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SLTM MARY

Ethylmorphine N-demethylase, aniline hydrox lase, and 3 , 4-benzo[a ]pyrene hydroxy lase

of hepatic microsomes were inhibited 22-32 � by substitution of I)�() for H20 in the incu-
bation medium. The effect on the first two enzymes was not related to the pH or the time
course of incubation. The inhibition was linear with D2() concentration, occurred im-
mediately, and was rapidly reversible. The inhibition was purely noncompetitive. NAI)PH-
cytochrome c reductase in the intact microsomes was inhibited 15 � , while iii the solu-
bilized form it was inhibited 51 %. Basal NADI�H oxidase and XADPH-cytochromc
P-450 reductase activities were not greatly affected, but were significantly inhibited in

the presence of 2 m�i ethylmorphine. In both cases the difference between the stimulated
and basal activities was stoichiometric with ethylmorphine N-demethylase and exhibited

the same degree of inhibition. These findings suggest that, in spite of the lipid nature of
the microsomal membrane, changes in hydration of the lipoprotein play a significant role
in the mixed-function oxidases.

INTRODUCTION

\Iixed-function oxidases are an integial

part of the liver microsomal membrane and

exhibit maximal activity only when bound
to the intact membrane. The removal of

phospholipids by lipases (1-3) leads to pro-
found changes in spectral properties and a
loss of activity, suggesting an intimate

relationship between the enzymatic protein
and the membrane lipids. Furthermore, the
higher activity found with very lipid-soluble

substrates and the inactivity of polar sub-
strates (4) suggest that these enzymes riot
only are associated with the membrane but
are actually buried in it. Yet, in spite of the

1 Present address, Department of Medicine,

Emory University School of Medicine, Atlanta,

Georgia. 30322

hydrophobic character of this complex, we

have found that (leuterated water has a sig-

nificant and reproducible inhibitory eficet

on their activity (5).

Deuterated water may inhibit enzymatic
reactions either as a reactant or through its

hydration of the enzymatic protein. In the

latter case, the enzyme hydrated with deu-
terated rather than normal water may less

readily undergo the tertiary st ru(t ural
changes necessary for activity. As with

mit ochondrial oxidat ive phosphorylat ion,
the mixed-function oxidases have no formal
requirement for water. To explain the rather

diffuse inhibitory effect of deuterated water

on mitochondrial oxidative phosphorylation,
which they and others have observed, Tyler
and Estabrook (fi) have postulated the
existence of ‘‘cryptic pi-otolysis’’ in the mito-
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(‘llotI(irial (l((tIoIl (‘haitI (7 it)). Although
lii� inhibition of oXidatiV( �)ho�phOt’Vlatiofl

might fit into the tTh’(’litIlliStTl postulated by
\ lit (‘h(l 1 (11) in whi(’hl i ncreas( ‘(1 (‘hI ‘nm’aI

:u’tiVitV of the free l)I’oton i� the dii ving force

lot’ �)hosphory1ation, ho sU(’hl 50’i1(1Th see�is

applicable to til(’ iiiixed-fiiiu’tioii oxidase�.

\loro reo’ently, Ahmed ci til. (12) hItlV(

(lOmo)hlst rated inhibition of tin (Na� + K’) -

a(’tiVate(l Afl�as(’ of brain miorosomes,

wili(’h is also a meiiibi’ane-bound hipoprotein

(ofllj)l(X. I flhil�( t lie goiioralized inhibit ion of

iiiit O(’hlo)tl(ltial oxygen uptake, I )�() (‘oflll)(ti-

lively inhibited the �t -iL(’tiVat((l step atid

aj)p(al’ed act tially to stiniiilat (‘ tii(’ K
activatetl step (12). These authors suggested

that the I)�( ) a(’ted by altering thu strui(turo

of the hipoproteiti rat her than �)articij)ating

in the onzvmatic reaction.

Similarly, OUT results itldi(’ate that the

1)rirflarY effe(’t of deuterated water is to alter
lie hydration of the mi(’rosomal membrane

proteins, with a rosultant inhibition of the
(onformational changes necessary for ac-

tiVity. Ihis ffeYt is most pt’OnOlihB’edl in the

inhibition of the (‘ouphng of elect ton trans-

port to the presence of type I substrates
(13 17) ,2 The correlation of the inhibition of

this 1)I’O(’(’ss �vith the inhibition of th( oVer-

all mix d-futio’tion oxidase ao’tivitv further

sUj)pot’ts the suggestion of ( �igon, Gram,

and Gillette (14, 15) that the rato’-determin-

ing step of the mixed-function oxidases is

stimulation of the transport of eleo’trons

down 1 he electron chain by type I substrates.

M ETHOI)S

\� 11 animals used in these oxporimonts wore

f(’d, iinti’o’ated, 200-300-g iflOlO Sj)rague-

1)a�vlev rats obtained from Charles 11 iber

Laboratories, Inc.

The animals wero’ kille(l by cervical

fracture. The livors �Vo’i’o’ removed, chilled ott
ice, and homogenized in 0.15 �oi KC1-O.02 M

Tris, pH 7.4 (3 mIg of liver), with a Toflon-

glass homogenizer (0.10-0.15-mm clearance).

The homogenate was oentrifuged at 9000 X
g for 15 miii in a Sorvall RC-2B centrifuge

with an SS-34 rotor. The supernatant sd)1u-

2 A type I substrate, wlieti added to hepatic mi-

crosomes, gives a difference spe(’t rum with a peak

at 385 urn and a ti’ough at 423 urn.

tion was o’entrifugod at 1GS,000 X g (avg) for
3� mm in a Beckman L-3-50 centrifuge with

a ;50 Ii rotor. Thio microsomal pellet was

rosuspended in K(’l-Tris (the e(luivalont of

2 g of liver p�i’ milliliter of susj)eflsiOn),

an(l protein was detoi’mined by the method

of Sutherland ci al. (is).
l)eutorato’d w-ator (99.5 � deuterium) was

obtainod from Malhinckrodt (lots TTS and

XB.J) and redistilled in glass. The pH and

1)1) wero determinod with an Ag-AgCl-Ag

(‘o)mbination elect t’o)dO (\ let rohm EU147X).

In spite o�f the reports of an apparent dis-

cropancy botween the 1)H and p1) (p1) =

reading +0.4) (19) wheti estimated with a

calomel reference electrode, the I’(sults ob-

tained below indioated that the nominal �JD

values obtained with this electrode without

adding 0.4 were optimal. Except as noted

below, all ineubations were conducted in

KC1-Ti’is--MgCl2 (0.15 n-0.02 �i-0.005 M;

or nominal 1)1) = 7.4).
Tn the incubations for the (leternunation

of ethylmorphine N-dernethylase, aniline

hydroxylase, and 3 , 4-benzo[alpyrene hy-

droxylase activities, an XADPH-generating

system was l)rePah’ed by adding NADP
(0.33 m�i), glucose 6-phosphate (5 nni),

and glucose (i-phosphate dehydrogenasc

(0.67 unit/mI)3 to the appropriate buffer.

Solutions of ethvlmorphine and aniline

hydrochloride (neutralized with NaOH)

(0.15 u, 40 �l) were added to 3 ml of KC1-

Tris-MgCl2-NADPH solution to give a final

concentration of 2 nut. The 3 ,4-benzo{a]-

pyrene was added as an acetone solution to
the empty vials, the solvent was blown off,

and the incubation solution was added. At
the end of the incubation, (‘rystals of this

substrate remained on the sides of the
vessels. The vessels were warmed for 2 mm
with shaking, and the microsomal suspension

was added to give a final concentration of 1

mg of microsomal protein per milliliter (50-

70 pl of 60-45 mg of proteiii per milliliter).

In these incubations all substrate concentra-
tions were at least S times higher than the

apparent K,, (greater than 90 � of the

V,,� value for ethylmorphine) and w-ere

One unit of glucose 6-phosphate dehydrogen-
me activity will i’educe 1 /2n1o1e of NAI)PH per
minute at 25#{176}.
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linear with respoct to timo auth protein

con(ent ration.

The mixtures were iuicuhated for 10 miii at

37#{176}in a shaking water bath under air. The

ethvlmorphine A-demot hylaso reaction was

terminated by the addition of 5 ZnS(

(1 ml), followed by sat uratod �‘\a2B ( )�

10H2( ) (0.5 ml) and saturated Ba(OH)2 (1.5

ml). lormaldeh1yde was determin(d itt thl(

(lear supernatant solution with ae(’tyl-

acetone in 4 M ammoitium acetato (0.5

volume) (20). hue aniliul( hvdroxvlase

react 0)11 was telflTlinat od by placing tin

vessels in ice, extracting the products with

ether front a sat urateo I XaCl solution, and

determining the format ion of /)-afluiuIOj)iteilol

by th( yield of indophionol (21). The reaction

of 3 , 4-benzo[a]pvrene hydroxylase was also

terminatod by placing the mixture Ott ice,

The hydroxvlatod don vatives were cx-

tu’act(’(l into hexane (10 ml) and hack-

txtrao’tod into 1 �i Xa( )H, anol the pro(lucts

as (iet(rflutted fluorometrically (activating

wavelength, 395 nm; (mission, .509 nm) ��‘ero

compar((1 with �4-htydroxv -3 , 4-bouizo[a]-

�yrene4 (22).

Ion determination ol the effect of pH or

pD on etliylmorphiiuie X-demethylase and
aniline hydroxylase, tin’ Tris was omitted

and a buffer of tho appropriate pH (1 �i

or Tnis, 0.15 ml) was added to each

vessel. Kinetic constants for ethvlniou phine

\-demethvlase and aniline hvdroxvlase were

determined after the substrate solution

(ethylmorphine, 75 m�i ; aniline, 30 m’oI) had

been added with a Hamilton dispensor

(PB-600) to the incubation medium.

XA1)PH-cvtochirome c reduetase activity

was determined in an Aminco-Chance split-

beam, dual-w’avelength spect rophot ounet (r.

The KCI-Tris-MgCI2 buffer \Vt15 warmed to

37#{176}for 5 mm, and horse heart cytochromo’ c

(Sigma) (50 mg/mi, 40 pI) and freshly this-

solV((l XADPH (Sigma) (100 mg/ml, 10

were added. The reaction was begun by

adding 10 �zg of microsomal protein per

milliliter. The rate was determined from the

initial change in the absorbance at 554-540

The 8-hydroxy-3,4-heulzo[alpvreule was kindly
supplied by 1)1’. Harry (�elboin of the National

Cancer luistit ute.

till), assuming a millimolan extin(tion

eoetho’ient of 15.7.

NAI)PH ooxidaso ao’tivity was assayo(I
after warming the buffer at 37#{176}for S mitt in

the Aminco-( ‘han(’o instrument , and adhng

NADPH (100 mg iiil,10 jil)011(1 fInally the

micuosomal susponsioii to givo a concontra-

tiori of 1 mg 11)1. Tin nato was do’tormined by

1lie initial change in ahsorhauico at 34() 390

urn, US! tug a mill imolar ext it 1(1 lOll (‘o(fli(iotlt

of 6.2.

I )iehloropiien 11111(10(1)11(111)1 u’editet ase ac-

tivity WOS (lot(l’tiIitlo(I �ti tiio’ satin fashion as

NA 1)1 �H -cv to c1 in nw c ro 0luictas(, o’xcept

that thio Aflhill(’O-ChlatIcO apl)aI’at its was

used iii tho split -beam m )oI(wit ii t in light
at 60.5 tim ariol a milliniolar extinction co-

o fhiciotit (of 20.
NA Dl 1H- cvt o)chro )mo P-4.50 neo lute t ase

activity was assayed after the addition of

2.5 ml of K(’l-Tuis-Mg(’l� buffer to an

Aminco auia(’no)hio (‘uvette, followed by the

micnosomal suspensioui (9 tug of l)roteifl)

and ethylmot 1)10110 (0.15 u 40 pl) as mdi-

cated. The mixture was gassed for 5 uiiuui with

carbon rflOhloXi(le which 110(1 hoen (leox\’-

genated by passage t hrough a solution of 5

sodium (lit Iiioutito 0.0;) #{176}� ant hro(iuinone-2-

sulfonic ao’id in 0.1 u NaOH. The cuvette

was capped after XA1)PH (100 mg/mI, 10
pl) had boeui plaoed in the plunger and the

gas phase flushed w’ithi carbon monoxide for
1 mitt. Tho (‘uv(tt( \V05 warmed in the

Amino’o-(1hance apparatus for 7 miii at 37#{176},

and the redlU(�tase activity was determined
by the initial ehtange in absorhance 450-49()
nm. A milhimolar extinct ion (‘oelheient of
91 \VOS use(1 (2).

All assays w’er( done in triplicate. The

kinetic constants for ethiylrnorphine N-

demet hvlase and aniline I ivdroxvlase were
estimated by mnspeo’tion from a double-

reciprocal plot and (‘onfirmedi by computer
analysis (23). For all studies on the corn-

poutttits o)f the mixed-function oxidases, an
assay of ethvlmorphine \-demethtylase was
ruut on the same day with the same batch of

buffer and mi(rosomes and was used for the
comparisons made.

RESULTS

As can be seeui in Table 1, significautt

inhibition of mixed-function oxidase activity
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8uhst rate Product Buffer Rate 1)�0: H20#{176}
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cm
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cm
o
U- 0

I

o
i rn
o 0
I
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(I)

50

� 7’S 8�2

F I (3. 1 . LJTC(i of pH 00. ti/i ti� #{176}�orpli inc .\-de -

110110 i//USe 111 11)0 buffer (�- -�) (011(1 1)�0 boiler

(0- -. -0) (010(1 (ill, (111 1/lOll /0 J(1ro,r!J1a.�e in 1120

buffer (A--A) and 1))0 buffer (�- --

Prepamat ions am ol assa\s tmo (l(’s(’ iii o’ol in t he
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11�) 0.79 ± 0.04

1)20 7i;(; ± 0.30; 0.783

Aniline ji-Amoiioioplio’tool 1130 0.355 ± (1.0)17
l)2() 0.233 ± 0.011 0i57

3 ,4-l3enzo[ajpyremie 8-I lvdrox -34- 11�( ) 0.0197 ± 0.0013

hctizo[alpvroioe l)�() 0.0136 ± 0.0006 0.691

l�at in of act ivi t V in huller cont ailing 9tV �. deuterat Ni �vat em to I Itat �vi iii st andard wat cm.
.\vorageio ± st atiolaiol cimois of t ril)li(’at (‘ iIi(’libat iOIlS.

text.

was dernonstratod for oao’hi of the three sub-

strates examined. ‘hito similar (legreo of

inhibition for each of’ I ho’ substrates niighit

suggest that thoy possoss tho same rate-

limiting steps, pu’osumahly the reduo’tioii of

o’too’hi’onio P-4.)0 (24, 2.s), ihuis iliitil)itiOhi

could havo heoii an artifact of’ change in the

(xt i not ion oo)(ffIo’ioIit o of’ thu ‘ oh; ui metric

prod1to’ts iii the (Ioutorato(I watou’. This seems
unlikely, since the aniline and 3 , 4-beuizo{a]-

l)Yt’on( p10(111015 1111(1 beotu oxtrao’t cd, so� that
110) (ffoO’t on (‘0101’ olovelopment sho)ulol have

o)(’(urt’od. In t lie case of lou’maldoiivdo, there

was tio (‘liatigo iii I hue absou’banco whother

(Iotet’miuiod in �vaton or iii deuteu’ated water

[#{128}1120 = 7720, (��o) = 75201. Fuu’thou’more,

hiou’e \Vt15 ItO) off e(’t 01) tli( oxtiun’t 1011 (‘0)0th-

o’int of NAD I�H [#{128}1190 = 6620, #{128}� = 6360]

0)1’ in tho’ o’ouicontration of NAI)PH in the

i no’ubat 10)11 niixtui’o whoiu a go net’ating

s\stetii \vas utsod,

Becauso’ of the quost ion of the nolatiotishiip

of p1) to pH in thio in(’uhatioli mixture, a

curve of ao’tivitv withi respect to both pH and

p1) was determined for othvlnioi’phine N-

demethtvlaso and aniline htydroxylase. As

can ho seen in Fig. 1, thu ethylniorphine
X-demethvlase activity reached a peak at. a

pH or nominal 1)1) of 7.5, and that of aniline

hiydroxylase, at 7.4. Cleanly thou’o was no

shift of the (Ieuteh’atod watou’ cuu’ve toward

the acid, as would be (xpeo’tod if the ph) were

really 0.4 unit higher than the reading.
Another possibility is that the initial

rat(s were the samo hut that tlt( deuterated

water denaturod tho onzyrnes so that the

yield oof product was continued iii normal

doiiterated tuot radiooactivo but hot in de-

uterated water. As 1’ig. 2 sIn ws, ho owever,
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Fua. 2. Time eooir.�e of c/h jlmorphine V-dc-

nie/hyla’ie in Hi) buffer (s--S) and 1)20 hoof-

fer (0- - -0) (absorhanee at 412 non) Ofl(/ (If

aniline hydro.ryla.se in 1120 buffer (A- - A) and

D20 Buffer (�- - -�) (Ahxorhanee at 650 non)

Preparations and a,ssas are described in the
text,

both enzymes in bot hi solvents displavod es-

sentially linear reactions for at least 10 mm.
It is of some interest that the inhibition

was linear with th( concentration of (iou-

terium (Fig. 3). Furthermore, when micro-

somes suspended and incubated in den-

terat e(l �vat er were compared with those

suspended and incubated in standard water,

the inhibition appeared rapidly anti did not

progress with time (Fig. 4). At the end of 90

ruin, when microsomes suspended in deu-

terated water were incubated itt buffer

containing standard w’ater, there was a total

reversal of inhibition, indicating that irre-

versible denaturation of the enzyme had not

occurred.

Deuterated water had no effect on the

apparent Km of either ethylmorphine N-

dernethylase (Km in H20 = 0.20 m�i; Km ill

D20 = 0.20 mu) or aniline hydroxvlase

(K,, itt H20 = 0.053 mu; Km in 1)20 =

0.045 m�t), hut exhibited purely UOIl0’Ofli-

petitive inhibition of the r(artion, ��‘itht a
decroase in tho I � of etlivlmorphine

,V-donuothylase from 9.17 to 6.45 nmoles of
formaldeltyde per minute per milligram of

protoin, and iui the ‘OX of aniline hydrox-

‘chase, from 0.625 to 0.444.
An Arrlto’tuius plot of ethylmorpiuirn V-

domethvlase and aniline hvdroxvlase in

stattdard and deutorato’d water (Fig. 5)

shows only small differences in the activa-

tion (norgies itt eith(r solvent.

As (Ut! be seen iii fable 2, the basal hovel

of NADPH oxidase �s’as essentially un-
affected by thie presence of deuterated water,
hut th( stimulated values were significantly

3.0

0 25 50 75 00
% D20

Fta. 3. Effect of varying (‘OfleefltratiOfls of 1)20 on

activity of ethylonorphine \‘-demethyla.le (�- -�)

and aniline hydroxylase (0-- 0).

Preparations and a8says are described in the
text,
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F to;. 1. El/oct of .‘�iO1’(1q( ()/ liii iro.�o1oic� oil el/i !/‘ -

morph oioo .\ -o/oi,io’t/i !J’�’#{176}#{176}� ilit!/ in 110 baffir

#{149} - - #{149}) (111(1 /)�0 hoof/or 1 0 -0 1 and (ill (1100

/oqdro.ri�/a.�e in JJ..0 hoof/er (A- - A) and 1))0

bufJ’cr (A AL

‘1�1n’ (tlZ\!tiat i(’ art iVit\’ iol ttii(,ioioiiii�s stotod

in 11 )( ) billet was obot (‘ItOh 10(1 in 11 �( ) buffet, while
tlioso st toed in I )�0 ) bother were ass:iveol iii I )()

hoihici (‘X(’0I)t foot I#{176}#{176}it I�. ssbioio tbiO 0(1 ivil’ of

I Ito’ O’tiZVIIiPs ��:is old cmi; aol too 11 ( ) hotlfer for

!iliO’roSoIii(S allot slor:tge in I )�( ) bottler (or 90

mmiito. Preparal otis :otiol assays too’ oloso’ro bed in the

Io’xt.

itihuihitcol, \hou’ooovou’, fo)I’ atttittop\i’ihl( \�-

(10111(1 htvlaso, itt agu’ootitonI wit hi I Ito results

od’ ( )t’t’ot mitts (2(’d, 1 110 diffet’c ttoo hot wooti the

basal tate atmol thuo nato itm I Ito pu’o’sono’o of

ethlylm( u’phuitto was st oio’huio mot lit’ wit Ii the

I’tIt( of fou’mat ioott (Of bou’malolohvolo in both

t Ito 1)10 so tmo’o 101(1 absotuo’o of ohutot’ated

��at ot’, ( b au lv t Ito st i ntulat �0 tt of the

NAI)Phl o)xi(laso by otltvlmotphtine was

inhibited too I ho satno o’xtettt as that of the

,V-detllot hivlaso’.

lu’onu Tablo 3 it is t’oa(hlv appar(tut that

tlli(’I’OsOtiIOl N A 1)1 �H o’vtoo’ht’onu’ C I’e(lUO’-

taso was itthmibit 001 fat’ less thiatu othvlmoi’-

phtittt �\-(len1(thtvbas(’ by (l(’uItot’at((I water.
It 15 110)1 sutt’pu’isittg that tho inhibition of

these two teao’tiotts was utot thto same, since

the u’((lut(’tas( does not appear to) be in-

volve(1 itt I Ito tat o-l iiiiititig st 0j) it! the over-

all mixed-f utict nut oxidase a(’t ivitv. \\huat is

surprisitug is that thu solubilized 1111(1 par-

tiahly punifieol �)n(parat 1011 of’ Lu, .Junk, and

(1oot (27) was muohi moore sonsitive to

deutet’ttted wal eu Ihiatt �vote I lie ott lien t’eao’-

tions. Fuu’thtou’mou’e, thto’ t’ooluo’tioti of 2,6-

(hiehulo on ‘I hiotn ohit n to oj)hntool alsoo sho Vs 0(1 11

groalor souisitivitv to I ho’ �t’os0t1(’o lof doit-

tonatod watoi , evotu itt ititact tnicu’osoottto’s.

Like NA 1)1 �FI oxidaso, the basal ho‘�‘ols of

NA 1)1 �H cvt ochi u,oomo I �-4;50 1,c(luo’taso won
2 relativolv unaffoct ool h� t In’ substit ut io ott of’

(letltet’ate(l \VIit(1’ for’ standard watou’ (Table

4). ‘1 Ito (liti(t’(lt(’( (�) b(t\V((tl th� t’11t(5 in

I Ito joi’eso�to’o attd al)setto’e oof 2 nm oth�’l-

monplnin was 2115(0 stoichiometnic wit hi the

forniatiorm of formaldehyde. It is this (liff(t’-

oIi(’o ut roductaso’ ao’ttvttv which is tiuhutbited

by the prosetico of’ oleuitenated watou’, atid

this inhuihitionu is thu same as that loon the

.\-(lenmotitvlase.

t)ts( U55 t( ) N

hi spito’ �of the htighulv hipiol natut’o of thio

illioI’o)so)flial I1tehIlbI’alio, sigtuiho’attt a rid u’e-

jou’o(lucihle inhihitioti ool’ thuo mixed-futiotion

oxiolaso a(’tivitv of ht(’l)atio’ mio’t’osomos

oo’cut’r’ed �vhuoti do’utot’ato(l \vat (‘I’ \\2)s sub-

stit uted for oroilntanv ��:it (r’. This ituhtil)itioli

was both rapid and i’o’adily u’ovonsihle. A

iuumbeu’ of sites in thto onzvnme complox may

he al’fectod by this substitution.

The first ohiZ\mo itt (ito oloo’tt’om ‘haiti is a

ulavopnoteiti whio’hu pr’esttttmably is t’olated to

‘�,\j)J �FI o’\too’hunon)o C 1(011101 ase, o ot’iginallv

sopat’ateol fu’otn thte tmtmibt’atio atu(1 pui’ified
by Stnittmatler (25, 29). lii this pt’(l)atatioti

time nmotimhu’ano is itio’uhated ��it Ii 21 1)t’(ottO

lvtio’ enzvnie, ��it It thuo loss (of AI)PH--

Fu. 5 ,4 rrli(n u� p/oil o,f ti/i !,llliorp/l 0110 V-deioo-

et/� q1a�e in 1120 buffer (� - - #{149})(111(1 1)20 b ooffer

0 - - 0 ) and of ((Ill/i lit Joqdro,ri11a�o in H�0 buffer

(A- - -A) and 1)20 baffor A - -A)

Prepa 1111 (Otis a tool assa\s a mo deso’ ii Ioed iii the
toxI.



Rate

n,noles/ mm/mg protein

NADPII (oxidase 1120 - 432 ± 012#{176}

1120 + 1072 ± 033 640

1)20 - 445 ± 008

1) �() + 885 ± 020 440

Ethvlntorphine .\- 1120 + 6 0() ± 012

dernethylase 1)20 + 399 ± 008

.� is the differettee bet weeti NAI)P11 oxidase activities in time presetio’e and ahsence of 2 IflM ethyl-

nmorplui tie.

Averages ± standard erroors of triplio’at e i tio’mthal iootiS

1’ 3

Effect of dooi/eratcd wa/er on .\t l)PH-cytochrome c red ooeiasc, .\A /)V11 diap/oora�t, aootl o//oijloniorp/oiiie

.\ -(lolloCt/O!//(l.’C

Prepar:ttiotts mid assays are described in the text.

Assay Buffer Rate 1)20:H20

nnzolcs/min/;ng protein

NADPH-cvtochronme c redototase 1120 487 ± 18#{176}’

1)20 416 ± 1.2 0.851

1120 757 ± 13

1)20 370 ± 8 0489

1120 183 ± 5

1)20 108 ± -1 0. 59()

Ethvlniorphine X-demnoI Itylaso’ 11 �( ) 5.42 ± 008

1)20 3.80 ± 0.12 0.701

a Act iviIv in deuterat eol woo o’r divioled h� art ivitv In 51 atiolat’d w:ttem’.

Os Averages ± standard errors oof I i’iplicat e i mu’ubat ions

Preparat ion of Lu, Jotmik, amiol (�ooti (27)
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T�nui: 2

EfJ’eet of oic utcrat((l Water (Ill \A DVII oxida�e and c/h !//morp/oin c .V-/conct/i !//aic (11/i 01/ i(� (Of ma/c roil

hepaioc HO icroo�eoooc.�

Preparat 10115 :011(1 assays ate described in the text

�ssav Buffer

NAl )P1 1-o’vt ochroune e reducl ase,

solitbiIized�
2,6-1 )ichboroindophenol redoio’I ase

2 nut
et hvlrnorphine

cytochiu’ome P-450 ro’ductase ao’tivitv. r1�i

rate-limiting step for (ytoo’hrome c reductase

activity for both the purified enzyme and

intact nmicrosomes is reduction of the fiavin

(21, 30). In the reduction of eytoo’hrome

P-430, however, the rato-himiting step is the

transfo’r of electrons from time flavin to the

cyto(hmronme (24, 25). It is possible that if

reduo’tion of the flavin were sufficiently in-

hibited, the over-all roao’tion would also he

inhibited. For example, tho hydrogens of the

reduo’(d flavin readily exehi2tnge with time

medium, so that there could be an isotope

effoo’t on the transport of electrons to the

cytoo’hrome. In view of the relatively slighit

inhibition of NA l)l#{176}11-orytou’hromo’ c no’-

ductase activity in iuitao’t microsomes, this

(loes not stem likely. Furthermore, the fail-

ure of deutenated wat on to inhibit oit lion tlte

basal NAI)PH (oxidase or NAI)PH-ryt 0-

chmrome P-450 redu(’tase activitios, both of

whiorh ar( presuuuo’(l to he mediated by time

same flavoprotein, would soeni to (‘Xo’lUd(

this as the site of inhibition.

it is possible that thio (loutet’ate(l water

could exert its inhibit or�’ offeo’t OIl thie cata-

lvtic site of the enzymo. \et the apparent

Miehmaehis-\ I enteti o’onstants for hot hi ot huvl-

niorphine N-detimothiylase attd aniline ity-

droxvlase �vere not affected. The 111(0(10 of



1120

11 2(

ii nzoles/nzin /mn,g pro/riot

+

+

+

+

21.6 ± 0.3h

33.5 ± 0.8

19.9 ± 0.2

27.5 ± 0.5
11.0 ± 0.10

7.5 ± 0.05

11.9

7.6
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TInLi: 4

Effect of oleiolerated water 010 .VA JJPH-eytochroinc P-450 reduetase 011(1 c/Joy/morphine N-dcmcthylase

actioitic.s of male rat /ocpatic inicrosomes

Preparations anol assays are (leserib)e(l in the text.

Assay ButTer 2 nut Rate
ethvlmorphine

NAI)PIl-cytochronie P-4o()
redutct asC

1)20
1)20

1120

1)20

Ethyinmoorphine
�y�tletiitt itylase

a � is the rate of NAI)P1 I o’vt oochroonoe P-450 t’edou’t ase iii the 1)I’esem1o’emninots that in the absence of

2 fllM ethylniorpitine.
Averages ± sI amiolard erroors oof ti plicate incotb)at iOOS.

inhibitiott itj)1)(aT’s to be puu’oly ttotio’ompeti-

tive, withm a d(oreas( oonly in maximal

velocity. Alternatively, the douterated water

could hind to the enzymatic protein and

“toinporarily donature’’ the onizyme, with a

loss of sites. Sutch a mechanism of ilthuibition

would be diffi”ult to test.

Our observations suggost that this de(’r(ase

in maximal mixed-futtuo’t ion oxidaso velocity is

due to a decreas( in the ethtvl nmorphiiute-st mm-
ulated NA I)PH cvtochromo ��45() reductase

activity, so that loss reduced o’vt(oohuroome

P-450 is present. Of all thu rosults, the failure

of deuterated water to inihuibit the basal

NAI)PH oxidase aitd NAIl #{176}H-cvtocliro)me

P-450 reductase, whuilo shmo\vilug siguiificant

inhibition of tlt( sl imulatiott by ethuylmor-

phine (i.� value), strongly suppou’ts the sug-

gestion of (�igont, ( �u’am, alud ( iblette (14,

13) that it is this � value for NAI)PH- o’�to-

chrome I �-450 reductase which dotormines

the rate of tho ov(r-all mix(ol-fuui(’tion oxi-

dase reaction. r#{231}� ston’hiometrv of (Ito �

valuo for 1-electron transfer with thie forma-

tion of formaldehyde tends to o’oonfirm this

assertion.

Time most likoly niocimautistn for timis in-

hibitioit would t hiOi’(fOI’(’ ap��ear to be

(Itang(s in hydratiott of the membrane pro-

teins, witIm cotteomitattt chiattges 11! their

cotiformation to niake thueni loss active in

stimulating the NA 1)PH-cytochrome P�

450 reductase. We huavo’ too littlo informa-

timu at this timo to speculate Oh the precise

alterations whi(h might ho involved in thmis

1)rooess.

A further interosting aspect of this work is

time observation titat deuterated water in-

hibited tho metabolism of all the substnates

too appnoxiniatelv thu sante o’xteumt. If, as time

data suggest, this inhuibition I’esultecl from a

dino(’t actiotm of th� wat(r (on the substrate

stimulation of NAI)PH o’ytoo’hromo’ P-450

roduo’taso’, all t ito subst rates studied shiotild

ho able to bind and activato’ time stimulator�’

site for time I’o’du(’tase, and this activation

nmay he an important o’ontrolhing methanism

in their motabohisnm. in time o’ase of aniline,

time stimulatorv efioct is masked by the

binding of time substrato diroctly to time heme

(30). This binding initibits tho apparent in-

croaso’ in neduo’tase act �
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