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The presence in rat liver microsomes of an enzyme system

which demethylates N-methylhydrazines and azo compounds to for-

maldehyde has been reported. Some of the compounds found to be

substrates were monomethylhydrazine, N-isopropyl-a -(2-methylhydra-

zino)-p-toluamide and the azo derivative of the latter hydrazine. This

enzyme can be classified as a mixed function oxidase as defined by

Mason (Adv. inEnzymology 19:79,1957) since the N-demethylase was

dependent upon the presence of a NADPH-regenerating system and

molecular oxygen. The reaction was not inhibited by SKF 525-A (2-di-

ethylaminoethyl diphenylpropyl acetate), a compound that has beenfound

to inhibit many microsomal enzyme systems. The N-demethylase was

inducible by both phenobarbital and 3-methylcholanthrene. Addition of

carbon monoxide to microsomes and the treatment of microsomes with

trypsin led to the conclusion that rat liver microsomes possess a



phenobarbital-inducible N-demethylase dependent upon P-450 and a

non-inducible N-demethylase independent of P-450.

A mechanism was proposed for the demethylation of the N-

methylhydrazines. Since the azo derivatives of two of the hydra-

zines were oxidized at a greater rate than their parent compounds,

it was postulated that the hydrazines are first oxidized to their azo

derivatives which in turn are demethylated to formaldehyde by

microsomes. The possible formation of an azoxy intermediate was

discussed.

An attempt was made to solubilize and purify the N-demethyl-

ase but without success.
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The Oxidative Demethylation of Certain N-Methylhydrazines
by Microsomal Liver Enzymes

INTRODUCTION

The biotransformation of compounds foreign to the body plays

an extremely important role in drug chemotherapy, without which

the effects of many drugs would be too long lasting and/or too toxic

to be of any practical value. The therapeutic effect of some drugs

actually depends upon their conversion in the body to some "active"

metabolite. The body also has mechanisms to detoxify poisonous

compounds and in turn can convert compounds, not harmful in them-

selves, to toxic materials. Many are able to induce drug metaboliz-

ing enzymes and thus can increase the rate of their own metabolism.

The need for understanding the mechanisms of biotransformation,

therefore, becomes obvious.

The metabolism of drugs takes place for the most part in the

microsomal fraction of liver cells, the microsomes being that part

of the endoplasmic reticulum that sediments after one hour at

105,000g. Microsomes prepared from lung and kidney tissue have

also been shown to possess some drug metabolizing activity but not

at the level of liver microsomes. The detoxification of drugs fol-

lows relatively few pathways, some of which are listed in Table I.

The reaction usually consists of one of the following: deamination,
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Table I. Mechanisms in drug metabolism (Taken from J. R. Gillette,
Advances in Pharmacology 4, p. 235, 1966).

Hydroxylation of aromatic rings
(OH)

CH3-CO-NH-C 6H5 CH3-CO-NH-C 6H5OH

Oxidation of side chains
(OH)

R-CH CH CH CH R-CH CHOH-CH
2 2 2 3 2 3

N-dealkylation
(OH)

R -NH -CH3 [ RNHCH20H]
R -NH2 + HCHO

0-dealkylation
(OH)

R-O-CH
3

[ R-O-CH
z
OF1] -4ROH + HCHO

S-dealkylation
(OH)

R -S -CH3 [ R-S-CH20H]
RSH + HCHO

Deamination
(OH)

RCH 2-CH(NH 2)-CH
3

) [RCH
2

-COH(-NH
2 )-CH 3]

R-CH -CO-CH
3

+ NH3

Sulfoxide formation
(OH)

R-S-CH [ R-S-CH
z
OH] >R SO-CH

3
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N-dealkylation, 0-dealkylation, sulfoxidation, hydroxylation, or S-

demethylation. These reactions are related in that they each require

the presence of molecular oxygen and NADPH or a NADPH-regenera-

tion system. The enzyme systems which catalyze these reactions

have been called "mixed function oxidases" by Mason (1957). There

are several other types of reactions that drugs can undergo that do

not require molecular oxygen for activity. These include conjuga-

tion to form glucuronides, sulfates, mercapturic acids, and car-

boxylic acids, hydrolysis of esters and amides and dehalogenation.

Only the mechanisms of oxidative drug metabolism will be discussed

here.

This study was undertaken to help elucidate the mechanism of

action of the carcinogenic, antitumor, cytostatic drug Procarbazine

(Zeller, 1963; Rutihauser, 1963; Bollag, 1963a,b; Kelly, 1964). In

1963 Zeller synthesized several N-methylhydrazine derivatives of

which Procarbazine had the best therapeutic index. This drug pos-

sesses antitumor activity against several types of transplantable

tumors in mice and rats (Bollag, 1963a,b) and is presently being

tested extensively clinically in the treatment of Hodgkin's disease

(Jelliffe, 1965). Kelly (1964) found that when mice are injected with

a single or repeated dose of Procarbazine they develop pulmonary

tumors and leukemia within 15 weeks. The route of metabolism of

this compound has not been firmly established but the degradation
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scheme in Figure 1 has been proposed.

The formation of the azo derivative of Procarbazine has been

demonstrated to occur in the blood of man, dog and monkeys ten

minutes after the administration of Procarbazine (Oliverio, 1964),

Raaflaub (1965) found that a major portion of the drug, 25% in 24

hours, is excreted in the urine as N-isopropyl-terephthalamic acid.

Methylamine has been suggested as a metabolite since 14C-methyl-

amine was found in the urine of rats treated with 14CH3-Procarba-

zine (Schwartz, 1966). The existence of monomethylhydrazine as a

degradation product has not been proven in vivo. Dost et al. (1967)

however have reported that both Procarbazine and monomethylhydra-

zine are metabolized in vivo to carbon dioxide and methane and that

the rates of these reactions are consistent with monomethylhydrazine

being an intermediate. Several other authors (Dost, 1966, 1967;

Baggiolini, 1965; Schwartz, 1966) have reported the formation of

14CO from 14C-methyl-labelled Procarbazine. Also, through

induction studies with phenobarbital, Baggiolini (1965) has deter-

mined that the demethylation occurs in the microsomal fraction of

the cell. Weitzel (1967a) has found that Procarbazine and mono-

methylhydrazine split off formaldehyde after mild dehydrogenation

in vitro with hexocyanoferrate (III). Further studies by this author

(1967b) have shown that Procarbazine is enzymically demethylated

to formaldehyde in vitro by microsomes in the presence of
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( CH3 )2CH- NH -CO -CH NHNHCH
2 3

Procarbazine

CO2

0
(CH

3
) CH-NH-00 CH2 N=NCH

3
---)[(CH

3
)
2
CHNH-CO HN=N-C H3]

[(CH
3

)
2

CH-NH-CO

Azo derivative

H=N-NHCH3]

hydrazone
derivative

HC HO > CO2

formaldehyde

0
[CH

3
-N=N-H]

[CH
3

-N=N-H]

methyldiazene

[(CH3)2CH-NH-00- -CHO] [H NNH-CH3]
benzaldehyde monomethyl-

derivative hydrazine

1

(CH
3

)
2
CH-NH-00- -C OOH

N-isopropyl-
terephthalamic
acid

[CH
3

-N=N-H]

CH4

methyldiazene

methane

Figure 1. Modified degradation scheme of Procarbazine as pro-
posed by Raaflaub (1965). Brackets indicate compounds
which have not been conclusively identified as degrada-
tion products of Procarbazine.
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molecular oxygen and a NADPH-regenerating system.

At this point of discussion it might be well to review what is

known about the reactions involved in microsomal drug metabolism.

Mueller and Miller (1953) were the first to note the N-demethylation

of 3-methyl -4-methylaminoazobenzene by rat liver homogenates.

Since then this reaction has been found to occur in the microsomes

along with other reactions as listed in Table I. Lipid solubility is an

important factor in determining whether a compound is metabolized

in the microsomes. Gaudette (1959) has found that only N-alkyl com-

pounds which are extractable into chloroform are dealkylated. There-

fore, sarcosine, creatine and choline which were extracted by an

arbitrary procedure established by these authors to an extent of less

than 3% into chloroform were not substrates while drugs such as

ephedrine and pethidine which are 95% extractable into chloroform

are dealkylated by microsomal enzymes.

According to Fouts (1961) the drug metabolizing enzymes

appear to be more concentrated in the lighter microsomal fraction,

that which is associated with smooth endoplasmic reticulum. It is

possible to separate the smooth and rough endoplasmic reticulum by

density gradient centrifugation (Rothschild 1961). Thus a slight puri-

fication of the drug metabolizing enzymes can be obtained by this

method. Conventional means of extracting particulate enzymes such

as deoxycholate, lipase or snake venom treatment of the particles



have not been successful in purifying any of the oxidative enzymes

which metabolize foreign compounds (Shuster, 1964).

A general mechanism has been proposed for the oxidation of

drugs (Gillette, 1966):

NADPH + A + AHz + NADP+

AH
2
+ NADPH + 0 -->"active oxygen"

"active oxygen" + drug ----?oxidized drug + H2O + A

2 NADPH + 02 + drug 4 Oxidized drug + H2O + 2NADP+

Conclusive evidence for the stoichiometry of this reaction has not

been found. 180 studies have been attempted but the oxygen of

7

aldehydes exchanges quite rapidly with the oxygen of water and there-

fore 180 studies on N-, 0- or S-dealkylation or deamination must

be interpreted with care. Such studies have confirmed that the

oxygen incorporated into the drug is derived from atmospheric

oxygen (Mason, 1957). Further difficulties in determining the sto-

ichiometry of the reactions are derived from the fact that the micro-

somes also possess a very active NADPH oxidase and that other

enzymes rapidly utilize oxygen even in the absence of drugs. Fre-

quently no change in NADPH uptake is noted in the presence or

absence of a drug substrate (Prough, 1969aJ.

Because of the non-specificity of microsomal enzymes the

question has been raised as to the number of oxidative enzymes
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present. Several lines of evidence support the conclusion that there

are multiple enzyme systems present in microsomes. One argu-

ment in support of this postulate is the species difference in the

metabolism of drugs. For example, aniline was hydroxylated in the

para position in liver microsomes from rabbits and rats but in the

ortho position in cats (Posner et al. , 1961). Amphetamine was

deaminated in rabbits but hydroxylated in dogs (Axelrod, 1954). A

sex difference also exists. Male rats appear to metabolize some

drugs at a faster rate than females (Holck, 1937). Administration

of thyroxine to rats caused an increase in the demethylation of

aminopyrine in females, a decrease in males and had no effect on

their ability to metabolize aniline and zoxazolamine (Kato, 1968).

SKF 525-A competitively inhibits the microsomal oxidation of many

drugs (Cooper, 1954); however, the demethylation of methyl- and

ethylaniline (Gaudette, 1959) was not inhibited by this compound.

Sensitivity to SKF 525-A and sex and species differences therefore

indicate that there is a number of different enzymes present in the

microsomes to metabolize a variety of drugs.

Iproniazid and Lilly 18947 have also been found to inhibit the

same enzyme systems as SKF 525-A (Fouts, 1956). These enzymes

are more sensitive to SKF 525-A since concentrations of 10-5M will

bring about an inhibition by this compound while concentrations of

10-3M of iproniazid and Lilly 18947 are required (Shuster, 1964).
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SKF 525-A or a metabolite appears to be tightly bound to micro-

somes as the inhibition persists after dialysis (Rogers, 1964). The

inhibition by iproniazid can be reversed by dialysis or by washing

the microsomes to recover complete activity. When given in vivo,

SKF 525-A initially inhibited pentobarbital metabolism and then acted

as a stimulant as determined by the sleeping time of rats (Kato,

1964).

Carbon monoxide is a very potent inhibitor of the drug metabo-

lizing enzymes which are dependent upon a P-450 electron transport

system. About the same time that the field of microsomal drug

metabolism was opening up several laboratories discovered the

existence in microsomes of two cytochromes characteristic of this

liver cell fraction. The two cytochromes are heme proteins and

account for virtually all of the heme present in microsomes (Mason,

1965). One of these, cytochrome b5 has been purified (Strittmatter,

1968; Ito, 1968) and spectrally characterized but does not appear to

play a role in drug metabolism. The other initially seemed to have

properties atypical of cytochromes. This latter heme pigment was

discovered simultaneously in two laboratories through its spectral

properties which could be obtained only when microsomes were

reduced and treated with carbon monoxide (Klingenberg, 1958;

Garfinkel, 1958). Under these conditions the compound exhibits a

strong absorption band at 450 nm. Omura and Sato (1964a, b)
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subsequently have called it P-450. These workers have shown that

P-450 can be solubilized by treating microsomes with steapsin,

deoxycholate or snake venom. Upon solubilization and purification

(Omura, 1964b) the absorption maximum of the pigment-CO complex

was shifted to 420 nm and P-420, as the solubilized form of P-450 was

called, exhibited spectral properties typical of a b-type cytochrome.

The work of several laboratories resulted in the formulation

of the microsomal electron transport scheme outlined in Figure 2.

NADH serves to reduce both cytochrome b
5

and P-450. This reac-

tion is mediated by a FAD containing enzyme in the reduction of

Cytochrome b
5

and a FMN containing enzyme in the reduction of

P-450. The reduction of P-450 by NADPH through a FAD enzyme

appears however to be more active. The further reactions of P-450

in this scheme will be discussed later.

In 1965 Cooper found that the inhibition of C-21 hydroxylation

of 17-hydroxyprogesterone by carbon monoxide could be reversed

by monochromatic light at a wavelength of 450 nm. He further found

that formation of the P-450-CO complex was reversible by light of

the same wavelength. Steroids have been suggested as the natural

substrates for the drug metabolizing enzymes (Kuntzman, 1964), as

they undergo reactions similar to drugs and also act as competitive

inhibitors of drug metabolism (Wada, 1968; Tephly, 1968). The

involvement of P-450 in drug and steroid metabolism was therefore
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(FAD)oxid red Cyto b5-Fe(III)

F (FAD) red

F (FMN)
p oxi

F (FMN)red

NADPH F (FAD
P ) oxid
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Xoxid Cyto b5-Fe(II

RH

P-450
Fe(IV)-OH
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Figure 2. Electron transport in microsomes.
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I
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postulated. Since then several other lines of evidence have been

produced to support this hypothesis. Treatment of microsomes with

steapsin or deoxycholate not only caused solubilization of P-450 to

P-420 (Omura, 1964a), but also inactivated several drug metaboliz-

ing enzymes (Gillette, 1957). Stitzel (1963) has found that drugs

metabolized by microsomal enzymes competitively inhibited the metabo-

lism of other drugs, suggesting the existence of a microsomal com-

ponent common to the metabolism of each of these drugs, possibly

P-450. Schenkman (1967b) has observed that substrates for micro-

somal demethylations and hydroxylations caused two types of changes

in microsomes which can be observed spectrally. He classified the

substrates for microsomal enzymes as exhibiting either a class I or

class II-type interaction. The spectral changes caused by Type I

substrates are characterized by an absorption maximum at 385 nm

and minimum at 415 nm while Type II are characterized by a maxi-

mum at 430 nm and a minimum at 390 nm. These spectrally

observed changes in microsomes were attributed to an interaction

of the compound with P-450 since the spectrum of purified cyto-

chrome b
5

was not affected. In 1960 Conney showed that several

foreign compounds such as phenylbutazone, 3-methylcholanthrene,

and phenobarbital stimulated in vivo drug metabolism in rats. A

parallel rise in P-450 content and drug metabolism was found by

Remrner (1965) in animals pretreated with phenobarbital. Orrenius
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(1967) observed in rats that the quantity of 14C-aniline bound to

microsomes was stoichiometrically related to the P-450 content.

Phenobarbital pretreatment of the rats increased the binding of
14C-aniline to the same level it increased the P-450 content. Omura

(1965) has found by reconstitution studies on the hydroxylation of

steroids in the 1113 position that P-450 is the terminal electron

acceptor in the NADPH electron transport chain of the microsomes.

He purified the non-heme iron protein indicated in Figure 2 from

adrenal cortex microsomes and suggested such a protein was prob-

ably functional in liver microsomes also. P-450 then appears to act

as a terminal oxidase by reacting with oxygen and subsequently trans-

ferring an "active oxygen" to the drug or steroid substrate. The

order of binding of oxygen and the drug substrate is not known. The

presence of the various iron complexes of P-450 shown in Figure 2

has not been demonstrated but their role in drug metabolism has

been postulated by several authors (Kato, 1966; Sih, 1969). In this

scheme NADPH serves a dual role. First,to keep P-450 in its

reduced ferrous state and second, to provide the reducing equivalents

necessary to cause the splitting of the oxygen-oxygen bond of molecu-

lar oxygen. Evidence for the latter role of NADPH has been pro-

vided by Sih (1968) who noted through kinetic studies that NADPH and

a steroid substrate were combining with the same enzyme which

would not be expected to occur if the only role of NADPH were at the
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beginning of the electron transport chain.

The direct involvement of P-450 in microsomal oxidations

could explain why attempts to purify these enzymes have proved

unsuccessful. The solubilization techniques employed also cause

the conversion of P-450 to its inactive form P-420. Enzymes which

have been solubilized such as aniline hydroxylase (Omai, 1960) and

DMA demethylase (Ziegler, 1968) may still possess enzymic activity

due to the presence of a small amount of P-450 which is solubilized

to the extent that it is bound to a fragment of the original microsomal

membrane which does not sediment at 105,000g.

One very important characteristic of drug metabolism already

mentioned in the previous section is induction, which is caused by

both administration of foreign compounds and starvation. The induc-

tion of liver microsomal enzymes is significant because it alters

both the nature and rate of biotransformation of drugs and thereby

shortens their duration of action. Induction has also been used as

an important tool in learning more about the mechanisms of drug

metabolism. As already pointed out, induction studies have lead to

the conclusion that P-450 plays a central role in drug and steroid

oxidation (Remmer, 1965). They have also le d to the now popular

belief that there are two functional P-450's present in the micro-

somes, differing in that one is preferentially induced by the carcino-

gen 3-methylcholanthrene (Alvares, 1969; Kuntzman, 1968). The
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phenomenon of microsomal enzyme induction was first noted by

Brown (1954) who found that dietary changes caused an increase in

the demethylation rates of drugs in rats. In 1960 Conney reported a

number of drugs, carcinogens and pesticides that were inducers of

microsomal enzymes. Over two hundred compounds have been found

to possess this property. There is no structural relationship

between many of these compounds, nor is there any apparent rela-

tionship between these compounds and their biological or pharmaco-

logical actions. Some appear to be more specific inducers of one

enzyme than another and their apparent mechanisms of induction

differ. Phenobarbital but not 3-methylcholanthrene stimulated the

dealkylation of ethylmorphine while phenobarbital and 3-methyl-

cholanthrene both stimulated 3-methyl -4-methylarninoazobenzene

dealkylation and when given together their effects were additive

(Sladek, 1969a, b). Microsomes from rats given 3, 4- benzpyrene

and phenobarbital stimulated the metabolism of acetanilide, zoxa-

zolamine and phenacetin more so than if they were administered

alone (Gillette, 1963a,b). However, the effects of administration of

this hydrocarbon plus phenobarbital were not always additive. Treat-

ment with two polycyclic hydrocarbons did not appear to produce

additive or greater stimulatory effects than when either of the hydro-

carbons was administered alone. One characteristic all of these

compounds have in common though is that they are lipid soluble at
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at physiological pH (Conney, 1967).

Several explanations for enzyme induction have been offered by

Sladek (1969a). He suggested the inducer could (1) stabilize the

enzyme or decrease enzyme degradation rate, (2) cause the synthe-

sis of a more active enzyme, (3) increase enzyme synthesis or (4)

directly or indirectly activate the existing enzyme. The latter was

ruled out since inducers do not produce their effect in vitro and

experiments to determine if they effected some enzyme activator or

inhibitor were negative (Conney, 1963).

Alvares (1967) has found that ethionine, an inhibitor of protein

synthesis (Villa-Trevino, 1963), blocks 3-methylcholanthrene induc-

tion of the hydroxylation of benzpyrene. Ethionine and puromycin,

which inhibits translation (Yarmolinsky, 1959), and actinomycin D,

which inhibits transcription (Reich, 1961), have been found to block

induction brought about by either 3-methylcholanthrene or phenobar-

bital. These results seem to support the third hypothesis. Sladek

(1969a) raised the question of whether or not apparent blocking of

protein synthesis is a result of a decrease of enzyme levels through

enhanced catabolism of the enzyme and not really blocking induction.

In the case of 3-methylcholanthrene induction of benzpyrene hydroxy-

lation this possibility does not appear to be so since untreated animals

and those treated with ethionine possessed the same enzyme activity

(Alvares, 1967). Furthermore, Gelboin (1967) has found that
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phenobarbital and 3-methylcholanthrene caused an increase in the

activity of RNA polymerase in rat liver nuclei and therefore caused

an increase in the rate of amino acid incorporation into protein.

Since phenobarbital but not 3-methylcholanthrene caused an

increase in microsomal protein the first and third hypotheses could

explain the mechanism of induction by this compound. Phenobarbital

also has been found by Rubin (1964) to cause an increase in the Vmax

but not the K values of ethylmorphine, chlorpromazine or hexo-m

barbital metabolism indicating more enzyme activity but no new

enzyme was present. Guarino (1969) has further reported that both

the Vmax and K for aniline hydroxylation are increased withm

phenobarbital pre-treatment of animals, indicating that a more

active enzyme was produced. The different results found by these

two authors were explained by Guarino (1969). He concluded that

phenobarbital has an effect on enzymes which metabolize substrates

such as aniline by increasing their apparent K values. Aniline

causes a type II spectral change in microsomes as classified by

Schenkman (1967). Phenobarbital, however, has no such effect on

substrates such as chlorpromazine, hexobarbital, and ethylmorphine.

These latter substrates cause type I spectral changes in microsomes.

Sladek (1969a) has postulated a mechanism of microsomal

induction by phenobarbital and 3-methylcholanthrene that appears to

explain most of the aforementioned findings. He found that
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thioacetamide which supresses the release of RNA from the nucleus,

inhibited phenobarbital induction but not 3-methylcholanthrene induc-

tion. He further determined that phenobarbital stimulated a 3-methyl-

4-methylaminoazobenzyne demethylase which had the same kinetic

properties and sensitivity to SKF 525-A as the enzyme from untreat-

ed microsomes and that 3-methylcholanthrene stimulated a 3-methyl-

4-methylaminoazobenzene demethylase that showed a different sensi-

tivity to SKF 525-A and different kinetics (Sladek, 1969b). From

these findings Sladek concluded that the m-RNA involved in pheno-

barbital induction is templated in the nucleus while that involved in

3-methylcholanthrene induction is templated in the cytoplasm through

a relatively stable m-RNA and therefore would not require immedi-

ate RNA synthesis in the nucleus. Consequently only phenobarbital

induction would be blocked by thioacetamide and both phenobarbital

and 3-methylcholanthrene induction would be blocked by ethionine,

puromycin and actinomycin D.

Returning to the metabolism of the drug Procarbazine, the

biochemical mechanism(s) by which it produces its carcinogenic and

antitumor properties has not been firmly established. The forma-

tion of hydrogen peroxide from the oxidation of Procarbazine has

been pointed to as the cause of DNA degradation (Berneis,

1963a,b) but recently Gale (1967) has determined that this effect is

not due to only hydrogen peroxide but to some other metabolite of
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Procarbazine. Weitzel (1968) has shown that hydrogen peroxide

and formaldehyde inhibited DNA polymerase and DNA dependent RNA

polymerase. Procarbazine, its azo derivative, p-hydroxy-methyliso-

propyltoluamine and p-carbonylisopropyltoluamide inhibited uridine-

14 C incorporation (Weitzel, 1967). The latter two compounds also

inhibited the intracellular concentration of the nucleosides suggesting

a blockage of nucleotide transport into cells (Weitzel, 1967).

Sartorelli (1966) has proposed that there is a secondary antitumor

effect of Procarbazine and/or its metabolites greater than its role

in inhibiting DNA and RNA synthesis since most cell death occurred

after both of these processes had d recuperated. Koblet (1968) and

Weitzel (1967a) have found that Procarbazine also inhibited the incor-

poration of labelled amino acids into protein possibly due to an effect

of this compound on polysomes. Procarbazine treated polysomes

have been shown to inhibit amino acid incorporation in vitro (Koblet,

1968). This could, however, be an indirect result of its effect on

DNA and RNA synthesis.

Kreis (1965, 1966) has found that the 14C of 14C- methyl label-

led Procarbazine when administered to mice appeared in DNA in the

seven position of guanine. This appears to be where most carcino-

genic or antitumor alkylating agents have their most observable

effect on DNA. Procarbazine also caused breaks in DNA but did not

interfere with its helical structure (Berneis, 1963a, b).
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Prough (1969a,b) has reported that monomethylhydrazine and

the azo derivative of Procarbazine are oxidized to methane by the

microsomes in the presence of a NADPH-regenerating system. A

free radical or ionic mechanism was proposed as the mechanism of

methane formation from both of these compounds. Therefore, DNA

alkylation by Procarbazine could result from the formation of a

methyl carbonium ion (CH3+) or a methyl radical (CH3; ) from the

azo derivative of Procarbazine or monomethylhydrazine.

The intermediate formation of diazomethane cannot be ruled

out as a possibility in explaining the carcinogenic properties of Pro-

carbazine in rats and mice although so far it has not been detected

as a metabolite. Diazomethane has been implied as the source of

carcinogenic activity of trialkyltriazenes (Preussmann, 1969) and is

generally accepted as the carcinogenic metabolite of N,N-dimethyl-

nitrosoarnine (Magee, 1967). Diazomethane has been found to alkyl-

ate DNA in the seven position of guanine (Kriek, 1964) as does

Procarbazine (Kreis, 1966, 1965) and to cause breaks in DNA which

are due to the release of methylated bases (Kriek, 1964). In aqueous

solutions diazomethane forms methylcarbonium ions (Kriek, 1963)

which have been implicated as the alkylating agents which alter DNA.

Similarities between the properties of diazomethane and

methylazoxymethanol, the carcinogenic component of the cycad nut,

have been noted (Shank, 1967). The CH3N=N- group in
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methylazoxymethanol poses some interesting implications which

could apply to Procarbazine. Fish (1956) has found that the N-oxides

of several biological amines are demethylated to formaldehyde in the

presence of ferric iron at a pH of seven. Zeigler (1964) has observed

the presence in microsomes of an N-oxide dealkylase which demethyl-

ates the N-oxide of N, N-dimethylaniline at a rate greater than that

for formaldehyde formation from N,N-dimethylaniline. He concluded

that the N-oxide is an intermediate in the microsomal demethylation

of N, N- dimethylaniline. Since the azo derivative of Procarbazine is

rapidly formed from the parent compound in vivo it might actually be

the substrate for the microsomal N-demethylation reported by Weitzel

(1967b) for Procarbazine. If the N-oxide of the azo derivative is

formed, it might be responsible for the carcinogenic and antitumor

properties of Procarbazine.

The research presented in this thesis was undertaken to further

characterize the microsomal enzyme which metabolizes Procarba-

zine and to determine the specificity of this enzyme toward other

methylhydrazines and methylazo compounds. The properties of this

enzyme were compared to another microsomal demethylase, that

which demethylates N, N-dimethylaniline. The properties of this

latter enzyme have been well studied (Ziegler, 1964, 1966; Machinist,

1966; Dehner, 1968).
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Sprague-Dawley male rats were obtained from Pacord Research,

Inc., Portland, Oregon. Rats used in experiments weighed 250-300

g. Fr e s h pork livers were generously provided by Steen Brothers

Meat Packing Company, Albany, Oregon. Monomethylhydrazine

1,1- dimethylhydrazine, and N, N-dimethylaniline were pur-

chased from Matheson-Coleman-Bell. 1, 2- dimethylhydrazine was

obtained from Aldrich Chemical Co. Isocitrate, isocitrate dehydro-

genase (type IV), NADPH, NADP+, nicotinamide, steapsin, deoxy-

cholate, trypsin (2x crystallized), and trypsin inhibitor (egg oval-

bumin) were purchased from Sigma Chemical Co. Protamine sulfate

(grade I), guanidine, glycine, Triton X-100 and X-45, Sephadex

G 100-120, DEAE-cellulose, and 3-methylcholanthrene were also

obtained from Sigma. SKF 525-A was a gift of Smith Kline and

French Laboratories. Procarbazine and 1- methyl -2- benzylhydra-

zine were generously provided by Hoffmann La-Roche Laboratories.

Phenobarbital and sucrose were obtained from Mallinckrodt Chemical

Works. Ammonium sulfate, special enzyme grade, and the acetate

of methylazoxymethanol were purchased from Mann Research Labor-

atories, Inc. Tanks of prepurified nitrogen, oxygen and air were

obtained from the Salem Steel Co. Tanks of carbon monoxide
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(99.95%) and nitrogen (108 ppm oxygen) were purchased from and

analyzed for percent composition by the Matheson Co. Sodium

dithionite was obtained from J. J. Baker Chemical Company. Other

chemicals used came from laboratory stores and were analyzed

reagent grade. All solutions were made in deionized glass-distilled

water.

Pre-Treatment of Animals

Rats were starved for 24 hours prior to sacrifice but were

allowed water ad libitum. Phenobarbital was administered i. p. daily

for three days prior to sacrifice in doses of 100mg/kg. Three-

methylcholanthrene (30mg/kg) and Procarbazine (200mg/kg) were

administered i.p. daily for two days prior to sacrifice. SKF 525-A

(50mg/kg) was given in a single i.p. dose one hour prior to

sacrifice.

Rat Liver Microsome Preparation

The rat livers were sliced and washed twice in equal volumes

of 0.25 M sucrose, and homogenized in five volumes of the same.

The homogenate was centrifuged at 15,000g for 30 minutes to

remove the cell debris and mitochondria. The supernatant was

centrifuged at 140, 000 g for four hours to sediment the microsomes.

The microsomal pellet was resuspended with a teflon-glass
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homogenizer in 0. 1 M phosphate buffer pH 7.4 (1 ml per gram of wet

liver weight).

Microsomes used in the spectral studies were prepared by

Mason's procedure (private communication, 1968). The rat livers

were sliced, washed in 0.25M sucrose, homogenized in 0.88M

sucrose (3 ml/g of liver, wet weight) and centrifuged at 9000g for

20 minutes. The lipid layer which was on the surface of the super-

natant was removed and the remainder of the supernatant was diluted

with five volumes of 1.15% KC1 and centrifuged for one hour at

140, 000 g. The microsomal pellet was resuspended by homogeniza-

tion in 10 volumes of 0. 1 M phosphate buffer pH 7.0 and recentrifuged

at 140, 000 g for one hour. The pellet was resuspended in 1 M phos-

phate buffer/g of liver weight and stored under an atmosphere of

molecular hydrogen in test tubes equipped with serum stoppers.

Preparation of microsomes in this manner caused negligible forma-

tion of P-420 as determined spectrally. A Beckman Model L-2

ultracentrifuge was used to sediment microsomes.

Spectral Studies

The microsomal content of P-450 and cytochrome b
5

was

determined spectrally according to methods described by Smuckler

(1967) For P-450 determinations 2.5 mg of microsomal protein

was diluted to 6 ml with 0. 1 M phosphate buffer pH 7.4. A few mg
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of sodium dithionite was added, and the solution was divided between

two cuvettes. A baseline was then recorded on a Shimadzu MPS-50L

spectrophotometer which was used throughout for spectral studies.

The sample in one cuvette was bubbled for 20 seconds with carbon

monoxide and the difference spectrum was taken. The AOD
450

AOD
500 was taken as the relative amount of P-450.

For cytochrome b
5

determinations 2.5 mg of microsomal

protein and 0.3 ml of 10% deoxycholate were diluted to six ml with

0.1M phosphate buffer pH 7.4 and the base line was recorded. To

one cuvette was added a few mg of sodium dithionite and the differ-

ence spectrum was taken. The AOD
427 - AOD 410 was taken as the

relative amount of cytochrome b
5.

The effects of various hydrazines on the spectra of microsomes

were determined by the methods of Schenkman (1967b). Microsomal

protein was diluted to 2 mg/ml, divided between two cuvettes and the

base line was recorded. The compound to be tested was then added

to one cuvette and the difference spectrum was taken.

Protein

Protein was determined by the method of Lowry or by the

OD
260

/OD
280 method as described by Chaykin (1966). It was found

that the ratio method gave approximately two times higher protein

concentration than the Lowry method for microsomal protein. Since
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the Lowry method is a more accepted procedure for protein deter-

mination in microsomal preparations, all protein concentrations

were corrected to that which would be determined by this method,

e.g. the amount of protein determined by the ratio method was

divided by two.

Enzyme Assays

Twelve ml conical centrifuge tubes were used for enzyme

assays. A typical reaction mixture consisted of substrate, 0.5 mM

NADP+, 5 mM MgCl2, 0.01 mM MnC12, 5 mM isocitrate, 0.32 units

of isocitrate dehydrogenase, microsomes and 0.1 M phosphate buffer

pH 7.4 to a final volume of two ml. The time of incubation was 40

minutes at 37° unless otherwise noted. The reaction was stopped by

the addition of one ml of 20% trichloroacetic acid. When AZO was

used as the substrate, the reaction was stopped by precipitation of

the protein on addition of one ml of methylene chloride to permit the

extraction of AZO prior to the formaldehyde determination. More

than 80% of the AZO was extracted into the methylene chloride layer

as determined by its extinction coefficient at 232 nm (1.46 x 104M-1).

The organic layer was then re-extracted with phosphate buffer to

remove any formaldehyde. This was added back to the original

aqueous layer. Such a procedure was used since it was found that

treatment of the AZO with 20% TCA caused its cleavage to
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formaldehyde to a slight extent (approximately 0.6%). This same

procedure was used when the azo of 1- methyl -2- benzylhydrazine was

used as substrate, as it also undergoes the same cleavage reaction

when treated with 20% TCA. Formaldehyde was measured by the

method of Nash (1953). After addition of the TCA, the reaction mix-

ture was centrifuged to sediment the protein. A two ml aliquot of

the reaction medium was then pipetted into 0.6 ml of the Nash reagent

and incubated at 37° for 60 minutes. The optical density was then

measured at 412 nm. The Nash reagent consists of 1.5g ammonium

acetate, 0.02 ml acetylacetone and 0.03 ml glacial acetic acid

diluted to 10 ml with glass distilled water. Boiled microsomal pro-

tein was used in the control for enzyme assays. Unless otherwise

stated microsomes prepared from phenobarbital pretreated rats were

used in the enzyme assays. Assays were performed in duplicate and

on liver microsomes prepared from at least two animals.

Nash (1953) observed that certain amines will substitute for

ammonia in forming diacetyldihydrolutidine; methylamine (0. 1 M)

caused a 4% loss in formaldehyde and ethylenediamine (0. 1 M) caused

a 20% loss. At first it was thought that the hydrazines were reacting

with the formaldehyde formed in the assay medium to give the cor-

responding hydrazone but spectral studies indicated that PCZ, MMH,

UDMH and SDMH interact in some way with the Nash reagent causing

a considerable decrease in the absorption of the reagent at 295 nm.
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The hydrazines appear to be reacting with acetyl acetone, since

addition of a hydrazine also caused a decrease in its absorption at

276 nm. An example of the spectra obtained can be found in Figures

3 and 4. When a known amount of formaldehyde was added to a typi-

cal assay mixture of one of these hydrazines (20 p.moles), TCA,

protein, and the Nash reagent, only a small percentage of the added

formaldehyde formed diacetyldihydrolutidine which absorbs at

412 nm (E= 8 x 103M-1) (Table 2). When the same amount of for-

maldehyde was added to the Nash reagent alone, 100% of the added

formaldehyde was measured at 412 nm by using the above extinction

coefficient. It was concluded that the N-methylhydrazines were

reacting in some way with a component of the Nash reagent, possibly

in a manner similar to that of methylamine and ethylenediamine. A

correction factor was therefore applied to the amount of formalde-

hyde formed from these hydrazines (Table 2). A Beckman DU was

used to measure the absorption of diacetyldihydrolutidine at 412 nm.

Purification of the Pork Liver Demethylase

A method to purify DMA demethylase from pork liver was pro-

vided by Ziegler (private communication, 1968) and was used in an

attempt to purify the N-methylhydrazine demethylase. A pork liver

(approximately 1100g) was obtained fresh, sliced immediately in

1 cm strips and placed on ice. The liver slices were washed in an
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Figure 3. The effect of PCZ on the spectrum of acetylacetone. The same
concentrations of PCZ and acetylacetone were used as would be
in a typical enzyme assay.
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Figure 4. The effect of PCZ on the spectrum of the Nash reagent. The same
concentrations of PCZ and Nash reagent were used as would be in a
typical enzyme assay.
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Table II. Amount of formaldehyde measured in the presence of
N-methylhydrazines.

Substrate
Formaldehyde Added in mp.moles

100 300 500 700 1000

Correction
Facto r*

m[imoles Formaldehyde Measured

MMH 16 31 56 74 158 6. 2

PCZ 17 24 31 51 72 6. 2

UDMH 50 175 258 371 494 2.0

SDMH 31 90 155 222 273 3. 3

* Correction factor applied to the amount of formaldehyde measured
at 41 2 nm in the presence of the various hydrazines in order to
more closely approximate the actual amound of formaldehyde
present.

Correction factor = formaldehyde added (p.moles)
formaldehyde observed (p.moles)

Assay medium as described in materials and methods. The amount
of MMH, PCZ, UDMH or SDMH added to the medium was 20 [_tmoles.
One ml of 20% TCA was added to the medium before addition of
microsomal protein to permit measurement of only the formalde-
hyde added and not formaldehyde formed enzymically from the
substrate used.
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equal volume of 0.25M sucrose, ground in a meat grinder, and sus-

pended in 1 1/2 volumes of sucrose. The suspension was then run

through a continuous flow homogenizer similar to that described by

Zeigler (1966) and the homogenate was centrifuged at 1,200g for

20 minutes. The supernatant was centrifuged at 105,000g for one

hour to sediment the microsomes which were then resuspended in

0.1 ml 0. 25 M sucrose/one g of original liver weight and frozen in a

trichloroethylene-dry ice bath overnight. The following day the

microsomes were thawed and diluted with two volumes of 0.25M

sucrose and centrifuged for one hour at 105,000g. The microsomes

were resuspended in 0.25M sucrose -0. 1 M guanidine pH 8.0 and

sedimented at 105, 000 g for 20 minutes. The particles were re-

suspended in water to a final concentration of 20 mg/ml protein. To

extract the demethylase, 0.25 mg Triton x- 100 and 0.25 mg Triton

X-45 per mg protein were added and the suspension was stirred in

the cold for 60 minutes. One mg of protamine sulfate/ml suspension

was then added and the suspension was centrifuged for one hour at

105,000g. The supernatant was immediately fractionated by a 35%

saturation with ammonium sulfate. This precipitate was removed by

centrifugation and the supernatant was taken to 50% ammonium sul-

fate saturation. The 35-50% precipitate was suspended in a minimum

volume of 0.05M glycine pH 6. 0 and immediately frozen. This frac-

tion contained all the demethylase activity as measured by the amount
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of enzymic formaldehyde formation. The following day the 35-50%

fraction was thawed and then fractionated with ammonium sulfate.

That which precipitated between 40-50% ammonium sulfate was

suspended in a minimal volume of glycine buffer and dialyzed against

the same. It was then placed on a DEAE cellulose column (1 cm by

8 cm). The column retained most of the protein and that which was

eluted was concentrated about 3-fold in a Diaflo pressure cell of

10 ml volume with a XM-50 filter. The concentrate was then passed

through a Sephadex G100-120 column (3 cm by 30 cm) equilibrated

with 0. 05 M glycine pH 6. 3. The purified demethylase came out with

the void volume. An approximately 700 fold purification was thus

obtained only once for the enzyme or enzymes which demethylate

MMH and DMA although this entire purification procedure was

attempted several times. Frequently the activity would precipitate

in the 35-40% second ammonium sulfate fractionation and could not

be extracted from this fraction by either further ammonium sulfate

fractionation or by placing the fraction on the DEAE-cellulose column.

The data obtained at each step of the purification can be found in

Table III. The final yield of protein was very low and the total

activity obtained was not sufficient to do studies on the purified

enzyme.
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Table III. Purification of the demethylase.

Protein

mg/ml Total

Specific
Activity

MMH DMA

Fold
Purification

MMH DMA

Microsomes 108.6

Guanidine treat- 102.8
ment

Triton X-100 and 2.5
X-45, protamine,
and (NH

4 2) SO
4

35-50%

14,120

13, 400

133

2.0

2. 0

3.9

5.8

5. 7

10.0 2 2

2nd (NH )
2

SO
4

40-50%
4

5.0 25.0 67.0 97.4 32 17

DEAE-cellulose
column

1.6 3.1 147 530 73 90

Sephadex G 100- O. 07 0. 06 1540 3750 771 650
120 column

Protein was determined by the method of Lowry. Enzyme assays as
described in Materials and Methods. Specific Activity =
formaldehyde/mg protein/40 minutes.

Organic Synthesis

PCZ and MDH were dehydrogenated to the corresponding azo

derivatives by a method adapted from a procedure provided by Hoff-

man La-Roche Laboratories. One gram of the hydrazine hydrochlor-

ide was mixed with 2.5 ml anhydrous ether, and 2. 5ml 100% ethanol.

Six grams of HgO was added to start the reaction. The reaction

vessel was shaken for 40 minutes and then filtered through a sintered
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glass filter to remove the mercury, and unreacted HgO and hydrazine

hydrochloride which was only slightly soluble in organic solvents.

This entire procedure was carried out under a nitrogen atmosphere.

The filtrate was then evaporated to dryness in a vacuum with a

rotary evaporator and extracted with 40 ml of anhydrous ether. The

ether was removed by a rotary evaporator and the residue was taken

as the product and identified by its spectral properties.

The N-oxide of AZO was synthesized in our laboratory by

Mr. Russell A. Prough by a procedure adapted from that of Bollag

(1964).

Steapsin and Deoxycholate Treatments and Trypsin Digestion of the
Microsomes

Microsomes were incubated with 0. 14% steapsin or 1% deoxy-

cholate at 37° for one hour. They were then removed, placed on ice

and assayed for demethylase activity as already described. Un-

treated microsomes served as the control.

For the trypsin digestion, 30 mg of trypsin was incubated with

10 ml of microsomes (approximately 200 mg of protein) for various

time intervals at 250. At the end of each time interval a two ml

aliquot was removed and added to 8 mg of trypsin inhibitor (egg

ovalbumin) which was dissolved in 0.1 M phosphate buffer pH 7.4.

Each sample was centrifuged for one hour at 140, 000 g to sediment



36

the intact microsomes. The solubilized protein in the supernatant

was discarded. Two types of controls were utilized in these experi-

ments. One type consisted of diluting two ml of untreated micro-

somes to the same final volume as the treated microsomes with

0.1 M phosphate buffer pH 7.4 and centrifuging the suspension for

one hour at 140,000g. The other control consisted of taking a two

ml aliquot of the trypsin-digested microsomes at zero time, adding

it to the trypsin inhibitor and centrifuging it. The microsomal

pellets were resuspended in two ml of 0.1 M phosphate buffer pH

7.4 and assayed for demethylase activities as already described.

Enzyme Assays Performed Under Various Gaseous Atmospheres

The entire assay media except microsomes and isocitric

dehydrogenase were placed in conical centrifuge tubes equipped with

serum stoppers and were bubbled for five minutes with the gases.

Various CO/02 ratios were obtained by first bubbling each tube with

99.95% CO and then adding appropriate volumes of oxygen by a

syringe after the same volume of added CO had been similarly

removed from each tube in order to maintain atmospheric pressure

within the tube. The same procedure was used to obtain the various

N2/02 ratios, except that nitrogen containing 108 ppm oxygen was

used to obtain an atmosphere of 0.01% 02, 99.99% N2. Nitrogen

was purified of oxygen by passing it over a hot activated copper
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column. Nitrogen purified in this manner has less than 4 x 107 atm.

of oxygen at 1 atm. pressure (Meyer and Ronge, 1939).

Both microsomes and isocitric dehydrogenase were each placed

in conical centrifuge tubes equipped with serum stoppers and equili-

brated with 0
2

free nitrogen. They were added to the sealed reac-

tion tubes with one ml syringes equipped with 26 guage one half inch

needles.

For the experiments in which the assay medium was bubbled

with air or CO plus air, the assay was bubbled for five minutes with

compressed air or for five minutes with a 50-50 mixture of CO and

air. DMA demethylation served as the control to determine if all

the P-450 was complexed with CO since this reaction was found to

be almost completely inhibited when only CO complexed P-450 was

present. In this case the microsomes were also bubbled for five

minutes with the same gases as the assay mixtures prior to addition

of the microsomes. Air bubbled microsomes and assay medium

were run as controls to determine whether such agitation caused

loss in enzyme activity. All assays run in an atmosphere containing

CO were run in the dark since the complex formed between P-450

and GO is light reversible (Cooper, 1965).
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PART I. CHARACTERIZATION OF THE
N-METHYLHYDRAZINE DEMETHYLASE

RESULTS

Cellular Distribution and Substrate Specificity of the
N-Methylhyd razine Demethylase

The microsomal fraction contained essentially all of the

enzymic activity for formaldehyde formation; the nuclear, mito-

chondria', and soluble fractions produced less than 1.0 mp,mole of

formaldehyde/mg of protein/40 minutes (Table IV). DMA was

Table IV. Cellular distribution of demethylase activity.

Cellular Fraction
mil/moles Formaldehyde/mg

protein/40 minutes
MMH PCZ DMA

Nuclear < 1.0 < 1.0 < 1.0

Mitochondrial < 1.0 < 1.0 < 1.0

Mic rosomal 75 12 54

Soluble < 1.0 < 1.0 < 1.0

Assay medium: 20 lamoles MMH, 20 ['moles PCZ or 10 p.moles
DMA, and 5 mg of protein, 0. 1 M phosphate buffer pH 7.4 to a
final volume of 2 ml. Assay of the microsomal fraction also con-
tained the NADPH-regenerating system.
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included as a substrate throughout this study as a measure of micro-

somal activity from preparation to preparation and as a tool for

comparison since its microsomal oxidative demethylation has been

extensively studied (Ziegler, 1964, 1966; Machinist, 1966; Dehner,

1968).

The observed substrate specificity of the demethylase system

for various methylhydrazines is shown in Table V. UDMH, MMH,

Table V. Substrate specificity.

Substrate mp.moles formaldehyde/mg
protein/40 minutes

1, 1 -d irn e thylhyd razine 81

Monomethylhyd raz in.e 75

1, 2-dimethylhydrazine 29

Procarbazine 12

AZO 22

N-oxide of AZO <1

1 -methy1-2 -benzylhyd razine <1

AZO of 1-methyl -2-benzylhyd razine 19

Methylazoxymethanol 75

Assay medium: 20 p.moles substrate, O. 5mM NADP+, 5M MgC12,
0.01mM MnC1

2,
5mM isocitrate, 0.32 units isocitrate dehydro-

genase, 2.5 mg microsomal protein, and 0. 1 M phosphate buffer
pH 7.4 to a final volume of 2m1. Incubation time was 40 minutes at
37°. Microsomes were prepared from animals pretreated with
phenobarbital.
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SDMH, and PCZ are demethylated at rates of 81, 75, 29 and 12

mi.imoles of formaldehyde per mg of protein per 40 minutes respec-

tively. Since PCZ is converted to AZO by microsomes (Prough,

1969b) and nonen.zyrnically in aqueous solutions in the presence of

oxygen (Zeller, 1963), both PCZ and AZO may be serving as sub-

strates in the experiments with PCZ. This possibility is supported

by the fact that AZO was found to be demethylated at a rate twice that

of PCZ. Therefore, one could be measuring the sum of formaldehyde

formed from PCZ and AZO, when PCZ is used as substrate. Due to

the acid lability of AZO the addition of 20% TCA to stop the assay

reactions could result in a small portion of any AZO formed from

PCZ to cleave and yield formaldehyde. This was eliminated by com-

paring the amount of formaldehyde formed when 20% TCA and

methylene chloride were used to stop the reaction. The same amount

of formaldehyde was formed under both conditions, indicating that

20% TGA caused an insignificant quantity of formaldehyde to be

formed nonenzyrnically, when PCZ was used as substrate.

If the azoxy derivative of PCZ were an intermediate in the

demethylation of PCZ and if it has a suitable lipid solubility it

should be demethylated at a faster rate than the parent compound.

However, it did not appear to be a substrate (Table V). It should be

noted that approximately 58 mp.moles of formaldehyde/mg of protein/

40 minutes were formed non-enzymically in an assay medium
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containing this compound and either boiled or unboiled microsomes.

When boiled microsomes were used with AZO as substrate an aver-

age of 20 mpmoles of formaldehyde/mg of protein/40 minutes was

formed.

The acetate of methylazoxymethanol was one of the better sub-

strates tested since it yielded 75 mumoles of formaldehyde/mg of

protein/40 minutes.

1- Methyl -2- benzylhydrazine (MBH) did not appear to be

demethylated to formaldehyde by microsomal preparations. If any

formaldehyde is being enzymically formed from MBH the amount is

less than 1 mumole. This value (1mumole) is the lower limit of for-

maldehyde detection by this reagent (Nash, 1953). The azo deriva-

tive of MBH was a good substrate for the N-demethylase; 19 mumoles

of formaldehyde being formed per mg of protein per 40 minutes.

Kinetic and Temperature Effects

To determine reaction conditions which would give maximum

enzyme activity, a study was made on the effects of protein concen-

tration and incubation time upon microsomal N-demethylase activity.

The rate of formaldehyde formation from MMH and DMA was linear

with time up to 40 minutes and up to 120 minutes for PCZ (Figure 5).

The reaction with MMH and PCZ as substrates was approximately

linear up to 2.5 mg of protein (Figure 6). An incubation time of
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40 minutes was therefore chosen for all assays and 2.5 mg of

microsomal protein was added to the reaction mixture for routine

assays. Even though the formation of formaldehyde from PCZ was

linear with time up to 120 minutes, an incubation time of 40 minutes

was chosen for assays with this compound. Since PCZ is autooxid-

ized in aqueous solutions with time to AZO (Zeller, 1963) and since

the AZO is more lipid soluble than PCZ, a shorter incubation time

would be more representative of formaldehyde formation from PCZ

itself.

DMA, MMH, and AZO gave hyperbolic velocity versus sub-

strate concentration curves. Lineweaver-Burk plots of this data

(Figure 7) gave K values for MMH, AZO and DMA of 0.8 x 10-3M,m

1.6 x 10-3M and 2.4 x 10-3M, respectively. The data for MMH were

not corrected for the amount of formaldehyde measured in the pres-

ence of this compound and therefore represent minimum values. The

K value as calculated from the Lineweaver-Burk plot for MMH ism

then at best an approximation.

The effect of temperature on the demethylase reaction of PCZ,

MMH and DMA was examined (Table VI). An incubation temperature

of 37° gave maximum demethylase activity. Treatment of the micro-

somes for 2, 4, or 7 minutes at 60° caused a decrease in the

demethylation rate of PCZ, MMH and DMA. DMA and PCZ demethyl-

ases appeared to be the most heat labile.
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Table VI. Temperature dependence of the demethylation of MMH,
PCZ, and DMA.

mIlmoles Formaldehyde Formed

Substrate Incubation Temp.
Pretreatment Time

of Microsomes
at 60°

Minutes
0 15 25 37 2 4 7

DMA 7 36 55 135 7 3 2

PCZ 0 14 21 40 14 0 0

MMH 0 82 113 188 50 21 14

* After the microsomes were treated at 60°, they were assayed for
activity at 37° C.
Assay medium: 1011moles DMA, 20p.moles MMH, or 20p.moles
PCZ. Other assay conditions as described in materials and
methods unless otherwise stated.

The Effect of Other Reaction Conditions on the N-Demethylase
Activity

The data in Table VII indicate that the demethylation of PCZ

and MMH is dependent upon the presence of either a NADPH-regen-

erating system or NADPH. The concentration of isocitric dehydro-

genase was doubled (0.64 units) to determine if the rate of NADPH

regeneration was limiting. No increase in formaldehyde production

was noted in these experiments. Addition of a limiting amount of

NADPH (0.5mM) caused a three to four fold increase in the demethyl-

ation of MMH and PCZ. The demethylation rate of AZO did not
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Table VII. Effect of various reaction conditions on the demethylation
of MMH, PCZ, AZO and DMA by microsomes prepared
from phenobarbital pretreated animals.

Reaction Condition

DMA

% of Control

Formaldehyde
MMH PCZ AZO

Control 100 100 100 100

Deletion of Regenerating System 6 10 0 120

Deletion of Regenerating System;
addition of NADPH1

30 40

Addition of 10-4M SKF 525-A 28 145 160 150

Gassed for 2 min. with N
2

8 22 20 25

Addition of 100 p.moles Nicotin-
amide

112 25 28 100

1 NADPH concentration was 0.5 mM.

Assay medium: 10 ilmoles DMA, 20 p.moles MMH, 20 J.rnoles PCZ,
or 20 p.moles AZO. 0. 5 mM NADP+, 5 mM MgC12, 0. 01 mM
MnCl2, 5 mM isocitrate, 0.32 units isocitrate dehydrogenase,
2.5 mg of protein, and 0.1 M phosphate buffer pH 7.4--unless
otherwise stated. Incubation time was 40 minutes at 37° C.
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require the presence of a NADPH-regenerating system for maximum

activity but instead seemed to be slightly reduced (20%) by its pres-

ence. Further study indicated that high concentrations of NADPH

inhibited the reaction while low concentrations actually stimulated

the reaction (Table VIII). Therefore, the presence of 0.05 [Imole to

1 p.mole NADPH increased formaldehyde production from AZO 20%.

The nature of the inhibition caused by NADPH on AZO demethylation

is not known.

Table VIII. Effect of various NADPH concentrations on AZO
demethylation.

NADPH Concentration milmoles Formaldehyde/
mg protein/40 min.

0 9

0.05 11

0.1 11

0.25 5

0.5 6

1.0 5

Reaction mixture consisted of: 20 p.moles substrate, NADPH,
2.5 mg microsomal protein (microsomes from phenobarbital pre-
treated animals) and 0.1 M phosphate buffer pH 7.4 to two ml.
Incubation time was 40 minutes at 37° C.
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The demethylation reaction is also dependent on molecular

oxygen since gassing the assay medium for two minutes with nitrogen

caused a 74-80% inhibition of formaldehyde formation (Table VII).

Additional details of oxygen effects are described later in this thesis.

Schenkman ( 1 9 6 7 a ) , has recently reported that nicotinamide,

which is often added to the assay medium to inhibit pyridine nucleo-

tidase, inhibits aminopyrine demethylation and aniline hydroxylation.

Addition of 100 ilmoles of nicotinamide caused a 75% inhibition of the

formaldehyde formed from PCZ and MMH, it had no effect on AZO

demethylation, and increased by 12% the formaldehyde formed from

DMA. Nicotinamide was not used due to these results and those

observed by Schenkman (1967a).

SKF 525-A has been reported to inhibit the metabolism of

many drugs (Cooper, 1954). However, a few exceptions can be found

in the literature. Gaudette and Brodie (1959) have observed that the

demethylation of methyl- and ethyl-aniline is not inhibited by SKF

525-A. Addition of SKF 525-A (10-4M) to the assay medium

(Table VII) did not inhibit the demethylation of PCZ, MMH, or AZO

but actually stimulated it approximately 50%. The demethylation of

DMA was inhibited 72%.
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DISCUSSION

The microsomal fraction of rat liver cells possesses an enzyme

system which demethylates several compounds that contain the

N-N-CH
3

group. Substrates for the demethylation reaction include

MMH, UDMH, SDMH, PCZ, AZO, the azo derivative of MBH and

methylazoxymethanol. Several authors (Dost, 1966, 1967; Baggiolini,

1965; Schwartz, 1966) have reported the in vivo formation of carbon

dioxide from methylhydrazines but only for PCZ has there been

reported any enzymic formation of formaldehyde in vitro (Weitzel,

1967b). The enzyme described here is heat labile and possesses

typical enzyme kinetics. The reaction rate is linear with time and

protein concentration and gives linear Lineweaver-Burk plots. The

reaction is dependent upon the presence of molecular oxygen and a

NADPH-regenerating system with the exception of AZO whose

demethylation is inhibited slightly in the presence of high concentra-

tions of NADPH. NADPH is rapidly oxidized by microsomes even in

the absence of substrate (Prough, 1969a) and therefore the addition

of one ilmole of NADPH while not expected to give the maximum

activity of the NADPH-regenerating system did enhance the reaction

rate 30 to 40%. This enzyme has properties similar to the enzyme

system that demethylates DMA (Zeigler, 1966) and can be classified

as a mixed function oxidase as defined by Mason (1957).
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The effect of SKF 525-A on the demethylation rate of MMH,

PCZ and AZO poses an interesting problem. Most oxidative drug

metabolizing enzymes are inhibited by this compound (Cooper, 1954).

Rats pretreated with SKF 525-A accumulate the drug imipramine in

liver (Bickel, 1968) causing an 84% inhibition of the demethylation of

imipramine. In vitro SKF 525-A actually stimulated the demethyla-

tion of MMH, AZO and PCZ 1.5 fold. DMA demethylation was

inhibited 72 %. Ziegler (1966) has found that in pork liver micro-

somes SKF 525-A inhibited formaldehyde formation from DMA 94%.

Microsomes pretreated with SKF 525-A metabolized MMH at 85%,

AZO at 77% and DMA at 90% of the rate of untreated microsomes

(Table X). Baggiolini (1966) has found that SKF 525-A (5 x 10-5M)

when added to isolated perfused rat liver inhibited CO2 formation

from MMH 15% and PCZ 50%. Although a direct comparison cannot

be made since the systems and products being studied are different,

Baggiolini's results appear to support the in vivo data obtained with

SKF 525-A and contradict the in vitro data presented here. The rea-

son for the stimulatory action of SKF 525-A on the demethylation rate

of MMH, PCZ and AZO is not known. The differences seen between

the addition of SKF 525-A in vitro and treatment of rats with SKF

525-A could be explained if the inhibition due to the latter was attri-

butable to some metabolite of SKF 525-A. When this compound is

added in vitro possibly enough time does not elapse for this
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metabolite to accumulate in the system to an inhibitory concentration

and then SKF 525-A by some unknown mechanism stimulates the

reaction.

Recently Prough (1969b) has reported the formation of hydro-

carbon from the parent alkylhydrazine by rat liver microsomes.

This reaction was also dependent on the presence of molecular oxy-

gen and a NADPH-regenerating system. The following mechanism

was proposed: an oxidation occurs in which the alkylhydrazine is

converted to the corresponding diazene (R-N=N-). This compound

then collapses to form hydrocarbon and nitrogen via either a free

radical or ionic mechanism. If the alkyldiazene is formed and has

a sufficient half life it could be the substrate for the oxidative de-

methylation of the N-methylhydrazines described. This author

(1969a) has further found that AZO is enzymically formed from PCZ

by microsomes. Data have been reported here that support this

mechanism. AZO was demethylated at a rate two times that of PCZ.

The azo of MBH but not MBH itself was demethylated by microsomes.

The more rapid rate of N- methyl -azo demethylation could be due to

the increased lipid solubility of the azo compound and/or to the fact

that the azo is the substrate for the N-demethylase and the formation

of the azo from the parent hydrazine is the rate-limiting step.

A different mechanism must be proposed for the demethylation

of UDMH than MMH for two reasons. First, no methane is formed
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from UDMH and therefore MMH cannot be a metabolite of this com-

pound. Second, UDMH is not oxidized to a corresponding diazene

but to a diazonium ion and then forms its tetrazene (Smith, 1966).

The tetrazene of UDMH could then be the actual substrate for the

N-demethylase. Structurally related compounds, the carcinogenic

aryldialkyltriazenes, have been reported by Preussmann (1969) to be

demethylated by microsomes to formaldehyde.

Data presented here indicated that the acetate of methylazoxy-

methanol was an excellent substrate for microsomal N-demethylation.

This compound was isolated from the cycad nut as its glycoside and

has been shown to be the potent carcinogenic component of the nut

(Laquer, 1966, 1967). PCZ has also been shown to possess carcino-

genic activity (Kelly, 1964) and both compounds alkylate DNA in the

seven position of guanine (Shank, 1967; Kreis, 1966). N-oxides of

tertiary amines have been proposed by Fish (1956) and Ziegler (1964)

to be the intermediates in N-demethylation reactions by microsmal

preparations. The strongest evidence against such an intermediate

was reported by McMahon (1964) who determined through isotope

dilution experiments that the N-oxide of 1-propoxyphene was not an

intermediate in the demethylation of this compound by rat liver

microsomes. Considering the facts that methylazoxymethanol is

demethylated by microsomal preparations and that it possesses

biological properties similar to PCZ and, furthermore, that
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N-oxides have been proposed as intermediates in oxidative demethyl-

ation by microsomes, it is tempting to postulate the formation of the

N-oxide or azoxy derivative of AZO as the intermediate in its oxida-

tive demethylation. Therefore, the N-oxides of methyldiazene, azo-

methane and the tetrazene of UDMH can be postulated as intermedi-

ates in the demethylation of MMH, SDMH and UDMH respectively.

The sequence of reactions shown below is a summation of the fore-

going postulations.

0
T

CH
3
-NH-NH- --,CH3 N-N --)CH

3
-N=N-

No net amount of formaldehyde was observed from the azoxy-

derivative of AZO after comparing the yield of formaldehyde when

boiled microsomes were present to unboiled microsomes. However,

the amount of product formed under both of these conditions was

approximately three times that formed from AZO in the presence of

boiled microsomes. It is believed therefore that the azoxy cannot

be ruled out as a possible intermediate in the demethylation of AZO

since this compound is probably unstable in aqueous solution and

slowly decomposes to formaldehyde. Thus the azoxy once it is

formed from AZO in microsomes may be an unstable intermediate

that spontaneously decomposes to product. Further study must be

done to determine the lipid solubility of this compound and its sta-

bility in aqueous solutions before a definite statement can be made
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as to whether it is an intermediate or not. The N-oxide of DMA as

described by Ziegler (1964) appeared to be demethylated by micro-

somes but the K value of the N- -oxide dealkylase was very highm

(0.193M) for an enzymic reaction. However, lipid solubility and

consequently availability of polar substrates to the demethylase

enzyme system is an important factor in comparing the demethyla-

tion rates of the lipid soluble amine and its relatively lipid insoluble

N-oxide.

Returning to the degradation scheme of PCZ in Figure 2, it

seems that PCZ is first autooxidized to AZO which in turn can act

as substrate for a microsomal N-demethylase to form formaldehyde

and consequently CO2. Or the AZO can be further degraded to its

benzaldehyde derivative and MMH. MMH can then either be metabo-

lized in the microsomes to methane or formaldehyde and CO2.

The exact metabolic process that is affected by PCZ to cause

it to be carcinogenic or cytotoxic has not been pinpointed. Many of

the degradation products of PCZ have been found to inhibit DNA and

protein synthesis in the cell. PCZ also methylated DNA in the seven

position of guanine possibly via intermediate formation of diazo-

methane and carbonium ions. Any one or all of these effects of PCZ

and its metabolites on cell metabolism could be responsible for the

cytostatic and carcinogenic properties of this drug.
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PART II. INDUCTION OF N-METHYLHYDRAZINE
DEMETHYLASE AND THE ROLE OF P-450

IN THE ACTIVITY OF THIS ENZYME(S)

RESULTS

Spectral Evidence for the Interaction of Hydrazines with Microsomes

Substrates of microsomal enzymes cause two types of changes

in microsomes as determined spectrally (Schenkman, 1967b). Since

the spectrum of purified cytochrome b
5

is not affected by these sub-

strates and since the total heme in microsomes can be attributed to

cytochrome b5 and P-450, Schenkman (1967b) concluded that these

changes in microsomes were due to an interaction of the substrate

with P-450. Addition of 3.4 mM PCZ and 7 mM MMH caused spec-

tral changes which are included in the group designated as class II

along with aniline (Table IX). Class II changes are characterized by

an absorption maximum at 430nrn and a minimum at 390nrn. The

interaction by DMA was characterized by an absorption maximum at

385nrn and a minimum at 415 nm: a class I interaction.

The Effect of Various Pretreatments on the Microsomal Content of
P-450 and on the Demethylation Rates of PCZ, AZO, MMH and DMA

As previously mentioned induction studies with phenobarbital

led to the conclusion that P-450 was involved in oxidative demethyla-

tion in microsomes. Pretreatment of rats with phenobarbital caused
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Table IX. Effect of various compounds on microsomal spectra.

Compound Concentration Absorption Peaks
Max Min Class

mM mp.

MMH 7.0 428 395 II

PCZ 3.4 435 392 II

DMA 3.5 385 410 I

Phenobarbital 3.5 385 420 I

Aniline 5.0 428 396 II

Microsomal protein was diluted to 2mg/ml, divided between two
cuvettes and the baseline was recorded. The compound to be tested
was then added to one cuvette and the difference spectra were taken.

a 2.15 fold increase in the P-450 content of microsomes and a 1.8

to 2.5 fold increase in the demethylation rates of DMA, MMH and

AZO. (Table X) The demethylation rate of PCZ was increased 4-

fold.

Pretreatment with 3-methylcholanthrene increased the cyto-

chrome content and the demethylation rate of microsomes but not to

the extent of phenobarbital. Thus the P-450 content was increased

approximately 1.3 fold and demethylation rates of PCZ, DMA, MMH

and AZO were increased 1.3 to 1.8 fold.

Since SKF 525-A had a stimulatory effect on the demethylation

of MMH, AZO, and PCZ in vitro, rats were pretreated with SKF



Table X. The effects of various animal pretreatments on P-450 content and on the demethylation
of PCZ, MMH, DMA and AZO by liver microsomes.

Pretreatment °70 of Control
P-450

mFimoles/
mg Protein

P-450*

miarnoles Formaldehyde/
mg protein/40 minutes

DMA MMH PCZ AZO

None 100 0.67 30 28 3 13

Phenobarbital 215 1.43 54 75 12.0 22

3-methylcholanthrene 130 0.8 38 50 5 17

SKF 525-A 100 0.67 27 24 10

Procarbazine 60 0.40 21 25 14

Phenobarbital (100mg/kg) was given daily for three days prior to sacrifice. Three-methylcholan-
threne (30mg/kg) and PCZ (200mg/kg) were given daily for two days prior to sacrifice. SKF
525-A (50mg/kg) was given in a single dose one hour prior to sacrifice. Enzyme assays as
described in Materials and Methods
*An extinction coefficient of 91 cm -1M -1 was used to calculate the microsomal content of P-450
(Omura, 1964a, b).
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525-A to determine if such an effect would still be seen by this

compound. SKF 525-A pretreatment resulted in the inhibition of the

demethylation of DMA, MMH and AZO by 10%, 15% and 23% respec-

tively. The P-450 content of microsomes was unaffected by SKF

525-A.

Most drugs appear to be inducers of microsomal enzymes,

however, the effect of pretreating rats with PCZ appeared to be just

the opposite. The P-450 content was decreased to 60% of the control

after treating rats for two days prior to sacrifice with PCZ. The

demethylation rate of DMA was decreased 30%. The enzyme system

which demethylates MMH and AZO was essentially unaffected.

The Inhibition of the N-Demethylase by Carbon Monoxide and by
Steapsin and Deoxycholate Treatment of the Microsomes

Sato and Omura (1964b) have found that treatment of micro-

somes with steapsin or deoxycholate caused the solubilization and

the consequent conversion of P-450 to its inactive form, P-420.

Microsomes prepared from phenobarbital pretreated animals were

incubated at 37° for one hour prior to assay with 0. 14% steapsin or

1% deoxycholate. Microsomes treated in this manner contained 14%

and 2% of the original P-450 content respectively (Table XI). Such

treatment reduced the demethylation rates of MMH and PCZ approxi-

mately 50% and therefore to that of microsomes prepared from
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Table XI. The effect of various treatments on the P-450 content and
the demethylase activity of microsomes prepared from
phenobarbital pretreated rats.

Pretreatment % of Control
P-450

mpmoles Formaldehyde/
mg protein/40 minutes

MMH PCZ AZO DMA

None 100 75 12 22 54

Steapsin 14 30 3 15 3

Deoxycholate 2 32 6 14 1

Gassed for five
minutes with air 73 19 66

Gassed for five
minutes with 50%
air plus 50% CO 41 11 6

Steapsin (0. 14 %) and deoxycholate (1%) were incubated with micro-
somes for one hour at 37°. Enzyme assay as described in Materials
and Methods. The various atmospheres were established as in
Materials and Methods.

non-induced rats (Table X). DMA demethylation was inhibited 94-

9 7 % .

The effect of steapsin and deoxycholate treatments on micro-

somes prepared from 3-methylcholanthrene treated and from

untreated rats was also determined. If induction by phenobarbital

was causing the synthesis of a new N-demethylase dependent on

P-450 as the above data seem to suggest then steapsin and deoxy-

cholate treatment of microsomes from 3-methylcholanthrene
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pretreated rats should cause a 33% decrease in the P-450 content and

demethylation rates of MMH and AZO, provided 3-rnethylcholan-

threne is inducing the synthesis of the same enzyme. Furthermore,

the N-methylhydrazine demethylase prepared from livers of untreated

rats should be unaffected by steapsin and deoxycholate treatments

since the demethylation of MMH and AZO would not be dependent on

the presence of P-450. As indicated in Tables XII and XIII treatment

Table XII. The effect of various treatments on the P-450 content and
demethylase activity of microsomes prepared from 3-
methylcholanthrene pretreated rats.

Pretreatment % of Control
P-450

mp.moles Formaldehyde/
mg protein/40 minutes

MMH AZO DMA

None 100 35 14 60

Steapsin 14 17 5 1

Deoxycholate 10 17 6 1

Gassed for five
minutes with air 61 14 53

Gassed for five
minutes with 50%
air plus 50% CO 32 8 7

Steapsin (0. 14 %) and deoxycholate (1.0%) were incubated with the
microsomes for 1 hour at 37°. Various atmospheres were estab-
lished and enzyme assays were carried out as described in Materials
and Methods.
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Table XIII. The effect of various treatments on the P-450 content
and the demethylase activity of microsomes prepared
from non-induced rats.

Pretreatment % of Control
P-450

rr4Lmoles Formaldehyde/
mg protein/40 minutes

MMH AZO DMA

None 100 12 39

Steapsin 20 5 1

Deoxycholate 4 4 1

Gassed for five
minutes with air 37 11 33

Gassed for five
minutes with 50%
air plus 50% CO 34 12 1

Steapsin (0. 14 %) and deoxycholate (1.0%) were incubated with micro-
somes for one hour at 37°. Enzyme assay as described in Materials
and Methods. The various atmospheres were established as in
Materials and Methods.

of microsomes from 3-methylcholanthrene pretreated and untreated

rats with steapsin or deoxycholate had essentially the same effect as

on microsomes from phenobarbital pretreated rats. It appears that

treatment of microsomes with steapsin or deoxycholate results in

solubilizing approximately 50% of the N-demethylase for MMH and

AZO independent of whether the microsomes were induced or not.

Cytochrome P-450 has been shown to form a complex with
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carbon monoxide rendering P-450 inactive. Gassing the assay medium

containing microsomes from phenobarbital-induced rats with a 50%

carbon monoxide-50% air mixture inhibited the demethylation of

MMH 43%, AZO 43%, and DMA 90% (Table XI). Carbon monoxide

appears to be inhibiting only an induced reaction of MMH and AZO.

A 50% carbon monoxide 50% air mixture also only inhibited the 3-

methylcholanthrene induced demethylation of MMH and AZO. DMA

demethylation was inhibited 87%. Carbon monoxide has no effect on

the demethylation rate of MMH and AZO from non-induced rats but

inhibited DMA demethylation 97%.

To determine whether the presence of oxygen was becoming

the limiting factor in the above experiments since at most only 10%

of the atmosphere was oxygen compared to 20% in air, the demethyla-

tion rates of MMH, AZO and DMA were determined at various oxygen

to nitrogen and oxygen to carbon monoxide ratios. The results of

these studies can be found in Figures 8-12. Carbon monoxide had

no effect on the rate of formaldehyde formation from MMH or AZO

when the microsomes used were prepared from non-induced rats.

However, when phenobarbital induced rats were used as the source

of microsomes at a 0 /CO ratio of 1:4 and 1:9, the demethylation

rate of AZO and MMH was inhibited approximately 50%, while DMA

demethylation was inhibited 80%.
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Figure 8. The effect of various ratios of oxygen to nitrogen and oxygen to carbon
monoxide on the demethylation rate of AZO by microsomes from rats
pretreated with phenobarbital. Enzyme activities and C0/02 and N2/02
ratios were established as described in Materials and Methods.
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Figure 9. The effect of various ratios of oxygen to nitrogen and oxygen to carbon
monoxide on the demethylation rate of AZO by microsomes from untreated
rats. Ratios of C0/02 and N2/02 and enzyme activities were established
as described in Materials and Methods.
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Figure 10. Effect of various ratios of oxygen to nitrogen and carbon monoxide to
oxygen on the demethylation rate of MMH by microsomes prepared
from phenobarbital pretreated rats. Enzyme assays were carried out
and CO/Oz and 1\12/02 ratios were established as described in Materials
and Methods.
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Figure 11. Effect of various ratios of oxygen to nitrogen and oxygen to carbon
monoxide on the demethylation rate of M1\41-1- by microsomes prepared
from untreated rats. Enzyme assays were carried out and CO /02
and N2102 ratios were established as described in Materials and
Methods.
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Figure 12. The effect of various ratios of oxygen to nitrogen and oxygen to carbon
monoxide on the demethylation rate of DMA by microsomes prepared
from untreated rats. Enzyme activities and C0/02 and N2/02 atmo-
spheres established as described in Materials and Methods.
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The Effect of Trypsin Treatment on the Microsomal Content of P-450,
Gytochrome b5 and N-Demethylase

The data obtained in the previous section seem to indicate that

the enzyme system present in non-induced rats to demethylate MMH

and AZO is not dependent on P-450 but that the phenobarbital-induced

enzyme system is P-450 dependent. To further support this postu-

late, microsomes from non-induced and phenobarbital-induced rats

were digested with trypsin at 25o for various time intervals and then

centrifuged to sediment the microsomal pellet to determine if there

is a correlation in the effect of trypsin digestion on the P-450 con-

tent and N-demethylase activity of the microsomes. The effect of

this treatment on cytochrome b
5

content of the microsomes was also

determined. The loss of microsomal protein with time was taken

into consideration when calculating the percent of original values for

P-450, cytochrome b5 and the N-demethylase. The effect of trypsin

treatment on non-induced microsomes is found in Figure 13. No

correlation could be found between either the loss of cytochrome b
5

or P-450 and the decrease in demethylation rates of MMH and AZO.

In microsomes prepared from phenobarbital-induced rats, a corre-

lation between P-450 content and the demethylation rates of MMH and

AZO could be found after five minutes of digestion (Figure 14). At

this time of digestion each were at 65% of their original values. The

N-demethylase activity then rapidly decreased.
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Figure 13. The effect of trypsin treatment on the content of
P-450, cytochrome b5, and MMH and AZO de-
methylase activity in microsomes prepared from
untreated rats. A ten ml suspension of micro-
somal protein was treated with 30 mg of trypsin
and incubated at 25°, removed and added to 8 mg
of trypsin inhibitor (egg ovalbumin). Enzyme
assays and determinations of cytochrome con-
tent were carried out as described in Materials
and Methods.
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Figure 14. The effect of trypsin treatment on the content
of P-450, cytochrome b5, and MMH and AZO
demethylase activity in microsomes prepared
from phenobarbital pretreated rats. A ten ml
suspension of microsomal protein was treated
with 30 mg of trypsin and incubated at 25°,
removed and added to 8 mg of trypsin inhibitor
(egg ovalbumin). Enzyme assays and deter-
minations of cytochrome content were carried
out as described in Materials and Methods.
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The involvement of cytochrome b
5

in the non-induced demethyl-

ation reaction of MMH and AZO cannot be ruled out by the above

experiments since the N-demethylase was solubilized at a more

rapid rate than cytochrome b5. In an attempt to determine if this

cytochrome is involved in the demethylation of MMH, microsomes

from non-induced rats were anaerobically incubated with 0. 07%

steapsin for one hour at 37o. Omura and Sata (1964b) have found

that this treatment caused only a slight solubilization of the CO-

binding pigment while cytochrome b
5

was solubilized 78%. The

data in Table XIV indicate that steapsin treatment solubilized 38% of

the cytochrome b5 and 60% of the enzyme which demethylates MMH.

Again no correlation could be demonstrated between the cytochrome

b
5

content of microsomes and the N-demethylase in non-induced rats.

Table XIV. The effect of steapsin treatment on the demethylase
activity and cytochrome b5 content of microsomes pre-
pared from livers of non-induced rats.

Protein % Solubilized mp.mole s formaldehyde/
Sample Cyto mg protein/40 minutesmg/ml P-450

b5 MMH DMA

Control 14.2 0 0 57 53

Steap sin
treated pellet 13.0 38 2 23 1

Microsomes were treated anaerobically with steapsin (0.07%) for one
hour at 37°. Enzyme activity and cytochrome content of the recen-
trifuged pellet (140, 000 g for one hour) was determined as in Materi-
als and Methods.
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DISCUSSION

Experiments were carried out to determine what class of spec-

tral change if any hydrazines cause in microsomes according to the

procedure described by Schenkman (1967b). The changes produced

by drug substrates in microsomes as determined spectrally have

been attributed to an interaction of the drug with P-450, which has

been shown to play a role in the metabolism of many of these com-

pounds. Addition of MMH and PCZ to microsomes caused spectral

changes which can be classified as class II changes while the inter-

action caused by DMA was a class I change. Therefore, since MMH

and PCZ appear to interact with P-450 in some way, P-450 could

play a role in the metabolism of these hydrazines.

Induction studies reported here further supported the conclu-

sion that P-450 was involved in at least the induced demethylation of

PCZ, AZO and MMH. In 1967 Orrenius found that the amount of

microsomal bound 14C-aniline increased in parallel with the P-450

content in phenobarbital pretreated rats. Phenobarbital pretreat-

ment of rats caused a 2 fold increase in the microsomal content of

P-450 and also doubled the demethylation rate of MMH and AZO.

Pretreatment of rats with 3-methylcholanthrene increased the P-450

content 1.3 fold and demethylation rates of MMH, PCZ, and AZO

1.3 to 1.8 fold. The demethylation rate of PCZ was increased in
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both cases above that of MMH and AZO. This discrepancy can be

explained if one considers that not only is PCZ autooxidized in

aqueous solution to the more lipid soluble AZO but it is also enzym-

ically metabolized by microsomes to AZO (P rough, 1969a) and this

reaction could be induced by phenobarbital and 3-methylcholanthrene.

Steapsinand deoxycholate treatment of microsomes from pheno-

barbital-induced rats led to the conclusion that phenobarbital was

inducing in rats the synthesis of a new enzyme system that demethyl-

ated PCZ, MMH and AZO and that this enzyme was P-450 dependent

while the enzyme system in non-induced rats was P-450 independent.

The activity of this new enzyme system appeared to be lost upon

steapsin and deoxycholate treatment of microsomes since such treat-

ment caused an approximately 50% inhibition in the demethylation

rates of MMH and AZO. The demethylation of DMA which appeared

to be totally dependent on P-450 in induced and non-induced micro-

somes was inhibited 94 to 97%. These two agents almost completely

solubilize P-450 to its inactive P-420 form (Omura, 1964b).

Provided that the effect of steapsin and deoxycholate on the

microsomes is only to convert P-450 to its P-420 form, then treat-

ment of microsomes from non-induced rats with these agents should

have no effect on the N-methylhydrazine demethylase if P-450 is not

involved. However, this was not found to be true since treatment

with steapsin and deoxycholate also caused a 50% inhibition in the



75

non-induced N-methylhydrazine demethylase.

Cooper (1965) has shown that the liver microsomal oxidation

of codeine, 4-monomethylamino antipyrine and acetanilide was

inhibited by carbon monoxide. The inhibition was reversed by light

of wavelength 450nm indicating that CO was inhibiting the metabolism

of these compounds by binding to P-450. Carbon monoxide did not

inhibit the demethylation of MMH or AZO when microsomes from

non-induced rats were used as the source of the N-demethylase

activity. The demethylation of DMA was inhibited 80% which agrees

with the results found by Ziegler (1966) for the inhibition by carbon

monoxide of DMA demethylation by pork liver microsomes. P-450

then appears to play a role in the demethylation of DMA but not of

MMH or AZO in microsomes prepared from non-induced rats. When

carbon monoxide was added to microsomes prepared from pheno-

barbital-induced rats the N-methylhydrazine demethylase was

inhibited approximately 50% indicating that P-450 is involved in the

induced demethylation activity for MMH and AZO.

The carbon monoxide data then again raises the question of the

existence of two different enzyme systems, one non-inducible and

independent of P-450 and the other inducible and dependent on P-450

to demethylate MMH and AZO. To determine whether either P-450

or cytochrome b
5

was involved in sterol demethylase, Gay lor and

Mason (1968) incubated microsomes with trypsin at various time
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intervals to see if there was a correlation in the solubilization of

either of these cytochromes and sterol demethylase activity. They

found that microsomal cytochrome b
5

was solubilized at a greater

rate than the sterol demethylase activity and that the P-450 content

was solubilized at a slower rate. In other words loss of P-450 or

cytochrome b
5

from the trypsin treated microsomes had little or

no effect on sterol demethylase and Gaylor and Mason (1968) con-

cluded that neither of these cytochromes were involved. In the

present study similar experiments were carried out on microsomes

from phenobarbital-induced and non-induced rats to determine

whether there was a correlation in the content of P-450 or cyto-

chrome b
5

and the N-methylhydrazine demethylase. In phenobar-

bital- induced microsomes after five minutes of trypsin digestion,

there was a direct relationship between the P-450 content of the

microsomes and the demethylation rate of MMH and AZO. After

this time period the N-methylhydrazine demethylase activity was

solubilized at a faster rate than either P-450 or cytochrome b5.

When a similar experiment was carried out on non-induced micro-

somes, no correlation was ever seen between either of these cyto-

chromes and the demethylation rates of AZO or MMH. These

results support the conclusion that P-450 plays a role in the

phenobarbital-induced N-methylhydrazine demethylase activity.

The existence of a role for P-450 in the non-induced demethylation
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reaction can be ruled out since this enzyme system was not inhibited

by carbon monoxide, trypsin digest showed no correlation between

P-450 and the N-methylhydrazine demethylase, and pretreatment of

rats with PCZ, which reduced the P-450 content of microsomes had

no effect on the demethylation rate of MMH or AZO.

The question should be asked of what action does PCZ pretreat-

ment of rats exert on the microsomes to cause a decrease in micro-

somal P-450 content. Ethionine which is a known blocker of protein

synthesis did not decrease the activity of benzpyrene hydroxylase or

the P-450 content of non-induced rats but it did prevent induction by

3-methylcholanthrene and phenobarbital (Alvares, 1967). These

results would seem to indicate that the turnover numbers of P-450

and benzypyrene hydroxylase are low in non-induced rats since

ethionine had no effect on their microsomal content, but it did block

their active synthesis induced by phenobarbital or 3-methylcholan-

threne. If the effects of PCZ on the microsomes were to block pro-

tein synthesis then why should it preferentially block P-450 synthesis.

The activity of the N-methylhydrazine demethylase was unaffected by

PCZ and the loss of DMA demethylase activity seemed to be corre-

lated to the loss of P-450. This author feels instead that PCZ has

some direct effect on P-450 such as phenylhydrazine has on mito-

chondrial cytochromes (c + c1) and a (Asami, 1968). Phenylhydra-

zine blocked electron flow in the mitochondria between cytochrome
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b and c
1

in the succinic oxidase electron transport chain and also

decreased the mitochondrial content of cytochromes (c + cl) and a.

The inhibition caused by this compound was dependent on the presence

of oxygen and upon temperature. Under anaerobic conditions phenyl -

hydrazine had no effect on the flow of electrons in the mitochondrial

electron transport chain suggesting that some autooxidation product

of phenylhydrazine is the actual inhibitor. Phenylhydrazine and

acetylphenylhydrazine have also been found to attack other heme con-

taining proteins. It converts oxyhemoglobin to what White (1954)

called "green" oxyhemoglobin which precipitates. Koblet (1968) has

noted that 14C is bound in small amounts to the microsomal fraction

isolated from livers of 14C-PCZ treated rats. The binding is

dependent upon time and temperature but not pH. These workers

did not determine if PCZ or a metabolite such as AZO was bound.

PCZ could then be exerting its effect on P-450 in a manner similar

to the interaction of phenylhydrazine with oxyhemoglobin and cyto-

chromes (c + c
1)

and a.

Evidence has been presented which leads to the conclusion that

the enzyme system which demethylates DMA is not the same one

that demethylates N-methylhydrazines and azo compounds. The

DMA N-demethylase was affected to a much greater extent by steap-

sin and deoxycholate treatment of microsomes from induced or non-

induced rats than was the N-methylhydrazine demethylase. Ziegler
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(1966) has found that 90% of the DMA N-demethylase activity was

destroyed upon treatment of microsomes from pork liver by cholate.

The extent of inhibition produced by carbon monoxide was greater for

DMA demethylation than that for MMH and AZO. And finally SKF

525-A inhibited the demethylation of DMA as also reported by Ziegler

(1966) but stimulated that from MMH, AZO, and PCZ.

Reviewing the similarities that exist between the non-induced

N-demethylase and the enzyme which mediates hydrocarbon forma-

tion from alkylhydrazines, the possibility exists that these two

enzymes are identical. Hydrocarbon formation from alkylhydrazines

is dependent upon molecular oxygen and a NADPH-regenerating sys-

tem; it is not inhibited by carbon monoxide in a manner typical of

P-450 dependent enzymes or by SKF 525-A; it is non-inducible and

does not appear to be dependent upon P-450 (Prough, 1969a,b). The

same intermediates can be postulated for both reactions. The only

discrepancy that exists is that the N-demethylase demethylated

UDMH and SDMH to formaldehyde but no methane was formed enzym-

ically from either of these compounds. Prough (1969b) argued that

since azomethane and the tetrazene of UDMH (Smith, 1966) are more

stable than methyldiazene they would not be expected to form detect-

able amounts of methane.

Why does the cell have the capacity to be induced to form a
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new enzyme dependent on P-450 to metabolize N-methylhydrazines

and azo compounds? Obviously much more knowledge about induction

and its role in drug metabolism is necessary before this question can

be answered.
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