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ABSTRACT

The growing concern for a cleaner environment and
human health has created today a myriad of stiff regula-
tions with regard to the production and use of chemicals.
These regulations have presently called for a serious
attention of the chemical industry and the chemical engi-
neer. Of particular importance are those chemicals which
are suspected to cause cancer in humans. A short-term
test for carcinogenicity of chemicals, involving metabolic
activation by the liver microsomal enzyme system, is being
widely used at present. This work investigates the kinetic
problems associated with the metabolic activation of some
chemicals catalyzed by liver microsomal enzymes.

Using pig liver microsomes as a model enzyme system
with B-naphthylamine (B-NA) and B-nitronaphthalene (B-NN)
as model carcinogen substrates, the work herein is com-
prised of three major phases of kinetic study. The first
phase of study investigates the kinetics of the metabolic
activation catalytic reaction and the various parameters
which affect the outcome of carcinogen screening tests
from a kinetic standpoint. It is shown that the catalytic
activation of B-naphthylamine to N-hydroxy B-naphthylamine

xi



(N—HO—BNAi in liver microsomes is specific to the mixed-
function microsomal flavoprotein amine oxidase (MFMFO)
activity. The metabolic actiwvation of B-nitronaphthalene

to N-HO-BNA in liver microsomes in-vitro is shown for the
first time in ti.is work experimentally. The catalytic
formation and accumulation of N-HO-ANA, the reactive
carcinogenic intermediate form, in the liver microsomal
assay system is significantly affected by variables such

as temperature, pH, reaction time, concentration levels

of substrate and microsomes and by diffusion limitation.

The second phase of this work shows that carcinogen meta-
bolic activation reaction is accompanied by a‘deactivation
reaction by a consecutive kinetic mechanism involving a
second enzyme, UDP-glucuronyltransferase in this case.
Concentration-time profiles of the substrate, the intexr-
mediate and the glucuronide conjugaté product of the
sequential reaction mechanism were measured experimentally
for B-NA. Periodical addition of the substrate by small
amounts to the assay medium in a batch stirred microreactor
at optimum conversion time-intervals, seems to be the best
kinetic strategy to study the metabolic activation/deactivation
of chemical carcinogens in giﬁgg;for specific cases. The |
reaction rate constant for the glucuronidation step reaction
appears to be a hundred times greater than the metabolic
N-oxidation steﬁ. A theoretical two-step dynamic kinetic

model was proposed for the metabolic activation/deactivation
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mechanism.and solved on the computer. The fit of the
model to the experimental data was quite s§tisfactory.

The third and final phase of this work considers
the use of immobilized microsomes to improve the kinetic
problems associated with native (liquid) microsomes.

Pig liver microsomes were successfully immobilized on

CPG porous glass beads by covalent binding, using a
technique developed by this work. A high metabolic
activation/deactivation activities as well as a signifi-
cant improvement in the stability of the respective enzymes
were achieved. Improvement in the stability of the
reaction kinetics, especially that of the metabolic activa-
tion stage, makes glass-beads mounted microsomes attractive
for application in carcinogen screening reaction design.

To achieve higher conversion rates and for a better

control of the assay products, continuous-flow reactor

configurations with recirculation are recommended.



CHAPTER I
INTRODUCTION

Environmental awareness and the problem of environ-
mental control had never reached such a bewildering magnitude
as it has today. Environmental protection means many things;
from preserving the Alaskan wilderness to saving endangered
species: to reducing our exposure to toxic substances in the
air, in water, in food, in the workplace, and at home. The
problem of toxic substance control, especially with respect
to chemicals that cause cancer in humans, has become first
and foremost. It is estimated that 80-90% of all human
cancers are environmentally caused [1,2,3]. 1In recent years,
we have ﬁitnessed a8 number of tragedies céused by toxic sub-
stances in the environment: asbestos, kepone, polyvinyl
chloride, and mercury come readily to mind. Althdugh environ-

mental toxins cause 8 variety of human ailments, including
| birth defects, miscarriages, heart disease, strokes, emphysemi;,'
and neurolbgical defiéiencies, it is the fear of cancer, "cancero-
phobia", that touched off a wave for committment for a
safer environment.

In order to cope with this eminent crisis of cancero-
phobia, the U.S. Congress has enacted eight laws specifically

1
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designed to regulate toxins in the environment. The newest
and perhaps the most far-reaching of the eight is the Toxic
Substances Control Act (TSCA), passed in late 1976. TSCA
gives the federal government control over chemicals through
the Environmental Protection Agency (EPA). EPA was given a
first-~strike authority with respect to clearing an agent be-
fore it enters the marketplace, in addition to power to con-
trol existing chemicals if they are shown to be hazardous.
Thus, the possibility of carcinogenic risk that might be
posed by a wide variety of industrial, agricultural and
pharmaceutical chemicals has drawn the attention of investi-
gators in various areas during the last few years. Devi;ing
of short-cut test methods to. screen the thousands of chemicals
in the environment for possible carcinogenic risk assessment
has been the major emphasis of research. Short-term tests
using liver homogenates for enzymatic metabolic activation of
test chemicals are in common use today for carcinogen screening.

While there exists much controversy between regulatory
gdvernment agencies and industry with regard to the efficacy
of these simplified test procedures with bacteria, very little
qualitative information is available concerning the kinetics
of the metabolic activation system. The complexity of the
reaction mix from the kinetic standpoinf, existence of competing

activation and deactivation reactions, non-enzymatic side
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reactions, diffusion limitation, and enzyme stability under
in-vitro experimental conditions, has hindered advancement

in this area. lack of proper kinetic design of the metabolic
activation reaction system in-vitro could significantly reduce
the efficiency of these tests and make the prediction of hazard .
from a given test compound or mixture gquite unreliable. Frantz
and Malling [4], Weisburger -[5], and De Serres.[6], among others
have pointed out the critical importance of this problem. Major
kinetic problems of concern in microsomal metabolic activation
of test chemicals can be summarized as follows:

1) Optimum concentration levels of substrate (test
compound) , cosubstrates and microsomal protein
are important. The catalytic character of the
microsomal enzymes coupled with possible substrate
and/or product inhibition could significantly
affect the quantitative formation of the required
intermediate.

2) The formation of the activated intermediate by
microsomal enzyme activation is geﬁerally accom-
panied by deactivation reactions [7]. Chemical
metabolizing enzyme systems which are localized
principally in the liver, are usually divided into
. two groups: phase I and phase II [8]; The phase
I enzymes (mainly oxidative enzymes) catalyze the
conversion of parent compounds to oxidized reactive

intermediate forms, while the phase II ones (e.g.,



3)

4

UDP-Glucuronyl transferase) mediate the transforma-
tion of the activated intermediates into a deacti-
vated conjugate. Excellent recent reviews on the
relationship between these enzymes and cancer or
toxicity are given by Sims and Grover [9], Heidel-
berger 110], Nebert, et al. [1l1l], Nebert and
Felton [12], and Thorgeirsson, et al. [13].

Due to such a delicate equilbrium between
activation and deactivation, the examination of
the concentration profile of the intermediate as
a function of time is essential.

The effect of such reaction parameters as tempera-
ture and pH on microsomal enzyme activity and
stability under in-vitro assay conditions is cri-
tically important for a productive reaction design.
For instance, approximately the first half hour

of the metabolic activation reaction in short-cut
carcinogen screening test systems is run at 45°C [14]
when the temperature optimum for microsomal oxida-
tive reaction is about 40° as can be seen from the
result of this work. About 60% or less of Flavo-
protein monooxygenase activity and a half-life of
about 50 minutes is expected around 45°, fThe pH
optimum of microsomal Flavoprotein oxidase is

around 8,0. The reaction pH of metabolic activation

reactions in short-term testing systems referred to
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above is not reported, but is probably neutral.

4) An important problem is that of diffusion of
reactants into reaction sites of enzyme proteins.
Diffusion and mass transfer limitations would play
a significant role iﬁ~the kinetics of carcinogens
in microsomal membrane-bound enzymes.

5) The major problem in using native or liquid micro-
somal enzyme system in carcinogen testing is that of
stability. This system is stored and kept for further use
under -20°C [15,16] and for a maximum of 3-4 months.
Repeated thawing and freezing durinq this period
for withdrawing portions for various experimental
runs also adversely affects the activity of the
system. Moreover, due to a rapid loss of activity
during a given reaction assay, the microsomal en-
zyme system is not recovered but discarded. These
problems of stability and reﬁsability can be
solved by successfully immobilizing the enzyme
system on a porous solid support without a . signi-
ficant loss in activity. Potential application of
CPG Porous glass beads-mounted microsomes is pre-

liminarily investigated in this work.

The objective of this work is to investigate the sig-
nificance of the problems outlined above in order to improve

the credibility and success of carcinogen screening by metabolic
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activation éhort-term tests. A well known arylamine carcinogen
g-naphthylamine, is taken as a model compound for this study.
The kinetic study technique used for the arylamine is further
extended with success to'explain the metabolic activation kine-
tics of aryl-nitro-compound analogs, with R-nitronaphthalene as
an example. Pig hepatic microsomes are used for metabolic
activation. Kinetic investigations are primarily carried out
in a stirred constant-temperature batch microreactor. Taking
account of the major factors which affect the metabolic acti-
vation phenomenon, a kinetic model is postulated and a satis-
factory fit of the model to experimental data is obtained.
Based on porous glass beads-immobilized microsomes, two con-
tinuous flow reactor configurations are suggested for advanta-
geous application in short-term tests. It is hoped that the
kinetic optimization study conducted in this work would give

an indication of the various factors affecting the sensitivity

RCRNEETAER

of prediction of carcindgénicity by metabolic activation tests

and the ways to minimize these factors for an efficient design.



CHAPTER II
BACKGROUND

‘Environment vs. Indﬁstry

The impact of the regulatory process is being pain-
fully felt by the chemical industry. It is estimated that
compliance with TSCA will cost the chemical industry $2 billion
a year [17]. Even though "Environment does not equal industry,"
to use the statement of frustration by John F. Schmutz, a
chemical executive of E.J. DuPont [18], the bare inescapable
fact stays firm—that all already untested chemicals have to
go through carcinogenicity testing and as a consequence face
possible banning, irrespective of their relative ﬁsefulness in
chemical technology. Some estimates hold that 1000 chemicals
enter the marketplace each year [lé]. Of the estimated 4.3
million chemicals in existence, some 63,000 are said to be
in common use in the U.S. [20].

One major area of concern is the pesticide, insecticide
and herbicide industry. About 50,000 pesticides are due
" to be screened for carcinogenicity.

"What does a chemical engineer have to do with this?",

one might ask. Obviously, a chemical engineer by the nature
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8
of his profession is involved in the design and development
of better chemical processes and equipment as well as opening .
new technological and engineering break-throughs to improve
our society. But one would hate to be in a position of a
chemical engineer who after putting-in years of professional
work of solving technological and engineering problems and
turned-out the first batch of his product, only to discover
that the product cannot be marketed. It cannot be marketed
not because the manufactured chemical is economically unfea-
sible or the market demand is low; but just can't be put into
the market—by law! Because, the chemical product is found to
be carcinogenic by bioassay tests. Here is then that the
engineer starts worrying about what has come to be the first
and foremost problem today-—the environmental consequences of
his product, whether new or already in production. In this
regard, James Wei, head of the Departmént of Chemical
Engineering at MIT, had the following to say [2],
"The chemical industry needs people who can
understand the impact of their work, who can
'see the whole picture' and 'hear the whole
music'... Environmental issues will be
important threats and opportunities for
chemical engineers in the next century.
The world needs chemical engineers who are
environmental specialists to work in the
chemical process industries, in universi-
ties and in government. The world will
also need chemical engineers who understand
the impact of their work and who can relate
to the public. Just because Charley plays
the cello well does not necessarily mean
that he knows the whole music without

serious study. Many of our own chemical
engineers are just as uninformed about the

.
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positive or negative impact of their work.

Consumers ringing the cash register are

economically sovereign in our land. Voters

going to the polls are politically sover-

eign in our land. We must serve them well

to survive."

Thus, the need for understanding the scientific basis
of these regulatory carcinogenicity tests and their design is
crossing today the traditional boundary from biochemists and
toxicologists to engineers, and particularly chemical engineers.
Improvement of the design of these tests, to increase their
screening efficiency and at the same time minimize the proba-
bility of undue risks for the chemical manufacturer accruing
from false positive data from such tests, should undoubtedly
attract chemical engineers' attention.

This work is one of the first engineering attempts

in this direction.

Carcinogen Testing Via Metabolic Activation

First, of all, what are carcinogenicity tests? Effec-
tive regulation of toxic substances requires identification
of carcinogeﬁs before there is significant human exposure, or
better, before they enter the marketplace. The conventional
method to achieve this is with biocassays in animals. Practical

considerations dictate that such testing be performed in small
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animals with short life spans. Typically, these are rodents.

In practice, at least 500 animals are required, including
controls. The total time required is at least 3.5 years or
more and the cost ranges from $150,000-$500,000 per substance
(211, with about 1000 new chemicals being introduced each '
year, aszindicated earlier, besides thousands of other sub-
stances already in use, carcinogen screening by long-term

animal bioassay tests is too slow, cumbersome and prohibitively
expensive venture. Therefore, there has been a great deal of
research effort made to develop short-term or short-cut,
relatively inexpensivé, and quick in-vitro carcinogen screening
tests. There are now at least 80 different tests in various
stages of development [22]. One of the first short-term tests,
and the most successful one is what is called the Ames test,
[23-25], developed by Bruce Ames of the University of California
at Berkeley. This test is being widely applied today for
carcinogen screening not only by environmental control agencies,
but also by chemical companies such as DuPont, American Cyanamid,
.;rocter & Gamble, Dow Chemical, to name just a few.

The improved Ames test [26,27], referred to as Salmonella-~-
mammalian microsome mutagenicity test is based upon the metabolic
activation phenomena of carcinogens. It has been known for a
long time that induction of cancer by chemicals results from
covalent binding of the latter to one or more of cellular
macromolecules, DNA [28,29], RNA or proteins of the cells in

“target tissues. Among the important classes of chemical
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carcihogené-that become covalently bound to tissue macro-
molecules are polycyclic aromatic hydrocarbons (PAH), aromatic
amines, nitrosamines and Safrole. Nevertheless, none of the
individual compounds in these classes become covalently bound
to cellular macromolecules when incubated in a test tube [30].
Later, from the classical work of the Millers [31-33], who
investigated the mechanism of biotransformation of aromatic
amines using mammalian liver microsomal enzyme system, it
became apparent that chemical agents must be enzymatically
metabolized or converted in-vivo into a chemically reactive
form before they are able to bind. In other words, for the
overwhelming majority of chemical carcinogens,.metabolic
activation must first occur in the microsomal enzyme system

in order to yield a reactive intermediate (proximate carcinogen)
which subsequently participates in its electrophilic form in
cancer initiation. These enzymaticall& activated proximate

or ultimate carcinogenic forms (species) were later on shown
by Ames and co-workers to be mutagenic in Salmonella bacteria [34].
Based on the finding that there exists correlation

between carcinogenicity and mutagenicity, the Ames test
detects carcinogens as mutagens in a reaction system composed
of a test compoﬁnd, mammalian liver homogenates or microsomes

and various strains of Salmonella bacteria.
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Characterization of the Liver Microsomal Enzyme System

Among other diverse physiological functions, the liver
operates as a major chemical-processing plant in the body. |
It is responsible for a great majority of chemical transfor-
mations of drugs and other foreign chemicals and environmental
pollutants to which the body is exposed. These reactions are
accomplished catalytically by several remarkable enzymes
naturally existing in the cell. The enzymes are embedded
in the membranes of the endoplasmic reticulum of the cyto-
plasm of the cells. If these liver cells are homogenized
and centrifuged successively at higher speeds (higher
gravity), broken bits of membranes of the endoplasmic
reticulum are obtained in the form of tiny vesicles or
sacs called microsomes. These microsomes are the potential
source of the liver enzymes for model studies of various
reactions of drugs and environmental chemicals. Even though
some enzymatic biotransformations of endogeneous as well as
exogeneous substrates occur in cytosols and even in mito-
chondria, by far the greatest number of biotransformations
take place in microsomal fraction. The main enzymatic
reactions that occur in microsomes are: oxidation, reduction,
hydrolysis and conjugation. An excellent review of the
role of-ﬁicrosomal enzymes in the metabolism of various
drugs and other foreign compounds is given by Kappas and Alvares

[35]. While reduction and hydrolysis reactions are less common,
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oxidation processes account for most of the enzymatic trans-
formations, simply because there are so many ways of oxidizing:
exogeneous compounds.

Oxidation biotransformations of chemicals is mediated
in the microsomal fraction by oxidases and cytochromes that
function in the electron-transport reactions requiring mole-
cular oxygen and reduced pyridine nucleotides. The oxidases
of microsomal membrane can be classified into three major
groups [36]; those which catalyze the transfer of:

1) Both atoms of ogzgip molecule to substrate, and

known as dioxygenases;

?) One atom of oxygen to substrate, and the other

reduced to water—called mixed function
oxidases or monooxygenases; and

3) 9, to H,0, or H,0 [37] and oxidize substrates to

one, two or four equivalents and generally

referred to as electron-transferring oxidases.

Principal emphasis has been directed to the understand-
ing of the kinetics of cytochrome P-450 dependent mixed
function oxidation (monooxygenation) reactions. A broad
spectrum of mixed-function oxidations encompassing from the
oxidation of polycyclic aromatic hydrocarbons to the oxidation
of pesticides and insectides, steroids and fatty acids, drugs
and pharmaceuticals, and metabolic activation of fluorocarbons

to hepatotoxins all make this system important. Special
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attention has been given in recent years to a particular
oxidative enzyme, a component of the mixed function monooxy-
genases system called Flavoprotein monooxygenase (dimethyl-
aniline monobkygenase EC 1.14.13.8), isolated and purified
by Ziegler and-Petit»ffom'hogvliver-microsomes_[38,39].A.
This flavoprotein mixed function oxidase 'is of special in-:
terest because 1) -its-activity is much-greater in the liver - .-
than in other tissues, and 2) this enzyme is present in
unusually high concentrations in hog and human liver [40].
The flavoprotein oxidase catalyzes the N-oxidation of a wvariety
of tert-, and sec-alkyl or arylamines, some primary arylamines,
and 1,1l-disubstituted hydrazines. The reactions require an
external electron donating system, and equimolar amounts of
reduced nicotinamide adenine dinucleotide phosphate (NADPH)
and oxygen.v The general scheme can be represented as follows:
| 0
- L L +
X-I?-Rl-i-NADPH-l-H +02‘*X-1iI-Rl+NADP +H2
Ry . - Ry
o

"
+ NADPH + HY +0,* X -N - R, + NaDPT + H,0

H

0

X - T - Rl

"X" is a lipophylic alkyl or aryl group free from polar
‘groups on the alpha carbon. A functional group more polar than
a hydroxyl group within a two atom radius of the nitrogen

prevents oxidation. R1 and Rz could be methyl or ethyl groups



15
or jusf hydrogen atoms, as in the case of 2-naphthylamine.
Tertiary amines are converted to N-oxides, while secondary
amines are N-hydroxylated. It has been shown recently that
the oxidase also catalyzes the S-oxidation of a variety of
sulfur-containing compounds [41]. Ziegler showed that from
among primary arylamines, the flavoprotein oxidase catalyzes
the N-hydroxylation of only B-naphthylamine [41]. Moreover,
the author has also postulated that the N-hydroxylation of this
compound even in whole microsomes may be specific to this parti-
cular monooxygenase. Thus, in relation to short~term carcino-
gen screening tests using whole microsomal fraction for meta-
bolic activation, it,is decided to investigate'the kinetic
problems discussed in Chapter I using B-naphthylamine-oxidase
activity in microsomes. Pig liver microsomal fraction is
used in the study, since its oxidase content is higher as

noted above.

Metabolic Activation of B-naphthylamine

The metabolism of the carcinogen B-naphthylamine has
been widely investigated, both in vivo and in vitro. Boyland
and Manson [42] treated animals with this amine and isolated
a variety of metabolites from the urine of the test animals.
Boyland, Dukes and Grover [43]; Booth and Boyland [44]; Arcos
and Arays [45] showed that the metabolic N-oxidation of.B-
naphthylamine, like the N-oxidation of N-acetylaminofluorene

[46] leads to the formation of more carcinogenic intermediates.
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The N-oxidation intermediate., 8-navhthvlhvdroxvlamine, was
next shown by Bonser et al.. [47], and Bryan, et al. (48], to
produce statistically more tumors than the parent compound
when implanted surgically in the bladders of mice. Subse~
quently, Radomski and Brill [49], afte; similar experiments
with dogs reported the N-hydroxy derivative induced bladder
- tumors. - Later on, it was shown that this same carcinogenic
intermediate exists as a urinary metabolite in dogs [50],
and in humans [51].

But very little of the metabolic mechanism of g-naph-
thylamine N-hydroxylation was known until this point. It
was assumed that N-oxidations of various arylamine compounds
were all catalyzed by a single microsomal mixed function oxi-
dase. However, subsequent studies of Lange [52] and Uehleke
[53-55] with hepatic microsomes from phenobarbital-treated
animals, and with rabbit lung microsomes gave a satisfac-
tdry evidence that the microsomal cytochrome P-450
terminal electron-transport system participated in the N-
oxidation of primary arylamines but not secondary and tertiary

arylamines. As mentioned earlier, the N-oxidation is NADPH

- and oxygen dependent. At about the same time, Ziegler and

Mitchell [56] had isolated a mike@-funétion flavoprotein oxi-
dase from pig liver microsomes and reported that the flavo-.
prbtein oxidase is specific'to caﬁalyzing rapid N-oxidation
of a variety of lipid-soluble secondary and tertiary amines,

but not of primary alkylamines or arylamines other than g-
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naphthylamine. This was surprisingly cdnsistent with the
findings of Uehleke as noted above. Moreover, cytochrome
P-450 is activated by pheno-barbital and inhibited by CO.
The mixed function oxidase exhibits none of these properties
[57,58].

The catalytic N-oxidation ;f B-naphthylamine by the
mixed function oxidase as an exception to other primary
arylamines can be explained by the fact that the nitrogen
atom in g-naphthylamine has some nucleophilic character [59].
In contrast to other primary arylamines, B-naphthylamine
exists in equilibrium with its imine tautomer form in aqueous
solutions. This imine form with its lone pair of electrons
on the nitrogen atom with no possibility of delocalization
into the aromatic ring is conjectured to be the active or
nucleophilic form of the amine for N-oxidation by flavoprotein
monooxygenase. Figure 1 shows a simplified possible mechanism
of N-oxidation as illustrated by Ziegler. But even though
the flavoprotein monooxygenase catalyzes the rapid oxidation
of B-naphthylamine to its N-hydroxy derivative,a successful
accumulation of this oxidation product with the pure enzyme
assay, has been difficult. Ziegler [60] reported that the
isolated and purified mixed function oxidase catalyzed the
N-oxidation of B-naphthylamine to B-naphthylhydroxylamine,
but this product of the reaction was rapidly oxidized non-
enzymatically to the nitroso-derivative. But, the study of

the N-oxidation of the compound in discussion,using whole pig
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FIGURE 1. Possible mechanism of formation of
B-naphthylamine intermediates catalyzed by
flavoprotein monooxygenase (mixed-function
amine oxidase) [59]. The imine tautomer of
B-NA, due to its nucleophilic character,
reacts with the peroxy flavin prosthetic group
of oxidase to give the enzyme-bound hydroxy-
lamine. Cleavage of this intermediate via
routes (a) and (b) could lead to the indi-
cated final products, with route b predomi-
nating.
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liver microsomes, showed [59] that the N-oxidized carcinogenic
intermediate product (g-naphthylhydroxylamine) accumulates in
the reaction mixture for prolonged times. Matthews and Sofer,
et al. [6l] also have shown.the same behavior .in their study
of.optimization of the.formétion 6f the N;hydrbxy intermediate
in a stirred-tank microassay reactor. It is concluded that

even though the cytochrome P-450 terminal electron transport
system is not required for N-hydroxylation of B-naphthylamine,
its component NADPH-cytochrome C reductase, and microsomal
phospholipids are necessary factors for the stability and
accumulation of the N-hydroxy-B8-naphthylamine in the reaction
medium during the course of the reaction. The effect of these
microsomal components on B-naphthylamine metabolic N-oxidation
has been well elucidated by the recent study of Poulsen, et al.
[59]. Therefore,doubtlessly it is essential that any in-vitro
study of the chemical transformation of carcinogens as a model
of metébélié activation.igfgizg,use whole microsomal syétem.

" The authors have not, however, demonstrated the effect of .essential
reaction parameters such as.temperature, pH, concentration .of
cofactors, and enzyme stability on the kinetics of microsomal
B-NA N-oxidation. Moreover, whole micrésomai fraction contains
variods.éhiyme systems (oxidétive, cohjuéaﬁive; ﬁydrolysis,
etc.) as néted earlier in this chapter;"'Since'thé iﬁtéfmédiate
oxidized form of most arylémines, especiallyAthéf of B—NA,tis a
very unstable reacti?e product, metabolic activation (oxida-

tion) study should consider the effect of microsomal enzyme
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systems other than oxidases. As has been pointed out in
Chapter I, there exists the possibility of a sequential

kinetic mechanism of oxidation followed by relatively signi-
ficant conjugation with endogeneous substrates via transferases.
Evidence of this has been shown by in-vivo studies with rodents
(Kadlubar, et al. [62], and others [63]). But, the kinetics

of this sequential mechanism has not been successfully shown
by in-vitro studies with microsomes up to date. This second
stage microsomal conjugation reaction which involves the N-
oxidized intermediate product (N-HO-BNA) and a second micro-
somal enzyme UDP-Glucuronyltransferase will be briefly des-

cribed in the following section.

Microsomal Conjugation of N-hydroxy-g-Naphthylamine

The N-hydroxylated B-naphthylamine intermediate can
be further conjugated with an endogeneous substrate Y'-uridine
5'diphosphoglucuronic acid‘(UDPGA) enzymatically to form a
conjugate N-hydroxy B-naphthylamine glucuronide (N-HO-BNAGluc) [62].
While the intermediate is an activated and highly potent car-
cinogenic form, the conjugate is inactive. This second stage
reaction is mediated by a microsomal enéyme UDP-Glucﬁfonyl-
transferase (UDP-GT). An excellent characterization of this
enzyme is given by the recent work of Zakim and Vessey [65].
A series of studies have been done by the same authors on the
conjugation of P-nitrophenol by UDP-GT and the various factors

which enhance the activity of the enzyme [66-69]. Conjugation
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of N-HO-BNA with UDP-glucuronic acid by microsoﬁal UDP-Glucu-
ronyltransferase has been adequately studied by Kadlubar,
et al. [70]. These authors demonstrated that dog, rat and
human hepatic microsomes rapidly conjugated N-HO-8NA (obtained
by non-enzymic orgénic'synthesisj with UDPGA to form the
glucuronide conjugate. The reaction scheme is as follows:

microsomes .
N-HO-BNA + UDPGA —(U9RE=CT) v ho-gNA-Gluc + upp*

But, the possibility of the consecutive mechanism of B-NA
N-oxidation to N-HO-8NA and further glucuronidation of this
interﬁediate to N-HO-8NA Gluc by microsomes, which contain both
oxidase and UDP-GT, has never been shown successfully by in-
vitro experimencs. By a proper consecutive reaction kinetic
design strategy, this work successfully shows this possibility

in a single experimental- step.

Immobilization of Microsomes

To improve their potential application as catalysts
for carcinogen“screening by metabolic activation in various
reactor“configufations, micrﬁsoﬁes can.be.iﬁmobiiizea én
éppropriaté Sdlidvsupports. Immobiliéation, here,.referé‘to"
the process of physical confinement or localization of enzyme
molecules, a group of enzymes or a whole cell on an adeduate

porous support. Immobilization of enzymes can be achieved by
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diverse means. However, one can classify all the methods
employed into two ciasses: chemical methods and physical
methods. Chemical methods, as the name suggests, involve
covalent attachment of the enzyme to water-insoluble func-
tionalized polymer. Physical methods vary from adsorption

of enzymes to water-insoluble inorganic or organic supports,
entrapment within gel matrices or semipermeable microcapsules,
to their containment within semipermeable membrane~dependent
devices. Excellent and comprehensive reviews on immobilized
enzymes and their present role in laboratory research as well
as in industrial technology are given by Zaborsky [71] and
Wingard [72]. Here, we confine our discussion to only im-
mobilization by chemical bonding. The secret of the game
lies in finding a mechanically and chemically stable porous
solid support with a large surface area on which one can
successfully immobilize the enzyme(s) of interest without
significant loss of original activity. A great deal of
discussion has been devoted in recent literature [71-73] to
solid matrices used as éupports. An enormous number of

solid supports of organic and inorganic nature, pure metals
and metal alloys are in use or being researched. What would
one achieve by immobilizing? The advantages are manyfold.
The most significant advantages are: (1) considerable in-
crease in stability over freely mobile enzymes; (2) operational
flexibility and re-usability; and (3) greater probability to

serve as model systems for natural, in-vivo cell-bound enzymes.
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The first two factors are especially important. Dramatic
increase in stability of the activity of enzymes toward heat
[74-77]), extremes of pH [78-8l], and storage [82-84] due to
immobilization is widely reported. Theloperational advantages
are great. Reuseability, possibility of batch or continuous
operational reactor configurations, rapid terminétion of
reactions if necessary, controlled product formation and
possible greater efficiency in consecutive multistep reactions
are some of the positive facets of immobilized enzymes.

All the advantages outlined above accruing from success-
ful immobilization by covalent attachment are highly desired
for operational capability of microsomes as catalysts for
metabolic activation purposes. For the first time, Sofer,
et al. [85], immobilized microsomes on porous glass beads by
covalent attachment and found that the microsomal oxidation
activity was in fact, enhanced. The procedure involved con-
sists of first, activating the matrix surface with a multi-
functional, low molecular weight reagent to create a "spacer
arm", followed by attachment of a functional.group 6f an
enzyme in the microsomal membrane. Even though the exact
mechanism of the binding of microsomal membrane enzymes is
yet unknown and being'studied, immobilization'of microsomes
on porous glass bead matrices has increased the potential
application of microsomes. 1In this work, a slightly different
procedure of binding microsomes to porous glass bead supports
is investigated. The application of glass-bead-mounted micro-

somes is extended from oxidation reactions to conjugation.
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SUMMARY OF OBJECTIVES AND PLAN OF STUDY

The metabolic activation kinetic study plan using pig

hepatic microsomes is divided into three sections:

A)

B)

C)

Optimization of the kinetics of B-naphthylamine

(B-NA) N-oxidation, and its kinetic model.

Study of the possibility of consecutive kinetic

mechanism.

1) Possibility of the consecutive kinetics of B-NA
oxidation and conjugation in-vitro, and its
kinetic model.

2) Possibility of the consecutive kinetics of B-
nitronaphthaléne (g-NN) reduction and conjugation.

Application of glass-beads-immobilized microsomes

for metabélic oxidation and conjugation: demonstra-

tion with g-naphthylamine.

A) Kinetics of B-NA catalytic N-oxidation by pig hepatic

microsomes.

The oxidation reaction scheme can be given as follows:

25
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NADPH+02+H+
o
Mlcrosomes
g-NA (FMO) NADPT N-~HO-RNA

HZO

where: NADPH is the reduced nicotinamide adenine dinucleotide
phosphate;

N-HO-BNA is the target product, N-hydroxy-§-naphthyl-
amine ;

FMO is the microsomal mixed function flavoprotein
oxidase, herein referred to simply as flavo-
protein monooxygenase (FMO)

This first approach of study is necessary to obtain
kinetic parameters for optimum yield of N-HO-3NA. EHere,
the oxidation reaction kinetics is studied and analyzed with-
out considering the possibiliéy of a further conjugation

mechanism.

B) 1) Kinetics of consecutive oxidation and conjugation of
8-NA by microsomes.

The kinetic mechanism can be illustrated as follows:

NADPH+02+H+ , UDPGA+UDPAG
B-NA . o N-HO-BNA N N-HO-8NA Gluc
Microsomes . Microsomes +
(FMO) ~ NADP+,H20 (UDP-GT) © 'UDP
' .
| | U | J
Activation Deactivation

where: UDPAG is the UDP-N-acetyl glucosamine;

UDPGA is UDP-Glucuronic acid
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2)
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N-HO-8NA-Gluc is the conjugation product, N-hydroxy
B-naphthylamine glucuronide.
The possibility of such a sequential
bienzymic kinetic model of activation and deac-

tivation of the carcinogen B-naphthylamine will

be experimentally investigated and a theoretical

kinetic model will be examined.

If objective B(l) is accomplished, it may also be
reasonable with the same token to postulate a similar
sequential kinetic mechanism for an aryl-nitro
analog, e.g. B~nitronaphthalene (3-NN) which has been
shown to be caréinogenic in animals [86]. The first
stage would presumably be a partial reduction of the
nitro group by microsomal nitro-reductase in an
oxygen-free atmosphere to yield N-HO-8NA, followed
by a second stage of conjugation analoguous to the
second stage in the case of B-NA.

- Schematically, this can be postulated as:

. UDPGA+UDPAG
OH CO,H
- OO,
Microsomes Microsomes
= ° OH
NN (No2 reductase) (UDP-~GT)

OH
N-HO-BNA Gluc
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A successful in-vitro experimental validation of the

two sequential kinetic mechanisms catalyzed by microsomal
oxidative (or reductive) and conjugative enzymes, as given
in B(1l) and B(2) above, would be a concrete proof for the
‘theory of metabolic activation and deactivation of the
majority of chemical carcinogens.

An outline of the experimental investigation plan wiéh

B-~NA as a model compound is given in the following sections:

Kinetics of Hog Liver Microsomes-

Catalyzed N-Oxidation of B-NA

The following essential kinetic investigations have to
be conducted in order to probe the effect of critical reaction
parameters on the formation of N-HO-BNA intermediate at

in-vitro assay conditions:

Time-history profile of the formation of the inter-

mediate with the reaction coordinate. From this data it would

be possible to obtain information about the quantitative
formation and stability of the N-HO-BNA intermediate in the
reaction as well as substrate conversion limitations under

~given conditions,

Initial rates of activity of microsomal flavoprotein

monooxygenase with various substrate (B-NA) concentrations.

This investigation is important for two main purposes. First,

it will help clarify possible substrate inhibition zones, and
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secondly, important kinetic constants such as maximal

velocity (Vmax) and Michaelis-Menten constant (KB_NA)—con-

centration of B-NA required to half-saturate the enzyme, would
be obtained from these data. |

Effect of microsomal proteins (enzyme) concentration.

Sin¢e the objective of this work is to investigate what is
happeﬁing kinetically in metabolic activation systems practi-
cally applied in carcinogen screening tests; the concentration
level of microsomes to be used would be very high. This study
will examine the kinetic alterations as the microsomal

enzyme concentration is increased linearly. It has been
discussed in the previous chapter that the accumulation of
N-HO-8NA is dependent on the amount of microsomal fraction
added. However, from the kinetic standpoint; it is conceivable
that there could be an optimum limit to the amount of micro-
somes one could use above which there would be no advantage,
if not disadvantage.

Effect of the concentrations of cosubstrates and/or

cofactors. For microsomes-catalyzed oxidation the cosub-
strates(cofactors) are 0, and NADPH.
pH effect on N-oxidation.. This investigation is im-

-

portant because during a regular in-vitro experimental run,

pH changés are possible during the course of the reaction.

Temperature effect. As described earlier, microsomal

oxidative enzymes are very sensitive to temperature changes.
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Rapid FMO (Flavoprotein monooxygenase) denaturation or deacti-
vation associated with irreversible structural changes in the
enzyme is possible at elevated temperatures of 40-45°C.

As has been indicated earlier, in carcinogen screening assays
using metabolic activation, the microsomal fractién is briefly
subjected to 45°C. Thus, the profile of N-HO-BNA formation
actively as a function of temperature will indicate optimum

operating conditions with respect to temperature.

Investigation of diffusion limitation. Diffusion
limitation‘in a homogeneous reaction system can be overcome by
stirring the reaction mass. It is necessary to determine
from product yield vs. agitation speed data, the optimal
stirring speed in the batch reactor which maximizes diffusion.
All kinetic runs will be conducted using this optimal speed
setting. Here, it would be particularly interesting to com-
pare product formation profile from optimized stirred batch-
reactor used in this work, with a similar profile obtainable
from a conventional bioassay run using incubation in a shaker-
bath.

Modelling of B-NA microsomal oxidation kinetics. After

obtaining the kinetic data outlined abgve for B-~NA microsumal

N-oxidation, a rate equation will be sought which best correlates

the experimental data.
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1)
2)
3)

4)
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8~NA N-Oxidation And Simultaneous
Conjugation - Consecutive Reaction

Catalyzed By Pig Hepatic Microsomes

Design of the consecutive reaction in a batch
stirred-tank reactor - makimization of the inter-
mediate (N-HO-BNA), maximization of the end product
(N-HO-BNAGluc) . |

Development of separation and analytical technique
for N-HO-BNA, and N-HO-8NAGluc.

Development of the kinetic model, and the fit of

the model to experimental data.

Immobilization Of Microsomes

Establishment of immobilization technique.
Immobilization of microsomes.

Activity of glass-beads immobilized microsomes
(GBIMM) for B-NA oxidation, and N-HO-B8NA
conjugation.

Chqice‘of reactor configuratiops for potgnt%al.l

application of GBIMM in carcinogen ‘testing.

The methods used to achieve the desired objectives will

be given in more detail in Methods section of the next chapter.



CHAPTER IV
MATERIALS AND METHODS

Materials

Cofactors, Organic Chemicals,

Allied Enzymes and Supports
Table 1 summarizes the pertinent specifications.

Purified Flavoprotein Mixed Function

Amine Oxidase and Microsomes

Pig hepatic microsomes and purified mixed function
amine oxidase (Flavoprotein monooxygenase) were obtained
from Dr. Dan Ziegler, of the Clayton Foundation, University
of Texas, Austin. The primary sources of microsomes with
high amine oxidase activity are adult hogs. The specific
activity is, however, affected by such factors as age,
sex and even hair color. Five-to-ten fold variations in
monooxygenation activity among liver tissues of different
adult hogs are not uncommon [87]. Microsomes with the high-

est and more stable activity are usually obtained from large

32
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TABLE 1

Chemical Specifications

Acetone, reagent grade, Mallinckrodt

y-aminopropyltriethoxy Silane (Aldrich analyzed) Chemical
Co., Aldrich amyl-acetate, purified, Baker Chemical Co.

*Bovine serum albumin, 96-99% albumin, Sigma Chemical Co.
Biuret Reagent, 540-2, Sigma Chemical Co.

*catalase, Bovine, purified powder, Sigma Chemical Co.
Chloroform, analytical reagent, Mallinckrodt

*N, N;Dimethylaniline, analytical reagent, Matheson Coleman
and .Bell-

Ethyienediamine tetraacetic acid, disodium salt, Sigma
gfade, Sigma Chemical Co.

Ethyl alcohol, absolute, reagent quality, U.S. Ind. Chemicals
Co.

Ethyl ether, anhydrous, Mallinckrodt

Glass bead supports, alkylamine Zir-clad CPG-1350 porous
glass beads, Corning. Distributed by Pierce Chemical Co.
Nominal surface area: 34 m2; particle diameter: 177-840
microns; nominal pore diameter; 13501. :
*D-glucose-6-phosphate, monosodium salt, Sigma Chemical Co.

*D-glucose-6-phosphate dehydrogenase, type XV, Sigma
Chemical Co.

Hydrofluoric acid, analytical reagent, Mallinckrodt
Methyl alcohol, absolute,‘spectro-grade, Baker Chemical Co.
B-naphthylamine, recrystallized, Sigma Chemical Co.

*g-naphthylhydroxylamine, obtained from Dr. Kadlubar, NCTR,
Jefferson, Arkansas.

B-nitronaphthaline, 98%, Aldrich Chemical Co.

p-nitrobenzoylchloride, reagent grade, Matheson Coleman
and Bell
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*Nicotinamide adenine dinucleotide phosphate, oxidized
(NADP+), sodium salt, from yeast extract, Sigma Chemical Co.

*Nicotineamide adenine dinucleotide phosphate, reduced,
(NADPH) , monosodium salt, from yeast extract, Sigma
Chemical Co.

Potassium phosphate, mono-, and di-basic, anhydrous,
Fisher Scientific Co.

*UDP-N-acetyl glucosamine (UDPAG), sodium salt, Grade 1,
Sigma Chemical Co.

*UDP-glucuronic acid (UDPGA), sodium salt, sigma grade,
98-100%, Sigma Chemical Co.

Sephadex G-10-120 gel filtration chromatography matrix,
particle size in swollen state 40-120p in avg. molecular
exclusion limit: 700; Sigma Chemical Co.

Sodium dithionite, purified powder, Matheson Coleman & Bell

Tri-sodium penta cyanoamino ferrate - analytical grade,
Fisher Sci. Co.

Sulfamic acid, 99%, Mallinckrodt

Triethylamine, aldrich analyzed (99%), Aldrich Chemical Co.

*
These chemicals were stored at -20°C for use.
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(in excess of 200 kg live weight) moderately lean sows,
excluding red-colored ones. Liver tissue processing procedure
to extract microsomes and the technique for further isolation
and purification of the amine oxidase from microsomes has been
dealt with in detail elsewhere [88]. Here, a cursory review
of the preparation of microsomes as modified recently by
" Ziegler [89] is given. Liver obtained from the selected host
is immediately sliced into strips not more than 2 cm. thick,
transferred to plastic bags containing cold (0° - 2°C) 0.25M
Secrose, 50 mM potassium phosphate buffer (pH 7.5), and packed
between layers of crushed ice to facilitate rapid chilling.
All subsequent steps in tissue processing are carried out at
or near 0°.

After reaching the laboratory, a small sample of the
tissue is homogenized in 0.25M Sucrose and the oxidase activity
of the homogenate is checked. The tissue is then cut into
smaller pieces, rinsed with 0.25M Sucrose, and suspended in ah
equal vplume of the sucrose solution. The pH of the medium
should be kept around 7.7 with KOH. After 10-15 min., the
medium is repléced with fresh 0.25M Sucrose and the pH is
again adjusted. Processing of the tissue to obtain micro-
somes is fhen staited by first removing the tissue from the
medium and mincing it with an éléct;ic meat grinder, followed
by suspension of the minced tissue in 0.25M Sucrose solution,
pH adjusted to 7.5. This suspension is next passed through a

continuous~flow homogenizer, after which successive
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centrifugation is performed at successively higher gravity.
First, the homogenate is centrifuged at 1200 rpm for 15 min.
and the supernatant fluid is taken. The supernatant obtained
is then re-centrifuged at 10,000 rpm for 10 min. tg remove the
mitochondria. The supernatant is collected, adjusted to pH
5.7 with 1M acetic acid, and centrifuged at 12,000 rpm for
10 min. to obtain acid-precipitated microsomal pellets which
are immediately re-suspended in 0.25M Sucrose and adjusted
to pH 7.8 by Phosphate buffer. The microsomes are next re-
sedimented by centrifugation at 30,000 rpm for one hour,
re-suspended in 0.25M Sucrose and re-sedimented to remove
excess soluble protein. These washed microsomes are re-suspended
in 0.05M Phosphate buffer apd stored at -20°C. The purified
oxidase and microsomes are shipped on dry ice from the Clayton
Foundation Biochemistry Labs in Austin, Texas, to the Norman
Campus via air freight. The enzyme batches upon ar;ival are
stored at -20°C; A 5-10 ml samples are dialyzed for use against
0.01M K-phosphate buffer, pH 7.6, at 0°C to remove glycine
buffers. 500 ml of fresh and chilled buffer are changed three
times during a two-hour dialysis. This results in a final
total protein concentration of 7-10 mg/ml, and 70-80 mg/ml
for amine oxidase and microsomes, respectively, assayed by

Sigma biuret method [103].
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Methods

Experimental Equipment

Kinetic study microreactor. Assay nicroreactor used

for all kinetic studies with ﬁicrosomes and amine oxidase is
illustrated in Figure 2. 1Its specific design features include:
a constant-temperature water-jacket integrated with a Haake
bath and temperature controller, a liquid-sealed injection
port to insure a closed reaction system and an oxygen elec-
trode to measure the substrate-dependent consumption of oxygen.
The reaction mass volume is 1.94 mls. Such a microreactor
design has two major advantagés: 1) High turnover rates are
obtained by only moderate stirring, due to fast and uniform
concentration distribution of reagent molecules to the enzyme
reaction sites; 2) Substrates, cofactors, and the enzyme
system, which are usually expensive, are economically used.

As shown by Sofer [89], the reaction rate as well as the elec-
trode performance critically depend upon agitation. The
reactor is equipped with a magnetic stirrer to improve
agitation rate.

Ox&gen polarograph. Microsomal oxidative enzyme reaction

rates were measured polarographically by monitoring the sub-
strate~dependent rate of decrease in oxygen concentration in

the reaction medium of the closed system. A Yellow Springs
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FIGURE 2. Assay microreactor. All kinetic
studies with liquid as well as immobilized
microsomes were conducted in this reactor.
Fine temperature control, adequate magnetically-
stirred mixing of the reaction mass, and
accurate measurement of the rate of oxygen
consumption in the closed system during
reaction by the use of an oxygen probe are
the distinct features of this reactor design.
Low catalyst and substrate requirements, and
short assay time needed to complete a given
run are two advantages of the design. The
reactor is emptied by vacuum aspiration.

r~.
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instrument éompany Model No. 4004 Clark-type oxygen electrode
was coupled to the stirred-batch microreactor and a Heath/
Schlumberger model EU-205-11 strip chart recorder via a poten-
tiometric trimming circuit. The schematic diagram of the entire
oxygen polarograph system is shown in Figure 3. Monitoring the
¢oncentration of oxygen as a substrate polarographically (as
opposed to amine substrates and cofactors) has two major
advantages and conveniences: 1) Initial rates are recorded
instantaneously on the chart recorder in the form of slopes of
oxygen decrease. Thus, accuracy of measuring initial enzymatic
¥ates is highly enhanced by avoiding errors introduced due

to non-precise quantitative analyses and imperféct termination
6f the reaction used by other techniques;. 2) The time involved
in carrying out any required microsomes-catalyzed oxidation
assay is reduced to the minimum.

High pressure liguid chromatogréphy apparatus (HPIC).

Qualitative analyses of reaction products from microsome-
catalyzed two-step sequential kinetic experiments were per-
formed by HPLC. This is one of the most, (if not the most),
powerful analytical and separation tools available today in
terms of convenience, efficiency of resolution, and sensi-
tivity. The HPLC apparatus used consists of a Rheodyne syringe
loading samﬁle injector model 7120, a mini-pump model 396/89

of Milton Roy Co., a p-Bondapak matrix packed 1/4" OD x 1!
€olumn of WATERS Associaté; (Flow rate: min/max 46/460 ml/hr

@ 60Hz, max., Pressure: 5000 Psig), a high sensitivity ALTEX
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FIGURE 3. Oxygen polarograph. The polarographic
input from the microassay reactor is monitored

on the strip-chart recorder via the potentio-
metric trimming circuit. A microamp box is

used for coarse adjustment of the electrode

input to the recorder. Finer adjustments and
zeroing may be done at the recorder.
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UV-Monitor and Detector Model 150, and an Omniscribe strip-

chart recorder of Houston Instruments.
Gel Permeation Chromatography

Besides HPLC, separation of reaction products, especially
N-HO~B8NAGluc final product, from tﬂe sequential mechanism were
also routinely carried out by gel permeation chromatography.
Even though this method does not possess as high a resolution
as HPLC, it has considerable advantages if an efficient column
gel-matrix with minimum retention is used. Adequate separation
can be obtained by simple gravity flow through the column
by means of a static pressure head of the elution fluid over
the column or by applying a low pressure peristaltic pump to
introduce the displacing elutant. Another advantage is that one
can load at once and separate large volumes of samples in a
considerably shorte£ time than the time required in case of
HPLC, where only mipro-quantities can be introduced at a time.

The gel-filtration column used was a 2.5 cm ID x 39 cm
glass tube packed with Sephadex G-10-120 beads. The bed
volume was about 131 cm3. The eluent wavelength was monitored
at 254 nm with a Biochemical UV-Monitor and Altex UV-detector
integrated with an Omniscribe chart recorder. A model 1200
Pup Golden Retriever automatic fraction collector from ISCO

was used to collect various peak fractions.

Spectrophotometers. Identification of the concentrations

of substrate (B-NA); the product of oxidation (N-HO-BNA) ;
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and the conjugation product from the two-step kinetics (N-HO~

BNAGluc) for all assays were performed spectrophotometrically
where the products exhibited sharp absorption peaks in the
characteristic wavelengths corresponding to the respective
compounds. Two spectrophotometers were used in this work.

A Hitachi model H-191 Single beam spectrophotometer and Beck-
man DB-GT double~beam grating spectrophotometer. The latter
one was especially convenient for automatic scanning of
samples over a wide range of wavelengths, both UV (120-340nm),
and visible (340-800nm).

Reaction rate assays. Initial activity of microsomes

catalyzed N-oxidation of B-naphthylamine was measured polaro-
graphically by monitoring the substrate-dependent up-take of
oxygen in the reaction medium in the batch magnetically-
stirred constant temperature microreactor. The procedure of
routine kinetic assay runs is as follows: the oxygen polaro-
graph apparatus, and the water batch which circulates water
at a desired temperature through the reactor jacket was turned
on. The- first essential task is to calibrate the oxygen
electrode. This is easily achieved by the following method.
The reactor was filled with double-distilled de-ionized water
and the magnetic stirrer’was-turnedﬁon..;After the desired
‘cons;ant—teﬁperature.wasfobtained in the reactor and after
equipment warm-up,which usually £akes 15-20 minutes, filtered
air was then bubbled through fhe reactor at a constant slow

rate and the oxygen concentration was monitored via the
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oxygen electrode on the chart recorder. Air was bubbled until
maximum oxygen saturation in the medium (~200 nmoles/ml) was obtained
and until this value remained constant with any more further
bubbling. After the oxygen concentration reading was cali-
brated on the chart scale of the recorder in the range of
0-200 nmoles, the air~stream was removed and the water was sucked-
off from the reactor by vacuum aspiration. The reactor was
next rinsed well with spectro-grade methanol and double-
distilled water and was ready for the kinetic run.
Unless otherwise indicated, the reaction medium con-
tained:
~—0.1 M K-phosphate buffer, pH 7.4
—NADPH or NADPH-generating system consisting of
0.5 mM NADP', 1mM G6P and 1 U/ml G6PD
—0.25 mM MgCl

2
—0.36 mg/ml pig liver microsomes

After an initial 1-2 min. temperature equilibration,
the reaction was started by adding specified amounts of B-
naphthylamine. All standard kinetic runs were conducted at
38°C. Since catalytic poisoning of the enzyme amine oxidase
by hydrogen peroxide that can be formed during the reaction
is well-documented [91], catalase, an excellent decomposer of
hydrogen peroxide formation [92], is routinely added to the
assay medium. Initial reaction rates were calculated from

linear velocities measured during the first 10-20 seconds.
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Reaction rates as a function of cofactor/cosubstrate,
namely NADPH or oxygen, concentrations were also measured
polarographically by varying the concentrations of the
respective cosubstrate while keeping all the rest of the
reaction components constant. Oxygen concentrations in the
assay medium were varied by briefly purging the medium with
nitrogen. 0.5 mM constant B-NA concentration was used in
the kinetic assays.

Effect of pH. Reaction rates as a function of pH were

measured polarographically at 38°C by varying the pH of the
reaction medium with the appropriate K-phosphate buffer.

Any specified reaction pH was measured simultaneously by

using an accurate pH Needle Electrode (MI-408 Needle Electrode)
with an external reference electrode (MI-40§ microreference
electrode), both obtained from Microelectrodes, Inc. The
electrodes were coupled to a Perkin-Elmer (Coleman 80) digital
PH meter. pH fluctuations in the reaction mass from a spe-
cified value during 2-3 min. runs were insignificant.

Effect of temperature. The activity of microsomal

oxidative enzyﬁes for B8-NA N-oxidation were measured at several
constant temperatures ranging from 28°C-56.5°C at pH 7.5. The
‘assay medium used was as giﬁen in the reaction rate measure-
ment above. 0.5 mM constant 8-NA concentrations were used in
all the assayé as a reasonably oﬁtimum level of substrate
concentration which was determined from the previous kinetic

runs. Further, reaction rates were investigated as a function
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of B-naphthylamine concentration at four different constant

temperatures in the range of 27-42°C.

Ievel of Microsomal Protein Concentrations. To examine

the effect of the level of microsomal enzymes, initial reac-
tion rates and N-HO-BNA product yields were measured by vary-
ing the concentration of microsomal protein in the reaction
. medium. The initial rates were measured polarographically,
while product yields for specified reaction times were cal-
culated from amylacetate reducing equivalents determined by

the method of Tsen [92].

Reaction time-history. N-hydroxy B-naphthylamine

formation as a function of assay time from both B-naphthylamine
and f-nitronaphthalene was measured by withdrawing serial
aliquots as the reaction proceeded. The reaction medium used
for B-NA N-oxidation was as described before. However, for
B-nitronaphthalene (B-NN) reduction, oxygen had to belfompletely
purged from the reaction medium by nitrogé; at th; beginning
of the e#periment. The system was then stoppered tightly and
a small constant stream of nitrogen was allowed to flow con-
tinuously through a microhole in the stopper for the complete
duration of the assay to insure isolation of reaction mass
from oxygen leak. No catalase was needed in the Bg-NN run,

but 0.1 mg/ml (F.C.) bovine serum albumin was routinely used.
0.5 mM concentration of each substrate was used for the assays.
Concentrations of B-naphthylhydroxylamine were calculated

from amyl-acetate reducing equivalents determined by Tsen's

Method. This method is briefly described below.
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At specified times, as the reaction proceeded, aliquots
(.05-.1 ml) of the reaction media were quickly withdrawn and
transferred to test tubes containing 1 ml ice-cold water-
saturated amyl-acetate and 0.1 ml 1M sodium acetate pH 4.6 in
an ice-bath to quench the reaction. Then the samples and the
control (withdrawn before the substrate was added) were mixed
for 30 seconds on a test tube mixer. The amyl-acetate extract
(0.5 ml), separated by centrifugation, was transferred to tubes
containing 0.8 ml 0.0025 M bathophenanthroline in absolute
ethanol and 0.2 ml of 1M sodium acetate pH 4.6. Then, 0.04
ml of .01 M Fe(N03)3 in 0.01 M acetic acid was added and,
PO

exactly one minute later, .05 ml of .02 M H 4 added to

3
stabilize the ferrous bathophenanthroline complex. The
absorbance of the complex was measured at 535 nm against a
reagent blank using Hitachi Digital spectrophotometer. The
validity of these data was also checked by Trisodium penta-
cyanoamino-Ferrate (TPF) method as described by Poirier and

Weisburger [98].

Substrate diffusion limitation. To investigate

diffusion limitation of B-NA to the enzyme reaction sites on
the microsomal membrane, magnetic stirrer agitation rates

were varied from 0 to 800 rpm and reaction rates were

measured for each agitation rate polarigraphically. Composi- -
tion of the reaction mixture and the amount of microsomes

used in each assay was as given previously in this chapter,

and was identical for all agitation runs.
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g-NA and B-NN Sequential Reaction Experiments
Theoretical Analysis

We know from reaction engineering analysis that in
the case of 2-step sequential reactions in a homogeneous sys-
tem, one can control the concentration distribution profiles
of the intermediate and end product in a batch reactor as
desired by controlling the concentration of the feed [93,94].
For instance, let's assume a first order reaction sequence
Ak—rlB]iz C taking place in an isothermal batch stirred-tank
reactor, where kl < k2. If all of A is fed at once, the
concentration distribution profiles of reagent and products
in the reactor with time may look like as illustrated in
Figure 4a. On the other hand, if A were added in small amounts
at a time, making sure that the amount added is practically
consumed before the next addition, the profiles will assume
a form of distribution indicated in Figure 4b which maximizes
the end product. For bienzymic two-step consecutive reaction
assays., A}%B E;;_ C where Ey and E, are enzymes 1l and 2, Segel
[95]), points out that the following conditions should be met:
a) none of the conditions required for the second stage
reaction should be detrimental to the first step reaction,
and vice-versa; b) the first stage reaction must be zero-order
with respect to A over the assay time and irreversible; and
c) the second-stage reaction must be first order with respect

to B and irreversible. Let's look back to our reaction system
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of concern here. Taking B-NA consecutive reaction scheme:

(cosubstrates)l (cosubstrates)2
\\*~
B-NA o osomes > N-HO-B-NA i ores > N-HO-g-NA Gluc
(oxidase) (UDP-GT)

the assay conditions of pH and temperature are approximately
the same for both stages of the reaction (pH 7.4-7.6, and T =
38°C). The zero-order requirement for the first stage reac-
tion in (b), however, is not essential especially in cases
where the concentration build-up of the intermediate is not
desireable due to its inherent unstability. This is the case
with N-HO-BNA intermediate as discussed earlier. Therefore,
N-HO-BNA concentration build-up and the resulting loss of it
through degradation pathways can be avoided while at the same
time satisfying the irreversibility condition, if excess
enzyme system (microsomes) is used in combination with the
strategy of portional addition of the substrate in small
quantities in order to push the equilibrium far to the right.
The kinetics of the second stage reaction, i.e. N-hydroxy-g-
naphthylamine (~N) glucuronide product formation catalyzed by
microsomal UDP-glucuronyltransferase obeys first order law

at assay conditions specified in this work, as will be shown
in the next Chapter.  But this second step reaction is re-
versible [96]. Vessey, et al. [97], have studied the second
stage glucuronidation reaction with p-nitrophenol using puri-
fied UDP-GT and have reported that UDP-N-acetylglucosamine

(UDP-AG) almost completely inhibited the reverse reaction,
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while activating the enzyme for the forward reaction at the
same time. Therefore, in this work UDP-AG was used with
success in the 2-step kinetic assays as an inhibitor of the
reverse reaction. Conéluding from the analyses presented
above, portional addition of substrates (gB-NA and g-NN) was
used as én optimal technique for in-vitro production of
glucuronides via a 2-step sequential mechanism catalyzed by

hog liver microsomes.

Experimental Procedure

g-naphthylamine and g-nitronaphthalene microsome-

catalyzed 2-step sequential reaction kinetic experiments
were conducted in 5 ml volume stirred-tank pyrex-glass
reactor with a water-jacket constructed in the laboratory.
This reactor is a scaled-up version of the microreactor which
was used for all kinetic experiments described in the previous
sections. The scale~up of the volume of the reaction mass
was necessary in order to obtain larger samples for product
separation and analysis as well as to increase the chances
for quantitative formation of the glucuronides. The experi-
ments were conducted at 38°C. For B-NA sequential reaction
experiment, the reaction medium contained:

2.6 mls 0.1M K-phos. buffer, pH 7.5

0.5 mM NADP' + 0.2 mM NADPH

2.5 mM glucose-6-phosphate (G6P)

1 u/ml glucose-G-phosphéte dehydrogenase (G6PD)

0.1 mM Ethylene~diamine tetraacetic acid (EDTA)
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0.1 mM MgCl2
0.5 mM UDP-N-acetylglucosamine (UDPAG)
3.25 mg/ml hog liver microsomes

2.5 mM UDP-glucuronic acid (UDPGA)

The reaction components were added to the reactor in
the order of their appearahce above from top to bottom,
while the mixture was continuously agitated in the reactor.
The ox&gen concentration in the reaction medium was approxi-
mately 0.5 mM. The.pH of the reaction mixture was kept at
7.5. After addition of microsomes, ﬁhe reaction mass tem-
perature was gradually brought up to the experimental reaction
temperature (38°C) and 15 pl of .05 M g-NA was introduced
to the reactor with a micro-syringe. Immediately after that,
2.5 mM (final concentration) UDPGA, as indicated above, was
introduced. Thereafter, with continuous optimal agitation

of the reaction mass, 15 pl of .05 B-NA in EtOH were added to the

reactor every 4 minutes for 28 minutes making a total of 8

portional injections or an equivalent of 0.12 mls of .05 M

B-NA. The reaction was run for 36 minutes, after which the

'.reaction mass was transferred from the reactor into a large
- test tube and. the reaction. was quenched by dunking the test
tube in boiling water. for about 1-2 minutes.gentlf shaking

.. it by hand. . The denatured. precipitating proteins were removed

by centrifugation. The clear reaction mass was then extracted
with equivalent volume of diethyl ether in order to remove

possible unreacted B-NA. It was next placed in a 40°C water
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bath and flushed with nitrogen for 5 minutes to remove any:

dissolved ether.

Product Separation and Analysis

The clear acquous reaction mixture obtained after the
sequence qf procgdu;es described above was then transferred
to a pre-egquilibrated Sephadex G-10-~120 gel permeation chro-
matography column for separation. The elution fluid used
was 90% 0.01M K-phosphate buffer, 10% Methanol and 0.01 M
EDTA. The pH of the fluid was 7.8. As described earlier,
the separation column was equipped with a Uv—ﬁonitor, detec-
tor, chart-recorder and automatic fraction collector. Frac-
tions corresponding to various peaks were collected separately,
and each peak fraction was tested for absorption maximum of
N=HO-BNA(N) glucuronide by scanning iﬂ a Beckman double-beam
spectrophotometer. The absorption maXiﬁum of the glucuronide
was pre-established from~afreferencevstandard glucuronide
obtained directly from N-HO-BNA by modification of the method
described'by Kadlubar [70]. The peak"fractiops, identified
as ‘containing the N-hydroxy f-naphthylamine (N) glucuronide
product, were'combinedftogethér and'Canéntfated by freeze--
drying at about 60 mm vacuum. - The dried sample, (~1.5 g along
with K-phosphate salts) dissolved in 4 mls of double-distililed
deionized water, was also analyzed by high pressure liquid

chromatography (HPLC) against a standard glucuronide sample.

The elutant used was Hzo/spectro-grade methanol (1:1 V/V).
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g-nitronaphthalene 2-step sequential reaction experi-
ments of N-glucuronidation and product analysis procedures
were exactly analoguous to the procedures applied for 8-
naphthylamine, except that 0.1 ml of 10 mg/ml serum albumin
was included in the assay mixture and that oxygen was con-
tinuously purged from the reaction medium during the whole

assay period.

Immobilization of Microsomes on Porous Glass Beads

a) Bead-surface preparation and activation

‘The activation of the surface of porous'glass beads
and preparation for subsequent immobilization of microsomes
was performed by a modification of the method reported by
Ramachandran and Perlmuter [99]. This procedure of glass
surface activation was used by the authors for immobilization
of Glucose oxidase. The method adapted is as follows: 5 mls
of distilled water was added to 2.5 g alkylamine glass beads
in a beaker and then 5 mls of 48% hydrbfluoric acid was
added slowly, allowing the contents of the beaker to cool
between additions. After the mixture was allowed to react
for 1 hour, the supernatant was decanted off and 10 N NaOH
was added just enough to cover the beads. The slurry was
then heated to 80°C for 1 hour, washed with distilled water,
and dried overnight in an oven at 80°C. After a fresh and

clean bead-porous-surface was renovated by the above procedure,
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the dry beads were immersed in a 2% solution of 3-amino-
propyltriethoxy silane in acetone in order to introduce 3-
‘aminopropyl chain to the glass surface. Besides playing the
role of an extension "arm" to reduce the stearic hindrance to
catalyst activity, the alkylamine chain acts as an amine
intermediate for chemical linkage of an arylamine for further
attachment of the enzyme via diazotation and coupling. After
decanting excess liguid, the beads were placed in an oven at
40°C for 24 hours. Next, the alkylamine glass was refluxed
for 24 hours in 50 mls of chloroform containing 0.5 ml trie-
thylamine and lg of P-nitrobenzoyl chloride. Subsequently,
after washing with chloroform and ethanol, the beads were
dried in an oven at 60°C for 12 hours. Obtained arylnitro
glass was reduced by refluxing in 10ml 5% (W/V) sodium
dithionite for 1 hbur at 125°C. The arylamine glass beads
were then washed with water and benzene and dried overnight

at 60°C.

b) Diazotation of the arylamine .glass ‘and attachment of
 microsomes |
‘Tﬁe_arylaminé'glass beads ohtained above were .slurried
~in-50 mls oﬁ.ZNjnc;'andlplgcgdlin‘an-iqe-bath'inla dessicator -
connectéd to a vacuum aspirator. When cool (0-4°C), 0.125 g
of sodium nitrite was added and the reaction was allowed to
proceed under vacuum for 20 minutes. The beads were thoroughly

washed next with ice-cold 1% (W/V) sulfamic acid and rinsed
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finally twice with 0,1M K-phosphate buffer, pH 7.5. 4 mls
freshly dialyzed P.L. Microsomes (70 mg/ml total protein
content) were then added to the diazotated arylamine glass
beads in a glass beaker. The slurry was gently shaken by
hand and then allowed to stand in a refrigerator (0-48) over-
night. The next morning, the supernatant was decanted into
a separate beaker, and the beads were washed three times with
5 ml volumes of double-distilled water and rinsed twice with
0.1 M K-phosphate buffer (pH 7.5) until no mcirosomal activity
was observed in the supernatant. All the supernatants were .
combined and the amount of left over protein was determined.
About 0-2 g of the beads (wet weight basis) was then tested
for microsomal N-oxidation activity in the microassay reactor
by using dimethylaniline and B~naphthylamine as substrates.
After positive results, i.e., relatively high oxidative acti-
vities, were identified, the stability of activity was checked
every day for four days. The potential of immobilized micro-
somes-glass beads conjugate was assessed through UDP-glucuronyl-
transferase activity by synthesizing the N-hydroxy g-naphthyl-
amine glucuronide from N-hydroxy B-naphthylamine using the
beads. The active glass beads prepared were stored for further

use in the refrigerator.




CHAPTER V
RESULTS AND DISCUSSION

The results of this work can be divided into three
main categofies. The first broad section deals with the
results of the kinetic study of B-naphthyl-
amine N-hydroxylation catalyzed by pig liver microsomes. 1In
this section, results of investigation of reaction rates as
functions of the substrate (B-NA), and cosubstrates/cofactors
(02 and NADPH) concentrations are giveh. Then, a kinetic
model equation that best fits the experimental data is given.
Next, the effects of all essential reaction parameters on
the rate of B-naphthylhydroxylamine formation are presented
and discussed. The second part of the results of this work
pertain to the successful igfgiggg~demonstration of the
kinetics of the two~-step sequential reactions of N-hydroxyla-
tion and subsequent N-glucuronidation.of B-naphthylamine and
B-nltronaphthalene catalyzed by mlcrosomal enzymes. Based on
the experlmental conditions and procedures used in this work,
this kinetic process was then approx1mated by a dynamic kinetic
model of two-step irreversible first order series reaction.
"Computer simulation of the concentration-time profiles from
the differential rate equations with actual initial conditions

59
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and méasuréﬁ rate constants is given. These data are then
compared with similar concentrations vs. time curves obtained
experimentally for the substrate (B-NA), the intermediate
(N-HO-BNA) , and the glucuronide conjugate.

The third part of this work extends the carcinogen
kinetics to porous glass—-beads immobilized microsomes.
Possible covalent attachment mechanism of microsomal amine
oxidase to the glass surface is indicated. Then, the potential
of immobilized microsomes for metabolic activation of carci-
nogens was preliminarily assessed with B-naphthylamine. And
finally, significant practical advantages accruing from
immobilization of microsomes for metabolic activation studies
or for carcinogen testing in the long run are discussed and

recommendations are formulated to that effect.

PART I

A. B—-naphthylamine N-oxidation Kinetics

Catalyzed by P.L. Microsomes

Diffusion Limitation
The first item of concern for the kinetic study was
the determination of optimal agitation speed of the reaction
mixture at which diffusion limitation of the reactants to
the microsomal enzyme reaction siﬁes is minimized. Figure 5
shows reaction rate as a function of stirring speeﬁ. As can
}be seen from this curve, maximum oxidation reaction rate is
obkserved at about 400 rpm (the speed setting of 3 on the

magnetic stirrer). The reaction rate begins to drop rapidly
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FIGURE 5. Rate of reaction as a function of
agitation speed. The reaction medium was agi-
tated by a magnetic stirrer (MICRO V, Cole-
Palmer, Model #4805). The maximum reaction
velocity corresponding to minimum diffusion
limitation was observed between 300-400 rpm
(between 3-4 speed settings). The reaction
medium contained: 0.1M K-phosphate buffer,

PH 7.4; NADPH-generating system, consisting
of 0.5mM NADP+, lmM G6P and 1.0 U/ml G6PD;
0.25mM MgCl,; 29.0 U/ml catalase; 0.2mM
oxygen; 0.36 Mg/ml pig liver microsomes; and
0.5 mM B-NA. The experimental run was made
at 38°C. The sharp decline in the rate of
the reaction above 500 rpm's can be partially
explained by possible "clumping up" together
of the microsomal vesicles as the result of
which access of reagents to the catalytic
reaction sites is being blocked off. For
another explanation, see text.
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at higher rpm's, possibly due to the degradation of micro-
somal membrane proteins. In this work, all kinetic assay
runs were conducted at 350 rpm stirring speed in order to
avoid any possible harm to microsomal activity and to
operate close enough to the maximum diffusion enhancement at
the same time.

In order to examine whether the stirred batch micro-
reactor design, with the agitation rate as determined above,
had any kinetic advantages over the conventional biochemical
incubation assay technique; identical runs were made in the
microreactor and in the incubator (Dubnoff Metabolic Shaking
Incubator). The results are given in Figure 6. The shaking
speed used for the incubator was as commonly reported in the
literature [100] (4.5 setting). The concentrations of
N-hydroxy B-naphthylamine product were calculated from
amylacetate reducing equivalents determined by the Method
of Tsen as described in the Methods Section. From the com-
parison of these two sets of data one could clearly see the
strikingly significant advantage of the stirred isothermal
microreactor. 1In fact, for any given time during the first
4-5 minutes of the reaction, the isothermal optimally stirred
microreactor gives more than twice the yield of product than

that of the incubator.

Reaction Time-History
Figure 7 shows the time history of the formation of
N-hydroxy B-naphthylamine in the reaction medium as the

reaction progresses. This time profile was measured for
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FIGURE 6. Microassay stirred~batch reactor
(MASR) vs. shake-bath incubator data. The
assay mixture and the reaction conditions are
as indicated under the legends to Figure 5 and
in the Methods. The fact that MASR yields more
than twice the amount of product in comparison
with the conventional incubation technique
(especially, during the first 4~5 minutes of
assay), emphasizes the advantage of this

system for application in carcinogen kinetics
study.
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various microsomal protein concentrations ranging from 0.21
mg/ml to 1.75 mg/ml. The reaction mixture was as indicated
in Methods. The most important conclusion that can be drawn
from these data is that the time optimum for maximum product
formation, [N-HO-fNA] max, lies between 4-6 minutes for all
practical concentrations of microsomes. At prolonged assay
times ﬁhe N-hydfoxy product followé‘a décreasing trend.. This
evidence has also been apparent from Figure 6. The decrease
could be explained to occur due to a couple of factors.
First, it could be due to the inherently unstable nature of
the N-HO-BNA which would in time undergo a non-enzymic
oxidative degradation. Secondly, as the N-hydroxy accumu-
lates, the deactivation reaction is likely to occur in the -
presence of a small amount of the endogenous microsomal UDPGA
via UDP-Glucuronyltransferase by a sequential mechanism.
Evidence on this possible mechanism would be the subject of
Part II. As was given in the Methods Section of this work,

“the time optimum fOX¥ N-HO-BNA formation obtained from the

experimental results of Figure 7 was applied in themtwo-step
séquential reaction experiments to control the concentration .
- 0f this intermediate. At low microsomal concentration how-
_ever, the concentration-time profile is approximétely linear.
"It would be guite interesting to compare the results
of Figure 7 with similar profiles of N-hydroxy product
formation vs..assay time for pure microsomal flavoﬁrotein
amine oxidase catalyzed reaction. Product formation vs.

reaction coordinate curves investigated using pure amine
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FIGURE 7. Reaction time-history for B~NA
N-oxidation: microsomes assay. N-hydroxy
B-naphthylamine formation (yield) as a function
of assay time was measured at 38°C for four
different concentrations of microsomal pro-
tein as indicated in the figure. The composi-
tion of the reaction medium was as described in
Methods. It appears that for all microsomal
concentrations of practical interest, the
maximum for N-hydroxy B-naphthylamine concen-
tration is observed between 4-6 minutes, and
that the concentration of the latter starts to
decrease continuously thereafter, possibly,

via the deactivation pathway or side-reactions.
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oxidase enzyme are shown in Figure 8 for four different con-
centrations of the enzyme. Striking similarity pattern between
these two results with respect to the catalytic N-oxidation
of B-naphthylamine to N-hydroxy-B-naphthylamine stresses the
fact that, indeed even in whole microsomes, the oxidation of
the primary arylamine is amine oxidase-specific. However,
two important points need to be stressed here. First, as
can be seen from close examination of Figures 7 and 8, the
linearity of product formation in the case of pure oxidase
is about 1 minute for practically all the concentrations of
oxidase shown, while in the case of microsomes, the linear
portion is generally about twice larger than that of pure
oxidase. Secondly, product accumulation with reaction time
for microsomes-catalyzed N-oxidation is much higher than
that of pure amine oxidase-catalyzed reaction. This enhanced
stability of product formation and accumulation in micro-
somes can be explained by the following possibilities: 1)
microsomal lipids stabilize the N-hydroxy product by inhibiting
to a significant degree the non-enzymic auto-oxidation path-
way of the product to the Nitroso form. 2) Microsomal NADPH-
cytochrome c reductase is known to stabilize N-hydroxy
2-naphthylamine formation and accumulation by catalyzing the
backward reaction of 2-nitroso naphthalene (imminently
formed in the reaction mixture to some degree) to the N~hydroxy
product. These possibilities have been vividly demonstrated
by Ziegler [59}. The above comparison of data for pure

oxidase and whole microsomes is based upon 4-10 wt.$% oxidase



70

FIGURE 8. Reaction time-history for B-NA
N-oxidation: MFMF amine oxidase assay. N-<hydroxy
B-naphthylamine formation as a function of
reaction time was measured at 38°C for varying
concentrations of amine oxidase as indicated

in the figure. The composition of the reaction
medium was as described in Methods. The time-
optimum for maximum N-HO-BNA formation lies
between 4 and 5 min., after which, the N-hydroxy
product continues to follow a decreasing pattern.
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concentration in P.L. microsomes total protein content [102].
The microsomal protein concentrations used in Figure 8 were
calculated to contain approximately the corresponding con-
centrations of oxidase indicated in Figure 8 for the purpose

of comparison.

Reaction Rates.

Initial reaction rates as functions of the substrate
concentration were measured polarographically as described
in Methods. Figure 9 shows the variation of initial activi-
ties for microsomes catalyzed reaction with change in 8-NA
concentration. The composition of the reactibn mixturé was
as given in the legends to the figure. Two things are evi-
‘dent from this figﬁfe. First, the reaction velocity ié
inhibited at high substrate concentrations. This velocity
slump at high substrate concentrations could be presumed to
be due to substrate-~-inhibition. Secondly, the velocity curve
as a function of substrate concentration does not obey the
classical Michaelis-Menten kinetics. Right from the outéet,
it should be stressed here that the microsomal
initial activity being referred to in the discussion above
is the activity of amine oxidase which is specific to B-NA
Néoxidation in fhe microsomal éystem..‘Of courée;lhére; oné
might contend”Whether it ié rea11§“p6s§ibléﬂto télk about a
specific enzymic kinetics when,what is dealt with is not a
pure enzyme, but whole microsomes. This would be breaking

the traditional rules! However, this alternative approach
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FIGURE 9. Microsomal N-oxidation initial acti-
vity as a function of substrate (B-NA) concen-
tration. As described in Methods, the assay
medium contained: 0.1M K-phosphate buffer, pH
7.4; 0.5mM NADP+; 1mM G6P; 1.0 U/ml G6PD; 0.25mM
MgCly; 29.0 U/ml catalase, 0.2mM 03, 0.36 Mg/ml
microsomes, and the indicated amounts of the
substrate. The initial activities were measured
at 38°C polarographically by a substrate-
dependent increase in oxygen consumption. It

is obvious from the figure that the rate does
not follow the classical Michaelis-Menten
kinetics. i
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is a must in certain situations. If the interest is not in
the application of an enzyme as a single isolated pure
protein, but in the function of the enzyme as an integral
component of a whole composite system, the kinetic behavior
of the ‘enzyme in question has to be investigated in its
state of coexistence in the composite system. This is due
to the fact that modification of the activity of the enzyme
is possible in the integral system containing other enzymes,
phospholipids and endogeneous substrates. Such may be the
case with amine oxidase in microsomes. Since it is whole
microsomes which is applied for metabolic activation in
carcinogen screening attempts the activity of oxidase in
microsomes in such a case of practical application is the
point in discussion.

A similar experimental run was made with pure amine
oxidase to determine initial activities as a function of
B-NA concentrations. The result is shown in Figure 10.

The amazing similarity between velocity curves of Figures 9

and 10 is one more indication that B-NA N-oxidation is
oxidase-specific and that, even in whole microsomes, the

enzyme catalytic behavior is not significantly altered.

Both curves show the existence of strong allosteric effects

of enzyme site interactions with binding of substrate méle-

" cules. Some distinguishing features however, are observed.

The slope of the microsomal reaction rate curve of Figure 9

is lower than that of pure oxidase (Figure 10) at low substrate

concentrations.. Secondly, inhibition of activity (possibly,
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FIGURE 10. MFMF amine oxidase N-oxidation
initial activity vs. substrate (B-NA) concen-
tration. The composition of the reaction mix-
ture was as given in the legends to Figure 9,
except that 0.036 Mg/ml pure amine oxidase was
substituted for microsomes. The initial acti-
vities were measured polarographically at 38°C
as described in Methods. Possible substrate-
inhibition is apparent at high concentrations
of the latter in both Figures 9 and 10.
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substrate-inhibition) starts at a slightly lower substrate
concentration in the case of pure amine oxidase-catalyzed
reaction than that required for microsomes. Most likely,
these differences are diffusion-related. 1In the case of pure
amine oxidase-catalyzed reaction, substrate diffusion into
the enzyme reaction sites can be expected to occur at a
much faster rate than in the case of microsomes-catalyzed
reaction, for the simple reason that the surfacé of the pure
enzyme in its isolated form is totally exposed to substrate
molecules and will not pose as much diffusion-restriction
as it would when it is entrenched in the microsomal membrane.
The double reciprocal plot % against IEENA is
shown in Figure 11 for both microsomes and oxidase catalyzed
reactions of Figures 9 and 10. The maximum reaction rates
(Vmax)' expressed in activity units, and the apparent Michaelis-

Mentenvsatu:ation constants (Km), obtained by a reasonable

extrapolation of the linear region, are given in Table 2-A.

TABLE 2-A

Kinetic Constants for Catalytic N-Oxidation of
B-naphthylamine by Microsomes and

Flavoprotein Amine Oxidase

Microsomes Oxidase
Ko m4 ' 0.10 ' 0.07
v nmoles 94 86

max’ min. mg. prot.
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FIGURE 11. Double-reciprocal Michaelis-Menten
plots of B-naphthylamine N-oxidase activity for
microsomes and for pure MFMF amine oxidase. The
approximate (extrapolated) Ky values for the
substrate are, 0.1 and 0.07 mM for microsomes

and pure oxidase catalyzed reactions, respectively.
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As can be seen from the figures in the téble above the con-
centration of B-NA required to give half-maximal velocity
is approximately 43% higher than that required for pure

oxidase at the same experimental conditions.

Figure 12 shows percent conversion of substrate as
" the concentration of the latter is increased. For each
assay the reaction was run for 3 minutes. It is obvious from
these data that conversion drastically increases at low
substrate concentrations. Even though, such profiles of
conversion vs. reactant concentration are not uncommon,
the data of Figure 12 are of special significance for the
design of the two-step sequential reaction which will be
discussed in the later section of this chapter. Low B-NA
concentrations assure high enzymic conversion to N-HO-B-NA
and at the same time minimize accumulation of the substrate
in the reaction mass, thus avoiding possible substrate-
dependent side reactions.

Microsomal N-oxidation reaction rates were also
measured as function of the concentrations of cosubstrates
O2 and NADPH while keeping the amounts of all the rest of
the reagents constant. The Michaelis-Menten double recipro-
cal plots are given in Figure 13 for oxygen, and Figure 14
for NADPH. A summary of the apparent Michaelis-Menten
kinetic constants is given in Table 2-B. The kinetic constants,
which represent the concentration of the corresponding
reagent required to half-satufate the enzyme, are very high

for the substrate and NADPH as can be seen from Table 2-B.
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FIGURE 12. Percent conversion vs. substrate
(B-NA) concentration. Microsomes-catalyzed
B-NA conversion to N-HO~BNA was measured in

the indicated range of substrate concentrations.
All the assays were run for 3 minutes at 38°C.
The N-hydroxy B-naphthylamine product yields
were calculated from amyl-acetate reducing
equivalents determined by the method of Tsen [92].
N-HO-BNA product yield drastically falls at
high substrate (B-NA) concentrations, possibly,
due to the substrate-inhibition or side non-
enzymic reaction.
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TABLE 2-B

Kinetic Constants for Catalytic N-Oxidation of

B-naphthylamine by P.L. Microsomes

Constant Value for B-~NA (substrate) N-Oxidation
Ksubstrater ™ ] 0.10 _

Ko, uM . 0.0155 (=1.55x10" °mM)
KNADPH'mM 1.110

This may be due to diffusion limitation through the microsomal
membrane to the specific enzyme reaction sites. This effect
would be especially significant in the case of a high molecular
weight substance (cofactor) such as NADPH; and the value of the
constant reflects the validity of this conclusion. Besides

the diffusion limitation, there is a much more significant

factor that tends to increase K If we recollect

substrate’
the scheme in Figure 1, as discussed earlier, primarily the

imine form (which is in equilibrium with the amine form) of
the arylamine in the reaction mixture is N-oxidized due to

its high necleophilicity.

Reaction Rate Model.
~As has been observed from the comparison of experi-
mental réaétion rate data for microsomes and pufé oxidasé,'
the catalytic N-oxidation of B-naphthylamine in microsomes

can preliminarily be concluded as oxidase-specific. The next
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FIGURE 13. Double~reciprocal plot of microso-
mal B-naphthylamine-N-oxidase activity vs.
oxygen concentration. The assay was run at

pH 7.4 and 38°C. Oxygen concentrations in

the reaction medium were varied by diluting with
an appropriate proportion of nitrogen. Initial
activities were measured polarographically as
described in Methods. From the plot, it appears
that 02 binding obeys the Michaelis-Menton
kinetics. Koy is found to be 1.55x10~5mM.
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FIGURE 14. Double-reciprocal plot of microsomal
N-oxidation activity for B-NA vs. NADPH con-
centration. Initial activities were measured
polarographically at 38°C, varying the concen-
tration of the cofactor NADPH. The reaction mix-
ture used was identical to that used for all
kinetic measurements, and is given in Methods

and in the legends to Figure 9. KNADPH measured
was eqgual to 1.11lmM. .
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step was thé determination of an approximate reaction rate
model for B-naphthylamine catalytic N-oxidation by pure amine .
oxidase. When the oxidase experimental kinetic data were
computer~fitted to the rate equation (1) which was proposed
by Poulsen and Ziegler [102] for trimethylamine and methi-
mazole oxidation by the same enzyme, a good agreement was
obtained.
Vin
VEKE, K K. (1)

K
b a b C
28 Ta T tetl

where, A, B, and C refer to NADPH, oxygen and sgbstrate,
respectively. The notations are that of Cleland [101]. K,
Ky and Kc are the values of the corresponding kinetic con-
stants. This same rate model (equation (1)) also gave a
satisfactory fit for microsomes-catalyzed B-NA N-oxidation
experimental data.

The purpose of this treatise is not, however, to
determine an accurate enzymic rate equation for microsomal
oxidation which, to say the least, is quite complicated and
has no practical significance. It is rather to define the
significance of the wide variety of factors which affect
the kinetics of product formation in the practical applica-

tion of microsomes in large amounts for metabolic activation

of carcinogens.
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Effect of pH, Temperature and Microsomes
Concentration on the Formation
of N~-HO-BNA

pH. Microsomal N-oxidation activities were measured
at various reaction pH, ranging from pH 6.5 to 9.5. The
plot of microsomal activity as a function of pH is shown in
Figure 15. The composition of the reaction mixture is given
in the legends to the figure. 'As cén be seen from these data
the pH maximum lies around 7.8. However, all routine kinetic
assays were run at pH 7.4-7.5 in order to avoid rapid loss
of enzymic activity at its optimal pH.

Temperature. Figure 16 shows the dependence of acti~

vity on temperature. N-oxidation activity maximum is indi-
cated at 41°C, and then a sharp drop in activity is observed.
For the same reason as for the pH maximum, the practical
application of optimum temperature (41°C) for kinetic assays

is offset by rapid enzyme denaturation. This is indicéted
clearly by Figure 17 which compares the stablllty of B-naphthy-
lamine N-oxidation activity for microsomes at 37 and 41°C.

For example, the activity that can be obtalned after 6

minutes of incubation of microsomes at 4l°c.is about_l?% of
‘the original activity, while 65% -is rte_tair;éd after incubating for the
same period of time at 37°C. To give a vivid comparison,

the activity obtained after 6 minutes at 37°C is by about

175% higher than that which is obtained after incubating at
41°C for the same period of time. Therefore, a physiological

temperature, 37.5 * .5°C, must be used for microsomal assays
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FIGURE 15. B-naphthylamine N~oxidation acti-
vity as a function of pH. BAll initial activity
runs with different pH's were carried out
polarographically at 38°C. The pH of the
reaction medium was monitored accurately by a
pPH Needle Electrode with an external micro-
reference electrode (Microelectrodes, Inc.,
Londonderry, NH) coupled to a Perkin-Elmer
digital pH meter. The assay mixtures were as
given in Methods.
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FIGURE 16. B-naphthylamine N-hydroxylation
activity as a function of temperature. The
assay mixture was identical to that used for
all kinetic measurements and is given in the
legends to Figure 5, and in Methods.
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of any len§£h of duration over 2 minutes. From this highly
sensitive dependence of microsomal activity on temperature,
as pointed out above, one can now realize the extent of
damage of the activity of microsomal enzymes (and especially
that of oxidase) if microsomes were subjected to, say, 45°C;
even for ' a brief period. Such is the case, for instance, in
carcinogen screening tests via metabolic activation. 1In
the screening test procedure, microsomes are subjected to
45°C for a short period of time. It is most likely
that this "brief" treatment of microsomes at such a high
temperature level would cause a rapid irreversible deactiva-
tion of the enzymes, the half-life of some of thch is as
low as 2 minutes af 37°C [57]. Obviously, ﬁhis may result
in a significant loss of detection capability for carcinogenicity
for a great many compounds of environmental concern.

Microsomes concentration. The effect of microsomal

protein concentration on the rate of B-NA N-oxidation is
shown in Figure 18. It is obvious that there is a limit to
the amount of microsomes one can use with added benefit for
metabolic activation assays. For instance there is no
observable difference,.in oxidation initial rates as well as
product yield ét any specified assay time, between 5.5 mg and
7.0 mg microsomal protein used in the assay. However, the
rate of product formation increases almost linearly with
mictosomes concentration at lower ranges of the concentration

of the latter.
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FIGURE 17. Temperature-dependent inactivation
of microsomal N-oxidation activity. Initial
activities of N-HO-BNA formation as a function
of microsomes incubation time were measured
polarographically at two different temperatures
(37°C and 41°C). The inactivation curves were
obtained by incubating microsomes at a specified
temperature (37°C or 41°C) for specified times
as indicated in the figure and then subsequently
measuring the initial activities of B-naphthyl-
amine N-oxidation. The reaction mixture was

as given in the legends to Figure 5 and in
Methods.



LT T¥NOIA

ww ‘awiy

Ol

Aclivity, nmoles/min. mg. protein

n H
Q o

08

- > 3 L4 1] L]

L6

Dolb ©
Ool® x

~y



o8

FIGURE 18. Effect of the concentration of micro-
somal protein on the rate of B8-NA N-oxidation.
The N-oxidation initial rates were measured at
38°C polarographically by monitoring a sub--
strate-dependent increase in oxygen consumption
using a Clark-type oxygen-electrode with a
strip-chart recorder as described in Methods.
The reaction medium was the same as was used
for all kinetic studies, and consisted of:
0.1M, K-phosphate buffer, pH 7.4, 0.5mM NADP+,
lmM G6P and 1.0 U/ml G6PD, 0.25mM MgCl,,

29.0 U/ml catalase, 0.2mM O3, 0.5mM B-NA, and
varying amounts of hog liver microsomes as
indicated in the figure.
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B. B-nitronaphthalene Reduction

In-vivo studies with rodents, by Kadlubar et al [62],

had shown that B-nitronaphthalene (B8-NN) can be metabolically
converted to the N~-hydroxy-f-naphthylamine N-glucuronide con-
jugate. Weisburger et al [98] attempted to show the reduction
of B-NN iﬂf!iEEQ to B—-naphthylhydroxylamine by rat and mouse
liver microsomes. However, they reported a negative result.
It has been well recognized that arylnitro compounds are reduced
to the respective arylamines catalytically by a nitro-reductase
in the post-mitochondrial supernatant, cytosols, or in micro-
somes. But in-vitro experimental efforts, to show that
carcinogenic arylnitro compounds (such as B-nitro-ﬁaphthalene)
are first converted to’ the carcinogenically active intermediate
"N-HO-BNA form by metabolic activation via nitro reductase in
the microsomal fraction, have so far been unsuccessful. It
was through the suggestion of Dr. Kadlubar.of NCTR that the
author of this work paid attention to B-NN metabolic activation
problem.

To investigate B-NN reduction to B-naphthylhydroxyl-
amine, a kinetic study technique analogous to the one used.
for B-NA oxidation was applied in this work, except that in
“the case of B-NN reduction, the reaction was carried out in
oxygen-free atmosphere. Figure 19, shows the reaction time-
history of the formation of N~hydroxy B-naphthylamine inter-

mediate from B-nitronaphthalene. The experiment was performed
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FIGURE 19. Reaction time-history of B-nitro-
naphthaline-N-reductase activity in microsomes.
The assay was conducted at 38°C, and the reaction
medium contained: 0.1M K-phosphate buffer,

pH 7.4, 0.5mM NADP*+, 1lmM G6P, 1.0 U/ml G6PD,
0.25mM MgCljy;, 0.5mM B-NN, 0.36 Mg/ml pig liver
microsomes, and 0.1 Mg/ml bovine serum albumin.
Critical to the success of this experiment was
the complete isolation of oxygen from the
reaction mixture as described in the text. The
time-optimum for maximum N-hydroxy product
formation from B-NN is about 2 minutes as can
be seen from the figure.
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in the microreactor at 38°C, and the composition of the
reaction mixture is given in the legends to the figure. As
can be seen from these data the intermediate reduction pro-
duct, N-HO-BNA, in this case is extremely unstable, possibly
due to rapid total reduction to B-naphthylamine in the
oxygen-free environment [ 98 ]. The product formation maximum
lies distinctly around 2 minutes. This, in part, explains
why the authors mentioned above (Weisburger et al), who run
the assay for 5 minutes, could not detect the carcinogenic

intermediate.

PART II.

Two-Step Sequential Reaction of Metabolic

Activation and Deactivation of B-NA

1. The Reaction Kinetics

As has been discussed in Part I, B-naphthylamine is
N-oxidized with the consumption of equimolar quantities of
NADPH and molecular oxygen in the presence of microsomal
flavoprotein oxidase to yield an active (carcinogenic) form
N-HO-BNA. The latter, being an unstable and highly reactive
compound, is stabilized and rendered inactive (non-carcinogenic)
with the consumption of equimolar uridine 5'-diphosphoglucuronic
acid (UDPGA) in the presence of‘a second liver microsomal
enzyme, UDP-glucuronyltransferase (UDP-GT). The second step
reaction yields a glucuronide éonjugate which is carcino-

genically inactive. Usually, an inert atmosphere is necessary



104

FIGURE 20. Experimental profiles of B-NA
activation-deactivation sequential reaction
products. The reaction was run in a 5 ml.
water-jacketed (T=38°C), stirred-batch reactor.
The assay mixture consisted of: 2.6 mls 0.1M K-
phos. buffer, pH 7.5, 0.5mM NADP+ and 0.2mM
NADPH, 2.5mM G6P, 1 U/ml G6PD, 0.1lmM EDTA,
0.lmM MgCly, 0.5mM UDPAG, 3.25 Mg/ml micro-
somes, 2.5mM UDPGA, 0.2mM 02, and 30uf of

0.05M B-NA. Calculation of the concentration
of the respective compounds was made from the
analysis of 0.2ml serial aliquots. "Analysis
for the substrate was made by reading absor-
bance of the sample at 235nm; for N-HO-BNA-

by amyl-acetate reducing equivalents; and for
the glucuronide - by citric acid hydrolysis
reverse reaction and subsequent analysis by

the TPF method [98] as described in text in the
Methods section.
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when obtaining glucuronides from N-HO-BNA in a single second
step enzyme reaction, in order to prevent ring-oxidation or
~oxidation to the Nitroso form. However, such an atmosphere

is not conducive to the formation of the oxide from B-NA.

It is therefore obvious that a reaction design was necessary
to carry out the glucuronidation of B-naphthylhydroxylamine,
(N-HO-BNA), in a two-step enzymic sequence from B-NA with
minimal accumulation of the intermediate. As was described

in the Methods Section, this was achieved by portional

loading of the substrate in small amounts (15u% of .05M B-NA)
every 4 minutes, the optimum conversion time determined

from the kinetics of the first stage reaction. Figure 20
shows the experimental result of the time—concentration pro-
files of the substrate, thg intermediate, and the N-glucuron%de
conjugate in the two-step sequential reaction for one single
small amount(30ufl) loading of the substrate. All the rest

- of the reaction components and cofactors as well as micro-
somes were used in excess. The reaction was run at 38°C in

a 5 mf stirred-batch reactor. The composition of the reaction
medium was as given in the Methods Section and is repeated

in the legends to. the figures. .Due to excess concentrations
of UDPGA and the microsomal UDP-glucuronyltransferase, the
intermediate product (N-HO-BNA)‘of the first stage is rapidly
consumed in the deactivation reaction. Thus, by pushing the
equilibrium of the reaction far to the right, the accumulation
of the intermediate is minimized. Surprisingly, the data of

Figure 20 indicate that the dual enzymic sequential reaction
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FIGURE 21. First order logarithmic plot of

fn C/Cy vs. t for B-NA N-oxidation. The first
step, metabolic activation, reaction at low
substrate concentration (150 nmoles/ml B-NA,
as was applied in the two-step reaction at

- optimum time-intervals) satisfies_first-order
kinetics, with k; = 1.6x10"2 min~1
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at the givéh and practical assay conditions can be modelled
as two-step consecutive reactions of first order. The
validity of such a model has been investigated. Figure 21
shows the plot of %n C/Co vs. time for B-naphthylamine
N-oxidation reaction, i.e., for the lst step reaction, where
Co is the initial concentration, and ¢ is the concentration
of B~-NA at any given time during the reaction. The plot is
fairly linear, indicating that first order approximation is
possible. The kinetic rate constant for this first stage
reaction (kl), which is equal to the slope of the line, is
0.016 min-l. The second step reaction, i.e., the conversion
of N-HO-BNA to the N-glucuronide, was also run'independently.
As has been discussed earlier in Methods, UDP-N-acetylglucose-
amine (UDPGA) was used in this step to inhibit the reverse
reaction of the glucuronide back to the N-hydroxy. A similar
plot (analoguous to Figure 21) of the éxperimental data for
this second stage reaction is shown in Figure 22. This plot
exhibits a linear behavior and thus the second stage reaction
can also be satisfactorily approximated by first-order kinetics.
The rate constant (kz) obtained from the slope of the line is

l. Thus, it is clear that the activation/

equal to 0.143 min~
deactivation mechanism taking place in liver microsomes at
low substrate concentrations and at excess concentrations of
all the rest of the required reaction components can be

modeled or approximated by two-step consecutive reactions

of first order. Specifically for B-naphthylamine, under
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FIGURE 22. First-order logarithmic plot of
#n C/Cy vs. t for N-HO-BNA N-glucuronidation.
The second step, metabolic¢ deactivation,
reaction at low N-HO-BNA concentration (~100
nmoles/ml) approximately follows first-order
kinetics, with k, = 14.3x%10-2 min—1
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given assay conditions we can write the reaction scheme as:

k ' k
B-NA-__Eq..N-HO—BNA-.__2—;-N-HO-BNAglucuronide
E

1 -Tz
‘-Jn microsomes

where, El refers to microsomal flavoprotein mixed function
oxidase (FMO), and E, symbolizes microsomal UDP-glucuronyl-
transferase (UDP-GT).

Formulating the differential réte equations for the
respective components in the reaction model, taking into

consideration the decay of enzyme activity, we can write,

QIE-NAl - - k, [8-NA]IE,/Eo,] | B CHR
AIB-MAG] - x, [oH-BNA] [E,/E0,] (3)

where, in the above equations, OH-BNA stands for N-HO-8NA,

and B~NAG symbolizes the glucuronide conjugate, and, Eo, and

.Eo, are the initial enzyme activities.

' Assuming first order enzyme activity decay,
e =k (B (4)
and _ |
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Equations 1-3 were solved on the computer in combination with
equations 4 and 5 for the concentration profiles of the sub-
strate the intermediate and fhe glucuronide conjugate as a
function of reaction time, using the Continuous Systems

'
Modelling Computer Program (CSMP). The decay constants kl and

]
k2 used in equations 4 and 5 for the respective enzymes,

were determined froﬁ experimental measurement of the decline
of activities as a function of incubation time at 37°C. They
corresponded to 0.002 and 0.001 min"1 for oxidase and UDP-GT,
respectively. The initial concentrations used in the solution
of the model equations, i.e. the initial substrate concen-
tration and the initial enzyme activities, were experimental
initial values from the kinetic run of Figure 20. The CSMP
program is given in Appendix Al. The print-plot solution
output in concentration vs. time profiles is shown in Appendix
A2 through A4 for the substrate, intermediate, and the
glucuronide, respectively. In order to combine all the three
profiles in one graph, the CSMP output data were taken and
interphased with a DOT plotter. The resulting graphs are
given in Figures 23 and 24. Due to minimal accumulation of
the intermediate (N-HO-BNA) product with reaction time, the
concentration-time profile of the latter was small in com-
parison to the concentration levels of the substrate and the
glucuronide conjugate (Figure 23), and therefore the N-HO-8NA
curve is shown separately in Figure 24 in an enlarged scale

for clarity.
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FIGURE 23. Computer-simulated profiles for
B-NA and N-HO-BNAGluc. The profiles were.
obtained from computer (IBM-370) simulation
of the proposed dynamic kinetic model for
metabolic activation/deactivation consecutive
reaction of B~naphthylamine. The data used
for the simulation are given in Appendix A2
for B~NA, and Appendix A4 for N-HO-B8NA
Glucuronide. The DOT plot program is given
in Appendix AS. .
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FIGURE 24. Computer-simulated profile of N-hydroxy
B-naphthylamine intermediate the profile was
obtained from computer simulation of the proposed
"dynamic kinetic model for metabolic activation/
deactivation consecutiveé reaction. The data used
for generation of this plot are given in

Appendix A3. The DOT plot program is given in
Appendix AS. -
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Fréﬁ the comparison of these data (Figures 23 and
24) and the experimental results of Figure 30 one can see
then, that the simple theoretical two-step consecutive
kinetic model explains the activation/deactivation phenomena
satisfactorily well under given conditions. The appearance
of significantly lower levels of the concentration profile
of the N—hydroxy intermediéte from the model solﬁtipn'ih
comparison to the experimentally observed profile may be due
to possible over-estimation of the rate constant k2 from
the plot of Figure 22. In principle, with all the rest of
the parameters in the model equations known, one can solve
iteratively for the required k2 that enables tﬁe model to

satisfy the experimental data more accurately.

2. Product Analysis

Figure 25(a) shows the chromatogréphic elution peak
from HPLC for the standard N-HO-B8NA glucuronide which was
synthesized starting from the N-hydroxy intermediate. In
. Figure 25(b), peaks for the two-step synthesis reaction
;ample are shown and Figure 25(c) depicts a single peak
obtained from a combinatidn 6f samples'of.Figures 25(a) and
25(b). The completevoverlap of the product peak from the
_sequential bienzymic reaction with the standard glucuronide
peak as shown in Figure 25(&), ihdicaées that the activation/
deactivation process prevails in carcinogen transformation

in liver microsomes in-vitro.
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FIGURE 25. Relative intensity of resolution

vs., time. Resolution peaks obtained by HPLC

for (a) standard N-glucuronide obtained by

direct synthesis from N-HO-BNA, (b) N-glucuronide
obtained by two-step synthesis from B-Na,

(b) 1:1(v/v) combination of (a) and (b).
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Figure 26 shows Sephadex gel-fiitration chromato-
graphic peaks of the glucuronide obtained from a single
inactivation stage run, starting from the standard N-hydroxy -
intermediate. This elution peak coincides with the peak
obtained by Kadlubar et al [62 ] for the same product using
N-HO-BNA as the substrate. Figure 27 depicts the peaks
obtained from the activation/deactivation model reaction.
The indicated peak in Figure 27 exactly coincides with the
peak in Figure 26 with respect to resolution time with all
column operating conditions kept conétant.

" The product absorption peak was sought between
200-300 nm wavelength range. Earlier reports by Kadlubér,
who studied the single activation stage, showed that the
glucuronide in discussion has a UV-absorption maximum around
238 nm. Figure 28 shows the absorption maximum of the
product from a wavelength scan between 200~300 nm on Beckman
DB~GT grating spectrophotometer. It can be seen from this
figure that the absorption peaks for both the standard
glucuronide and the product obtained from the activation/
deactivation model reaction coincide. Kadlubar and coworkers
have conducted rigorous analysis of the molecular structure
of the glucuronide conjugate by mass spectrometry.

The possibility of N-glucuronidation without inter-
mediate oxidation also exists. The possibility of this
reaction was investigated by attempting to synthesize the

non-oxidized glucuronide under identical conditions, but
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FIGURE 26. Relative abscorbance vs. elution

. volume. The indicated absorbance peak was
obtained from gel-filtration chromatography
(Sephadex G-10-120) for the standard N-glucu-
ronide. Column data: height -25.9 cm., I.D. -
2.54 cm., bed volume - 131.2 cm3. Flow rate =
10 drops/minute. The pH of the elution £fluid
was 7.8; and consisted of 90% K-phos. buffer,
10% Methanol in 0.01M EDTA.
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FIGURE 27. Relative absorbance vs. elution volume.
The indicated absorbance peak, obtained by gel-
filtration chromatography from the consecutive
reaction of B-NA, corresponded to the N~-glucuro-
nide. This peak agrees with the standard
N-glucuronide peak given in Figure 26. Column
operation specifications are glven in the legends
to Figure 26.
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FIGURE 28. N-hydroxy B-naphthylamine glucuronide
UV absorption curve. The glucuronide product
fraction from the gel-permeation separation

column was freeze-dried, and subsequently dissolved
in water (1:10 v/v ratio). A sample of the solu-
tion was UV-scanned on a Beckman double-beam
(DB-GT) spectrophotometer against HpO0. An
absorption maximum was obtained at 238-240nm,

which corresponded to the N-hydroxy B-naphthylamine
glucuronide. .
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in the absence of NADPH - the required cofactor for oxida-
tion. There was no identifiable peak in either the gel-
filtration or the HPLC system indicating that the glucuronide
conjugate obtained in this work was solely through the

activation/deactivation sequential mechanism.

B. B-nitronaphthalene Sequential Reaction of

Activation and Deactivation

B-NN in-vitro metabolic activation (partial reduction
to N-HO-B-NA) has been discussed earlier in this chapter
and the experimental result was presented in Figure 19.
The experimental kinetic technique applied for.the sequential
activation/deactivation reaction run was described in the
experimental section. The glucuronide conjugate product
from the reaction mixture was separated and analyzed using
the same technique, i.e., gel permeation chromatography
(Sephadex G-10-120) and HPLC, analoguous to the procedure
used for analysis of the N-glucuronide from B-NA. Figure 29
shows the elution peak of the product from the Sephadex
separation column. As can be seen, the peak corresponding
to the N-glucuronide conjugate, exactly analogous, to the
one observed from B-NA sequential reaction (Figuré 27), was
obtained. The UV scan of a sample of the collected peak
fractions showed an absorption maximum at 238 nm (identical
to Figure 28), confirming that the deactivation product
.was N-hydroxy B-naphthylamine glucuronide. This conclusion
was reaffifmed by mass spectrometry of the product with a

kind collaboration of Kadlubar and coworkers of NCTR.
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FIGURE 29. Relative absorbance vs. elution
volume for N-HO-BNA Gluc from B-NN. The
indicated absorbance peak was obtained from
the gel-filtration chromatography for the
N-hydroxy B-naphthylamine.glucuronide upon
separation of the reaction mass. As was
described in Methods, in B-nitronaphthalene
sequential reaction, 1l0ul of .05M substrate was
‘added to the assay medium every 2 minutes

for 12 minutes. The assay was run for 20
minutes. The product peak agrees with the
corresponding N-glucuronide peak obtained from
B-NA sequential reaction (Figure 27).
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PART III.

Glass—-Beads Immobilized Microsomes

Hog liver microsomes, with a total protein content
of 70 mg/ml (Sigma Biuret Method) and an assayed B-NA
N-oxidation activity of 55 nmoles/min. mg. prot. (with
.5 mM B-NA F.C.) at 37°C, were immobilized on CPG porous
glass beads using the immobilization technique described in
Methods. The beads used were of nominal pore diameter
of 13503, particle diameter range: 177-840 microns, and
with a surface area of 34 mz.

Figure 30 shows the N-oxidation activity of glass-
beads immobilized microsomes as a function of the substrate
(B-NA) concentration. The similarity between the activity
curves for the native (liquid) microsomes (Figure 9) and
immobilized microsomes (Figure 30) is obvious. It can be
seen that, for instance, about 10 nmoles/min. mg. beads
N-oxidation activity is obtained with 0.5 mM substrate
concentration in the reaction medium. What this amounts
to is that about 5-6 mg. of active glass-beads-microsomes
conjugate solid phase, obtained through the given immo-
bilization technique, would yield an equivalent éctivity
aé 1 mg. of native microsomal fraction. Such a high
microsomal activity level exhibited after immobilization
on a porous solid phase such as glass is truly marvelous
if one has to consider the following two major “activity-

liniting" factors associated with immobilized enzymes.
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FIGURE 30. Glass beads-immobilized microsomes
N-oxidation initial activity vs. substrate

(BNA) concentration. The reaction was run at
38°C in the stirred-batch microreactor. The
reaction medium contained, 0.1M K-phosphate
buffer, pH 7.4, 0.5mM NADP+, 1mM G6P, 1.0 U/ml
G6PD, 0.15mM MgClsy, 29.0 U/ml catalase, 0.2mM
02, 20 mg. active glass-beads, and varying
amounts of substrate as indicated in the figure.
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(1) Usually a very significant loss of enzyme activity,
sometimes as high as 50% [71 ], is expected due to immo-
bilization, i.e. due to participation of some of the active
(catalytic) centers of the enzymes(s) in chemical bonding
with the solid phase arm. (2) Even though the diffusion of
the substrate molecules from the bulk reaction mass to

the surface of the solid matrix in the bétch reactor is
enhanced by agitation, its diffusion into the pores of the
solid phase (internal diffusion) to the enzyme catalytic
sites is commonly a major limiting factor of the kinetics.
Despite these limitations, immobilized microsomes have
quite a high potential for the study of the kinetics of
carcinogens.

One of the significant advantages of using glass
beads-immobilized microsomes for in-vitro metabolic acti-
vation of carcinogens can be seen on Figure 31 which shows
the reaction time-history of B-NA activation. As has been
shown and discussed earlier in Part I of this chapter,
one of the main kinetic problems encountered in metabolic
activation of B-NA to its active intermediate form (N-HO-BNA)
in liquid microsomal system was the unstability of the
formation of the intermediate, i.e. its continuous decrease
with time as the reaction progresses, after the first 4-5
min. (Figure 7). Surprisingly, this problem appears to
be solved with the use of immobilized microsomes. As one
can see from Figure 31, the formation of the N-hydroxy

intermediate is stabilized and it doesn't seem to have been
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FIGURE 31. Glass beads-immobilized microsomes
reaction time-history for B-NA N-oxidation.
The assay conditions and the reaction mixture
used was as given in the legends to Figure 30,
except that 0.5mM B-NA was used for the assay.
B-naphthylhydroxylamine concentrations were
calculated from 0.1lml serial aliquot samples
using amyl-acetate reducing equivalents deter-
mined by the Method of Tsen [92]..
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attacked by another reaction pathway, which makes the
detection of this ‘active form much easier. This improve-
ment in the stability of the formation, or rather the
accumulation; of the intermediate in a reaction system |
using immobilized microsomes may be explained by the
following. (1) In the solid phase, due to substrate
diffusion constraint, reaction takes place at a relatively
slow pace in comparison with the reaction velocity in a
homogeneous system using liquid microsomes. Thus, a rapid
accumulation of the reactive intermediate, which will
subsequently cause a significant loss of the latter via
side reactions, is possibly avoided by the use of glass-
beads-immobilized microsomes. The most important advantages
accruing from immobilization are the significant increase
in the stability of activity and the reuseability of the
active solid matrix. The half-life of the porous glass-
beads-immobilized microsomes was about 5 days. The active
matrix could be easily washed-off after a given assay,
stored, and reused for another experimental run without a
significant loss of the original activity.

The conjugative microsomal enzyme activity,
especially that of UDP-GT, of the glass beads matrix was
further investigated by running the glucuronidation reaction
with N-hydroxy B-naphthylamine as a substrate. The
reaction was run in a stirred 5 ml batch reactor at 37°C
for 40 minutes under the atmosphere of nitrogen. Separation

-

- ~.0f the reaction product by the routine>éephadex gel-
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FIGURE 32. N-hydroxy B-naphthylamine glucu-
ronide hydrolysis curve. The N-glucuronide
obtained by a one-step synthesis from N-HO-BNA
using glass beads—-immobilized microsomes was
hydrolyzed back to the substrate (reverse
reaction) by 2M citric acid, pH4 in the incu-
bator at 38°C. The N-hydroxy was then analyzed
from 0.1lml serial aliquots by using amyl-
acetate reducing equivalents.
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permeation chromatography and subsequent UV scan gave
elution peak and absorption maximum exactly identical
to the glucuronide peaks indicated in Figures 26 and 27,
respectively. The N-hydroxy B-naphthylamine glucuronide
conjugate is known to be susceptible to hydrolysis at an
acidic pH to its parent compound N-hydroxy B-naphthylamine
(reverse reaction). To further verify the validity the
product obtained, this experiment was performed. Figure 32
shows the hydrolysis reaction profile of the freeze-dried
and HPLC-purified sample of the glucuronide product to
N-hydroxy B-naphthylamine with 2M citric acid at pH4.
Thus, it is obvious that the application of glass-beads
immobilized microsomes appears to be highly feasible for
carcinogen screening tests via metabolic activation/deac-

tivation procedure.




CHAPTER VI
CONCLUSION AND RECOMMENDATIONS

In order to assess the various factors affecting
the fidelity of the present in-vitro short-term carcinogen-
screening tests via metabolic activation, the kinetics of
B-naphthylamine (8-NA) was studied using pig liver micro-
somes as an activation systém of enzymes. The catalytic
activation of B-NA to N-hydroxy B-naphthylamine (N-HO-BNA)
in liver microsomes is specific to mixed-function micro-
somal flavoprotein oxidase (MFMFO) activity. The catalytic
formation and accumulation of N-HO-BNA, a reactive carci-
nogenic intermediate form, in liver microsomal assay
system is significantly affected by variables such as
temperature, pH, reaction time, concentration levels of
substrate and microsomes, and by diffusion limitation.

The metabolic activation kinetics of B-nitronaphthalene
(B-NN) , an ahalog of aryl-nitro carcinogen compounds, to
N-HO-BNA catalyzed by pig liver microsomal nitro-reductase
was also shown successfully for the first time in-vitro.

Metabolic activation of carcinogens is usually

accompanied by a deactivation reaction, involving a second

(conjugative) enzyme. This bienzymic two-step consecutive

141




142

reaction has been successfully modeled in-vitro in a batch
reactor for the substrates B-NA and B-NN. The pathway
investigated here is the N-oxidation catalyzed by micro-
somal mixed-function amine oxidase (for B-NA), and partial
N-reduction by nitro-reductase (for B-NN), and subsequent
glucuronidation via microsomal UDP-glucuronyltransferase.
Periodical addition of the substrates by small amounts to
the reaction medium at optimum conversion time-~intervals

in a batch stirred microreactor seems to be the best kinetic
strategy to study the sequential mechanism of metabolic
activation/activation of chemical carcinogens. Moreover,
this technique or procedure models the in-vivo metabolic
reactions of chemical agents much closer, since foreign
chemical agents usually enter the body in small amounts at

a time from a given work environment. The consecutive
bienzymic reaction kinetics can be adequately approximated
by a dynamic model of two-step sequential reactions of first
order. The rate constant of the second step (glucuronidation
step) appears to be about a hundred times greater than

that of the first step. A computer simulation of the
proposed dynamic kinetic model satisfactorily agrees with
the experimental data.

The stability of microsomal oxidative and conjuga~
tive enzyme activities can be greatly enhanced by immo-
bilization of microsomes on CPG porous glass beads according
to the procedure prescribed in this treatise. B-NA

N-oxidation and glucuronidation activities of the glass-
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beads-microsomes conjugate shown in this work positively
indicate the potential of immobilized microsomes for use
in carcinogen screening tests. The most significant
advantage accruing from the application of immobilized
microsomes is the observed improvement in the stability of
formation and accumulation of the intermediate carcino-
genic reactive form, N-hydroxy R-naphthylamine in this
particular case.

However, the following recommendations have to
be made at this point to further assess the potential of
glass—-beads immobilized microsomes activity for application
in carcinogen screening tests in order to improve the
guality of the outcome.

l. Glass-beads solid matrix with larger

pore diameter than the 1350%, if avail-
able commercially, would facilitate

the immobilization of microsomes a
considerable ease and thus might result
in a much higher solid phase activity.
Higher porosity is desirable due to

the fact that, since microsomes are
large membraneous sacs onto the surface-
walls of which are embedded the
required enzymes, it would be

necessary to create a favorable pore
size for a better loading of the

microsomal entity for subsequent binding.
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Possibly, this would result in a higher
activity and stability of the solid-
phase conjugate obtained. In fact, it
was noticed during the experimental
runs with current g.b. immobilized
microsomes that in prolonged well-
agitated reaction assays a slight
amount of microsomal pellets were

being knocked-off from the surface of
the solid matrix, indicating that there
is either some physical adsorption

on the surface or relatively weak semi-
loading and binding at the mouth of

the pores due to the constraint in

pore size.

The two-step metabolic activation

and deactivation mechanism has to be
successfully shown with sufficient
activities for a typical carcinogen,
preferably benzolal-pyrene in order to
fully confirm their potential use with
accrued advantages.

Since one of the benefits of immo-
bilization of microsomes on the
glass~-beads solid matrix is the advant-
age of operation in reactors of various

configurations to achieve desired con-
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version of substrate the application
of continuous plug-flow or fluidized-
bed reactor configurations with recir-
culation are recommended for an
in-vitro study of the metabolic
kinetics Qf carcinogens and drugs.
Such designs hopefully would give a
better control of the main reaction
products and minimize side reactions
which could otherwise occur in batch

reactor systems.

This work has been only a first step in applying
chemical engineering principles to the area of carcinogen
metabolism in test situations. Needless to say, there is a
great deal of ekperimental and theoretical work to be done
in order to better understand the complex kinetics in micro-
somes for an efficient utilization of the latter in carcinogen

screening assays by metabolic activation.
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CONCENTRATION~TIME PROFILE OF B-NA KINETIC

MODEL COMPUTER SIMULATION
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CONCENTRATION-TIME PROFILE OF N-HO-BNA KINETIC

MODEL COMPUTER SIMULATION
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CONCENTRATION-TIME PROFILE OF N-HO-BNA GLUCURONIDE

KINETIC MODEL COMPUTER SIMULATION
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g E TR N RS L BT I L I e e e e s e AT

1 Cotar AU Te el N ()

- CHALAL T g ALAILL o YLAMLL

3 REAL TIMECIGU) e AUML(ICUloNUMZ(ILU ) ofvditS(l o0

“ CATA RLZ0es 08,00 )

B ALAGEL = *TIMC®

o YLAULL = SCUNCERTRATICN®

k4 1=1

u S KREAD( L # o ENUS100) TIAE(T) oNUMLCE) sNUNZ(T) 2 DUM3(L)

S I =+l

10 GGG €

11 100 1 = -}
12 CALL FIT(O0es15e0 e XLAUTL s Cas 20000 YLAELL)D

13 DU 1060 3 = 1.2

14 CALL KEY{(KE(J))

13 IF ( 4 «CQe 1) THEN DC

lu CALL DUT(TIME(L1) +NLN1{1)sl)

17 ELSE DO

iy CALL OGT(TIM4ELL) oNLN3(T) 1) :
19 CND IF
20 LE 500 K = 141
2t IF(J «cQs 1) THEN BC
22 CALL COT(TIMUCK) eNUMLI(KDLO)
23 ELSE OU
24 CALL VUT(TINE(R) «HNUMI(K) 4 0)
2% ENO IF .

20 300 COLNTINUC
2? too¢ CUNTINUE

24 CALL HAGECL)

2y sSTuL

30 ()
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