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ABSTRACT OF DISSERTATION

Influence of Electron Carrier Systems in Microsomal
Metabolism of Drugs

PREVIOUS STUDIES hive shown thoi the meidence of hepatic tumon following
the administration of corcinogenic ars dyed, as well as the metabolim of these
dyes in vitre Bud fn wive, wis relited to hepatic Mivin levels  Thess oheervas
thons stimmlated om investigation: (1) the mechonism of fovin stinulason of
agorpducinge, (2] the relationahip between dietiry faviog and duction by
A-methylcholanthrene and phensbarbical, and (33 the inffoence of nhibiioms on
ithe cytochrome PP-450 pathway of azsreducinse.

Aroreductase activity of hepatie microsomes wan shown to be o composite of
several eneymatic’ pathways. A genecnl scheme for the electron Iransport sis-
tern involved in the redoction of Ko compounds was developed,

Flpviny, phennzine methosulinte. and cresyl violel stimidated azoreductase
petivity évitre,  Flaving were more specifle than phenasine methowuifnte. The
reduction of mecoprontosil, o d-gléctron acceptor, required 4 moles of reduced
NADPH to one mole of dye, indicating that ealy one-gleciron equivalent wis
trumaferred &t & time. A varkty of compounds: incioding transitional mstaly,
freée radical scovenger agentd, and complexing wpent, did not affect flavin-
stimailated azoreductase.  Flaviie stmodated both NADH and NADPH paih-
wuys of microsomal asoreductose.

Flavin stimubution dependied tipon the fermation af i ¢complex with the Sav-
profein enzymes by a Movio-fevin imerection. Part of the mechanism of azore-
ductase induction by I-methylcholanthrene was due fo an induced change In
the structure of microsomal Mavoproiein by cxpesing more favocoene yme-active
ceplers, Thin was supporied by the following: {10 indvction by 3-methyl-
cholanthrene augmented FMM-stimulation of misrosomal axareductase in i,
[2) increased enzyme setivity was nof compensaied by an ingrosse in micro-
soqusl flavin; and 1) induction by 3-methyicholanthrenes in riboflavin=deficient
rath required a minimal flavin level

In riboflavin deficiency, the carbon monoxide fnsensitive microsomal arore-
doetase pathway induced by 3-melbylcholanthrens wis decreased. The carbon
monexide seoaltive pothway was unnffectsd, sipce (1) microsomal cyiochrome
P-450 levels of normal and deficient rats were the same, (2) N- and S-demeth-
¥iases were similar in pormal and deficient animate, and (31 phenobarbilal pre-
treatinent of riboflavin-deficient rats [ndoced the oxidative ansd redoctive en-
inen.

Riboflavin deficiency studies indionted that M- and S-demethylases were in-
dependent of microsomal  favin, whereas bengpyreos hydroxyiuse was de-
creaser],

Studies with 2.4 dichloro-f-phencayethylumine (DPFEA} and B-diethylaming-
ethy} dipbenylpropyl acetate (SKF 525A) demonstrated that the rate of rodue.
tion of nzo dyes win pliered by oo intoraction with eyicchrome P<350, i vitro,
Anduction sindies indicated that both of these compounds acted at the carbon
monoxhie senaitive sife,

Solubilized aworeduciase petivity was sssocinted with NADPH oviochrome ¢
feduciass and was stimulnted by duvins,

Housefly enzymes were qualiatively aimilar to rut eoeymes in neduction of
s and nitto compounds, simulation by favios, and inhibition by ¢arbon man-
oxide. Woth croyme preparnfiogs containgd cylochrome P-450 and NADPH
yiochrome & reducizse,



The stndics indicated the cxistence af ai least twa micrmomal pathways for
the reduction of azo compaunds: (1) a favoprowsin coeyme pathway that was
decreased in riboflavin deficiency, induced by J-mothylcholanthrens, insensitive
i carbon monexide and DPEA inhibition, insensitive to SKF 325A stiimulation,
and sensitive o favin stimolation; {21 o pathway unaffected by riboflavin de-
ficiviney, induced by phennbarbital, sersitive lo carbon monoxide and DFEA in-
hibition, sensitive 1o SKF $25A stimulstion, and mseositve fo Ravin stimuo-

Tation.
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LI5T OF ADERENTATIONS AND TERMS USED

A. Abbrevietions

AET - = 2-aminocthylisothiouronium bromide

BHT = butylated hydroxytoluens

A = 1,2 dimebhyl-l-(p-carboxyphenylane)-5-hylrekybenzens

DEAE cellulose - diethyl amingethyl cellulose

DPEA - 2,4k-dichloro-G-phencxyethylanine

DFEH - 2, 2-diphenyl-1-plerylhydrazyl

EDTA - ethylenedinnine tetrancetate

FAD = flavin edenine dinucleotide

FADH - flavin sdenine dimucleotide (semi-reduced form)

FADH, - flavin sdenine dinuclectide (fully-reduced form)

o = flevin monomuclectide

| 3 - flevin monomuclectide (semi-reduced form)

RE, - flavin mononucleotide (fully-reduced form)

[3 bisulfite ~ menadions bisulfite

Lilly 1847 - 2, b dichloro-6-phenyl phenoxyethyl diethylamine

Mb = methylene blue

e = 3-methylcholanthrene

HAD - nieotine adenine dimcleotide .

Raon - ninutiu.midr adenine di.nu:luﬂtiﬂa {reduced form)

-, HADP = mnicotinamide adenine dinucleotide phosphate

HADE - ofcotinamide adenine dinucleotide phosphate (reduced form)

NE = nnn-am:.rma_.ic, reductions invalving reduced pyridine
micleotides ard no nierosossl ensyme

e - mneotetrazoliua, (2,2',5 ,S‘—tetra:henrl*}{l'*-ﬂ-l?hﬂﬂﬂuﬂ
ditetrazolium)

F 3



o] - phencbarbival

B - phenarine methosulfate

¥ = ribeflevin

BEF 5254 = p-disthylamincsethyl diphenylpropylacetate
B. Terms

e o —

Acceptor is an aryificial or natural substrate that has the ability to
nccept electrons and/or hydrogen stoms e.g. cytochrome c, neotetra-
ltum, PAD,

Aroreductase is 8 complex enzyme system present in hepatic microsomea
that hag the ability to reduce azo compounds suth as neoprontosil.

Dopnor is en &rtificiel or natural compound that tends to lose elsctrons
“and/or hydrogen atoms e.g. NADPH, PADH..

gr_\;gcin-TEP_-hﬂ is the terminmal cytochrome in the hepatic mierosesal
electron transport system which has the ability to bind carbon

monoxide in the reducad ptate.

Mioroscmes (Microsomal fraction) is the pellst obitained by centrifuging
the post mitochondrial supernatant for 1 hour at 105,000 x g in
the nltracentrifuge. This pellet contains the hepatic drug
metebolizing engymes which make up the microsomal eleetron transport

system.
NHeotetrasolium disphorase 1is a complex microsomal enzyme system that
reduces neotetrazolium utilizing NADPH as the hydrogen donor.
HADFH eytochrome ¢ reductase 18 & flavoprotein enzyme that has been
puritied from hepatic microsomes. This enzyme uses MADPH aas the
hydrogen donor and can reduce a variety of substrates including
cytochrome ¢, NT, and azocompounds.

Redox 18 a compound which can be sasily and reversibly oxidiged
reduced =.g. PMB, FMN.



I. INTROIUCTION

The reductive enzymes of hepatic mlcrosomes constitute an
important mechanism for the metabolism of many compounds, including ezo
drugse, aromatic nitro compounds and gteroids. 8tudies on metabolism
of azo compounds, in particuler, can serve 88 A useful gystem in develop-
ing the mechaniams imralved in the reduction of drugs by the microsomal
elsctron transport system.

Studies by Hernandes et al. (1967b) demonstrated that the aszo
drug, neoproptosil, can be reduced both enzymaticsally apd non-engymatic-
ally to sulfanilaemide by HADH o HADPH. Enzymatically. the RADH specific
pathway, via oytochrome 1:5 reductase , reduced neoprontosil at a sglover
rate than the NAIPH specific pathways. The HADPH specific pathway can
reduce ago compounds vis: (1) cytochrome P-b50, (2) HADPH cytochrome c
reductase and (3) a third RADPH specific patbwmy which was demonstrated
indireetly by differemtial ipduction utilizing F-methylcholanthrens and
phencbarbital.

Pretreatsent with the inducing agent, phencbarbital, Iincreased
the NADPH pathwey invelving cytochrome P-450. Incressed azoreductase
activity after phenobarbital induction corresponded directly to the in-
crease in oytochrome P-450 cootent. Io eddition, carbon monoxide, which
tlocks cyiochrome P-LS50 inhibited phencharbital induced microsomal sso-
reductase sctivity. The NADPH specific pathway which was induced by
Phenobarbital and inhibited by carbon monoxide has been termed the esrbon
monoxide-sensitive pathwoy of hepatic microsomal azcreductase. However,
J-methyleholanthrens induced a RADPH specific microscmal pathway which

=



was independsnt of the incresse in cytochrome P-450 since carbon monoxide
failed to {nhibit completely the induced szoreductase activity. Moreover,
J=methylecholanthrens did not stimuiste microsomel NADPH cytochrome o
retiuctage activity. Thus; IF-methylcholanthrens induced a NADPH specifie
pathwvay which was carbon momoxide-insenmsitive (Hernander et al., 1967b).

The importance of flavins in reductive pathwvays wvas demometrated
by Kemgler (1988) who found a direct correlatiom between hepatie flavin
ievels and the ability of rat liver slices to reduce the carcinogenic azo
dye, dimethylsminoazobenzens. FRurthermors, the sddition of various
flaving, in vitro. stimlated the reduction of nitre compounds (Foute and
Brodie, 1957) and ezo compounda (Fouts et al., 1957). However, inducing
Agents puch as phencbarbital and J-methyloholanthrens which increased
Elcrogomal azoreductase sctivity failed to increase microsomal Tlavin
comtent (Ichilawa et sl., 1967; Hernmandez, 1967).

The studies in this dissertation are concerned with (1) the
mechanism of flavin stimulation of azoreductase, (2) the relstionship
between dietary flavins and induction by MC and FB and (3) the influence
of inhibiters on the cytochrome P-450 pathway of azoreductase. The
Components of the microsomal elsetron transport system will be further
tharacterized and & general scheme for the reduction of drugs will be

Presantsd.



II. HISTORICAL BACKGROUND

A, Oxidation and reductiop of forelgn compounds by enzymes in hepatic
Mn mim.

A large pumber of exogenous compounds are metsbolized by a
limited pumber of enzymatic reactions (Gillette, 1963; Brodie et al.
1955). These oxidation-reduction reactions show little specificity with
respect to substrate.

The metabolimm of foreign compounds is often termed, detoxica-
tion, sinee many druge are changed into chemically inactive forms. How-
ever, some drugs are metabolized to a more reactive compound so that the
term, biotransformation may be more suitable, For example, imipramine
is oxidatively demethylated to desmethylimipramine which is pharmacologic-
ally more active than the parent compound (Sulser et al., 1962). Further-
ddre, prontosil, a biologically ipactive aszo drug, is reduced to
sulfanilamide, an active antibacterial mgent (Trefouel et al., 1935).
These enzymes also metsbolized several endogenous compounds, such as the
hydroxylation of steroids (Kunteman st al., 1964) end the -oxidstion of
fatty mcids (Preise and Bloch, 196h).

The liver is the main organ for the detoxication of most drugs.
However, lung, kidney and placenta can oxidize and reduce forelgn sub-
strates (Gillette, 1963; Juchau et al., 1968). Intrasellularly, these
enzymes are attached to the mesbranss of the endeplasmic reticulum. On
homogenization of the liver, these membranes are broken and form vessiclss
which can be sedimented in the ultrecemtrifuge as the microsomal fraction.

Studies by Brodie et al. (1955) demonstrated that the oxidative
reactions catalyzed by these snzymes have the unusual requirements for



reduced NADPH and molecular oxygen. Thess axidative pathways which can
be mechanistically considered as hydroxylatioms, consist of side-chain
oxidation, N-, 0-, and 3-dealkylation, N-oxide and sulfoxide formation
(Brodie =t a1., 1958).

The observation by Kincsita (1937) thst oral administration
of dimethylaminoazobenzens (butter yellow; IMAB) produced hepatic
carcinomss in rets stimlated studies on the metabolie fate of this com-
pound. Stevenson et al. (1942) demonstrated thet IMAB was reduced by
cleavage of the azo linkage and oxidized to p-aminophencl, p-acetamidophencl
and p-phenylenediamine. Studies by Mueller and Miller (1948, 1949, 1850)
on the metabolism of IMAB provided basic information on the intracellular
localization cofactar reguirements and the nature of the prosthetic
group associmted with these reductive and oxidative enzymes.

Musller and Miller (1948) demonstrated thet rat liver homogenates
fortified with nicotinamide, magnesium fons snd hexose diphosphate demethyl-
nted and hydroxylated IMAB. Purther studies by Mueller and Miller (1945)
showed thet the enzymes necessary for dye clesvage required reduced NADP.
The supernatant fraction supplied the enzyme, glucose-G-phosphste dehy-
drogenase which catalyzed the reaction of glucose-G-phosphate and NADP to
forn phosphogluconate and reduced NADPH. Thus, & contimious supply of
reduced NADPH was mssured. Moreover, Muelier and Miller (1950) showed that
butbling carbon dicxide through liver homogenstes diminished the ability
of the homogenate to reduce the azo dye. The addition of FAD to the in-
activated homogenates, restored activity indlcating that the enzyme required

& flavin prosthetic group.
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B. Hepatioc Microsomal Elsctron Transport.

At the presant time, two electron transport systems heve been
described which are specific for reduced pyridine muclectides (Masan
E_"E-: 1%5}:

(1) WADH—= Flavoprotein—s Oyt bs
Azo drug

(2) WADPH—s Flavoprotein — u Cyt P-B50== 00

l |

oyt'e Dealkylations
Azo compounds Hydroxylations
Flaving Azo compounds

Beotetrazolium Hitro compounds

1. HADH Cytochrome be Reductase System:

Cytochroms bsmﬂ.r-h identified as a component of the hepatic
microsomes by Strittmstter and Ball (1952). This hemoprotein accounts for
most of the red color of the microsceml fracticn (Btrittmatter, 1965).
However, the physiologic role of cytochrome bs remains obscure.

The enzyme that reduces cytochrome bg has been purified by lipase
solubilizstion (Strittmatter and Velick, 1956a,b). The flavoprotein enzyme
had a high turnover mmber, approximstely 30,000 moles of substrate per
mole of enzyme at 25°, The prosthetic group was PAD, &nd the enzyme was
Specific for NADH. Reduced cytochrome b can be oxidized rapidly by
oxidized cytochrome o which accounts for microsomal NADE cytochrome c

reductase activity.

Although NADH reduced cytochrome P-b50 (Omura and Seto, 1964a),
the importance of the NADH system in the oxidation of drugs does not appear
to be of great significance. PFurthermore, purified NADK cytochrome b
veductase reduced necprontosil (Hersander, 1567), sa well as ferricyanide,
but had poor metivity for 2,6-d1chlorophencl indophenol and mo sctivity
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tovards methylene blue apd indige monosulfonate (Strittmatter and Velick,
1956). Blekevite (1963) stated that this pathway sight have some
importance in regulating the lsvels of reduced NADH in synthetic reactiona.
Since most drugs are more specific for WADPH than NADH (Brodie et al.,
1958), the NADPE pathway has been studied in greater detail.

2. HNADPH System: MADPH Cytochrome ¢ Reductase:
HADPH cytochrome ¢ reductase was first isolated from liver by
Horecker (1950) as a whole liver scetope powder. Horecker (1950) demon-

strated that this was a FAD containing enzyme and wes sssocieted with the
particulate fraction of the liver. Oubsequently, Strittmatter snd Velick
(1956) demonstrated BADPH eytoshrome o reductase activity in a lipase
solubilized microsomal fraction that precipitatad between 50% and &5%
mmonium eulfate saturation. Williams and Famin (1962) while studying
microsomal neotetrasolium disphorase prepared purified NADPH eytochrome

¢ reductase from steapsin golubilized microsomes. The purifisd enzyme had
disphorase activity. Independently, Phillips and Langdon (1962) purified
HADPH ecytochrome o reductase by trypsin digestion of microsomes. Original
Studies of Willisme and Eamin (1962) reported one mole of FAD per mole of
enzyme. Masters et al. (19658) suggested that the purified enzyme may
have two molecules of FAD per molecule of enzyme.

Masters et al. (1965a,b) and Kamin et al. (1965) demonstrated
that purified NADPH cytochrome ¢ reductase catalyzed one-slectron transfers
Such as eytochrome ¢ and ferricyanide as well as two-elsctron transfers
such as menadione and dichlophenolindophenol. Using stopped-flow spectro-
photometry, these workers demonstrated that the flavin prosthetic group
formed & “half-reduced” flavin intermediaste (i.e., & Torm of flavin which
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had accepted the aquivalent of one hydrogen atom and was thus midwny
between fully oxidized and reduced states). However, Masters ot al.
(1965b) 414 not discern whether this “half-reduced” flavin could be
distinguished from a "charge-transfer complex” or & “semiquirone”.

That NADPH cytochrome ¢ reductase catelyzed L-electron transfers
(1.e., neoprontosil) was demcostrated by Kamm (1963) using lipmse solubilized
wicrosomes. Hernandes st al, (1967a) purified BADPH cytochrome ¢ reductase
and showed that the enzyme pobsessed nroreductase activity. However,
Hernandez et al. (1967a) presented evidence which indiecated that the
purified encyme was not responsible for all the agoreductase mctivity in
the microsomes since steapsin solubilization destroyed some of the original
microsomal sctivity. Similsrly, Williams and Ksmin (1962) reported that
the neotetrazalium diaphorase activity of the purifisd enzyme did not ac-
count for all the diaphorase activity found in the microsomes.

Cytochrome P-k50:
While studying the components of the hepatic elsctron-transport

system Xlingenberg (1958) and Garfinkel (1558) demonstrated the presence
of an umusual pigment which in the reduced state combined with 00. Thig

Pigment wvas later demonstrated by Omirs and Sato (1963, 1964a,b) to be a
cytochrome and was designated cytochrome P-U50. Oytochroms P-450 ie an
urusual eytochrome i{n that {te oxidized and reduced forms have almost
ldentical spectra. The reduced cytochrome thad a CO difference spectrunm
that showed no absorption other then that at V50 mu. This cytochrome was
found in adreral microsome and mitochondris (Estabrook et al. 1963).
Cytochrome P-h50 was reduced sbout six times more rapidly by NADPH than by
WADH (Omira and Sato, 1964a),
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Ryan end Engel (1957) demonstrated that the hydroxylasion of
17-0H-progesterone in the carbon 21 position by microsomes from adrenal
cortex was inhiblted by 0D. Porthermore, these investigators demonstrated
that light partially reversed the iphibition by 00. In the same year,
Conney et al. (1957) reported that the demethylation of dimethylaminoszo-
bentenes (IMAR) wes inhiblted by &n atmosphere of 00.

Cooper et al. (1965) demonstrated that oytochroms P-L5SO0 might
b2 the terminal oxldese in microsomal oxidations. These workers showed
that 1ight of 50 m reverses the inhibitory effect of 0 on the metabolism
of acetanilide, codelne and monomethyl-l-sminmopyrine, PFurthermore, treat-
ment of liver microsomes with steepsin or desoxycholsts changed the ab-
Borption maximum of the CU complex from 450 mu to 20 mu (Omira and Sato,
196t} and inactivated the drug metebolizing engymes (Gillette, 1063).

Recently, Imai apd Bato (1966) suggested that two forms of
Gytoshrome P-450 might exist. These workers used sthylisocyanide rather
then C0 as the 1igand for the reduced hemoproteln and cbeerved two maxime
8t L30 m which weve imtercomvertible by & chamge in pH. Studies on drug
interaction with hepatie microsomal cybochroms P-h50 dememstrated that
Various substrates {nterscted with the microsomes to produce two types of
*eectral changes [Remmer ot al., 1966; Schemkmen et al., 1967 and Tmai
end Sete 1967a). Compounds such as aminopyrine, SKF 525A and PB showed
® %ype I (Schemkman =t al., 1967) interaction with hepatic microsomes
beving un absorption mintmm st 450 mu and & maximm et 385 mu. Compounds
S9Ch 88 aniline, DPEA and nicotinamide produced Type II spectra heving an
absorption minimum st 355 mu apd & maximum ot 530 mu. Purthermore, the
Sddition of NADPH sodified both types of spectra without altering substrate



affinity for the microsomes. Tius, there are several lines of evidence
thet drugs interact with microsomal eytochrome F-450.

Cytochrome F-450 Reductase:
The possibility that cytochrome P-U50 reductane might be

Mimwmmmnrmaﬂmmmwh?htﬂﬂl_l.
(1965) and vy Giliette (1967). Sato et el. (1965) demonstrated that

HADPH cytochrome ¢ reductase could be solubilized from microsomes by
anserobie incubation with 0.07% stespein for 16 hours at 0° (pH 7.5). At
this comcentration of stespsin most of the eytochrome P-450 was comverted
%0 cytochroms P-420. Bince purified NADPR cytochrome ¢ reductase could
not reduce eytochrome P-520, Sato et al. (1565) felt that it was unlikely
that this engyme vas the sams ms oytochrome P-L50 reductase. Gillette
(1967) measured the apparent Km (BADEH) for NADPH cytochrome o reductase
(&bout 10°5 M) end for N-dealkyistion of monomethyl-b-sminopyrine (7 x 1072
M); wherees, the ¥m (NADPH) for the reduction of cytochrome o was ebout
1076 Thus, Gillette suggested that with these differences in apparent
K='s oytochrome P-450 reductase was not identical with WADEH cytochrome

© reductase. Recently, Oigon et al. (1968) measured the rate of reduction
oF cytochrome P-b50 in microsomes. Drug substrates whish stimalated the
rate of veduction of cytochrome P-4S0 exhibited s Type T spectral inter-
S¢tion with the mirrosomes. Drug substrates which decressed the rate of
Ciiochrome P-U50 reduction gave a Type II specirum. Furthermore, Gigon

2t al. (1988) demonstrated that the N-dealkylation of ethylmorphine by
Uver micrésomes was more closely relsted to BADPH cytochrome P-L50
reductase activity and not to the mmount of cytochrome P-450, the magnitude
of the gpectral change or the sctivity of NADPE cytochroms ¢ reductase
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(Moltrman et al., 1968).

3. Helationship Between Oxidetive and Reductive Pathways:
Indirect evidence suggests that these sneymes involved in the
reduction of drugs are the same as those imvolved in the oxidation of

drugs.

That RADPH cytochrome ¢ reductase might be ipvolved in the
Teduction of M-dimethylamincazsbengens was shown by Mueller and Millar
(1950) who found that the addition of pytochrome ¢ inhibited the reduction
of the dye. Cooper and Brodle (1955) demonetrated that oytochrome e
irhiblted the oxidetion of hexobarbital. In addition, Gillstte ot al,
(1957) found that cytochrome c inhibited the demethylation of monemsthyl-
li-aminopyrine by microsomes but did not inhibit microsomal NADPH oxidase.
These workers suggested that the reduction of cytochrome e by FWADPH
lepleted reduced pyridine muclestides needed for demethylstion. Gillette
(1963) demonstrated that p-nitrobenzoic scid cxidizsd WADPH at the same
TBte mercbieally and anmerchbically indicsting that the reduction of the
aitro drugutilized the NADPH oxidase system simllarly to the oxidative
demethylation of mmivopyrine,

Several lines of svidence ghowed that cytochrome P-450 wes
imvolved in both the oxidation and reduction of drugs. Carbon monoxide
¥hich inhibited thess entymes also tnhibited the axidative demethylation
oF IMAE (Comney et al., 1957) and the reduction of p-nitrobenszoie ncld
(Gillette, 1963). However, CO only partially inhibited the reduction of
nEoprontosil indicating that not all the setivity of microgsomal asoreductase
¥8s Que to cytochrome F-b50 (Hernandez et al., 1967s). Finally, polubiifsa-
Hem of hepatic microsomes destroyed cytochrome P-450 (Oma nnd Sato, 196ka)
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and irhibited both N-desethylation and pitrereductase activities (Kamm
and Gillette, 1963; Odlletta, 1963).

C. Effects of Flavins on Microsomal Reductions

Kennler ot al. (1951), Antopol and Unma (1942) and Miller and
Miller (1953) fourd that dizts high in ribeflavin d=creased the ineidence
of tumors induced by the carcinogenie szo dye, dimethylamissazcbenzens
(AR, butter yellow). That ribeflavin was involved in the metabolism
of IMAR was demonstrated by Kensler (1548, 1949) wha found & dirset
relatienship between the hepatic flavin levels and the ability of liver

8lices to reduce TMAR in vitro.

Musller and Miller (1950) found that the ensymes involved in
the reducticn of [MAB contained FAD s the prosthetic group and suggested
“at flavins protected rate from IMAB carcinogesesis by Lncressing the
laveprotein sngyme,

Studiss on pitroreductase (Foute and Brodis, 1957) snd oo azo-
Teductase (Fouts et al., 1957) demometrated that the reductive pathvays
vere localized in the 9,000 x g supernatant. The sddition of various
flaving, AF, MMM and FAD in yitro stimulated the metaboliss of p-nitro-
benzole meid end prontosil. Fouts et sl. (1957), suggested that flavins
“cted as & loosely bound or soluble slectron earrier in their ensymatic
BYStem. The work of Kemm snd Gillette (1963) showed that under auasrchbic
cendition large mmounts of reduced FAD stimilsted the non-enzymatic
reduction of p-nitrobenzoic mcid. Kamm and Gillette (1553) demonstrated
*het trestment of liver microscmes with pancreatic lipase solubilized an
UHEyne which in the pressnee of both PAD mnd KAUPH reduced p-nitrobenzoic

Weld. These workers suggested that the lipage-golubilized snsyme might



be identical to NADPH cytochrome ¢ reductase. WNishibayashi et al. (1963)
demonstrated the existence of an FAD containing enszyme after lipass
solubilivation of microscmes capable of stimulating NADPH oxidation in
the presence of menadione and suggested that this enzyme might also be
identical to NADFH eytochrome c reductase. Gtudies by Hernande: et al.
(1967a) demonstrsted thet the purified NADPH cytochrome o reductase had
ercreductase activity. In & preliminary study, Shargel (1967) reported
that the addition of flavins, RF, FMN and PAD stimulsted the reduction of
necprontosll by the microsomal and purified NADPH cytochrome o reductase
entyme .,

Inducing agents, such as phencbarbital and 3j-methylcholanthrens,
which Incressed the activity of mmny microsomel ensymes (Conney, 1967) did
not lneresse microsomal flavin levels (Ichikews et al., 1967; Hernandes,
1967). Therefore, it was possible to alter microscmal enzyme activity
without altering microsomal flavin content. Paredoxically, it was also

Possible to alter microsomal engyme activity by changing miorosomal flavin
content,

D. EBffects of Inducing Agents on Microsomal Electron Transport.

The phenomenom by which compounds stimulate the in vivo and in

Yitro metabolism of other compounds or their own metabolism has been term-
ed enzyme induction.

The first report on the enhapcement of hepatic enzyme setivity was
thot of Brown st al. (1954) who demonstrated that liver homogenates frem
mice which had received J-methyloholanthrens (MC) in their diets had sn
increased ability to demethylate 3-methyl-h-monomethyl aminoazobenzene
(3-metny)-muan), Conney et al. (1956) showed that the stimulstion of
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3-methyl MAB demethylase activity from MC pretrested rats vas (1) not
due to the formation of an activator or inhibition of an inhibiter, (2)
only demonstrable after animals were pretreated with inducing agent,
(3) net cbserved if the drug was incubated with liver homogenates, ()
blocked when ethionine was miministered simultaneously with the inducing
agent, and (5) not prevented by hypophysectosy and adrenalectomy.

Conmey and Burns (1959) and Remmer (1962) demonstrated that
phenobarbital pretreatment enbanced the metabolism of many drugs by the
liver. GSince these initial studies, many compounds unrelated chemically
or pharmscologically, have been shown to affect the mlcrosomal drug
metabolizing entymes (Remmer, 1062; Comney, 1967).

The mechanism(s) by which these drugs induce microscmal
metaboligm of drupgs is of much copoern. The evidsnce, although indirect,
indicates that these inducing agents act on cellular control systems
to bring about the synthesis of more enzyme protein (Jacob and Monod,
1961; Gelboin, 1967). Inhibiters of protein synthesis such &s puromyeln
or ethionine 1f administersd simultanecusly with the inducing agents,

FC or phencbarbital (PB) blocked induction of hepatic microsomal enzymes
(Comney et al., 1957; 1960; Conney and Gilman, 1963). Actinomyein D,
which blocks DNA directed RNA synthesis, also blocked MC and FB induction
(Gelboin and Blackburn, 1964).

Studies by Conney et al. (1960) demonstrated that PB increased
miCTosonnl enzyme activity, microsomal protein per g liver size per g
animal. On the other hand, MC increased liver gize but did not increase
mitrosomal protein (Commey, 1967). Gelboln and Sokoloff (1961) found that
#MC and PR induction inereased the ability of the liver microsomes to
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incorporate amino scids into proteins, in vitro. Gelboin (1964) and Kato
et al. (1965, 1966) further examined the sbility of the microsomes from
3MC and FB induced snimals o {ncorporste phenylalanine™>'¢ into protein
using polyuridylic aecid as a synthetic mesgenger RHA. These workers
suggested that there are a greater mumber of active sitea in the induced
mierosomes for messenger RNA to bind. Gelboin et al. (1967) demonstrated
that JMC and PB enhanced RNA synthesis by stimulsting micléar RNA poly-
METRAE .

Inducing agents stimulate proliferation of the epdoplasmic
reticulum. Remmer and Morker (1965) and Fouts and Fogers (1965) found
that PB increased proliferstion of the smooth endoplagmic reticulum.
Purthermore, Orrenius and Ernster (1965) found that FB ineveased the rate
of inorganic phosphate incorporation into microsomal phospholipids.
Holtzman and Gillette (1966) reported that PB inecreased microscmal phospho-
1ipids by decreasing phospholipid catabolism.

The pattern of enzymes induced by the carcinogenic hydrocarbons
such a8 3MC or benzypyrene differs from those induced by PB (Comney et al.,
1960; Commey, 1967). For example, phenobarbitsl induced the misroscmal
petabolism of aminopyrine and phenabutazone; whersas, MC did pot (Conney
et al., 1960). Increased microsomal hydroxylstion and demethylation due
to F8 induction correlated with the increased NADPH cytochrome c reducthse
and NADFE oxidase activities (Orrenius et al., 1965; Conney and Burns,
1963). On the other hand, MC did not incresse NADPH cytochrome ¢ reductase
(vem der Decker and Eultin, 1960; Hernandes et al., 1967b) and had little
affect on NADPH cxidase activity.

Pretreatment of rats with either WC or FB increased microsomal



cytochrome P-450. The cytochrome F-450 {nduced by L differed from that
induced by PB. Sladek and Mannering (1966) used ethylisccyanide as the
ligand for the cytochrome and plotted the heights of the 430 mu and 455
mi peaks as & function of pH. These workers showed that microsomes from
normal and PB pretreated rats had piH dependent curves intercepting at pH
T.4; whereas, microsomss from PC pretreated rats had a pH-dependent curve
intercepting at pH 6.9. Studles by Hernandex et al. (1967 demonstrated
that asoreductase activity induced by PB was proportiopal to the increase
in cytochrome P-450; whereas, WMC induced azoreductass mctivity was not
proportional to the i{ncremse in cytochrome P-450. Using OO as the ligand,
Munteman et el. (1968) and Hildebrandt et al. (1968) reported that IMC
induced & gytochrome that sbeorbed at W45 mu.

Differences in the ability of IMC and FB to induce the metabolism
of various drug substrates indicated that there mre basic differences in
the inducibility of the various microsomal electrom transport slements.
Indirect evidence has been presented that PB induced an NADPH speeific
aledlron transport pathway which differed from that induced by 3MC.

B. Effect of Inhibitors on Microsomal Electron Transport.

A mumher of compounds which have little or no chservable
pharmacologic activity of their own prolong the action of other drugs when
sduinistered simltaneously. Cook et al. (1954) demomstrated that
p-diethylaminosthyl diphenylpropylacetate (SKF 5254) (Fig. 23) prolonged
hexcberbital pleeping time 4in rats 35-fold. On svakening, the administra-
tion of BKF 5254 did not re-induce hypnosis. Therefore, Cook et al.
(195%) suggested that SKF 525A 4id not potentiste sleeping time but rather
prolonged it, Axelrod et al. (1954) and Cooper et al. (1954) demonstrated
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that SKF 5254 blocked the metabolism of a punber of drugs, imcluding
barbiturates, codeine, amphetamire and aminopyrine both in vivo and

in vitro. Cooper et ml. (1954) reported that SKF 5254 did not inhibit
glucose-G-phosphate dehydrogenase nor NAIPH cytochrome ¢ reductase.
These workers suggpested that SKF 5254 acted on a component in the mierc-
gomes common to other drug substrates. Fouts and Brodie (1955) found
that 2, 4-dichloro-E-phenyl phenoxyethyl diethyl amine (Iilly 189h7)
(Fig. 23) scted similarly to SKP 525A in prolonging hexcbarbital sleep-
ing time and prevented the metabolism of several drugs such as amine-
pyrine and scetanilide.

McMahon and Mills (1961) demonstrated that certain primary
amines inkibited drug metabolizing enzymes. The compound 2,4, dichlore-
f-phenyl-phenoxyethylamine (DFEA) (Pig. 23) (& metsbolite of Iilly
18047) yas more potent than SKP 525A in prolenging hexcberbital sleeping
time in mice. In eddition, McMahon (1962) reported that DPEA prevented
the N-demethylation of butynamine.

These inhibitors did not block the metabolism of all drugs
by hepatic microsomss. For exemple, Takemori and Mamnering (1558)
demonstrated that SEF 525A blocked the N-demethylstion of morphine and
pther narcotice but 414 not block the N-demethyleation of J-methyl-MAR.
Thus, soveral HADPH specific pathwnys must be imvolved in microsomal
axidations and reductions.

The exact mechanism(s) by which these inhibitors act has not
been elucidated. Brodie (1962) suggested that SKF 525A inhibited & common
compiment of the microsomal enzyme aystems or interacted with the micro-
somal mesbrane to change its permeability to drugs. Netter [1962)
suggested that these inhibitors might uncouple drug hydroxylation from
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NADPH oxidation. Recently, Anders and Mannering (1966) presented kinetic
data wvhich indicated that inhibitors, such as SKF S505A, combine at the
active site for N-demethylase and thus serve as an alternate substrate
for the microsomal enzymes. BSpectral studies on drug microsomal inter-
actions by Schenkmsn et al. (1967) demonstrated that these inhibitors
interacted with cytochrome P-U50 produced spectral changes similar to
those produced by other drug substrates. SKF 525A produced a Type I
interaction; wvhereas, OPEA produced a Type II interaction.

F. Use of Electron Acceptors in Flucidating Electron Transpart Systems:
Dehydrogenases are a class of encymes that catalyss the dehy-
drogenation of thelr substrates with a molecule other than molecular
oxygen as the hydrogen acceptor. If hydrogen transfer from the donor
moleculs (g not readily demonstrated than the term, reductass 1s used to
describe the enzyme (Mahler, 1966). The use of artificial hydrogen
acceptron such as methylene blue, 2,6 dichlorophenclindophencl (DCIF),
ferricyanide and others have besn used to determine the mechanism of

action of various dehydrogenases and to establish the sequence of the
components of electron transport systems.

Dehydrogenases catalyze the reduction of a variety of hydrogen
accEpLors. For example, succinic dshydrogenase reduced cytochrome ¢,
methylene biue, DCIP and ferricyanide [Massoy and Singer, 1957).

Beowever, there were definite differences in the reactivity and
specificity of dehydrogenases for any particular acceptor. These differ-
ences Umually depend upon (1) the chemical types of the enzymatic and
pab-enzymatic components of the dehydrogenase systems, (2) the magnitude
of the redox potential of the artificial hydrogen acceptor and (3) the
accessibility of the hydrogen acceptor for the enmyme (Quastel, 1957).
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NADFH cytochrome ¢ reductase is capable of reducing many
artificial hydrogen acceptors such as ferricyanides, ICIP, neotetrazolium,
neoprontosil (Williems and Kamin, 1962; Hernandez 1967 ). Several other
[evoprotein dehydrogenases which might be capable of reducing azo
compounds will be considered.

Feoprontosil is & finel electron acceptor which is reduced &t
peveral different sites in the microsomal electron transport system
(Bernandes et al., 1967Th). This azo substrate will be studled in an effort
to cutline those enzymes involved in micrcsomal reductions.



III. MATERTALS AND METHODS

A. Chemicals.
Mogt reagents and solvente were purchesed from J.T. Baker

Chemical Company including Dowex S0W-X5 end were used without further
purification. Sodium phenobarbital was purchassd from Merchk and
Coppany Inc.; F-methylcholanthrene from Mann ReaeArch lLaboratories Inc.;
nectetrazolium chloride (2,2'5,5' tetraphenyl-3,3'(p-diphenylens)
ditetrazolium chloride, Grade IT), KADP, NMADPH, glucoze-G-phosphate,
nicotinamide, ribofiavin, PMN, FAD, cytochrome ¢ (horse heart, Type III),
Wi (¥-{1-nepbthyl )-ethylepediamine diHCl) were purchased from Sigma
Chemical Compamy. Ultrs high purity nitrogen and oxygen from Southern
Oxygen, Division of Air Products; carbon moncxide from Matheson Company;
eryetalline bovipe serum albumin from Armour Pharmaceuticals Company,
and DEAE cellulose (Cellex D) from Bio-Rad laboratories. Amincpyrine
was purchased from Metheson, Coleman and Bell. Riboflavin deficlent
diet, S-methylwercaptopurine and OPA were purchased from Nutritional
Biochemicnls Corporation.

Fhenazine methogulfate and tetramethyl phenylonediamine HC1
were a gift from Dr, Ronald Eetabrook, (Department of Biochemistry, South-
western University, Texas). Neoprontosil was genercusly supplisd by
Sterling Winthrop Research Institute, Rengselmer, Wew York. Chlorproma-
zgine and SKF 525A wers gupplied by Smith, Kline and French Laborstories.
Lilly 18947 and DPEA were supplied by Dr. H. E. MeMahon (Eli Lilly and
Company, Indianapolis, Indisna).

B. Anisals.
The livers from adult Sprague-Dawley, male rats, 150 to 300 g




wWere used as source of enryme.

C. Pretrestnment of Animale.
1. Chow Diet Bats

For induction studies, male Sprague-Dawley rats, 100 to 125 g
were maintained on Purina Laboratory Rat Chow. Controls wers pretrsated
with either a daily i.p. injection of corn oil (Wesson) or normal saline,
0.5 ml/100 g body weight. 3MC was dissolved in corn oil apd injected i.p.,
ko mg/kg dnily for 4 days. PB was dissolved in normal saline and injected
t.p., 90 mgfig daily for 3 days. Riboflavin vms suspended in normal
saline and injected 1.p., 10 mg/kg daily for 3 days. Combinations of
M and RF or FB and RF wera injectad for b or 3 days, respectively. All

drugs vere given in the same volume as controls.

2. Riboflavin Deficient Rats.

Weanling, 40 to 50 g male Sprague-Dawley rats were maintained
either on a riboflavin deficient diet (riboflavin deficient rats) (Teble 1)
or on the same diet supplemented with 30 mg of AP per kg (normal diet rats).
The povdered food was placed in porcelain feeder cups and the rats were
allowed to eat and dripk freely. BRets vere piaced in large wire mesh
eages (4 to 6 anizsls per cage) to ellow feces to drop on trays below,
Animals and food cups were wedghed dadly, (Fig. 1).

After 18 daye, riboflavin deficient rats showed typleal signs of
rivoflavin deficiency including sbsence of welght gain, alopecia and scaly
gkin (Bliss and Oyorgl, 1951). These rats were then divided into four
groups: (1) Control groups received either corn oil or saline, (2) Drug
trested groups received sither MC or PB, (3) Riboflavin treated group, and
(k) A Broup which received either IC + RF or FB + RF.



Riboflavin Deficient Diet

TAELE 1.

Vitamine

grams (100 1bs. diet

Vitamin A Conceptrate
{200,000 unite per grem)

Vitamin D Concentrate
{hoo,000 units per gram)

Alpha Toeopherol
Ascorbic Acid

Inogitel

Tholine Chloride
Menadicne
P-Aminghenzolie Acid
Niscin

Pyridoxine Hydrochloride
Thismine Hydrochloride

Caloium Fantothenate

Biotin

Folie Acid

Vitamip B-12

Vitamin test case in
fucroge

Vegetahle 011

Salt Mixture No. 2,
U.B.P XIII

s

4.5
0.25

5.0
k5.0

5.0

75.0

2.85

5.0

k.5

1.0

1.0

3.0

nigms /100 1bs. diet

20

90

1.35

154

ES%
10%
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Fig. 1. COrowth curve of riboflavin daficlent rats.

Weanling, male rots (40 to 50 g) were placed on Purina Iaboratory
Chow (8.6 mg RFfxg dist), RF deficlent dlet or HF deficient dlet
Supplomented with 30 mg BF/Eg diet (Control Diet).

Each point represents the average of 3 rats, 18 rots and 40 rats
Tor chow, control and RF dofiecient diets, regpectively.
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The normal diet rats were divided into two groups: (1) A
control group which received either corn oll or saline and (2) A drug
treated group which received elther MC or FB.

The dosage schedules and volumes were the sgame as those for
the induction of rats maintained on Purina chow. After pretreatment, the
andmals were sacrificed, approximately 21 to 22 days from start of diet.

b. Preparstion of Rat Liver Microsomes.

The animals were sacrificed by decapitation. Their livers
vere excised and immediately rinsed with ice cold 1lgotonic KU1 (in O.0L M
Na' /K" phosphate buffer, pE 7.6, with 10°7 M EDTA) and homogenized in 3
or b volumes of the same buffer. All operations were performed at 0° to

L% ¢, The cell debris, puclei, and mitochondria were removed by centri-
fuging the whole liver homogenate st 10,000 x g for 20 minutes in a
Servall refrigerated cemtrifuge.

The microsomes were isolated by cemtrifuging the 10,000 x g
supernatant for U5 mimutes at 198,000 x g using & mumber 50 rotor in a
Spineo centrifuge Model 12. The 193,000 x g supernatant was removed and
used the same day or stored at -5° C. The microsomal pellet was drained;
then resuspended in 0.05 M Na*/K' phosphate buffer, pH 7.6, with 1075 M
EDTA for use in most enzyme assays et & concentration of mlorosomes

equivalent to 200 to 250 mg of liver per ml buffer.

B, Enzyme Assays Employed.
1. Asoreductase Assay: Appearance of Product:
a. ic Method

Azoreductass was measured by the method of Hermander et al.
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(1967a), with slight modificstions.

The standard reaction mixture contained the following components
in a fina) volume of 5 ml: 0.5 umoles MADF, 100 umoles nicotinamide, 50
umoles glucose-G-phosphate, soluble fraction (equivalent to 250 mg liver
wet welght), 10 umoles necprontosil, 5 umoles EDTA, 0.05 M NaR,FO,X,.HFO,
buffer, pH 7.6, enzyme (equivalent to microscmes from 250 mg liver).
Where applicable PMN, 0.1 umoles was sdded to the incubation flask.

The reactants were placed into serum bottles with screw tops
and rubber diaphramas. While op ice, the bottles were stoppered and flush-
ed for 5 minutes with nitrogen or carbon monoxide which had been passed
through & decxygenizer mixture (0.5% sodium dithionite, 0.05% 2-anthro-
quinone godium sulfonate in 0.1 N BaOH). The bottles were inoubated with
shalking for 30 mimutes at 37° while contimiously flushing with the gas.
The reaction vas stopped using 15 ml of 6.67% TCA solution and cemtrifuged.
An mligquot of the TCA supernatant wns used for the assay of sulfanilamide.

Neoprontosil was separated from sulfanilamide in the TCA super-
natant by column chromatography using Dowex SOW-X8, 200 to 400, mesh,
cation exchange resin. The resin was prepared by first washing with
digtilled water several times by decantation to remove smmll particles.
A plurry of resin in distilled water was then pipetted into a small glase
eolumn (1.5 x 13 em) to obtain & final 1.0 x 2.0 cm resin bed. The resin
was then washed with distilled water. Antuquutufthuﬁmtmtm
placed on the reein bed and allowed to flow through. The column was wash-
ed with distilled wvater until no red neoprontosil was discernable in the
resin, BSulfanilamide was eluted from the resin by 20 ml of 3N HCl. An
aliquet (usually 5 ml) was used for the determination of sulfandlamide.

Sulfarilamide was determined by a modification of the Bratton



and Marghall (1937) method. To 5 ml aliquot of the 3N HOl eluate contain-
inaaulﬂnﬂnﬁdanldﬂ-d,}ﬁulﬂ%hgiﬂupnltuz. One ml
of 0.1% Halid, solution was sdded and mixed. After 5 minutes, 1 ml of 0.5%
amonium sulfamate was added and mixed well to remove excess nitrogen.
Five mirutes later, 1.0 ml of 0.1% NED (N-(l-naphthyl) ethylene diamine
HCl) was sdded and mixed. The absorbance of the red color was read in
the Bausch and Losb gpectromic 20 colorimeter &t 545 mu against suitable
sulfanilamide standards (1 ug to § ug/ml) prepared in 3N HCL.

The recovery of sulfanilamide from the incubation flask was 96%

to 100%.

b. Liver Blice Method

Fed, adult, mals, 250 g to 300 g, Sprague-Dawley rats were
aacrificed by decapitation. Livers were quickly excised and rinsed in
ice cold Krebs-Ringer-Phosphate Buffer, pH 7.4 (Umbreit et al., 196L4),
A1l operations were performed st 0° to 4% C. The livers were bhlotted on
filter paper and sectioned into small even cubes. These sectioned pleces
of liver were placed on wetted filter paper and sliced using an H. Mickle
tissue slicer with m setting of 312 mm. The slices were then gquickly
Placed into & beaker of Krebs-Ringer-Fhosphate Buffer, pH 7.4, Individual
Slices were placed inte incubation flasks, containing 2.0 ml Krebs-Ringer
Phogphate Buffer, pH 7.h.

Liver Blice Azoreductass

Neoprontoslil reduction in liver slices was measured by the
Tollowing method: Rat liver slices carresponding to 30 to 50 mg protein
Were placed into incubation flasks containing 2.0 ml Krebs-Ringer-Fhosphate
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Buffer, pH 7.h. Riboflavin, 1.0 umole and/or izhibitor (1.0 umole) wms
dizsolved in 0.5 ml double distilled water and added to the incubmtion
flask., The inhibitor wes preincubsted with the liver slices on ice for

15 mimtes. Neopromtosil, 10 umsles was then added in 0.5 ml double
distilled water. The final volume of the incubstion mixture was 3.0 ml.
The flasks were placed on ice, stoppered, and gassed for 5 mimites with
either Oy or Ny prior to incubstion. The bottles were incubated for 60
mirutes at 37° C with shaking. The resction was terminsted by the additlon
of 5.0 ml 10% TCA solution. Sulfanilamide vas determined from a 5.0 ml
aliguot of the TOA supernatant as previously described.

Liver Slice Protein

Totel liver slice protein wes measured by the extraction msthod
of Siekevitz (1952), The slices were removed from the ineubstion flasks
and homogenized in 5% TCA using & glass mortar and Teflon pestle. The TCA
precipitate vas washed twice in &% TOA solution. The precipitate was
then heated in 4% TCA solution st 90° for 30 mimutes., The TOA supernatant
was removed by centrifugation and the precipitate was washed in warm (70°)
5% ethanol. The precipitste wes then extracted twice with 2:2:1:: Ethanol:
Ether: Chloroform mixture, followed by & single washing with anhydrous
ether. Thes firal protein materisl was resuspended in ashydrous ether, air
dried, snd welghed. The weights of the Mver slices ranged from 30 to 50
ng of dried purified protein.

2. Azoreductage: Idssppearance of Substrate
Asoreductase wes megsured by a spectrophotometric method which

followed the disappearance of neopromtosil.
The following were placed into the cuvette compartment of a glass
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Thurberg tube: 0.5 ml of rat liver soluble fraction (equivalent to 125
mg wet veight), 1.5 al 0.05 M NallPO,-K HPO, buffer, pH 7.6, (1070 K
EDTA) costaining either 0.25 umoles NADF, 25 umoles glucose-S-phospbate
and 50 umoles nicotinsmide or in an equivalent voluem 1.0 umole reduced
NADPFH and 50 umoles nicotinamids. The side-arm compartment of the
Thupberg tube contained 0.5 ml of 0.2 uM neoprontosil solution. The
Thunberg tube wvas then alterpately evacunted and flushed with oxygen
free nitrogen for 5 mimutes. The cuvette compartment of the tube was then
preincubated for 10 minutes st 37°. The neoprontosil wes sdded from the
side-arm and the entire contents of the tube was mixed. The reference
tube contained all the components except neoprontosil.

Azoreductase sctivity was followed as the decrease in absorb-
ancy at 500 mu by means of a Beckman DB doubls beam spectrophotometer
attached to a Sargent Hecorder Model SRL. The cuvette compartment was
maintained at 37° by & eirculsting watsr bath.

The disappearance of color was linesr until an absorbance af
zéro wes reached. The spectrum for neoprontosil is shown in Fig. 2.
The extinction coefficient for neopromtosil at 500 mu and pH 7.6 was
cbtained as 25.5 WM lem L. Recovery of sulfsnilemide at the end of the
reaction vas 72 to T5% of the theoretical value obtained by dividing the

sbsorbance st zero time by the molar extinction coeflicient.

j. Heotetrazolium Diaphorase
Hectetrazoliun diaphorase was messured by a sodification of the

method described by Williams and Kamin {1962). The reaction mixture in a
total volume of 0.8 ml contained 0.3 umoles nmf, 1.2 wmoles nicotinamide,
1.5 umoles glucose-b-phosphate, 0.15 umoles peotetrazolium, 1.0 umoles EDTA,




=28

ABSORBANCY
o
R

o
p—
i =

0 i i | 1 i k. 1 L i 1 |

360 400 440 480 520 560 600

WAVELENGTH (mp)

Fig, 2. Spectrum of neoprontosll.

Mfferenss spectrum of A 0,01 M pmeoprontosil solution in 0.05 M
Rat, POy -K HPOy , pH 7.6 (103 M EDTA) versus a reference cuvette
tﬂr‘-Lu.inir;-s the seme btuffer. The extinction coefficlent abt 500 pu is
23.5 pM ton™.



rat liver soluble fraction (equivalent to 50 mg wet welght) or 1.5 units
glucose-6-phosphate dehydrogennse. The mixture was preincubsted for §
mimutes mt 37° to permit complete reductiom of WALF. The incubation
vépsels were then placed on ice and enzyme (microscmes equivalent to 5
ng liver) was added in 0.2 ml to meke & final incubation volume of 1.0
ml.

The flasks were flushed vith oxygen-free I, for 5 mimites,
then incubated under a N, stmosphére or in air &t 37° for 10 mimutes.

The reactlon vas stopped by the addition of 3.0 ml of the
following mixture: &0 ml distilled water, 3.6 =l 10% Triton X100, 5.0
=l Lod formalin, 10.0 ml 1 M formate buffer, pH 3.5. The shsorbance at
700 mi was read in the Bausch and Lomb spectromie 20 colorimster against
2ero time incubation blanks. The amount of formazan formed by the
reduction of the tetrazolium salt was determined using the extinction
coefficient, 14 oM lem ™t (Lester and Smish, 1961).

i, NADPH Cytochrome ¢ Heductase

RADPH cytochrome o reductage was measured by a procedure simdlar
to that of FPhillips and Langdon (1362). A mixture in a volume of 2.0 ml
0.05 M Nafi,PO, K, PO, buffer, pil 7.6, (107> M EDTA) contained 126 mumoles
KAUPH, 3 umoles ECN, 3 umoles EDTA, 30 umolés nicctinamide and was pre-
ncubated at 25° for 8 mimtes.

A 0.5 ml polution containming 150 mumoles cytochrome c was added
and the total mixturs was incubated for an mdditional 2 mirutes. Enzyme
\microsomes equivalent to 15 mg liver wet weight) in 0.5 ml 0.05 M NaH POy -
L, HPO, buffer, pH 7.6, vas added to the mixture to initiste the reaction.
Control cuvettes contained all the components except NADPH,
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The activity was followed ms the change in absorbancy at 550
mi in 1 cm light path cuvettes by means of a Beckman DB double bean
spectrometer attached to s Sargent Recorder, Model SHL. The cuvette
compartment temperature was meintained st 25° by & circulsting water
bath. Cytochrome ¢ was measured for 3 or U minutes while the reaction
rate wvas lizear. The amount of reduced cytochrome ¢ vas determined using
the extinction coefficient 19.1 nu’lu'l, (Umbreit et al., 1564).

5. F- and 8- Demethylages
K-demethylation of aminopyrine (LaDu, B.N. et al., 1955) and

S-demethylation (Mazel et al., 1964) of methylthiopurine was measured
by determining the mmount of formaldehyde formed at the end of the
reaction.

The standard reactlon mixture contained in a total volume of
6.0 ml: 1.0 umole NADP, 6.0 umoles glucose-G-phosphste, 50 umoles nico-
tipamide, 45 umoles semicarbazide HCl, 25 umoles magnesium chloride, 3
=l 0.5 M Fa' /K" phosphate buffer, pH 7.4, soluble fraction from rat
Uver (equivalent to 250 mg wet weight) and entyme [microsomes equivalent
to 250 mg wet weight). For N-demethylation, 1.0 mg of mmincpyrine was
Used as the substrate. For S-demethylation, b.0 mg methylthiopurine was
digsolved in 1.0 ml acetone, placed into the incubstion flask and allow-
ed to evaporate completely st room tempersture. The reaction flasks were
incubated in mir wvith shaiking at 37° for 30 minutes for which time the
reaction was linear (Mazel et al., 1964).

Glucose-6-phosphate was used to generate NADPH; in conjunction
with the glucose-6-phosphate dshydrogenase present in the soluble fraction.
Nicotinamide vas used to inhibit NAD-ase. Semicarbmzide was used to trap
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the regction was stopped by the addition of 2 ml 204 zine sulfate
solution followed by 2 ml ssturated barfum hydroxide solution ss
described by Cochin and Axelvod (1959),

Formaldshyde was determined on an aliquot of the protain free
extract from the incubation mixture by the method of Nash (1953) as
modiried by Cochin and Axelrod (1959). All values were corrected for
8 small tissue blank.

The colorimetric procedure s based on the Hantach reaction
which requires a P-diketone (acetylacetone), an aldshyde (formaldehyde)
and an amine {n% from ammonium acetate). The product formed is 3,5-
dlmcetyl-1-4-dihydrolutidine which can be determined by its absorption
8t 415 mi in the Bausch and lomb spectronic 20 colorimeter. An
Appropriste standard formaldehyde curve (2 to 20 ug) was prepared.

6. Benspyrens Rydroxylase Assay
Microsomal benspyrene hydroxylase activity vas kKindly perform-
ed ipn the lmboratary of Dr. H. V. Gelboin (Nstional Cancer Institute,

HTH, Bethesdan, Maryland). The method is & sensitive fluarimetric pro-
Cedure for the detection of the S-hydroxy and 10-hydroxy metabolites
of 3,4 benzpyrene.

The incubation system in a final volume of 1.0 ml contained
0.25 ml of 0.2 M Tris buffer, pH 7.5, 0.5 mg HADPH, 0.03 ml of 0.1 M
Mell,, 0.2 ml of microsomal suspension, 0.48 ml water and 0.0k ml of &
benspyrene solution contadning 500 ug/ml. Incubations were performed
Sercbically at 37° for 30 minutes. The resction was stopped by the
dition of 1.0 ul acetons. Then, 3.25 ml of hexanc was sdded end mixed
for 10 mimutes. An aliquot of the hexane phase (1.0 ml) was sdded to



3.0 ml of 1.0 ¥ NeOH. The flucrescence of the NaOH phase was resd in
the spectrophotofluorimeter using an activation wave length of 40O m
and a fluorescent wave length of 522 mu.

T+ Hitroreductase Assay

Fitroreductase activity was assayed using a gimiler incubation
Eystem as that for azoreductase activity. The product, p-aminobenzole
8oid (PABA) formed by the reduction of p-nitrobenzolc acid was measured
by coupling the aryl amine with N-(l-paphthyl)-ethylene diamine d1iHC1
(W20} according to the procedure of Bratton and Marshall (1937).

The standard reaction mixture contained in a final volums of
3.0 ml: 0.5 umoles NADP, 100 umoles nicotinamide, 50 umoles glucose-G-
Phosphate, soluble fraction (equivalent to 250 mg liver wet wedght),
6.0 umoles p-nitrobenzoic meld, 5 umoles EDTA, enzyme (microscmes
®quivalent to 250 mg liver) and 0.05 M NaH PO, -K HPO buffer, pH 7.6,
(10°3 & EDTA) where mpplicsble, PN, 0.1 umoles was added to tha reaction
Elxture.

The reactants were placed into serum bottles with pcrew tops
il rubber disphrams. While on ice, the bottles were stoppered and
flughed for 5 mimutes with nitrogen or cerbon monoxide which had been
Piased through a decxygenizer mixture (0.5% sodium dithionite, 0.05%
2-anthroguinone sodium sulfonate in 0.1 N KaOH). The bottles were
Neubated for 30 mimutes at 37° with continucus flushing of the gas.
e reaction vas stopped with 5.0 ml of 10§ TCA solutfion. An aliquot
f5-ﬁ-l}ur the TCA supernatant was used for the assay of PABA by the
®ethod of Bratton and Marshall (1937).

A 5.0 ml aliguot of the TCA supernatant containing PABA was
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mived with 1.0 ml of 0.1% MalD, solution. After a 5 minute wait, 1.0
ol of 0.5% ssmonium sulfonste solution was sdded and mized well. Five
mimites later; 1.0 ml of 0.1% NED wes added and mixed. The shsarbance
of the red color is read on the Bmusch and Lomb spectronic 20 colori-
meter ot 54O mu agminst suitable PABA standards prepared in 5% TCA (1
to b ug).

P. Determipation of Protein

Protein vas measured colorimetrically by the method of Lowry et
al. (1951) as modifted by Miller (1559).

The colored complex formed is thought to be dus to o complex
betwveen the alkmline copper phenol reagent and the tyrosine and trypto-
phan residues of the protein. This complex color is linear with protein
Soncentration only in the range of 50 to 200 ug/ml. Crystalline bovine
8tTum albumin was used as the proteln standard.

O. Determination of Cytochrome P-U50
Cytochrome P-4L50 vas measured by a modification of the method

Used by Omura and Sato (1964). Microsomes were suspended in 0.05 M
Bn*/k* phosphate buffer, pH 7.6, (10™ M EDFA) to a concentration equive-
lent o 25 mg wet welght liver per ml. Two ml of this suspension was
Placed into each of two matching cuvettes, sample and reference, respect-
ively, fitted with teflon stoppers. A baseline was cbtained using a
Carey Modsl 15 recording spectrometer by scanning from 500 to 410 mu.
Carbon moncxide was gently bubbled through the sample cuvette for 30
B#conds followed by the addition of a few milligrams of powdered sodium
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dithionite. The sample cuvetts was then gassed for another 30 seconds
and stoppered with a teflon stopper. The reference cuvetie comtained
A few mllligrams of sodium dithionmite only. The spectrum from 500 to
b10 my was then recorded (about 2 or 3 mimites after gassing). ALl
Procedures were performed at room temperature. The amount af cytochrome
P-450 was calculated from the optical density differsnce (500-450 mu)
and the molar extinction coefficient of O w tom  (Omwa and Ssto,
1963).

E. Determipation of Total Flavins and FAD
The determipetion of flavine was performed by & modification

of a procedure (Burch, 1957; Udenfriemd, 1962) which differentistes
betvean FAD-Tlavin and total tissue Tlavin content.

The molar fluarescence intensities of PMN and riboflavin are
identicnl and vary similarly as a function of pH. FAD is 15% as fluo-
rescent as free flevin at pH 6.8. The conversion of FAD to PMN by
hydrolysis in TCA at 38° overnight causes a large increase in flucrescence.
The gtructures of FAD, FMN and ribeflavin are shown oh Fig. 3.

All glagsvare used in the fluorescent assay vasg cleansd
thoroughly, ringed in glass doubled-distilled water and stored in glass
comtainers. All procedures wers carried cut in the cold (0 to 4°) in &
Uimiy-1ignted room shielded from direct light.

A 0.5 ml aliquot of tissue (approximately 100 mg) was
transferred to & tube containing 5 ml of 11% TCA and mixed. After 15
Blnutes, the tube was centrifuged in a Servall refrigerated centrifuge
%0 sediment the precipitated protein. A 0.5 ml aliguot (Ay) of the
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elear TCA pupernatant was trencferred to a tube containing 2.0 ml of
0.2 M b’gjﬂ’nh, mixed end stored in lce overnight in the dark. The
final plf vas 6.8. A seccnd 0,5 ml aliguot (A,) of the TCA supernatant
Wes transferred to o tube and incubated et 38° overmight in the dark
0 allow for conplete hydrolysis of FAI?. Prior to reading the flun-
Teseence, 2.0 ml of 0.2 M KHPD, vas edded and mixed. All the tubes
Were kepl In the dark up to the time of messurement.

Flutrescenre wes measured with the excitatlon moximum of
50 my and the Tluorescence maccimun ot 535 mu on an Aminco-Bowman
spectrophotoflucrineter, Following fluorescent reasurement, the flavins
were reduced by the addition of 10 wl of 10§ sodiun dithionite in 5%
HB.HDDB. The residuel non-Tlavin flucrescence which was normally fairly
low was substracted from the originel fluorescent resding, FAD concen-
tration was eoleulnted from:

Ay = Ay
0.85

FAD =
¥hich yields the FAD conteht in terns of riboflavin. Total flavin
content is equivalent to A;. Non-FAD flevin (mostly P) is equivalent
Lo A,-FAD, \

Lﬂt;nﬂnrﬂa were prepared by using 0.5 ml eliguots of riveflavin
Bolution for the initial tissues homogenstes. The range of sensitivity
¥ae 0.03 to 2.0 ug of riboflavin. The blenk conteined 0.5 ml of glass
double-distilled vater and wes trested similarly.

I. Bojubilisetion ernd Purification af MADPH Cytochrome ¢ Reduclags

Mierosomal BAUPH cytochrome ¢ redurtase enzyme was polubilized

54 purified according to the mathod of Harnandes ¢ 1. {1957z).
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During the entire procedure 1.0 =M EDTA was ineluded. All
oteps were performed at O to 4%, Hepatic microsomes were prepered as
Previpusly described and suspended to a concentration equivalent to
0.5 g liver per sl of 0.1 M HaB,PO,-K,HPO, buffer, pH 7.6, (1073 M
EDTA), To this microsomal suspension crude pancreatic lipase (Stespsin)
¥ns mdded to make a final concentration of 0.07%. MNitrogen was bubbled
through the mixture for 2 minutes. The flask was immediately stoppered
and the contents allowsd to digest at 0P for 13 to 14 hours. The
digested microsomal suspension was cemtrifuged at 168,000 x g for b5
mimutes in a Spinco Ultracentrifuge.

The supernatant which contained the solubilized enzmyme was
made kOd satursted with respect to amonium sulfate. The pH of the
solution was maintained at 7.6 by the addition of EDH to prevent any
Tlavin losses (Masters et al., 1965a). The ammonium sulfate
Precipitated protein wes separsted by centrifugation at 37,000 x g for
20 miputes in & Servall refrigerated centrifuge. The superpatant was
eaved and made 00% saturated with respect to ammonium sulfate. The
Precipitated protein vas again separated by centrifugation at 37,000 x
E for 20 mimites. The pellet vas saved and the alightly yellow super-
natant was digcarded., This yellow-protein fraction which precipitated
betyeen L0% and 00% mmmonium gulfate saturation contained HADPH cyto-
Chrome ¢ reductase, nectetragolium disphorsse and azoreductsse activities.

The precipitated protein was dissolved in a few ol of 0.01 M
Nak. PO, -K,BPO, buffer, pi 7.6, (10°7 M EDTA) and dimlyzed against 200
to 300 volumes of the same buffer until sulfate ion could no longer be
detected by the addition of a few drope of & 10% Ball, solution.
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For further purificetion, the dialyzed enzyme (LO% to Bo%
wmnonium sulfate-precipitated fraction) was chromatographed on s DEAS
celluloge column. The column was prepared according to Peterson and
Bober (1962). DEAE cellulose (exchange capacity, 0.96 meq/g) which
had been equilibrated with 0.001 M Nal,PO,-K,HPO, tuffer, pH 1.6,
{1&'3um]mmmmmmmmtnﬂu;
column 2.5 em x 35 cm. The dialyzed enzyme (approximately 1.0 g proteinm)
vns added to the colum followed by an sdditional 10.0 ml of the start-
ing 0.001 M tuffer to ensure that all the protein was below the surface
of the absorbing bed. The purified encyme was eluted stepwise at an
elution of 1.5 ml/min. Initial studies indicated that the enzyme woxld
ot be eluted until a buffer of 0.5 M phosphate, pH 7.6, (1073 M 2om)
wis used, Therefore, the column containing the enzyme was washed firet
with 150 ml of 0.15 M Ha' /KX phosphate buffer, pH 7.6, (1073 M EDTA)
and then with & second 150 ml of 0.3 M Ma'/K* phosphate buffer, pH 7.6,
(1073 M EDTA). Ho RADPH cytochrome ¢ reductase activity could be found
in the elutes of the first two buffers. To elute the ensyme, 0.5 M Na'/x'
phogphate buffer, pH 7.5 (10™3 M EDTA) wvas added to the column. Aliquote
of the eluate (10 to 15 ml) were assayed for MADPH cytochrome ¢ reductase
activity. Those aliquots having NADPH cytochrome ¢ redurtase activity
were pooled and made to 80% saturation with respect to ammonium sulfate.
The precipitated protein was centrifuged at 37,000 x g for 20 mimrtes in
the Servall refrigerated centrifuge and stored at -40°,

J. Purification of NADPH Cytochrome c Reductase Znzyme (Master's)
Purified and partially purified NADPH cytochrome e reductase
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vas iindly donated by Dr. B. 8. 5. Masters (Department of Biochemistry,
Duke University, ¥.C.). The entyme was purified by the method of
Masters et al., (1967) with some modifications (Masters, pers. comm. ).
Bydroxylapatite and DEAE cellulose colunns were omitted after the
ammonium sulfate fractionations and substituted by two cyvles through
Sephadex 0-150, superfins, using 0.05 M potassium phosphate buffer,

PR 1.7, {1!3"*’ M EDTA) as the sluting buffer. The enzyme can be concen-
trated using the Amicon ultrafiltration system with gel membranes. A
recovery of 90 to 100% of the enzyme activity can be obtained from these

concentretion cells.

K. Solubilization of & Microgomal Electron Transport Particle
A "soluble" enzyme system from liver microsomes which contain-

ed cytochrome P-L50 wvas obtained utilizing the method of Iu and Coon
(1968). Fresh livers from adult male Sprague-Dawley rats were homogenized
in & voluems of 0.25 M sucrose at L% using a glass mortar and teflon
pestle. All subsequent steps were performed at O to 4%, The homogenate
was centrifuged at 10,000 x g for 15 mimites in a Servall refrigerated
tentrifuge. Mlcrosomes were prepared from the 10,000 x g supernatant
by centrifugstion at 198,000 x g for 45 miputes in the Bpinco Ultra-
centrifuge (Model 12) using a pusber 50 rotor. The microsomal pellet
waa drained and rinsed with a few ml of 0.25 M sucrose. An aligquot of
the microsomes (equivalent to 1.05 g of protein) was suspended in 35 ml
of 0.25 M sucrose. This suspension was then stirred for 20 mimites at
K2 yrith 24 ml of glycerol, 8 ml of 1.0 M potassium citrate buffer, pH
7.6, Bml of 1.0M KC1, 0.8 ml of 0.1 M dithiothreitol (Clsland's



Reagent) and k.1 ml of 10% sodium deoxycholate. The material was then
sedimented by centrifugstion at 198,000 x g in the Spinco Ultracemtrifuge
(Model 12) using & mumber 50 rotor. This preparaticn was opitcally clear
and contained eytochrome P-L50.

L. Preparation of Insect Microsomes

Abdomens of 6-day old female houseflies®, Musca domesticus
which had been fod on milk, containing 1% sugar, were used as the source
of microsomal material. The housefly abdomens were homogenized in the
ratio of 10 flies per 1.0 ml of ice cold isctoniec KC1 (in 0.01 M Ma*/x*
Yuffer, pH 7.6, with 107> M EDTA) using & glass mortar and teflon pestle.
The ingect homogenate was then centrifuged at 10,000 x g in & Servall

refrigerated centrifuge. The 10,000 x g supernatant was filtered through
gouze and centrifugsd at 196,000 x g for 45 mimutes in the Bpinco
Ultracentrifuge (Model L2) using & number 50 rotar, The microsomal
pellet wvas resuspended in a volume of 0.05 M hHEHI'Uk-IE-Emh buffer,
pH 7.6, (10°3 M EDTA) to make & final concentration corresponding to

30 to 35 flies per mi. This suspension was then used for szoreductase,
nitroreductase and NADPH cytochrome ¢ reductase activities.

¥ fouseflles were generously supplied by the EXtOmoLlogy Hessarch
DMvision, U.S.D.A., Baltaville, Md. Sexing of flies end removal
of abdomens were kindly performed by Dr. Shoshana Akov, Postdoctoral
Asgocinte on leave from the Isrsel Institute for Blological Research,
Resa-fiona; Israsl.



A. Conditions for Flavin Stlmulstion of Microsomal and Purified Enzyme

Azoreductase vas measurad anasrobically by following the
Tormation of sulfanilamide from necprontosil according to the procedure
degeribed in MATERTALS AND METHODS. Cofactors were added in optimm
non-rate limiting concentrations as previously determined by Hernandez
et al, (1967n). Flavins, FAD, N or AF, were added to the incubstion
flasks i{n appropriate concentrations at the beginning of the incubation.

1. Differential Effect of FAD, FMN and AF

The normal prosthetic group of MADPH oytochrome ¢ reductase
is FAD (Willimme apd Kamin, 1962; Phillips and Langdon, 1962). However,
Fouts et al. (1957) reported that azoreductase in the 9,000 x g rabbit
liver supernatact wes stimulated by all three flavins, FAD, PN and RF.
The differential effect of various flavins on the sctivity of mioroscosl,
partially purifisd and purifisd enzyme was investigated.

In Table 2 the effect of FAD, PN and RF (2 x 1077 M) on miere-
somal and purified azoreductase is presented. Ron-enzymatic reduction
of neoprontosi] wes unaffected by this flavin concentration. The
stimlatory effect of FAD, PN and RF on microsomal asoreductase was
similar. On the other hand, the partially purified and purified enzyme
showed o difference in sensitivity to these flavins. The order of flavin

stimlation on the purified enzyme was iF) PMN ) FAD,

=bo-



==

H H H
HEC"{.E-—?"?-EHEQH
l OH OH OH
CHy 0
CHy i H
RIBOFLAVIN
0
H H H 1
HaC ~C~C ~ € — CHy0 P~OH
| &H OH OH 5

FMN ( RIBOFLAVIN - 5 - PHOSPHATE )

W K
56-C~C~C-CH0P-0-P-0-
[ Sionde =8 5 du
c"aﬂﬂﬁ\ro nHm::H
HOCH
CHy N NH Lo
(4] I
NH 2

FAD ( FLAVIN ADENINE DINUCLEOTIDE )

Fig. 3. Structures of FAD, MN and riboflavin.



TABLE 2.

Bffect of Flavins on the Reduction of Neopromtosil by Microsomal and
Purified Bnzymes

Sulfanilamide Formed (jmoles/mg protein/30 mimutes)
Microsomal Partially® Purifiea®
Enzyme | % Diff. Purified |% Diff.| Enzyme € Dire.
Enzyme

CONTROL .303 .526 2.48
FAD® <379 + 25 5ok + 13 1.80 + 53
MN .383 + 26 <718 + 36 k.26 + T
Riboflavin -390 + 29 825 + 56 6.03 v 183

a. TFlavin concentration, 2 x 1077 M.

b. Partially purified enzyme, protein that precipitates between 10% and
80% ammonium sulfate saturation.

¢. Purified enzyme, enzyme purified by chromatography on DEAE cellulose
ecolum.
Azoreductase activity was measured anmercbically at 37° using 10
umoles of neoprontosil as the substrate asg deseribed in MATERTALS
AND METHODS.
The results represent one of several experiments and the values are
corrected for non-sniymatic azoreductase activity.
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2. Effect of Flavin Concentration

The effect of varying concentrations of FMN on microsomal and
purified sroreductase sctivity 1s shown in Figs. b and 5. The non-
enzymatic reduction of neoprontosil wvas stimilated by concentrations of
N greater than 2 x 107 M. At 2 x 1077 M FMN, the non-ensymatic azo-
reductase activity was unaffected; whereas, the enxymatic activity wvas
stimilated (Fig. k). This concentration (2 x 107> M) was used in later
Eperimanta.

When microsomes weres incubated with PMN at concentrations of
1073 M or greater . total azoreductase activity wvas greatly increased. The
smount of substrate (neopromtosil) then became rate limiting. With a
flavin concentration of 2 x 1075 M, the high non-enzymatic aszoreductase
fctivity wvas subtracted from the toral aszoreductase activity, so that
the values for the enmymatic azoreductase sctivity appearsd to be lower
than the true value for flavin stimlstion (Fig. 4).

Azoreductase activity of partially purified enzyme (i.e.,
Protein fraction that precipitates between 40% to 80% ammonium sulfate
saturation) was stimilated by PMN at concentrations of 2 x 1077 M and
Breater, Stimulation was linear up to a concentration of 2 x 1673 M
My (Fig. 5).

3. Freparation of Liver Microsomes

Azoreductape activity of microsomes prepared from pooled
Lliquots of livers homogenized in various media showed differences in
tngyme activity (Teble 3). The sddition of PMN, 2 x 1077 M stimulated
Woreductase activity in all preparations.

Microsomes from livers homogenized in 0.25 M sucrose exhibited
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All components were prefnoubated on lce snacrobically for 5 minutes.
The coeplete system contain ensyme (0.93 mg protein from fraction that
precipitates betvean LGS and BOY srmontum sulfate saturation) arnd goluble
fraction (equivalent to 250 mg 1iver) was incubsted in a nitrogen
atmogphera at 37° for 30 minutes &3 degeribed in MATERIALS AND METHODS.
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low azoreductase activity and was least sensitive to stimulatlion by PMN.
Microsomes prepared from livers homogenized in 0.1 M Na'/X phosphate
tuffer with 10”3 M EDTA, pH 7.6, had the highest azoreductase activity
and wvan stimilated to the greatest extent by PMN,

The homogenizing media sdopted for the preparation of hepatic
mlcrosomes was 0.01 M Na'/k' phosphate tuffer, pH 7.6, with 10™3 M EDTA
and 1.15% KC1. This solution gave conalstent and reproducible enzyme

activity,

5. Effect of NADPH Generating System
The effect of the RADPH generating system on PMN stimmlatiom

of microsomal azorsductase activity is shown in Table 4. PMN stimulated
mlcrosomal azoreductase to the same extent whether an artificial KADPH
Benerating aystem (glucose-G-phosphate dshydrogennse + glucose-6-phos-
Phate) or the soluble fraction (105,000 x g supernatant) was used.
Purthermore, non-engymetic reduction of neoprontosil (i.e., reduction due
to reduced BADPH and po microsomal enzyme) was not affected by 2 x 107 M
M 4n either system.

6. Rate of Neoprontosil Reduction

The effect of PMN on the rate of reduction of necprontosil by
the microsomal engyme i shown in Fig. 6. The reaction rate of the
contrals and PMN ptimlated agoreductass was linear at all time periods.
A 30 minute incubation period wes used in most experiments. PMN did not
increase the non-enzymstic aszoreductase activity.

The data also confirms the finding of Hernandez et al. (1967a)
that microsomal and purified azoreductase mctivities were linear up to
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TABLE 3.

Effect of ™N on the Reduction of Neoprontosil by Different Preparstions
of Eat Hepatic Microsomes.

Bulfardlamide Formed
(mamoles/mg protein/30 mimtes)

Homogenization Media ¢ pire.” | Rate nirs.S
1.15 % K1 + Pa® 400 + 4o 115
1.15 % KCL + BDTA 1073 M 300
1.15 % KC1 + EDTA 1073 M

+ FMN koo + 36 109
0.25 M Bucrose 150
0.85 M Bucrose + FMN 236 + 28 kg
0.25 M Sucrose + EDTA

1073 M 158
0.25 M_Bucroaes + EDTA

1_:"3 M+ M 224 + h2 66
0.1 M Wﬂ + EDTR

1077 M hot
0.1 M ;hnnphnta + EDTA

107 W + FHN SaT + 29 120

PN concentration, 2 x 10°° M.

¢ Difference due to PMN.

Difference in rate of reduction of neoprontosil due to FMN.

Livers from four adult, male, Sprague-Davley rats were excised and
minced. Aliquots (10 g) were combined with 3 volumes of homogeniz-
ing solution. The results represents the mean of duplicate
determinations of a single experiment.

Microsomal azoreductase activity was performed as described in
MATERIALS AND METHODS.

l'.i':l"._-



TABLE &,

Influence of NADPH Generating System un the Ability of FMN to Stimulate
Neoprontosil Reduction by Hepatic Microsomes

Sulfanilamide Formed

(pmoles /30 min. ) Aelative

Ennyme
Flask Activity
Solubls Frection (105,000 x g) 0.17
Soluble Fraction (105,000 x g) +
™My (2 x 1079 M) .17
Soluble Fraction (105,000 x g) +
Microsomes 1.70 100
Boluble Fraction (105,000 x g) +
Microsomss + TMN (2 x lﬂ'gll',i 2.2k 132

Mlucose-6-Fhosphate Dehydrogenase
(10 units) 0.13

Glucose-6-Fhosphate Dehydro %nua
{10 unita) + BN (2 x 10~ 0.13
Glucose-E-Phosphate Dehydrogensse
{10 unite) « Microsomes 1.50 100

Glucose-S-Phosphate Deshydrogenase
(10 uriite) + Microsomes + PV
(2 x 1077 M) 1,92 128

Soluble fraction andfor microsomes equivalent to 250 mg wet
weight liver were incubated at 37° for 30 mlmutes under &
ndtrogen atmosphere in the presence of 0.5 umoles NADF™, 50
umoles glucose-6-phosphate, 100 umoles nicotinamide and 10 umoles
of neoprontosil as deseribed in MATERIALS AND METHODS.

The results are the mean of duplicate determinations of a single

experiment.
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Fig. 6. The influcnce of BN on the rote of neoprontosil reduction
by hepatie mlerosomes.

Microsor=s andfor soluble fraction equivalent to 250 mg wob welght
liver wore incubated in the presence or shsonce of BMN (2 x 1077 M) et
37° under a nitrogen atmosphore ot the varlous indicated time inbervals,
Azoreductase activity wves mossured enasercblenlly as degeribed in
MATERTALS AMD METHODS.

NE, non-enzymatic reduction of neoprontesil.

Each polnt reprosonts the gean of dunliecate determinations.

Bimilar yesults were gbtained in st least ope other experiment,
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2 hours.

T+ Effect of Enzyme Concentration
The relationship between increasing concentrations of purifisd
and microsomal enzyme with constant flavin levels is shown in Figs. 7
and § (Data, See Appendix Tebles £ and 3 ).
Azcreduotase activity was linear up to a concentration of

merosomes equivalent to TS50 mg liver wet welght. PN, 4 x 107 M
stirulated microsomal azoreductase at a constant rate. At a concenmtra-
tion of microsomes equivalent to 1.0 g of liver, & small decrease in the
fmount of reduction of necprontosil was noted. This may have been due
to high microsomal pyrophosphatase activity which limited the concentra-
tion of NADFH, by metabolizing it to reduced nicotinamide mopomicleotide
(GL1iette, 1963). PN stimuistion of agoreductase was independent of
enzyme protein concentration. A microsomal enzyme concentration
tquivalent to 200 mg ar 250 mg wvet welght liver was used in future
Expariments.

The effect of AMN on the rate of reduction of peoprontosil by
the partinlly purified enzyme was constant at all enzyme concentrations
(Fig. 8). Thus, the increased azoreductase activity due to PMN in the
Purified enzyme was also Iindependent of encyme protein concentrations.

8. Effsct of Temperature
The effect of temperature on flavin-stimilated microsomal

Szoreductase vas investigated. This would demonstrate that FMH interacts
Vith the enzyme rather than by some non-enzymatic mechanlsm.
Enzyme sctivity usunlly doubles for each 10° incresse in
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Fig. T. Influence of microsomel enmyme and PMN on the reduction
of ‘peonrontosil.

RN concenivation, b x 1077 M, Azoreductase scilvity was moasured
s describod in MATERTALS AND METHODS using a nitrogen nimosphere. Al
Yalues are corrscted froo pon-engymatie mactivity. Each polnt represents
the meen of duplicate determinations.
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Fig. B. Influence of partislly purified cnzyme and PN on the
reduction of néoprontosll.

P concentration, 2 x 1077 M. Azoredustese activity using
enzyme {protein from fraction that precipltetes between LOE and BGR
srmoniun sulfste ssturamtion), vas messured 8s described In MATERTALS
AND METHODS using o nitrogen atmocphere. All valued ere corrected for
non-onegymatie activity. Esch polnt represants the meoan of duplieste
determingtions, Similar results wore obtalned in ot least one other
pxporiment.
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temperature (West et al., 1966). Increasing the temperature had little
effect on non-encymatic azoreductase in the presence or absence of PMN.
However, enzymatic reduction doubled with esch 10° increase in temperature
and the PMN stimulated paralleled the control. No doubling of non-
ensymatic activity ocowrred when the temperature of the reaction was
raised by 10° increments (Pig. 9). The effect of PN on the non-enzymatic
component for each of the temperature periods was negligible; whereas,

the engymatic reduction of neoprontosil doubled. Furthermore, FMN
stimuilated azoreductase activity parallel to the control metivity. At
k7%, a slight increase in enzyme activity was noted. This may be due to

Protedin denaturation &t this temperature.

B. Influence of Flevins on the Reduction of sil by Liver Slices
The reduction of neoprontosil by hepatic microsomes or purified

enzyme is an apmercobiec reaction. It was postulated by Elson and Warren
(1944) and Musller and Miller (1950 and demonstrated by Bray et al.,

(1951) that the reduction of the azo linkage is & two-step reaction:

(1) the formation of e hydrazo intermediste and (2) the reductive splitting
of the nitrogen to mitrogen bond as ipdicated:

(1) mADPE+R" + R'N = MR R'NE-HNR" + NADP'

(2) WADEH + H' + R'NE-HN RIW—=R' N, + HNR" + NADP
However, the hydrazo intermediate in the presence of 0y can be easily
mto-oxidized back to the ago substrate.

Table 5 shows the effect of RF on azorsductase sctivity in liver

slices. Unlike the subcellular preparations, liver slices are capable of



The Effect of Riboflavin on the Reduction of Feoprontosil by Rat Liver

Blices
Bulfanilamide Formed
(umoles/mg protein/60 min.)
Flask Ay Nitrogen Oxygen
Atmosphare Atmosphere
Control 20.5 + 2.5 k3.6 + 2.0 T-7 + 2.0
Riboflavin
(3.3x30°% M) | 362131 1.3 73.8 + 6.2 7.6 + 2.0
% Difference T6% 604
p &£ .025 /05 NS

s8. The results are expressed as the mean 3 S.E. of the values obtain-
ed from 3 separats livers performed in duplieate determipations.
Azoreductase activity in liver slices was messured st 373‘ as
degeribed in MATERIALS AND METHODS.
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Fig. 9. The effect of temperstire and FMN on the reductlon of
neoproptosil by hepatic mioroscmes.

Microsomes and/or soluble fraction equivalent to 250 mg wej welght
liver were incubated in the presence or absapee of FMN (2 x 1077 M) at
the indicated temperature under & nitrogen atmosphere. -Azoraductass
activity wes measured as described in MATERIALS AND METHIDS,

NE, non-enzymatic reductlion of necprontosil.

Ench polnt repregents Lhe moan of dupliecate determinntionz. Similar
resulls were obtained in at loast one other expsrimont.
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metaboliring necprontosil asrcbically. In the presence of 100% 0,, neo-
prontosil reduction was inhibited. This wvas probably due to suto-oxida-
tion of the hydrazo intermsdiate. Under s N, atmosphere, the rate of
reduction of neoprontosil was greater than under serobic conditioms.

In alr and N, BF significantly stimulated azoreductass
sctivity of liver slices.

B= Inﬂummnnrllnin:unthanuﬁmuanufuthwhuhggzﬂc
Microsomes

Other azo dyes reduced by liver microsomes include prontosil,
p-phenylazopyridire (pyridium), CPA (1,2-dimethyl-L-(p-carboxyphenyl-
az0 )5-hydraxybentene ) and p-phenylazophencl (Fig. 10). These dyes have
a non-enzymatic as well as an enzymatic component for the reduction of
the azo bond. The ability of OO to inhibit their reduction varled
quantitatively and qualitatively. p-Fhenylazopyridine reduction was
pot inphibited by 00; whereas, neoprontosil, promtosil, p-phenylasophencl
and CPA were iphibited. This may be dus to differences in the affinity
of various mzo dyes for cytochrome P-450.

PN stimilated the reduction of each dye under N, and 0. In
addition, PMN stimulated szoreductase activity similarly for ceoprontosil,
phenylazopyridine, CPA and p-phenylazophencl and to a lesser extent
prontosil (Fig. 11) (Data presemted om Appendix Table 5).

PART TWO - mmmmmwwmmm

An in vitro azoreductase sssay following the disappearance of
neoproutosil was developed. This permitted direct observation of the
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effect of PMN on the microsomal enzyme, (See MATERIALS AND METHODS ).

A. Conditions for Determining the Aate of Disappearance of Neoprontosil
Using either a NADPH generating system (soluble fraction + NADE

+ glucose-6-phosphate) or reduced NADPHE, non-enzymatic reduction of neo-

prontosil could not be determined. Under these conditions, the addition

of MM, 2 x 10”7 M, d4d not affect any non-ersymatic asoreductase activity.
The non-engymatic reaction was too slow to be ohserved directly on the
spectrophotometer. Reduced MADH (1.0 umole) did not substitute for
reduced NADFPH.

Microsomal entyme was added to initimte the reaction which was
followed spectrophotometrically (Table ). The reaction was linear
until an sabsorbancy of sero vas reached. BSulfanilamide formation did not
inhibit the reduction of neoprontosil. The rate of engymatiec reduction
of neoprontosil using the dissppearance method was less than one-half
of the rate using the product formation method. The slower rate of
reduction by the dissppearance method may be due to (1) absence of con-
timious shaking of the microsomes with the substrate and (2) siight
variation of temperature of the circulsting wvater bath to the cuvette

compartment.

B. Effect of PMN on the Reduction of Neoprontosil
A Thunberg tube with 2 side-arms containing enzyme and FMN,

respectively, was used. The cuvette compartment of the Thunberg tube con-
taining 1.0 umoles NADPE, 50 umoles nicotinamide and 0.1 umdles neopronto-

sil in 2.5 ml of 0.05 M Naip-PO,-K;HPO), buffer, ph 7.6, (1073 M E0PA) was



TABLE 6.

Effect of PMN on the Reduction of Necprontosil by Hepatic Microsomes:
Heappearance of Neopromtosil

mimmoles dye reduced per
Condition minute per mg protein

NADPH gemerating systen™ 1.22

FNADPH generat system
+ TN (2 x 1077 M) 3.67

HADPH, 0.73

NADPH, + PMN (2 x 1075 M) 2.94

a. NADPH generating system, 0.25 umoles IA.DP+, 50 umoles
nicotinamide, 25 umoles glucose-S-phosphate and soluble
fraction equivalent to 125 mg liver.

b. y 1.0 umdles lI-IJE'HE + 50 umoles nicotinamide.
E:hnutue activity was followed by the spectrophoto-

metric method for neoprontosgil disappearance as described

in MATERTALS AND METHODS.

d. The data is a typical experiment which bhas been repeated
several times with essentially the same results.
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incubated for 10 minutes st 37°. The side-arm containing 0.5 ml
suspension of microsomes (5.0 mg protein) was added to the cuvette
compartment to initiste the reamction. A few mimutes later, the contents
of the second side-arm (0.03 umoles PN in 0.1 ml wvater) was sdded to
the cuvette. Immediately, an increased rate of change in sbsorbancy
vas cbserved indicating increased agoreductase activity (Fig. 12). MMN
stimulated the reduction of necprontosil 3 to 4 fold over combrol values.

2. son of the Rates of Reduction of toall and of FMN
The influence of FMN on the reduction of neoprontosil by

hepatic mierosomes can be presented as a combination of several re-

actlons:

(1) 2 NADPH + 28" + 2 PN E‘? 2 NADP® + TMNE,

{E}Em +E*I-ﬁ"% 2PN 4+ R'NH + R" %
(3) 2 samPR + 26 + H‘I-m“% 2 NADF' + R'NH; + R'NH,

[h}zm~+as’+em+n':=n"’&$2 RADF' + 2 PME +
R'NH, + E"'IH'E

In order for PMN to stimulate azoreductase activity, the rate
of reduction of PMi must exceed the rate of reduction of neopromtosil
“1>KJ:|'¢ Furthermore, reduced PMNH, must be capable of reducing neo-
prootosil non-enzymetically (K).

H!ﬂtltﬂﬂmmdmﬂﬁmﬂmtuﬂﬂmzﬂlrm
(K;) or 14.3 mmcles N reduced/min./mg protein as shown by the de-
crease in sbogorbancy at 446 mu (Fig. 13). The addition of 0.1 umoles
of necpromtosil produced an immediste re-axidation of PMN with the con-
commltant formation of sulfanilemide. Thus, neoprontosil was reduced
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Fig. 12. Erfect of Pl on the reduction of ncoprontosil by
hepetlic microsones.

Reductlon of mocprontosil wes followel on & recording spociro-
photonnter (Sse MATEHIALS AND METHODS) by cbaorving o decrease in
absorbancy at S00 mu.  Tho reaction was inftisted By the sddition of
0.5 =l of & nmlerosoral sumpension from one side-arm of & Thunborg
tube contalning 2 side-arps (Sea Text). After 3 minutes, 0.03 weoles
of FN In Q.1 nl water wos 3dded from the second glde-crem apd an
imdlste stlrulatlon of neoprontosil reduction was cohaerved.

The dete 13 & typleal experimont which has been roposted several
times with essentielly the same results.
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Fig. 13. Beduction of PN by HADPH and micvosomes and the
non-ensyratic cxldatlion of MM, by neeprontosil.

i, 0.15 umsies vas reduced under pitrogen In a gystoo conslstlng
of mdcroacmaa (0.5 oz profeln), 1.0 urales NADPH snd 50 umoies nico-
tinsaide in & er_z] voluse of 3.0'ml 0.0 K F?'.E-TE?{*LL-KEIE% Wil e,
pH 7.6, (10-3.M EDTA).

At the time indlcated by the srrey, 0.1 vmoless negprontesil was
gdded sz described in the text.

The dnta 15 8 typieal experiment vhich hos baen repsated soveral
tipss with espentially the sems resulis.



nem-enzymatically by reduced Hﬂﬂ{z.

The rate {1{3} for the reduction of necprontosil by hepatic
microsomes with NADPH, wes 0.73 mmoles dye reduced/min./mg protein.
The rate (K,) for the reduction of neoprontosil by hepatiec microsomes
with N and HADPH, was 2.9% mmoles dye reduced/min. /mg protein (Table
6 ). Therefore, enzymatic reduction of FMN was the fastest gtep in the
geries of egquations presented above and accounts for an incresased flow

af electrons to the azo substrate.

B. Btolchi af the Reduction of tosll and
‘e DEOmMEE

The stoichiometry for the reduction of necprontosil by
hepatic microsomes with m vas determined by neoprontosil dis-

appesrance. 'The ouvette compartment of & Thunberg tube contained 0.1
umoles peoprontosil, 50 umoles nicotinemide, 0.1 umoles NADPH in 2.4
ml of 0.05 M NalpPO) -K,HPO), buffer, pi 7.6, (1077 M EDTA). The side
arm coptained hepatic microsomes (0.5 mg protein) and 0.03 umoles PMN
in 0.6 ml of the same buffer. The Thunberg tube was flushed thoroughly
with oxygen-free nitrogen and sealsd. The paoprontosil was omitted in
the reference cuvette. The sample cuvette containing the neoprontosil
was incubated st 377 for 10 mimutes. The comtents of the side-arm was
then added to the cuvette and a zero time absorbancy st 500 mu was
imnediately recorded. The reaction was allowed to proceed until no far-
ther decroase In dbsorbancy was observed. The amouni of peopronmtosil
reduced was determined by dividing the extinction coefficlent of 25.5
mMd em™t for necprontosil into the difference in absarbances Trom zero
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time and the end of the reaction. It vas determined that 0.1 umoles of
BADFH,; reduced 0.027 umoles of neoprontosil. Thus:

b WADPH + W' + R'N = HR" —— & NADP* + R'NH, + R"NE

This cbservation can be supported since the rate of reduction

of PMH by microsomes with NADPHL, was spproximately b times greater than
the rate of reduction of nscprontosil by microsomes, NADPE and FMN
(Table 6 ). This would indicate that 4 molecules of PMN must first be
reduced in crder to reduce one moleculs of neoprontosil. Furthermore,
the FAD prosthetic group of the enzyme, FAIFPH eytochroms ¢ reductase,
was shown by Masters 2t al. (1965a) to transfer one-electron equivalents
through the formation of a semi-reduced or FADH intermedimte.

PART THREE - mmmmmwmunmm

In the first seetion, flavins were shown to stimulate both
mierogomal and the azoreductase activity associsted with NADFH cytochroms
¢ reductasse. In this section, data will be presented on the relstive
specificity by which flavins stimulate azoreductase.

A. Effect of Electron Doncrs on Microsomal Asorsductase

1. Effect of PN on WADH and NAUPH Pathways of Microsceal Azo-
B

HADH and BADPH reduced necprontosil in hepatic microsomes
(Bernandez, 1957). However, the purified enzyme, HADPH cytochrome ©
reductase was found to be gpecific for NADPH only (Williams and Kamin,
1962).

Table 7 shows the effect of FPMN on both the NADH and WADFH
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pathvays of microsomal azoreductase sctivity. The current date confirms
the Tindings of Hernandez (1957) thet the NADH pathwny wes less active
in reducing neoprontosil than the NADPH pathway. The parcent stimilation
by FMN of the NADH and the HADPH pathways was slmilar. The iporeased
rate of sroreductase activity, due to PMN, was not the same in hoth
pathways. PFurthermore, with the coubination of both FADH and NADFH
genersting systems, azoreductase activity was stimmlated by PMN to &
greater extent than was the effect of PMN on each patinmy alons. This
would indicate that PMN acts on at least twvo different sites; one pite
common to the NADH pathway and the other pite common to the NADPH path-
way. Carbon momoxide did pot inhibit flavin stimulstion of either path-
way which indicstes that the site for PMN stimulstion must be prior to
eytochrome P=450.
2. Effect of Hlectron Donors on FMN-Stimlated Microsomal Azo-

reductass vity

Various reagents which are c¢apable of donating hydrogens
ineluding eysteine, hydroquinome, and ascorbie acid were studied. The

effect of thene agents on microscmal asoreductaps and flevin-stimlated
azoreductase activity was investigated. The results in Table B show that
these agente did not affect microsomal azoreductsse activity; nor daid

they affect flavin stimlsted azoreductase.

B. Effect of Electron Acceptors
Utilizing HADPH a5 the electron domor, hepatic microsomes can

retice many mrtifiecial electron aceeptors such as DCIP, NT (Williams et al.,
1963) and cytochrome ¢ (Williams snd Kamin, 1962). Other electron
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TABLE 7.

Effect of MM on BADH and FADPH Pathways of Microsomal Azoreductase

Sulfanilemide Formed (pmoles/30 min.)
Nitrogen Carbon Monoxide
Atmosphere Atmosphere
% Diff. | Rate % Diff, Rate
Flask Difr. 2.5 g o
HADPER 1.58 1.3%
WADFH + P 2.67 + k2 79 1.82 + 36 L8
NADPRE 0.40 0.36
NADFH + PME 0.58 + &6 18 | o.k8 « 27 10
NADPH + NADH 1.52 1.35
FADPH + PN
+ RADH 2.87 + 58 106 2.21 + 63 86

a. The incubation system comsisted of 10 umoles neoprontosil, 0.5
umoles NADPY, 100 umoles nicotinamide, 5 umoles EDTA, soluble
fraction and microsomes equivalent to 250 mg liver in a final
volume of 5.0 ml 0.05 M FaEaPO)- buffer, pH T.5. Azo-
reductase activity was messured bically at 37° as described
in MATERIALS AND METHODS.

b. The incubatiocn system consisted of 10 wmoles necprontosil, 0.5
umoles NAD', 100 umoles nicotinamide, 340 umoles ethanol, 5 umoles
EDTA, soluble fraction and microsomes equivalent to 250 mg liver
in & final volume of 5.0 ml 0.05 M NalpPOy,-KHPO, buffer, pH 7.6.
Azoreductase activity vas measursd apasrobically ot 37° as described
in MATERIALS AND METHODS.

e. PMN, 2 x 109 M.

d. Rate difference, difference in specific activity due to PMN.
Similar results were obtained in at lesst one other experiment.



TABLE 8.

Effect of PMN and Electron Donors on Micropomal Azoreductass

lm; mﬂ
Concen- Total lon-Enzymatic | Enzymatiec | Relative
Drug tration | Activity Activity Activity | Activity
Bpt. 1
None 1.20 A7 1.03 100
None + FMN 210" M 1.67 17 1.50 146
Hydroquinone | 2x1077M 1.18 A7 1.00 98
ezl SRR S 1.68 a7 1.51 148
Bept. II
Tone 2.03 .23 1.80 100
Fone + FMN 2x10" M B .23 2.48 138
Ascorbate bx10" oM 2.01 23 1.78 99
hf;:‘“ 2x10™M 2.Bo 26 2.5k 11
Cysteins Lx10~M 1.98 .23 1.75 a7
Er:t g:‘ﬂ 2x107M 2.78 26 2.52 1ho

All components were preincubated on ice anserobically for 5 mimutes.

The complete reaction system containming mlcrosomes equivalent to
250 mg liver wvas incubated in a nitrogen atmosphere at 37° for 30

mimutes and analyzed for azoreductass activity as desoribed In

MATERIALS AND METHUDS.

The data represent the mean of duplicate determinaticons.
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aceeptors such as methylepe blue, phepazine methosulfate have been used
in studies on mitochondrial electron transport. The effect of various
artifieial electron scceptors oo both purified and miecroscomal azo-
reductase activity was imvestigated, (Fig. 14).

1. Effect of ™) and Electron Acceptors em Microsomal Azoreductase

The affect of FMN and various artificial electron acceptors on
microsomal azoreductase is shown in Tables 9 and Q. All of the redox

agents, execspt neotetrarolium, sti=mmisted total azoreductase activity.
Bowever, most of these agents including PM3, MB, TMFD, Bas ereayl violet
and thionine stimilated non-enzymatic reductlion of neoprontosil. In
contrast, FMN in equimoclar concestration 4id not stimlate non-enzymetic
araoraductase. Neotetrazolium is reduced irreversibly to & water insocluble
diforsazan salt. Reotetresolium ichibited azoreductese sctivity by
acting ms an alterpate substrate for the microsomal engyme causing a
vithdraval of elsttrons from reduced RADPH.

The enzymatic activity was calculated from the difference
betwaen total and pon-enzysatic azoreductass activities. The increase in
microsomal azcreductage activity with Mb and % was due to an incresse
irn the non-enrymetic reduction of neoprontosil. The other redox agents,
FHS, TMFD, cresyl violet, indigo disulfonate and thiopine stimulated both
non-enxymatic and engymatic reductiom.

The effect of AN oo azoreductase activity was more specific
then the other redox sgents. That is, AN (2 x 1077 M) stimlated
sngymatic azoreductase without affecting non-emgymatic sctivity. When
FMN vas combined with various redox agests, entymatiec activity was
stimilated to & greater extent than the arithmetic sum produced by each



i
cH ci
o D B
ci
3 i
2 CHy
MENADIONE PHENAZINE 2,6 - DICHLOROPHENOL -

METHOSULFATE (PMS) INDOPHENOL (DCIP)

g

IcH,'l,NJ:I:D‘ MicHgl, G’-ﬁh" HEH}G

=.¢_O el

NEOTETRAZOLIUM
CHLORIDE

METHYLENE BLUE {MB)

(CH JuN Hg NHz
o o
ST

CRESYL VIOLET INDIGD DHSULFONATE

u,n‘O:D» NHg (SHydgh=4__p-Micwyly

THIONINE TETRAMETHYL PHENYLENE
DIAMINE (TMPD])

Fig. 1b. Structures of artificial hydrogen sceeptora.



A ;A

TABLE 9.
Effect of PV and Electron Acceptors on Mlorosomal Agoreductane

Sulfanilamide Formed (pmoles/30 mimutes)
Total Non Relative
Activity Enzymatic | Enzymatic Activity
Dvug Activity Activity
Bept. I
Hone 2.15 0.20 1.95 100
None + FMN 2.57 0.20 2.37 122
Phepnsine Metho-
sulfate (PMB) 3.1T 0.59 2.58 132
Phenazine Metho-
sulfate + PN 3.96 0.59 3.37 173
Tetramethyl-
phenylens dia-
mine (TMPL) 2.48 0.23 2.25 115
Tetramathyl-
phenylene dia-
mine + PMN 3.07 0.23 2.84 146
Hit.l::slmn blue
(MB 2.67 0.69 1.98 102
Methylene blue
+ FMN 3.10 0.65 2.54 130
Neotetrazolius (NT) 1.62 0.17 1.65 85
Feotetrazolium
+ PMN 2.57 Q.17 2.0 123
Menadione Bim:.futal
"mm 2.18 0.26 1.9 gt
Bisulfa
+ FMN uT 3.20 0.46 2.7h 141

All components were preincubated on ice anaercbically for 5 mimutes.
The complete reaction system containing microsomes equivalent to
250 mg liver was incubated in a nitrogen atmosphere &t 370 for 30
mimites and apalyzed for azoreductase activity as described in
MATERIALS AND METHODS.

Concentration of redox agents, 2 x 10~7 M,

The data represent one of several experiments with essentially the
same results.



TABLE 9A.

Sulfanilamide Formed (umoles/ 30 mirutes)

Total Bon Relative
Activity Enzymatic | Bogymatic Activity
Drug Activity | Activity
Bept. II
Kone 2.08 21 1.87 100
Bome + e E-l-TT +21 EIEE le
Menadions bi-
sulfate {K?‘.l 2.2h .30 1.94 106
Menadione bl-
sulfate + PMN 3.30 . ) 2.2 151
Cresyl violet k.36 .89 3.47 186
Cresyl violet
5 HIH Siﬁh‘ 1-“1 h-53 m
Indigo disulfonate 3.07 .18 2.89 154
Indigo disulfonate
+ FMH 2.43 15 3.28 175
Thionine 3.10 A1 2.69 1k
Thionine + FMN 3.70 RT 3.24 173

All components were preincubated on ice ansercbically for 5 minutes.
T™he complete reaction system containing microsomes equivalent to
250 mg liver was incubated in a nitrogen atmosphere at 37° for 30
mimutes and analyted for azoreductese activity as described in
MATERIALS ARD METHODS.
Concentration of redox agents, 2 x 1072 M,
T™e data represent one of ssveral experiments with essentially the

gams regults.
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redox agent elone. ﬁththﬂumimnf%, non-enzymatic reduction
of peoprootosil was vhen unaffected PMN vas combined witk these redox
agents. When PMN was combined with Ky the increase in the non-enzymatic
mmtmummhmputuhnthiwmhamlawﬂﬂ

alone,

2. BHpecificity of PMS Stimulation of Asoreductase Activity

Since MS stimulsted both non-enzrymatic and enzymatic aszo-
reductase activity, studies were performed to determine whether this
stimulation vas enzyme specific.

a. Effect of PMS Copcentration

S (2 x 1077 M) stimulated enzymatic and non-enzymetic azo-
reductase sctivity (Table 10) At 2 x 1077 M, PMS only stimlated non-
enrymatic azoreductase. Thus, the increase in total microsomml azo-
reductase activity was due to an increase in the non-enzymatic reduction

of neoprontosil.

b. Effect of Temperature
Fig. 15 shows the effect of temperature on PME stimmlation

of microsomal and purified azoreductase. Non-enpymatic reduction
inereased very slowly with an increase in tesperature. With PMS, (2 x

10" M), the non-enzymatiec sctivity more than doubled for esch 109
increase in temperature. The stimilation of the non-enzymatic reduction
of necprontosil by PME was due to the increased activity of the HADPH
generating system at higher temperature. In coptrast, FMN did not
stimlate non-enzymatic reductlion of neoprontosil &t these temparatures
(rig. 9).



TABLE 10.

Effect of Phepaszine Methosulfate (PME) on the Reduction of Neoprontosil
by the Partially Purified Enzyme

Bulfanilamide Formed
{umoles/30 minutes)

Drug | Concentratiom Total Non-Enzymatic | Enzymatic Relative
Activity Activity Activity Aetivity
None 0.73 0.20 0.53 100
PMS 2x 107 M 2.61 1.07 1.54 i
s 2x106n 1.21 0.b1 0.79 149
PMS 2 x 10771 M 0.61 0.30 0.51 96

Enzyme, 0.93 mg of protein from the fraction that precipitates between
Lo% and 50% ammonium sulfate saturation.
All components were preincubasted on ice anmercbically for 5 minutes.
The complets system was incubated in a nitrogen atmosphere &t 379 for
30 minutes for azoreductase activity as described in MATERIALE AND

METHCDS .

The values represent the mean of duplicate determinations.
Similmr results were cbtained in at least one other experiment.
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Fig. 15. The effect of temperature and phenozine methosulfate
on the neoprontosil by hepatic nmilerosomes.

Microsomes and/or soluble fraction equivalent to 250_mg liver
were incubated In the presence or abeence of PMS, 2 x 1077 M at the
indicated tepperature under a nitrogen atmosphore, Azoreductase
activity wvos measured ss described in MATERIALS AKD METHODS.

ME, non-enzym=tic reductlion of neoprantoslil.

Each point represents the mean of duplicate determinatiomns.
Similar results were obtained in at least one other axporiment.
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Azoreductase sctivity wvas less than expected at E7°. This
maybe due to spome inactivation of microsomal engyme protein. Purther-
more, PMS stimulstion of activity at 470 was due to 8 grester stimils-
tion of non-enzymatic reduction of neoprontosil.

3. Effect of Electron Acceptors om Liver Slice Asoreductase

The reduction of necprontosil by rat liver slices was stismulated
by either PMS or menadione (Teble 11). In the liver slice preparation,
it is possible that PMS or menadione stimulated engymes other than those
of the endoplasmic reticulum. Data from Table § shows that menadione
and PME stimulated the non-enzymatic reduction of neoprontosil.

€. Effect of Transitional Metals

Several flavoprotein enzrymes such as xanthine oxidase, NADH
eytochrome ¢ reductase and others (Mahler et sl., 1955) required a
transitional metal for activity. Purified NADPH cytochrome ¢ reductase

ie a non-metal containing flavoprotein (Williems and Kamin, 1962), An
investigation vas performed to determine If the addition of various
metals would enhance or inhibdit microsomml azoreductase or affect FMN
stimlation.

Trangitionsl metals such as Mo'Z, Fe*3, ou'® and M6 had no
effect on microsomml azoreductase activity. PFurthermore, equimolar
concentrations of PN and transitional metals stimulated azoreductese

activity to the same extent g FMN alone. The metals did not affect

non-enzrymatic reduction (Table 12).



TABLE 11.

Effect of Mepadione and Phenazine Methosulfate (PMS) on the Reduction
of Hecprontosil by Rat Liver Slices

Sulfanilamide Formed
(mumoles/mg protein/60 min. )
Mr Nitrogen Oxygen
Treatment Atomosphere | Atmoshphere
Comtrol 23.9 47.6 11.5
Menadione {3*3:1u*"u} 30.8 868.k 26.9
Control 21.9 hkl.2 T3
PMS (3.3107"M) 51.4 TI-1 18.4

All components were preincubated on ice under the appropriate
atmogphere for 5 minutes. The complete system was incubated
at 379 for liver slice azoreductase as described in MATERIALS
AND METHODS .

The valuess represent the mean of duplicate determinations of a

pingle experiment.



-78-

TABLE 12.

Effect of PMN and Transitional Metals on Microsomal Aszoreductase

Sulfanilamide Formed (umoles/30 mimite)
Total Nom-Enzymatic | Enzymatic Halative
Drug Concentration Activity Activity Aetivity Aetivity
Expt. I.
Hone 2.03 w2 1.80 100
Bone + ME | 2x 107 M 2.7 23 2.48 138
Moy, bx 1077 M 1.92 .23 1.69 %
MnSO, + MME| 2 x 1070 M 2.74 .23 2.51 139
H!‘- n-l
None 3.00 26 2.Th 100
None « FPMN 2x 107 M 3.73 .29 3.4k 126
FeCl, 2x 107 M 3.10 .29 2.81 108
FeCly + MO| 2 x 1077 ¥ 3.081 .33 3,48 127
Cus0), 2x 1077 M 2.98 .20 2.78 101
CuSO, + PMN| 2 x 1077 M 3.60 .29 3.3 121
T MoO 2x 105 M 3.07 .29 2.78 10
w +
PN 2x 1077 M 3.73 29 3.4k 126

All components were preincubated on jce apasrcblcally for 5 minutes.
The complete reaction system contalping microsomes equivalent to 250
mg liver was incubated in a nitrogen atmosphere at I7° for 30 minutes
and analysed for azoreductase asctivity as described in MATERIALS AND

METHODES.
The values represent the mean of duplicate determinatioms.
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D. Effect of Complexing Agents
Ribvoflavin end flevin muclectides form semiquinones, free

radicals or complexes of the "cherge-transfer" type (Michselis, 1939;
Szent-Gyorgl, 1960; Beinert and Sands, 1961; Massey &t al., 1966).
Studies thus far suggest thaet flaving must interact with the enzyme
to stimlate szoreductase activity.

1. Effect of Free Radicel Scavengers
Compounds such ss Z2-smincethylisothiovronium bromide (AET),
butylated hydrexgytoluene (BHT) and 2,2 diphenyl-l-picryl-hydrazyl (DPFH)
react with free radicals to form stable compounds causing a decresse in

the overall reaction rate of free radical aystems (Fig. 16), (Pihl and
Sanner, 1965).

The effect of IPPH, BHT and AET on the ability of TMN to
stimlete microsomal azoreductase amctivity is shown in Table 13.
Enzymatic, non-enzymatic and PMN stimulated azoreductase wers unaffected.

2. Bffect of Complexing Agents

Complexes of the charge-transfer type are due to the interaction

of &8 molecule rich in electrons with & molecule deficient in elactrona
(Szent-Gyorgyi, 1960; Kosower, 1965). The effect of chlorpromazine, sero-
tonin tetracycline apd quinacrine on FPMN stimulstion of microsomal azo-
reductass is shown in Table 14. Only chlorpromazine in a concentration
of 2 x 1073 M (100 times the cencemtration of FMN) inhibited contrel and
PR-stimlated arorsductase activity. Bowever, chlorpromacine at & con-
centration of @ x 107" M did not inhibit the enaymatic reduction of neo-

prootosil.
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MBLE 13.

Effect of Free Radical Scavengoers on Microsomal Asoreductass

Bulfanilemide Formed

(nmeles/30 mimtes)

Enzymatic Relative

Drug Concentration Activity Activity
BFone 1.72 100
Bone + ™N | 2 x 1072 M 2.3k 137
PPH 2 x 107" M 1.55 50
IFPH + N | 2 x 1070 M 2.28 133
PPN 2x 109 N 1.75 109
IFPE + IMN | 2 x 1077 M 2.28 133
BHT 2 x 107 M 1.88 110
BET + PN | 2x 107 M 2. 140
BHT 2x 1077 M 1.80 106
BET + PN | 2x107° M 2.31 135
AED 2x 107" M 1.73 101
AT + M | 2 x 1070 M 2.43 b1
AET 2x10° M 1.57 g1
AR + N | 2 x 1070 M 2.22 130

aminoethy:
DFPE -(2,2-diphenyl-1-pleryihydrazyl ):

All componenta were preincubated on ice anasroblcally for 5 minutes.
The complete system containing microsomes eguivelent to 250 mg liver
vas incubated in a nitrogen atmosphere at 37° for 30 minutes and
analyzed for azoreductass activity as described in MATERIALS AND

METHUDS,
The resilts represent the mean of duplicate determinations and are

corrected for non-encymatic activity.
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TABLE 14.

Effect of Complexing Agents on PMN Btimulated Azcreductase Activity

Sulfanilamide Formed

(umoles/30 mimtes)
Enzymatic Relative
Drug Coneentration | Activity Activity

Bept. I.

None 2.3k 100
None + FMN 2x 107 M 3,30 WL
Chlorpromazine 2x 1073 M 1.29 55
Chlorpromazine + M| 2 x 1072 M 1.75 75
Chlorpromazine 2x :IL:I"l M 2.k 108
Chlorpromazine + M| 2 x 10™° M 3.20 137
Berotonin 2x 1079 M 2,04 g6
Serotonin + PV 2x10° M 2.90 124
Serotonin 2x 107 M 2.41 103
Serotonin + PMN 2x 1077 M 3.10 130
Tetracycline 2% 107 M 2.08 89
Tetracyeline + MN 2x1077 M 2.51 103
Tetracycline 2x 107" M 2.1 103
Tetracycline + FMN 2 x 107° M 3.20 137
Expt. II

Mopa 1.59 100
None + BMN 2 x 1070 M 2.01 126
Quinacrine Lbx109 M 1.52 o
Quinaerine 2 % 107 M 1.91 120
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All components were preincubated on ice anmerobically for 5 mirutes.
The complete reaction system coptaining microsomes equivalent to
250 mg liver was incubsted in a nitrogen atmosphere at 37° for

30 minutes and analyted for azoreductase activity as described in
MATERIALS AND METHODS.

The resulte represent the average of two determinations each and
are corrected for nop-enzymatic activity.



PART FOUR - mwmmwmmmmnmm

A. NADPH Cytochrome ¢ Reductase

Cytochrome ¢ which is not a normal constituent of the hepatic
microsomes (Baipert, 1951) can be easily reduced by the microsomal or
purified flasvoprotein enzyme with NADPH ms the domor (Williamms and Kamin,
1962; Phillips and Langdon, 1962). Tuble 15 shows the effect of FAD,
FMR and riboflavin on the reduction of cytochrome ¢ by the purified

engyme, The NADPH cytochrome ¢ reductase activity waes unaffected by
flavins. Moreover, the order of addition of the flavins either before
or after the sddition of cytochrome ¢ hed no effect on enxyme activity.

B. Neotetrazolium Activity
Microsomal NT disphorase activity wvas shown by Williams and

Kamin (1962) and Hernandez, et al., (1967a) to be assoeisted with
purified NADPH cytochrome ¢ reductase. On solubilization and purifica-
tion of the enzyme part of the NT disphorase activity was lost. In
addition, Williame and Kemin (1962) cbmerved that mnaercbicsis stimulated
disphorase activity by 50 to 100%.

Azoreductase activity of microsomes was also partially destroy-
ed upon solubilization and purification. Moreover, azoreductase activity
was anasrobic and assocismted with the same purified enzyme (NADPH cyto-
chrome ¢ reductase) as was NT diaphorase. The effects of flavins and
other redox agents wvere investigeted in order to compare HT diaphorase
activity to that of azareductase.

The effects of equimolar concentrations of FAD, PMN, riboflavin,



TABLE 15.

Effect of Flavins on Purified NADPH Cytochrome ¢ Reductase

Flavin Cytochrome c Reduced
Flask Concentration nmoles/mg protein/minute
Control .5
FAD 3x10° M b5
P 321077 M b7
Riboflavin 3 x 1077 M 4.7

Enzyme, parified by chromastography on DEAE celluloase.

The inecubation mixture containing 126 mumoles NADPH, 3 umoles
KCH, (6.0 ng) tn 2.5 ml of 0.05 -KpHPO), buffer,
pH 7.6, *m‘ M EDTA) was preincubated for 10 minutes. The
reaction wvas initiated by the addition of 150 mumoles cytochrome
c and 0.1 umoles flavin in 0.5 ml water. Activity was measured
by the increased absorbance at 550 mu as described in MATERIALS
AND METHODS.,

The data represent one experiment repeated several times with
essentially the sams reésults.
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menndione nand phesazine methosulfate (PMS) oo microsomal NT disphorase
activity 1o shown in Table 16. 1In air, NT disphorase was inhibited by
flavina and PMS. However, senadione and PMS increased the non-enzymatic
reduction of NT in the presence of a NADPH generating system (glucose--
phosphate + liver soluble fraction + NAIF'). In contrast, flavins did
not influence the non-sngymatic reduction of NT.

Microsomal NT disphorass activity was greater under anaesrobic
conditions. NT diaphorase was not stimilsted by flavins, PMS or
menadione (Table 1£).

The effect of flavine on partimlly purified and microsomal
dimphorase differed (Table 16). Flavins inhibited the reduction of NT
by the partislly purified enzyme in air but stimulsted activity under
nitrogen. The order of efficiency wvas elmilar to that found for purified
azoreductase setivity, 1.e., RF ) FMV ) FAD,

PART FIVE - mmmmurmmmm

Phenobarbital induced microsomal asoreductase activity that
differed from MC Induced engyme in its sensitivity to cerbon monoxide
(CO) inhibition, (Hernandes et al., 1967b). The relstionship of flavines
in vitro and in vivo and microscmal asoreductase from induced rats were
studied. The results indicated that C induced a microsomal azoreductase
pathwey that vas less senpitive to 00 inhibition but vas more genaitive

to flavin stimilation than wvas PE induesd mierosomal aexcreaductase.

A, Normal [Het Rats

The effect of flavine in vitro and in vivo on microsomes from
PE and MC pretreated rats fed Purina Laborstory Chow was imvestigated.
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TABLE 16

Effects of Flavins, Menadione and Phenazine Msthosulfate on the Reduction
of Neotetrazolium

fﬂﬂﬂlﬂmwmmﬂ]
Concean=- Relative Relative

Flask tration Air Activity | Nitrogem Activity
Microsomal
_ Enzyme

Control .16 100 29 100
FAD 1074 ¥ .1h a8 .29 100
N 107" M 12 75 .30 103
Ribofimvin| 107 M b 88 .30 103
Menadione | 107% M .05 31 .22 76
PMS 1074 .19 119 .28 o7
Purified
Enzyme®

Control 2.20 100 6.50 100
FAD 107 M 1.72 i B.00 123
MH 107% M 1.86 a5 8.80 135
Riboflavin| 107 M 1.78 81 9.60 148
Menadione 107 M 1.78 B B.17 125

(-9

Protein that precipitates between L0F and 50% ammonium sulfate
fractiopation.

The incubstion mixture (MATERIALS AND METHODS) was preincubated

at 37° for 10 mimutes. The flasks were placed on ice and engyme
wvas added. Those lasks receiving nitrogen were sealed and flushed
with gas for 5 mimutes. The complete reaction mixture wvas then
incubsted at 379 for 10 mimutes, and assayed for NT diaphorase
activity ss described in MATERTALS AND METHODS.

The dats are representative of two axperiments.



1. Effects of Flavina on ¢ Microsomes from Phencbarbital,
immﬁﬂiﬂmmm

The effect of P on microsomal azoreductase from FB pre-
treated rate is shown in Table 17. PN stimulated control microsomes

to the same sbsolute rate (1.e., difference between the control valuse
and the value due to the addition of PMN) under N, and 0. However,
PN hoad less of an effect on aroreductase from FB pretreated rats in
nlanmmﬂi;uhum,mﬂum,thlmmﬁhmmm
was restored to the comtrol flavin stimilated activity.

The addition of PMN to microsomes from AF pretreated rats stimi-
lated nzoreductase to a grester rate than controls in either a No or OO
atmosphere. However, the addition of PMN to the micriscmes from animals
pretreated with both FB and HF stimlated azoreductase activity to the
same rate an the comtrols.

Flavin stimilation of microsomal asoreductase from IMC
pretreated rats (Table 18) vas greater than conmtrols. The incressed
ﬂuwmnuwm“unhmdml‘emﬂm. Furthermore,
microsomes from rats pretreated with both AF and MC were stimulated
by PFMN to o similar magnitude as microsomes from RF pretreated rats.
The data from Tables 17 and 18 are presented on Fig. 17 to further
emphasize the effects of PMN and CO on mierveomal azoreductase from

pretreated rats.

2. Effect of Phencbarbital and j-Msthylcholanthrene in vitro
Of MiCToBOBAL AEOreUUCCARE ACLIVILY

Fhenobarbital and 3-methyleholanthrens are slowly metabolized
in vivo. Thus, these drugs may be detected in the liver more than 24
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TABLE 17.

Effect of MN on Microsomal Asoreductase Activity from Phenobarbital
Pretreated Rats

Sulfanilamide Formed
(mumoles/ng protein/30 min. )
Hitrogen pate® || Carbon Monoxide Rate

Treatment Atmosphere pity. Atmosphere 1,50 gl
Saline Controls 10+ 7 ni 3
Balipe Controls +

e 219 & 10 hg 145 & 10 52
Phenobarbital 231 £+ 9 88+ 7
Phenobarbital + FMN 268 + 16 i 137 z 10 bg
Riveflavin (RAF) 175+ 6 89+ 3
Riboflavin (BF)

+ PN 2ho ¢ 5 65 149 + 12 60
Phenobarbital + RF 252+ 5 i+ 3
Phenobarbital + RF

+ TMN 307 £ 10 ks ik 5 T k2

a., PN, 2x 1077 M.

- Rate difference, difference between the control value and the value
dug to added FMN.

e. Animal treatment and conditions of incubation are described under
MATERIALS AND METHDDS.

d. ‘The results are expressed as the mean § 5.E. of the valuas obtained

from 3 separate groups of 2 pocled livers per group.



TARLE 18.

Effect of PMN on Microsomal Azoreductsse Activity from 3-Methyl-
cholanthrens Pretreatad Rats

Sulfanilamide Formed
(mmoles/mg protein/30 min.)
Hitrogen Rate? ||Carbon Monoxide Rate
Treatment Atmosphere Dire. Atmosphere Diff.
Corn 011 Controle 185+ 6 124+ 3
Corn 011l Comtrols
+ FMNE 232 ¢ & bt T+ 3 53
3 lcholanthrene
.-,;mﬂ 300 + 23 216 + 25
3-Methylcholanthrene
+ FMN 350 + 30 a0 287 + 32 T1
WC + Riboflavin A7+ 8 218 + 1k
MC + Riboflavin + FMN 39 + 29 TT 277 ¢ 16 59

A, 2 x 107° M.

Hate difference, difference between control value and the value

due to ndded FMN.

¢. Animal treatment and conditions of assay are described under
MATERIALS AND METHODS.

d. The results are expressed as the mean + 5.E. of the values obtained

from 3 separate groups of 2 pooled livers per group.

o
L] -
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Fig. 17. Compariscon of PMN stimlstlon of mfcrosomnl azo-
reductase activity from phencbarbital and 3-mefhyleholenthrene
pretreated rata.

The figure represents the data from Tebles 17 end 18 to
further erphasize the effects of BN apd 00 on microsomal azo-
reductase sctivity fron pretreaied rats.



hours after the last injection. Therefore, the in vitro effect of PB
and C wvas {imvestigated (Table 19).

FB and FMC slightly increased azoreductase activity. PN,
PN + PB or PMN + JMC stimlated azoreductase activity to about the
same rate. Thus, the presence of PB or MC in the liver preparation
did not affect flavin stimilated sctivity.

3. Influence of Riboflsvin Pretrestment on Microsomal Enzyme
Activity

Adult, male, Sprague-Dawley rats were given dally supplements
of RF (10 mg/kg, I.P.) far 7 days. The effect of this short term RF

treatment on various parameters of hepatic microsomal enryme activities

was examined.

8. Effect on Microsomal Protein, Cytochrome P-450 and NADPH
¢ heductase

The dats of Table 20 indicates that short term HF pretreatment
of rats did not significantly alter microsomal protein cytochrome P-h50
content compared to controls. Microsomal NADPH cytochrome ¢ reductase
activity of the controls was not significantly different from microscmal
sctivity of the AF pretreated group. These date mey be related to the
cbservation by Bessey et al. (1958) that over T5% of the BF injected I.P.
in rats was destroyed.

b. Effect on PMN-Stimulated Azoreductass Activity

The effect of PMN in vitro on microsomal asoreductase activity
from RF pretreated rats is shovn on Table 21, Microsomal azoreductage
activity of AF pretreated rats was lover than controls. CO inhibited mzo-
reductase of the controls and RF pretreated grouwp to the same extent.
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TABLE 19.

Effect of Phencbarbital and 3-Methylcholanthrene in vitro on PMN-
Stimilation of Microsomal Azoreductase

aulfanilamide Formed
(yumoles/30 mimites)
Total | Non-Enzymatic ¢ Relative
Drug Concentration Activity |  Activity vity Activity
Hone 1.85 .20 1.65 100
Hone + PMN 2x 1077 M 2.51 .23 2.28 138
Phenobarbital| 8 x 10°% 2.01 .20 1.81 110
Fhencbarbital
+ TMH 2 x 107 M 2.57 .23 2.34 141
3-Methylchol- x
enthrene Ex100 M 2.05 20 1.85 112
3-Methylchol-
amthrens
MR 2 x 1077 M 2.67 .83 2.4k 148

a. All cosponents wers preincubated on ice anasrobically for 5 minputes.
The complete system contalned microsomes equivalent to 250 mg liver and
was incubated in a nitrogen atmosphere at 37° for 30 mimutes and
unﬂ;mud for azoreductass activity as described in MATERIALS AND

b. 'ﬂmdntnrupemtt.hemafﬁ:plimtn determinations. Simllar
regults were cbtained in one other experiment.



TABLE 20.

Effect of Riboflavin Pretreatmant on Microsomal Protein, Cytochrome
P-450 and NADPH Cytochrame ¢ Reductase

Microsomal Protein |Cytochrome P-450 | BADPH Cytochrome o
(mg/g 1iver) (mmoles /mg pro- Roductase
teln (mimoles/min. /mg

Treatmont protein)
Control

(1) 33.2 0.59 67.9

(2) 40.0 0.52 56.5
Riboflayin®

1) h3.2 0. 54 55.9

(2) ka0 0.2 56.2

Adult, male, Sprague-Dewley rats were pretreated with riboflavin,
Coptrol rats received an equal

10

I.F. dafily for 7 days.

volume (0.5 ml) of saline.
The results are expressed as the mean of duplicate determinations
from 2 pooled livers per group.




TABLE 21.

Effect of PMN and Biboflevin Pretrestment on Mlerosomel Azoreductase

Activity
Sulfanilamide Formed
(mumoles/mg protein/30 min.) ; co
Nitrogen : ] Carbon ;]
Atmosphere | Diff.| Monoxide Dift.
Tregtment Atmnsphere
Control 27 203 -26
Contral + FMN
(2 x 1077 M) 326 +20 306 +51
Riboflavin® 223 162 ~27
Riboflavin
ST
(2 x 10" M) 288 +29 231 +43

B.
b.

duplicate.

Riboflavin pretreatment is desoribed in Table 2k,
The results are expressed as the mean of the values obtained from

2 peparate groups of 2 pooled livers per group performed in
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Stimlation of azoreductase activity by PMH wma similar for both
eontrols and RFP pretreated rats.

B, Riboflavin Deficient Rats

The ability of C and FB pretreatment to induce microsomal
enzyme in riboflavin deficient rats was investigated, Weanling, male
Sprague-Deswley rate (50 to 50 g) were placed on a riboflevin deficient
diet, Controls (normal diet rats) received the same diet but enriched
with riboflavin, 30 mg/kg. After 18 days, s typlcal riboflavin daficiency
gyndrome was cbserved ineluding elopecia, lack of welght galn and skin
legions (Fig. 18). When the deficient rats were treated with RF or with
RF plus indueing agent (See MATERIALS AND METRODS) many of the symptoms
of RF deficiency were reversed. The animels displayed increased welight
gain, decreased skin lesions and increased hair growth (Pig. 19).

1. Effect of Phencbarbital Pretrestment on Riboflevin Deficient
EEB

. En_'gt_tdc ~Flavin Levels

The affwct of riboflevin deficiency and FB pretreatment on
total liver and microsomal flevin levels is shown in Tebles 27 and 28.
Totel Tlavin levels of the HF deficlent rates were less than half tha
value for the normal dist rats. Fretreatment of deficient rats wvith
riboflavin resulted in total hepatic flavin levels between tha complete-
ly deficient and those of normal rats.

Very little free BP occurs in the liver (Burch et al., 1956).
Non-FAD flavin, vhich is ssaentially FMH, was lost to & greater extent
than FAD in the RF deficient rats. The HF deficisnt rate vhich wera
pretreated with BF regained NON-FAD flavin to a grester sxtent than FAD

(Tables 22 and 23).









" TABLE 22.

3

Effect of Hiboflavin Deficiency and Phenoberbital Pretreatment on
Total Liver Flavin levels

‘Total Hom-FAD
Flavin FAD Flavin®
Treatnent
Riboflavin Deficient Diet
Control (5) Ahs.a 144,01 o
Phensberbitel  (3) L2401 134,01 0
Riboflavin (%) 28000 +234,00 L05+,01
Riboflevin +
Fhenchorbital (k) 262,01 «23+.,01 L03+.01
Nerpal Dietd
Control (3) <37+.00 .33+.01 04,01
Phenobarbital _ (3) .31+.01 294,01 024,01

&. Hon-FAD flavin, riboflavin + RN,

b. Foencbarbital {90 mgfkg) andfor riboflsvin (10 =gfkg), I.P. for
3 days.

¢, The results are expresssd ps the mean + 5.B. of the values obtained
from {3) or (&) separate groups of 2 pooled livers per groun.

d. Flavin concentration is expressed as mumoles/mg protelin and wes
megsyred by the fluorimetrie procedure s described 1n MATERTALS
AND METHIDS,



TABLE 23

E:‘rect, of Ribolflwvin Deficiency and thnhn.rhitﬂl Pretreatuent on
Hapatic Mlcrososal Flavin

Total FAD Non-FAD
Flavin Flavin®
Treatmont
Ribolflovin Deficient Dlet
Control (4) JA74.00 144,00 | 034,01
Phencborbitel  (3) 15+.01 A5+,01 | 0
Riboflavin (L) 23+.02 | 114,02 124,01
Riboflevin +
Fhenchorbital (k) 234,01 | 154,00 | .07+.01
Hormal DMet
Control (3) +39:.00 | -30+.04 L09+,01
Phenobarbital Elﬂ-] .Eai,ﬂl .Eﬂi.ul tﬂi.ﬂl

&. Non-FAD flovin, ribvoflavin + PMN.

b. Phencbarbitel (50 mg/kg) andfor rivoflavin (10 mg/kg), I.B. for 3
days.

. The results ere expressed es the mean 4+ S.BE. of the values obtained
fron (3) or (&) separate groups of 2 pooled livers per grown.

d. Flavin conceniration is expressed as mm:rlenfm,r_; proteln and was
measured by the fluorimetriec procedure described Iin MATERIALS AND
METHODS .
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PB pretroatment did not increase Tlavin levels. In fact,
a decrease in lon-FAD Tlavin was noted (Table 22).

b. Liver Weight ani Microscmal Frotein
The effact of AF deficlency and FB pretreatment om liver weight

and microsomal protein is shown in Table 24, There was wo significant
difference in liver weights between the deficlent and normal diet rats.
However, AF deficlent rats which were pretreated with BF for 3 days,
showed an increase in liver welght over pormal diet rata. Microsomal
protein was lower in the AF deficient animsls compered to normal diet
rate; whereas, HF pretreated deficient rats showed the least microsomal
proteln content.

FB pretresatment caused s significant increase in microsomal
protein and liver wvelight compared to their eorresponding control values
(Table 24).

¢. Oidative Pathways: Cytochrome P-450 and N-Demsthylstion

The effect of RF deficiency and PB preétreatment on cytochrome
P-450 content and N-demethylation of aminopyrine in hepetic microsomes
wvas imvestigated (Fig. 20; data presepted om Appendix Table 6).

There was no significant differences between cytochrome P-450
content and aminopyrine demethylase in microsomes from RP deficient rats
compared to coptrols. Pretreatmept of FF deficient rats with riboflaovin
decreased oytochrome P-L50 content and aminopyTine demethylose.

PR pretreatment significantly inoreased both cytochrome P-U50
and the demethylation of eminopyrine compared to comtrols.

d. BReductive Pathways: NADPH Cytochrome ¢ Heductase and
Azoreductiise

Table 25 showe that a deficiency of REF produced a decresse in
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