar
to the inactivation that occurs in the presence of substrate. During such incubations,
both in the presence and absence of substrate, it was noticed that after about 5 min
clumps begin to appear in the previously homogeneous suspension. These increase
both in size and number during the incubation period. Such agglutination of particles
probably also contributes to the observed decline in drug oxidase activity.

Influence of nicotinamide

As shown above, the presence of nicotinamide in the assay medium does not
prevent the observed decline in the NADPH level, and it causes a decrease in the
observed enzyme activity. Since nicotinamide does not appear to be necessary for
determining the initial linear rates of enzyme activity, what then is its effect on the
mixed-function oxidase system? Figure 6 shows that, rather than protecting enzyme
activity, nicotinamide addition actually decreased it. Figure 8A shows the inhibitory
effect of 5, 25,.and 50 mM nicotinamide on the substrate dependence curves of
aminopyrine demethylase. The reciprocal plot of these data is illustrated in Fig. 8B,
and suggests that the observed inhibition may be competitive.22 The values under
the abscissa (at arrows) indicate the extent to which the presence of nicotinamide in
the assay medium can alter the graphically obtained Ky, for a substrate. As much as
a fivefold difference in the Ky can be obtained—dependent on the concentration of
nicotinamide employed (Table 1). A plot of the reciprocal of aminopyrine demethy-
lase activity vs. nicotinamide concentration®? indicated that the inhibitor constant
(K3) for nicotinamide is about 20 mM with this system.

Nicotinamide also inhibits aniline hydroxylase activity. However, although also
inhibitory, its effect here is more complex than its effect on aminopyrine demethylase.
In the presence of 5 and 15 mM nicotinamide, the shapes of the substrate dependence
curves (Fig. 9A) are also somewhat altered, as reflected in the Lineweaver—Burk plot
(Fig. 9B). The intercept of the reciprocal plot appears to the left of the ordinate in
a manner indicative of a mixed-type inhibition.22

DISCUSSION
Previous studies from this laboratory have indicated!!-14 that the addition of
substrates of the microsomal mixed function oxidase to liver microsomes causes
two types of changes in the spectral properties of microsomal hemoproteins. These
changes have been interpreted!! as being due to substrate interactions with cyto-
chrome P-450, and to represent the formation of an enzyme-substrate complex with
hepatic microsomal mixed-function oxidase.
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The observation that nicotinamide causes spectral changes similar to those caused
by aniline indicated that this chemical also interacts with the microsomal oxidase,
possibly serving as a substrate. (Subsequent attempts to find products of nicotinamide
metabolism by paper chromatography and electrophoresis were negative.)* Conse-
quently it was suspected that nicotinamide might also inhibit the enzymatic oxidation
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FiG. 8. The effect of nicotinamide on aminopyrine demethylase activity.

A': Substrate dependence plot of aminopyrine demethylase activity in the presence of 0, 5, 25, and
50 mM nicotinamide (NIC). Conditions are as described in Methods. Enzyme activity is expressed
as mumoles formaldehyde (HCHO) formed/15 min/mg microsomal protein.

B: Reciprocal plot of the data in Fig. 8A. Arrows on the abscissa indicate the concentration of
aminopyrine at the intercept. Livers of normal adult male rats were used.

of substrates of the microsomal oxidase in a medium not limited by the NADPH
concentration.
Data are presented indicating that nicotinamide is an inhibitor of microsomal
oxidations, competitively inhibiting aminopyrine demethylation, and inhibiting
* We would like to acknowledge the help of Drs. B. Petrack, G. Quinn, and P. Greengard, and

Mr. F. Sheppy of Geigy Laboratories, Ardsley, N.Y., in searching for possible products of 14C-
nicotinamide metabolism by rat liver microsomes.
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FiG. 9. The effect of nicotinamide on aniline hydroxylase activity.

A Substrate dependence plot of aniline hydroxylase activity in the presence of 0, 5, and 15 mM
nicotinamide. Conditions are as described in Methods. Enzyme activity is expressed as mumoles
PAP formed/15 min/mg microsomal protein. Livers of normal adult male rats were used.

B: Reciprocal plot of the data in Fig. 9A. Arrows on the abscissa indicate the concentration of
aniline at the intercept. Nicotinamide is abbreviated as NIC.

TABLE 1. GRAPHICALLY OBTAINED MICHAELIS CONSTANTS IN THE PRESENCE () AND
ABSENCE (—) OF 50 MM NICOTINAMIDE

+ _—
Substrate (mM) (mM)
Codeine 0-56 0-20
Morphine 0-25
Aminopyrine 1-60 0-33
Aniline 0-35 0-04

The incubation medium used was that described in Methods. The incubation time was 10 min.
for all substrates except aniline, which was incubated for 15 min. Substrate levels ranged from
0-05 mM to 8 mM in each determination. Values for codeine and morphine were obtained at the
National Heart Institute of the N.I.LH. with the kind help of Dr. D. Davies. One mg of microsomal
protein was used per ml of medium. Activity was determined from the amount of formaldehyde

produced when codeine, morphine, or aminopyrine was the substrate. p-Aminophenol was measured
when aniline was the substrate.
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aniline hydroxylation by some mixed type of action. Examples of how nicotinamide
can modify the apparent Ky of a substrate have been presented, and indicate that
the substrate constants currently in the literature may be erroneous if determined in
the presence of this compound.

When fractions of rat liver are used, it is suggested that assays of the oxidative
metabolism of substrates by this enzyme system be as brief as possible, and employ
low concentrations of microsomal protein (for example 1 mg/ml). When higher
concentrations of microsomal protein are used, larger amounts of NADPH are
necessary. The danger of using higher concentrations of microsomes is threefold:
in addition to decreasing the effective NADPH concentration, and causing a more
rapid decline in enzyme activity, the assay may be complicated by nonspecific binding
of substrate, as shown by Gillette?3 with imipramine; higher concentrations of
microsomes increased the apparent Ky, for this drug. The determinations of Michaelis
constants (Kp) currently in the literature, for example,?> 23-25 for various substrates
of the microsomal mixed function oxidase should be repeated in a more uniform
manner, and in the absence of inhibitors like nicotinamide.
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