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SU�-IMARY

rj�� effects of tornpcrature annd substrates on comporuents of tint inepatic microsomal

mixed-function oxidase have been investigated. Arninopyrinte caused a 50-100 % increase in

cytochron-ie c reductase activity without affecting the apparent activation energy ; other

substrates of tine mixed-function oxidaso were without. effect-. Soiubiiizationn of the roductase

by (leoxycimolate did not alter time apparent activation energy or remove the positive modifier

suction-i of arninopyrine. Substrates causing t.h(’ type I spectral cinannge caused a positive
modifier effect on XADPH-cvtocinromc P-450 reductase activity without altering the a-p-
paren-it activationu onnergy (12.7 ± 0.3 kcai/moic). Aniline, winicin causes a type II spectral
chang’, exerted an apparent negative modifier effect., but- also did not alter t-he apparent
activatioim energy. Benzopyrene, whiciu only causes a type I spectral channge in microsornes
of polycyclic hydrocarbonn-treated animals, exerted a positive no(lificr action on P-450 re-
ductasc only with timese nicrosones.

The rate of microsomal oxidation of aminuopyrin-it’ (7 nmoles/min/mg at 37#{176})was the

saniw as the n-ate of reduction-i of cvtochrome P-450 in t-he prcs(nncc of arninnopyrine. Ti-ic
rat-es of oxidation of ethylmorpiurme (s-i type I substrate) and aniline were about 50 � and
10 #{182}�- of that o)f aminopyrine, respectively. Tine activation-i energies for the three mixed-

furmction oxidat-ionns were 12.8 ± 0.5 kcal/mole (aminopyrine), 16.9 ± 0.8 kcal/rnole (ethyl-

morphine), antd 20.9 ± 0.8 kcal/mole (aniline). These observations suggest t-hat different

steps are rate-limiting in tint oxidations of aminopyrine, aniline, amid ethylmorphrne.

NTRODUCTION

Like manny ot.iter enzymes, tine inepatic mi-
crosomal mixed-funuction oxidase can act on-i
a larg( number of substrates. However, sub-
strates of ti-ic microsomal oxidase, unlike

those of most of these other enzymes, often
bear no chemical, structmural, or pharmaco-
logical similarities to each other. To date,
over 300 organic compounds are knowit to

be metabolized by time enzyme system.
The mixed-function oxidase system ro-

1 Recipient of Research Career 1)evelopmernt-
Award (1M-K4-19601 from the National Innstitutes

of health.

quin-os NADPH a-� a source of reducing
equivalenits (1-4), reputedly for “activation”

of molecular oxygen (5); the exact nature of
this activate(i oxygen is unknown. While it

was assumed early that t-he flavoprotcin en-
zyme NADPH-cytochrorne c reductase w�

responsible for transfer of reducing equiv-

alents to the terminal oxidase, cytochrorne

P-450, it was studies with partially resolved

mixed-function oxidase systems (6, 7) and

with antibodies to NADPH-cytochrome c

reductase (8-10) whelm definitely established

ti-ne role of this enzyme in the mixed-function

oxidnu-se system. Because of these studies, a
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FIG. 1. Scheme of hepatic microsomal mixed-function oxidase

more accurate name for the reductase is
probably NADPH-cytochrome P-450 reduc-
tase. However, both names will be used iii

this paper, depending upon ti-ic hernoprotein
acceptor used.

The sequence of events encountered in the

mixed-futuction oxidase reaction appears to
be as shown in Fig. 1. The hernoprotcini cy-
tochrome P-450 is written as P-450, and SH
is the substrate to be oxidized. Substrates iii-

tera-ct w-it-h the fern form of the hemoproteiui
(11, 12). Cytochromc P-450 can be reduced

enzymatically in the absenucc of exogenous

substrates, but addition of type I substrates

to the microsomal suspension-i stimulates the
rat-c of reduction-i of the hemoprotein (13, 14);
ti-ic presence of type II substrates cauus-s an

apparent decrease in ti-ic rate (13). A in-i Fig.
1 is a point- at which ti-ic reductase can bo-
measured, uncoupled from ti-ic microsomai
electron transport chain, using exogenous cy-
tochrome c as the electron accept-or. B is a

l)Oint in ti-ic chain where ti-ic microsornal re-
ductase-hemoprotein coupled reaction can

be measured (by appearance of reduced cyto-
chrome P-450 in tite CO complex). C indi-

cates a point wl-ierc the over-all coupled en-
zyme system camn be measured; ti-ic rate of

product formation from substrates like ami-
nopyrine, ethylmorphine, or aniline is deter-
mined.

Tine purpose of this study was to learn-i

something about component interactioni in-i
the microsomal mixed-function oxidase sys-

tem, using t.emperat-unre change as a tool, and

to determine potential rat-c-limiting steps iii

ti-ic reaction. A J)rciimin-iar�’ report has up-
peared (15).

MATERIALS AN!) .\IETHODS

The microsomes were prepan((1 by frac-
tiontal centrifugation as described earlier (11)

from 0.25 u sucrose, s-in-id were washed once

in 0.15 1-il I�Cl. After protein deternnnation
by a biurct mcti-iod, tltoy were (hinted to 6
mg of protein per milliliter in 0.15 M KC1-50

mu Tris, pH 7.6, for use. Fresh prcparationus

wet-c used daily. Animals treated with 3-
met-hylcholanthrenue s-ere given 20 rng of tine

compound per kilogram intraperitoneally in
0.1 ml of corn-i oil (Mazola) daily for 3 days,
and were killed on the fifth day. Methvlchol-
antlmrene was obtained from Eastmann Or-
ganic Cinemicals; phenobarbital, from Mai-
linckrodt; aminopyrine, from-i-i \ I atheson,

Colemant, ar-id Bell; benmzo[a]pyrente, from Al-

dricin Chemical Company; NADPH, XAD!?,
and horse heart- cytochromc c, from Sign-ia

Chemical Company; ar-id aniline, from Fisher
Scientific Compamny. Aniline was redisti lied

under vacuum before use.

Cyt-ochromc c reductase was isolatt’d as

described by On-iura anid Takesue (16), with

the following modification. Lyophilized tryp-

sin (Worthington, 220 unnits/mg) was dis-
solved in-i 2 m�sn HC1 and was diluted to 0.03

mg/mi in-i a 20 mg,’ ml microsomal susperusionu

in 0.1 tr potassium phosphate buffer, pH 7.6.

The preparation was put under N after bub-
bling wit-h N to remove 02 , and was placed
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fur 1 hr at 37#{176}in-i a ��a-to’n bath. The digest-

was cenntrifugo(l sit 150,000 X �j in a refrig-

(ratod c(nit-rifugo’ fon 1 1mm-,and the stiponnta-

tanmt solution was cOnnctm-itrat(d to 2 ml um-i(ler

vacuum. It was then jMisSed timrougit a 10-
cm Sephadex 0-100 column-i. Apparently no�

home was rtltastd alonmg with tito flavopn-o-

tein. Time fraction-is were collect(d an-id test-ed
for cytocimronw C nocluctase activity as (it-

scribed below. Till fraction possessing maxi-
mi-intl activity -ivtts lyophilized, antd this crude,

it(mo-free preparationu was used for studies
0)11 t-imt isolat(d orizvme.

Cytochrome c reductase ��as also isolated
by solubilizat-ionu of the reductase witim de-

oxycinoiate inn glycerol, as described by Lu
an-id Coon-i (17). However, centrifugat-ionu was
carried out at 179,000 X y (40,000 rpn-i,

Spinco) for 90 mini innst-ead of at. 105,000 X q
for 2 inr: tinis sedimented t-ie microsomes,

loavinig a clear, almost iume-froe, yellow su-

porn-iatam-it fi uid , �vimich, �vhenn passed through
a DEAE-cellulosc column-i (6, 17), proved to
be cytochrome c reduct-ase.

Cyt-ochrome c reductase activity wa-s mea-

surod by the appcaranuce of absorption-i at 550
nm rolative to the 441 nmm isosbestic point,
in ann Aminnco-Cinannco dual-wavelengtit spec-
tropi -iotometor. The medium used contained
50 nun Tris-Ci or potassium phosphate buf-

icr, pH 7.6, and 20 j.in cytocimrome c (Sigma,
type lv). Timo roactioni was stan-ted by addinmg
2.i .il of 5 �- NADPH (finmai councontu-atiomi,
0.33 mu), and tho rate of n-oduct-ionn was

takeni from tint innitiai part of timo tracinng

(witiminn tint first 4 soc), extn-apolatinmg back
to tim( poimut of additiomn of tume reducing

agent-.
Cytocimromt P-450 neductase was mcmi-

sured as doscribed before (15), from tho’ imui-
t-ial n-ate of format ion-i of tin n’educed CO

complex inn ann anaerobic medium. The reac-

tiomi was startod by adding 25 /�i of 3 #{182}�
NAI)PH (fimnal conucemutratiom, 0.33 mu), an-id

time rate was takenn fron-i time inmitinnl 1-3 sec

of roduction. Aminopvrine ninl(l etitylmor-
j)hinno demothylase activity � measur(d

by formaldoinydo productiomn, antd anuilinte
hydroxyiaso, by p-aniiuniophenoi l)ro)ductiomm,

as described pro’viously (11). lomporatures
-ivere conutrolled with a Lauda K-21R- water

batin, and wore measured in-i time sample with

time txpanidod-scalo’ 1Sf tolet iI(’rnlonieter

(46T1.�C), usinng a ‘1St nteedh probe (Xo.

314) with a tempernnture correctionn table

(Yellow Springs I nnutrument Company).

Hesults are given as means ± Stanu(lar(1

errors, with tint number of difftrenit prepm-i-
rations t(’sted as -in. Significance of differences

is expn-ossed as p values, obtained with Stu-

dont’s t test. Ennergies of activation were ob-
tainad from the slopes of lines in-i Arrhenius

plots, which art equal to E/2.3R, where E
is the activatiomn energy anud R = 1.986 cai/
molt-degree.

RESULTS

Studies at .4. The inmfiuence of substrate
conicenntrat-ion on-i tie Arrhenius plot of nii-

crosomal XADPH-cyt-ochrome c reductase

is shown inn Fig. 2. It was suggested by Gib-
son-i (18) that subsaturat-immg councentrations

of substrate could markedly affect tint’ ob-
served energy of activation, giving a sub-
st rate-dependennt appal-en / activation entorgy

(a):

/2 = E + (� .�“�r#{231}�) �-iH

ITmn(1(’r th(se conditions, ‘ ‘� will differ from

the true energy of activation (E) by an
amounmt which will vary with tine conuccrutra-

tion of substrnnte, being greatest at low sub-
strate levels an-id falling to zo’no as ti-ne con-

cenntration is mado very large’’ (18). The

data o)f La.idltr anal Hoare (19) support- timis

oqua-t-io)mn; wi cnn them observed activation-i �n-
en-gies fon urease at- difforent urea conncenntra-
tions n-ire plotteol against the urea level, the
nesuit is a curve which (1(creaSes wit-h in-

creasmnng uro’a concenutrationi inn ti-ic shape of

ant inverted rectangular inyperbola, as would

ho- pmcdicted fron-i tine above equationn. How-
evtn, results obtained witit micn-osomal cvt-o-

chronic c reducta.se were quite differenut. Fig-

un-o’ 3 is a plot of the a-pparentt activation
ontergies � obtained at differont conuccntra-

tionns of cvtoci-irome C; Un apparent- activa-
tion-i onen-gy values increased with time con-

ct’mntration of electromn acceptor, forming a
positive i-ectanngular i-iyporbola. Time energy

of act-ivatiomi for cytocinromo c reductionu (E),

tietornunod fnom I � values obtainued from
Linmcwtaver-llurk plot-s at tim( different tern-

j)trntt uris (X, Fig. 2), was 14.1 kcai --mole.



3.26 3.32 33.38 3.44

UNIVERSITY OF MISSOUU

!“OL OF MEDICiNE

DEPARTM� 1 OF PHARMACOtOGI

COLUMBIA, MiSSOURI. 652O�
TEMPER�Ti.RE �‘\D -,I.B��TR�TE EFFECT� O’� l)R1�G O\I1)k�E COMI O’�E\T� iSi

3.0

n.5

E

� 0.5

E

0.3

Fit;. 2. Effect of cytochrome c concentration on

energy of activation of inicrosom-al .i\T.--IDPH-cylo-

C/iIOFnC C re(luc(ase

The mediumn unsed is described under MATERnALS

AND METHODS; it- contaitmed 0.2 mg of inicrosomal

proteimm per milliliter. The figure shows am-i Ar-

rheimius plot- of NAI)PH-cytochrome c reductase
in-n media cotmtainimmg (hiferent cyt-ochrome c con-

centrationus. #{149},2.24 � E = 11.6 kcal/mole;
S 4.48 j�i, E = 12.3 keal/mole; �, 6.72 �n, E =

12.8 kcal/mole; �, 11.2 �i, E = 13.2 kcal/mole;

0, 19.2 �n, E = 13.4 kcal/mole; X, V,� , E =

14.1 kcal/mole.

Usinmg fixed concentrations of cytochrome
c (20 /LM), attempts were made to determine

whet-iter substrates of the mixed-function

oxidase would affect microsomal XADPH-
cytochromc c reduct-ase. Ti-ic addition-i of S

mu aminiopyrine (a- type I substrate2 to ti-ic

assay medium caused an intcrease in-i tite i’a-te

of cytochrome c reductase activity at all

temperatures (Fig. 4). Ti-nemagnitude of this

positive modifier effect ranged from a 30 #{182}‘�

2 Type I spectral cimanges are characterized by

the loss of light absorption at 420 n-nm and ant in-
crease in absorption at. 390 am ii difference spectra

when the substrate is added. Compounds causing

this spectral change are designated type I corn-

potunmds (20). Type II spectral changes arc char-

acterized by a loss of light absorption at 390 mmmn

anmd an inmcrease in absorption betweemm 425 ammd
435 mum. (‘onnpoummds casusing this spectral chaumge

are designated type II comnpoiuinds (20). This type

of spectral chanmge should not he comiftused with time

modified type II spectral chmnnge, which appears

to be a reversal of the type I spectral clmamuge (21).

to a 100 7� increase, and did not- cinan-ige tito
siopt of t-h( Arnho’nius I)iOt (1’ig. 4). Anotlier
tVJ)t’ I substrate, ethyiniorpiminto, ti-no’ type II

cOIinl)Ound anilimno’, and bennzopynnno all �voro
witlmout effoct oun ti-i� microsomal cvtocimrome

C reductase.

Prior treatmtnut of the rats witit 3-m(tiiyl-

cholanuthremtc di(l ntot aiten oitimer time nucro-
sonml cytocimn-t)mo c reductase activity or time

slope of ti-ne Arnhentius plot (Table 1). Inn
nnicnosonncs of t he 3-nothylci nolantlnrt’n 1(

treated anminnais aminnopyrinue ietainn(d its

i)OsitiVc nodifier actionn on-i ti-ic cyto)cluron-ie c
rcductase, a-i-itl cthyln’norplninmc anid annilinne
\V(n’e still without effect. Altitougin in-i timo’so

microsonws benzopyrenue becomes a type I
substrate (22), anucl its rate of oxidation is

repo)n-tcdlv tievated 10-40-fold (23), tint j)res-
enco of 4 /2-nI or 40 /2M bonzopyrennc inn tine

medium had nto effect on tint cytochrome e

recluctase.

Studies on �ineninbiane-free cytocitroine c i-c-

ductase. It is ifl’j)iitd in-i ti-ic scheme sinowmi
imi Fig. 1 tI-in-it- substrates of the mixed-funmc-

tion oxidase intteract wit in the imemopu-otci ni

noiety an-id riot with tine roductase. how-

over, as showni in-i Fig. 4, aminopyrinne does

st inmlatc cyt-ochrome c reductase activity.
In-i order to determine \Vh(-timer this effect is

mediated via cytochrome P-430, is a mem-

bn-ane phennonwimonn, or is due to a direct of-

feet oni the enzyme, cytochrome c reductase

�as isolated by tine tryptic digestion proco-
(lure of On’nura anud Takesuc (16). Removal
by ti-is procedure altered the properties of

ti-ic enzyme considerably (Table 1); tint’ 5th)-

parent activation emuergy was connsiden-abiy
elevated, and the enzyme lost its sennsitivity

to positive modifier act ion-i by aminnopyrine.
Other substrates of the mixed-funictionn oxi-

dase were also without effect- onu timis cnmzymo.

Simnce tryptic digestion could imave causod

a modificationt of ti-ic cytocimnome C reductasc
characteristics by partial digestioni of tin

enzymo-�, a loss drastic metimod �.as also tried;

Lu and Coon-i (17) ropon’tcd that, �vhenn iso-

lated from the microsonuos by dcoxycimoiat 0,

cvtochrome c reductase retainned cv to-

chrome-P-430 reductaso activity inntimoir par-

tially resolved! oxidase system. Tint results of

studios onn t he dooxvcimolato-solubilizcd omi-

zv�nt n-in-c sinownn inn Table 1; tint enuzvme ro-

sonmbled the n’ionribrni-nnt-boummd cvtocimronim.t
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JIG. 4. .lrrhen-ius plot of temperature effect on
nucro,somal .\.4 DPII-cytochrome c reduictase of an

untreated iiuale rat in the presence afl(l absence of

(ilfl?fl opyrl-ne

Time commcentration of microsomes used was 0.11

mg of protein per milliliter in the medium de-

scribed in the text. Ahsorptioum was measured at

440-541 IlIum; the amount of cytochrome c reduced
was deternuimmed from the extiimction coefficient

19.6 msir’ cm’. #{149},no addeol substrates of the

mixed-fiurmetiorm oxidase; X, with 8 m�n amino-

pyri rue.

P-430 in-i its senisitivitv to stimulation by

amino�)yrinc and exinibited ti-ic samo appan--
ent activatioiu eiieigy. As witin t-iit’ mem-

brannc-bound enzyme, (thylnorphinio, aid-

line, s-in-id bcnzopyrcnc wene �vititout effect.
\Vi-in-i incubated with 8 n�mi ntu�inopyrinne

and an XADPH-gencrating system, tine de-

oxych olat e-solubilizod enzyme exhibited a
weak ability to oxidize the analgesic, yield-

ing about 1.5 nmoles of formaldehyde pen-
minute per niilligram of partially punificd

enzyme in ti-ic absence o)f exogenous cyt-o-
chrome c; in ti-ic presence of exogenous cyto-

cimn-omo’ c (20 mu), ti-ic i-ate of formaldehyde
gtnuerat-ion was about 3.8 nmolcs1/mirn/mg of

cntzyme. The increase in demet-hvlasc activ-
ity with added cytochrome c in the mt’clium

is ti-ic opposite of tine effect of this i-ienopro-

tein on microsomal annnopyrinc demethyla-

tion (2). Ti-ic contribution of ti-ic roductase
to microsomal aminopyrine demet-h ylatioti is

negligible in view of the amount of the ne-

ductase in ti-ic mici-osonncs.
Studies on NADPH-cytochroine P-450 re-

ductase. The effect of temperature on the
membrane-coupled cytochromc P-430 reduc-
t-asc reaction (B in Fig. 1) is shown ii Fig.

5. Reductase activities were measured at ti-ne
different temperatures wit.huiu 3 sec after
NADPH addition. mi tine presence of the

type I substrate aminopyrinc (X, Fig. 3),
the rate of reduction-i was virtually doubled!

at the differo’nt temperatures, displacing
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TABLE 1

Effects of modifiers and prior treatment on NADPH-cytochrome c reductase and ,V,-1DPH-

cytochrome P-450 reductase

Electron acceptor Treatment Modifier action
Apparent activation

energy
Rate at

37

kcal/mole

20 MM cytochrome c Microsomes +b 12.4 ± 0.6 (5)C 108

20 /2M cytochrome c Trypsin-solubilized None 16.6 (2)

20 /2M cytochrome c 1)eoxycholate-solubilized +‘ 12.9 ± 0.3 (3)

20 MM cytochrome c 3-Methyicholanthrene,
rat microsomes

+b 10.3 ± 0.7 (5) 104

Cytochrome P-450 Microsomes +h, -� 12.7 ± 0.3 (5) 3.2

Cytochrome P-450 3-Methyicholanthrene,

rat microsomes

13.1 ± 1.1 (4) 3.0

‘Nanomoles reduced per minute pen milligram of microsomal protein.
Effect of 8 m�n amiu-iopyrine.

Numbers in paremmtheses indicate number of preparations tested.

d Effects of 8 mitt aminopyrine and 8 mitt ethvlmorphine.

Effect of 8 mitt aniline.

1 Effects of 8 mM aminopyrmne, 8 miti ethylmorpimine, ar-id 4 �M beruzopyremme.

ti-ic Arrhen-iius plot upward. Ethylmorpi-iine,
another type I substrate, also exerted this

positive modifier effect, and to the same cx-
tent. Benzopyrene, which only causes a type

I spectral change in microsomcs of polycyclic

hydrocarbon-treated animals, was writhout

effect. In-i the presence of high concentrations

of anihine (3-8 mu), the apparent rate anti
extenut of reductioni of c�tocimrome P450
were markedly diminished ; at low conccn-
trations of aniline, those used for Km deter-
minat-ion, no apparent diminution in-i the rate

or extent of cytochromc P-450 reduction was
observed. Although the type I an-id type II
substrates exert positive and negative modi-

fier effects on NADPH-cytoci-irome P-430
reductase, displacing ti-ic Arrhenius plot up
or down, none of them altered ti-ic slope of
the plot. Ti-ic apparent energy of activation

obtained for reduction-i of cytoci-irome P-430

was 12.7 ± 0.3 kcal/moie (Table 1).
Ti-ic initial rate of cvtochrome P-450 re-

ductaso’ was generally about 3-S % of ti-ic
rate of cytochomre c reductase in-i the usual

assays (Table 1); at a comparable hemopro-
tein concenttrations (approximately 1 /.LM),

cytochrome c reductase activity was lower,

but still about 6 times faster. Unlike mea-
surement-s of NADPH-cytochrome c reduc-

tase activities, no control cm-in be exert-ed oven-

3.26 3.32

OK

FIG. 5. .-lrrhenii,s plots of .VAJ)PJI-cytochrome

P-450 reductase in the presence and absence of

a minopyrine

The media were buubbled for 3 nminm with deoxy-

genated carbon monoxide, and the reactions were

started with NADPH as olescnihetl under MA-

TERIALS AND METHODS. Time snicrosornal protein
concentration was 1.0 mg/mI. Cytochrome P450

content in microsomes was 0.97 mmrnole/rsmg of

protein. #{149},mno substrate; X, 5 LflM amiminopyrine.

ti-ic coiucenmt-ration of ti-it endogenous hemo-

protein acceptor, cytocinrome P-450. The

concentration of this hemoprotcin per miili-

gram of microsomal protein varied dun-mug
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ti-ic course of this study (2.5 years) from
0.36 to 1.28 nmolos in untreated rats. How-

ever, at-tempts to plot ti-ic observed act-iva-
t-ion energy againnst the cytochrome P-450

conccn-it-ration-i (as in 1’ig. 3) were unisuccess-
f-ni, since ti-ic values obtained were very
similar.

Prior troatmenut of anninmls witlt substrates

of time mixcd-fun-ictior-n oxidase elevates the
level of tine enzyme systom between 3- anal
5-fold. Prior treatmennt with polycychic iuy-

drocarbon-is likt’ 3 -nethylcimoianthrenc dc-

yates ti-ic level of bcnnzopyrcnne hydroxylase
10-40-fold (24) while causimmg only a 3-5-fold
inncrease mn cytocimrome P-450 (25). Data
from throc laboratories (20, 26, 27) have

tcnndcd to suggest format-ion of a new ho-mo-

j)rotcin terminal oxidasc, after 3-met-hylchol-

anttlmrcne imiduction, which imas been-i named

cytocinron-ic P1-450 (20) . Sin-ice rt’cemt studies

imavc showni tine nncw hemoprotcin to be con-
vcrtiblt- to tine usual cytochn-o)me P-450 �vith
substnmttcs (22), it was of interest to study

t I e effect- of innduct ion-i wit it 3-nethylcho)litn-
titrenc on-i ti-it coui)led reductase (B in Fig. 1).
As with microsonus of unntreated rats, all of

the’ type I compounnds t(sted exert-ed a posi-

t ivc modifior tifect on-i NADPH-cytociiron-ie

P-450 reductasc (Tablo 1). In addition, ben-

zopyrenc, which is a type I compound with

t.inesc microsomes (22), also beinaved as a

positive modifier, stimulatintg the reductase

activity 30-80 � - Antiiino- was a negative
modifier of cvtociirome P-430 reductase in
tiuese microsomes, as in co)ntt-rol n-at liver mi-

crosomes. Nonme of tine substrates altered ti-ic

slopt’ of the Arrhcnius I)lot-, yielding an nip-

j)artn-itactivationm ennergy of 13.1 ± 1.1 kcal/
mole (Tabk’ 1).

Studies on i/ic in i.red-J unction o.n-idase reac-

tion- In Fig. 6 is shownn tin effect- of tem-

l)trat-urc on time over-all reaction (C in Fig.
1), tine oxidation of three substrates of the

tn-izyme system. Two of tine substrates,

aminopyrinc an-id ethylmorphinc, are type I

substrates, am-id on-ne, annilinne, is a- type II sub-

strato-. All of time value j)ointts are

valuts extrapolated from Lineweaver-Burk

plots at the differcnt temperatures. Although
time oxidations of aminmopyrine (X) and

cthvlmnorphimmc (�) arc both-i N-domet-hyla-

tio)n rcactionms, time shapes of time two curves

suggest differomnt- temperaturo scmnsit-ivities.

Fn;. 6. Effect of tenmperatvrc on hepatic micro-

soinal 1O ixed-function oxidase

The concentration of microsomal 1)rOteifl tnsed

was 1 rng/mmil. Activity is expresse(1 as nmanomoles

of product formed per mmminute Ier milligram of

proteinm. Assay times were 2.5-7 mm for amino-
pyrine amid ethylmorphiume, a-mmd 5-15mm for aniline

(11). The figinre shows an Arrhenius plot of V�

for procliuct format-ion from aniline (0, right

of ordinate), ethylmorphi mue (a), amid amino-

pyrimme (X).

Timese st-indieswere supported in part by Re-

search Grammt GM 17021 from the Unmited States

Public Health-i Service, Grant GB 18660 from the
Nat ioimal Science }ooundation, and Grant IN-31-K4
from the Americamm Cancer Society.

The curve for anniline hydroxylase (0) also

differed from ti-ic otiner two curves. At 370

tine rate of aminnopyrine demethylat-ion was

about twict as fast �ns ethvlmorphiiue de-
metimylation, and about equal to the rate of

cytocitrome P-450 reduction in-i tine presence
of a positive modifier (7 nmoles/min/mg of
microsomes). Annilinit’ imvdroxylation at t-his
temperature was about 7-10 % of that of

aminopyrinne demethylation (Fig. 6).
Typical Arrho’nius plots of the three

mixcd-fumnction oxidations art shown in Fig.

(3 � seen from the different slopes of the

linos, the activat-iomn enen-gies for the three

reactions art quite different. The energy of

activation for a-minuopyrine demeti-iylation
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Fno;. 7. Effect of temperature on Mic/maelis constant (K,,) obtained with aniline and aininopyrine

All assays were perfornwd wit-h 1 mg of mmcrosonmal protein per milliliter (11). A. Amnimmopyrine tie-

met hvlase, three different preparations. B. Anilinme hydroxylase, four different prepsiratiomims.

was 12.8 ± 0.6 heal/mole (ii = 4); fon

et-hylmorphine demethylation, 16.9 ± 0.8
keith/mole (n = 9) � and for aniline hydroxyl-

ationu, 20.9 ± 0.8 kcal/mole (n = 3). Further
differences in ti-ic three reactions were inndi-
cattd by j)lot-5 of ti-icir Michachis const-ants

(K,�) at different temperatures (Fig. 7). Tine
amimnopyrine demetimylase (Fig. 7A) am-it! ani-

hinno- hydroxylase (Fig. 7B) rcmnctionns botlu

exhibit-ed a critical temperature effect on-i
substrate affinity. The midpoinnt tempo-mn-

tures differed markedly for tine two reac-
tion-is; it was 27-29#{176}for aminopvrinue demetin-
ylas(- (Fig. 7A) stnd 34-36#{176} for aniline by-

droxylas’ (Fig. 713). Ti-ic magnitude of the

K1� change with temperature ��as about 2-

fold. Inn addit-ionu, the enzymes both-i revealed

two K,, ranges, on-ic high and one low; tito-

critical temperatures of ti-ic high amid low K,�

ranngcs were tint’ same. Tine ranges for aniline

wert’ 0.032-0.052 mu and 0.023-0.038 mu;

for aminopyrine ti-ic ranges were 033-0.63
mu and 0.48-0.83 mu. Ti-ic significanncc of
the two Km raniges is not yet apparent, but

they do not appear to be due to seasonnai
variation or age of the animal. Ethylmor-

phint- demethylase did n-iot i-espond il-i the

same manner; lit-tie or nuo channge in-i Km \VttS

observed wit-h temperature.
The rate of aminopyrinuo- dcmethylasc ac-

tivity in-i liver micmosomcs was nmot- alto-reel

by prior treatno-nnt of tin(-anninnals witin 3-

nno-t-imylcholanithrono-, nor was amuilinme iy�

droxylase activity appreciably t-icvatcti in

either of two cxpt-rimcnnts. Ti-it- cnnergio-s of

activation of ti-ic two reactions vo-rc likt-wist-

unaffo-cted by the polycyclic inydrocarbonm

treat menut; for ami nopyrin-it- dcmcthyiation n

11.8 kcmnl/molc, mimic! for annilinc hydroxyiationn

22.2 kcai/moic, wo-re obtained.

I)ISCUSSION

Ti-ic funnction of N.-\.1)PH-cytoch.ronnc c mc-

ductase .� examined wi-nenn divorctd fronn
the microsomal electron transport cinainn by

providing an cxog-nous o-h-ctron acceptor,

cytoci-iromo- c, mund in-ia rt-actio)nn couplt-d to

ti-no-’ o-ndogennotns dlo-ctro)n acct-ptor, cyto-
chmono- P-430. Onui- of tit- tvpt- I subst n-at-cs
of tine mixo’d-functionn oxidmist-, ammnopyrinit-,

was capable of stimulating tine micrt)so)mal

reduction of cxogennous cyt-ochromc c as wo-lI

as reduction of cvtocinromc P-430. Ti-it- stim-
ulation. of cvtochromc c n-eductionn was nnot

media-tt-d vim-i cytocinromo- P-430, as t-lt-ctronn
flow to this latter incmoproteini is mamny tin-it-s

slower (Table 1); tit- positive modifit-r action

was due to a dir(-ct t-ffect on-i NAI)PH-cvto-
chront- c reductaso- becaust- it was ret,aino-d

by ti-it’ in-mt--fret-, do-oxycinolatt--solubi liz(-tl

onnzvnu-. No otino-r tt-stod substrates of time

nixo-d-fummctionu oxi(!ai-o- o-xo’nto-d mm nnt)(lifio-r
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effect on-i cvtochmromc c reduction. Solubihiza-
tion by trYj)tic digestion is evidently a nmch
inarsiner proccoltnro, because it abolished ti-ne

positive nmociifiei o-ffcct of amimnopyrinc on

NADPH-cvt-ocinrome c reductase and in-

crcast-d tint’ al)part-nnt activation energy of

that t-nzymo- (‘Fable 1).
‘Fine appart-unt- emnergy of activation of tine

(leoxvchoimit 0 --solubihzcd cvtocinromc c me-

oluctaso- was tine sm-tme as t-inat of tine menu-
branc-bounid microsomal cvtochromc c r-
ductmnse (p > OS). Tine cnnergy of activation
of time microsomal cytochrome c ro-ductase

was four-id to be 14.1 kcal/molc.
Unlike cytocimrome c reduct use activity,

NADPH-cvtoclmrome P-450 reductase act iv-
ity appears to) he stimulated by all substrat-s

capable of causing the type I spo-ctral citange;
benzopyremie, vinicin only cat-iso-s a type I

spcctn-al cimannge inn microsonncs of animals

PreviouslY t n-t’ato-d -i�mth 1)olYcychiC hnydrocar-
bons (22), exerted a positive modifier effect

on NAI)PH--cytoclnrome P-450 reduct-ase

om-ily with microsomes of treated animals.
�I’inis would indicate that prior treatment of

the animals with 3-rncthylcholamnthrene in
some way miltened the NADPH-cvtochrome

P430 ro-dnuct.ase, at least. wit-in no-spect to it-s
into-rsnct-ionm wit-im tine substratt--bound to-rmi-

ninth oxidaso-. Whatever tie- nature of this a!-

terationu, nio chanmge was observed in-itho- up-

part-n-it mictivmntionm energy of ti-ic NADPH-
cytochuromc P-450 reductmtsc (p > 0.7, Ta-
ble 1).

It is not- vet char whet-her anotiner com-

l)onn(-nmt-, oftenn tit-signuated x (e.g., nt-f. 28),
exists betwct-nn the flavoproto-in and cyto-

cimromc P-430 (Fig. 1). Tint- presenco- of
annotiner comporno-nnt lnas often bet-nt suggo-sted
from tim(- effects of inhibitors and substrates

of tint- micro)somal mixed-function oxidasc onn
rmcrosomal lipid peroxidase (29). Although

the more rapid rate of reduction of cyto-

cinromo- c tins-inn of cytochromc P-450 by the

flavoproteini could be due to differences in

o-asc of enzymatic reduct-iomt or to differences

in-iacco-ssibilit-y of ti-ic hemoprotcins to ti-ic

reductmnst- (cyt-ocinrome P-430 being held in-i

1)15-icc in-i time mcmbrarme), it is possible that
componno-nnt x acts as a link betweeni ti-ic two
otimer components; component x would serve

to transfer o-lectrons to cytochromo- P-450,
but at a slower rate than ti-ic reductase (Ta-

bie 1) can ftmnction. In supj)t)nt of this possi-
bility would be the observation of Glazer ci

al. (9) that an-i amounnt of minitibody to
XADPH-cytochrome c rcductas- capable of

90 �- inhibition of cytochronit- c reduction

-ivi-is ineeded before inhibitiomn t)f (-vtt)cimrom(-

P-430 reduction could be obso-ryo-d ( 15 times
inigiu-r antibody concenntrmition n) . 1’unt-hcr cvi -

dcnce would be the positive mt)dihe-’r action

of all type I subst-ratt-s to-ste-el inn NADPH-

cytoci-irome P-450 rcductasc mictivitv hut n-not
on XADPH-cytocinron-io- c rt-dunctast- activity

(Table 1).
Earlier it wi-is suggt-st(-(l timmot tine rate-

limiting stel) in-i ti-ic mixo-el-fiurictiont oxidase-

reaction was NADPH-cyt-ochn-oniio- P-430 mo--
ductmise (13), based upon similarities inn tIl(-

enu-rgy e�)f activation-i of this reactionm ant(l tint’
amiiiiiopyrinc do-n-iet imylase resnct-ionn . ii mis po )s-
sibilitv is strenigt-h(-ned by tie pnest-nnt ob-
semvmntion that tine rates of aminnopymiuno-

dt-mcthylasc arnd cytochrome P-430 reduc-

t-mmse itvcnc tine same (7 nmoles1min/mg of

microsome-s at 37#{176}); ti-ic similarity in-i activa-

tion cnt-ngio-s was confirmed (12.8 ± 0.6

kcal/mole vs. 12.7 ± 0.3 kcal mole; p >
0.8). However, ti-no-se similarities did not tx-
tend to all substrato-s tested. Amintopyrine

antd ethylmorphinne were both .V-olemethyl-
ated, both caused tine type I sI)cctmal change,

an-nt! both-i increast-d ti-ne rate of cvtochrome

P-450 ro-ductase to the same extent-; how-

c-yen-, tht- rate o)f o-tinylmorphine demethylase
was ltalf tiuat of an-iinopyrine demethylase.

Tue two demt-t-hviase reactions also differed
gro-atly in-i activation ennergics (12.8 ± 0.6

kcai/moie vs. 16.9 ± 0.9 kcal,-mole; p <

0.003). Ti-ic anilinno- hvdroxylasc reaction dif-

fered t-ven more fron-i ti-ne otiter two reac-
t-ions; its rate (0.6 nmolc/min-i/mg of micro-

somes) was about- ontc-fifth that- of NADPH-

cytochrome P-45() reductase (no nnodifier ef-

fect), and aboint- omto--tcmnthi that of aminopy-

rino dcmethylationn. Tine energy of activation

of ti-ic ammihinc imvdroxylasc react-ion-i (20.9 ±
0.8 kcal/mole) differed quite significantly
from ti-nose for amirtol)vminc demethylation

an-id -thylmorphine demet-itylation (p <
0.001 ar-id 0.OOo, respectively).

It- is possible that tho- differences in-i acti-
vat-ion energies for ti-ic ti-ire-c mixed-function
oxidations may be indicative of different
rate-limiting steps. Although the- rate of
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published observations.

aminopyrine demethylation was equal to tine
rate of cytochrome P-430 reduction-i in ti-ic
prescntcc of ti-ic positive modifier, the rate of

ethyln-iorpi-iinc demethylation was half that
of hemoprotcin r(-�duction in the presence of
ethylmorphine ; tine re-ductase may not be

rate-limiting in thnis case, and the higher ac-

tivation energy could be an-i expression of the
new limiting step. A more extn-cmc example

is that of aniline- hnydroxyias(-, whose rate of

oxidation-i is many time-s slower than ti-ic rate

of reduct-ionm of tin- imo-nopro)tein cytochronne
P-450; the rcductionn of tine itcmoprotcm is

clearly not himitinmg inn this reaction. Sin-ice
aniline cat-i birnd to cvtochronne P-450, it is

possible (30) ti-nat- it slows its o-nvn metabolism
by intt’nfering with oxygo-n activation (3).
Tinis o-xplannationn wound be in-i mtgiecment with

ti-ic oftei-i obsorvod do’cro-ase in-i NADPH and
oxygen consnumpt-ionn by liver miciosomes in

the presenco’ o)f annilimne.3 Siowiiug downu a step
in a reaction-n by poisoniing it is just one means

of changing a rat c-limiting step. This method
vas uso’d by Hadidisnrt ant! Hoaglmnnitl (31) to

study the activation-i energies of different
ste-ps inn tine respiratory ci-iain-i; ti-icy used
NaCN to slow cvtocinrome oxidase -i-intl make
it ratc-limitin-ig.

Howo-vem attnactivo- tine above idea may
be, an aiternnative explanation may exist. As

shown by Size-m ar-it! Gould (32) with milk
aldehyde deitydrogenaso’, diffcrences in-i acti-
vation-i energies ar-itt n-atcs of metabolism can

be obtained wit It a purified enzyme, usir-ng

substrates of dissimilar struct time.

Ti-ic linearity of the Arrho-nius plots in

Fig. 6 would ten-id to) obviate the possibility

that more ti-nat-i ono- nonspecific enzyme exists
in liver microsome-s. Ti-ic lack of a break in

the lines indicates that ti-ic microsomnal
mixcd-fuictionn oxidase t!ocs not- involve two

or more inndo-pei-iden it, conncurrcnt enzymes
oxidizing the sannc substrate; were this the

case, we should obtain a curvo- with s-in-i up-

ward concavity. It is not expected that two

or more differennt cnzymo-s capable- of metab-

olizing the sm-in-ic substrate, and yielding tine

same product, would imave sinuilar activation

energies (33).

The significance of ti-ic findings in-n Fig. 7A

and B is i-not knowmn. The effect of tennj)era-
ture on ti-ic Km for ti-ic substrates aniinopy-

rine and anuiline was very small, barely inalv-

ing the Km values at higher tennpcratures.
The responmscs did not fit tine linnemr imucr(-a.se
plot of I)Km Witiu ro-ciprocmd tcuul)eum-ittlmc

used by Massey (21) to obtain heats of for-

mation (z�H) of ti-ic t-nnzyme-substrate com-
plex of aldehyde oxidase. Sinuilaniy, no rca-

son is as yt’t available for the opj)osite -ffcct

of cytoci-irome c conceittration from tinat pre-

dicteti by Gibson’s equation-i (18), on appam-

cut activation-i energy for ti-ic cytoci-iromne C

reductase reaction.
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