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A direct- relationnship is observed between ti-ne formation of ti-ic I)iperonnyl butoxit!e-
reduced cytochronw P-450 double Soret difference spectrum (type III) an-ic! inmhibitiotn of time
format-ion of the carbon monoxide-cytochronw P-450 difference spectrum. This relationship

appears to involve a sinmgie binding site.
The type III piperonyl butoxide-cytochromo- P-450 interact-ion-i exerts a similar e’ffect on

the formation of tie carbon motmoxide-, pynidin-ne-, n-octyiaminc-, an-ic! ethyl isocyatnido--

cytochrome P-450 difference spectra. Inhibition of th(- formation of tin- spo-ctnum produce(1
by (+)-benzphetarnitme is greater ti-ian-i timat observed with the other liganels.

The relationship between the ehanmgo- iii absorbanco- an-id the cinange in-i absorbance divided
by substrate eonieentrat-ion is urn-ar for tin- foirnnation of the type III spectrum l)rodeneec!

by piperonyl butoxide, ini-iibition by tho- latter of th(- formation-i of tho- sp’ctninm produeo-c!
by carbon-n monoxide, an-id formationm of time pynidine type II substrate spectrennn at low

pyridine coneen-itnation-ns. At high pynicline eonco-nmtrat-ions aimd wit-h (+)-bo’nmzpimetamine this
reiationnship is curvilinear.

Tine i-iiperonnyl butoxitle type III innto-ract-ionn does not innimibit the formation of the pyniclinic

type II substrate spo-ctrum at low pynidine conncenntrations. At high pynic!inno’ corncennt rat n-in-is

the inhibitionn observed is similar to the inhibition of tim(- (+)-benzpimc-taminn- type I sub-
strate spectrum.

Our obso-rvationms suggest that piperonyl butoxide bitnds to one form of cytochrome P-450

at- a sinngle sit-c an-nt! that- an-i at!ditional form of tine cytoclirome is presen-it in-n noninicluced
imepatic micro-isom(-s fronu nnice-, whicin doo-s not bit-id typo’ I substrato-s on fornn a type III

into-raction witin pipcronyl butoxicle.

I NT1IODU(’TION

�s Iethy!ennedioxvplno-nvi cc-itupomutntls ar(-

o-mployed as synio-rgists for a numben- of

pesticides. It is mow genu-rally accepted timat
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timein ability to augmennt- 1)esticide elh-ctive-

mess is based i-in-n an-i in-itt-na-ct ion-i wit-In tine

microsomal nuxcd-ftunmct ion-i oxidaso- s�stem

(1). Th-re is evidennce tlnat ‘ulI)P1 eompo)unmds

ar metabolized inn time mix(-el-fUnctiotl OX1-

dase system anmd that they derivo- their

inlmibitony prope-rties by acting as alternate
substrato-s (2-5). Timis conmt(-nmtic)nn is slIp-

1 �fhe abbrevi at ionms tuscel are Ml )P, met 1myi -

emmeduoxvphenmvh ; Pl3( ), pi h-ielommyh biutoxide.
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port-ed by reports tlnat. ti-ic- nietabolisn�e of
various conupm-iutncls is cOflIpetitiV(’ly in-
hibited by \I D P em-impounds (6-1 1 ) . How-

ever, otimer fornus of inhibitioin by \IDP
COflmpo)UndS’ ‘ part Iv connpetitivc, “ ‘ ‘ PartlY

�)rOgre-ssivo-,” �curvilitnear,” at-id n(-immcom-

I)et-it-ive---hav also hi-en report.etl (7, 1 1, 9).
These ro-sults su I�1-i� irt t h-ic- eonnclusion n(-aclnedl

by Kuwatsuka (12) timat- miXetl-furnct-iot OX!-

dase i nlmibit-ionn by \ I I) P conpountls involves
factors in-i a(i(litic )tn t( ) cflnl)ctitiVe reactioims.

Et’i(!ellcO’ that tl I)P corapounnils interact
w�iti-i cvtocImro-inuo- P-41iO, tlm(- to’nnu.inal conin-

pot-ient of t he n-i-nixet!-function ( -ixitla-se systenu,

it-i a mannur nnot- connsistent with a typical

enzyme-subst-ratt- relationship was first pro-

vido-d by Perry an-nt! Bucknner (13) from
hous(-fly preparations an-iti by Matt-i-iews et a!.

( 14) from niouse liver pro-parat iotns . Both

studies clemonst nato-i! t hat at!minist-rat i(-in of
NIDP connp()unds in rico neduc(-s the- ap-

Parc-nt- level c-if cVtOcinrOflw P-450 foutnd in
nuicro msomes !-iro-Par(-d from t reated atmimals.

Heco-ntiy we Imave repOrt(-d evidenco- that

ti-ne attenuation of cvtoci-iromo- P-450 inn n-n-nice

by pij)e’ron�’l butoxic!e, an i�\IDP compounnd,
result-s from an-i it-iteraction wimicln pr(-vcnts

Co binding to a portion of time eytoeimnome
(15). Iii addition, 9artial in-ihibition of ti-ne
formation of ti-ne pyridine (type II) substrate

differeunce spect mum at-id complete inmhibit h -inn
of the hexobarbital (type I) substrate-

diffcrennce spectninn-i-n were noted with treat--
menit o-if microsomes in vitro wit-i-i PBO mntInt-

Iresenc- of NADPH (15). The inhibition of
format-ion of tine type I and II substrato-
spectra by treatment wit-i-i PBO in vivo (16)

was found to correspond to ti-ic inhibit-ion of

aniline (type II) an-id hexobarbita! hy-

droXylase activity reported by Skrinnjoni#{233}-

Spoijar ci al. (17).
The PBO-cvt iclirome P-450 interaction

results in time production c-if a double Soret

differennce spectrum similar to that fonneed

by ethyl isocyanide. Timis spo-ctrinm has bet-n
denuonstrated inn n-nice by tr(-atmo-nnt -ivitin
PBO both in vito (16) anal in vitro) (15).

Tine apparent itnability of added ligannt!s to

displace PBO bound in ti-ne typo- 1112 con-i-

2 We have prevuoiisly suggested ti-nat cyto-

chrome P-450 difference spectra that exhibit two

Soret- peaks mo pit-dependent equihibrinunn be

figurationm nuakes it I)os.ible to) stu(Iy I�B(.)

inninibiti )Ii of the formationn of cvtochnoune

P-450 diffenennee spectra (15). inn th(- pr(-scn-it
conunnmnicat ion wo- hav- i nyc-st igato-d time
o-ffc-ct of PB() cc)nco-rntration in t’ilio on the

fornnation of tine PRO t�I)(’ III spectrunu annd

ti-ic- iniibitiotn of sevc-ral other cvtociironue

P-450 tliffc-ro-nec- spo-ctna in-i an-n att.enI)t to

gainm furtimer unuderstatnt!ing of the nuocic- of

action of \IDP cc-innpouncls at-it! t-ia- natun-
of cvtocimronue P-450 c.i!ifferenucc spt-ctra annol

binu!ing sites.

METHODS AND MATERIALS

Six-week-old, nuale mico- fron th(- North-i

Carolina 1)epartment of Heaitim strainn, atm
innbred C( )iOtnV nai n-itama-tI sin-nec 1 9 10, were

usctl for all exp(-ninuet-its. The i-i-nice went-
giv(-n fri-c access to Purinma laboratory cinow

at-id wat(-r.
�\Iicc were killed by (!(-capitatie)tm. The

livers were removed, nin-iset! in t!isti!lo-d
water, annd c!ieed. After thorough washing iti

1.15 % KCI, tic- liven tissu- was liomogeinizeti

in-i 0.05 M Tnis-1.15 �- KC1, pH 7.5 (4.5 ml/

liver) . Thnc hmomogenate was centrifuged at
10,000 x �j for 15 nun, an-id tine r-suiting
supertmatant fi uid was filtered tinrougin glass
wool aunt! centriftnged at- 105,000 X �j for 1

hr to 5(difllo’nt- time mierosomal fraction.

Microsomo-s were resuspended in�e Tris-KCI
to give a I)rOtcin coi-icentrationm of approxi-

nuat-lv 20 nug--�nni. All operationms vere

carried out at. 40�

All expeninuc-nts were count!ucto-d with

inicrosomal suspensions incubated at room
tenuperat-un-e f(-)r15 mm. Time PBO concen-

trations indicato-t!were obtained by evapora-
tion-n of acetot-no- sokntioris of PBO in tine

incubatiot-i vesse-Is. For d!(-ternein-iat.ions in-
volvinmg time PB() type III in-iteractionm,

XADPH (0.5 n-n�t) WaS inwiuded inn both

sample and connt no! incubtetions. 1mmnell experi-
tuents innvolvinng ti-ne use i-if NAI)PH, ti-ic’
concentration 1)rescnlt inn both cuvettes was
sufficient- to ieduo-e -yto-hrotue b fuilv.

NAD1�H was omitted fnotu the suspetnsions

used for the measurements of the PB() tyj)O’ I

spect rut-i-n and from-i-i unmt neat ed controls.
Ti-ic PB() type 1 diffet-o-no-e speo-t rum wins

termed type III (15, 16). Thmis nomnenitlature is

insed il-n tine presemmt text.
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obt.ai nned by e-ompari nmg nlni(nosi)ma! suspeni -
sionis (-(-itntainminng PB( ) with untreated slnsl)enm-
sion-is. Baselinn(-s � e)btain-ied by ti-nc
addition of sodiun dithionite to the smtnl)le
ttn-ncI reference cuvettes afli-u- ti-ic diffo’ri-nno-e
spe(-t rum i-in-id been-i recordo-d . 1{ecordi nngs of

equal ii gint absorbanice 0)bt mcitcd in-n t his

manmnei agro-ed wit h t hose u(-(-orded l)riou ti-i

itcubat-ion. Tine magnnitut!c of tim PB() ty�)e

I difference spectrtnm wa-m mc-1(-ertainn(-d by the

cliffo’renmce in-i absorbance betweern the I)eak
formed at- 355 nnn and tine tnotngh at 420
nn.

To obtainn ti-ic PB() tVj)e III diffeuencc

spectrum, XAI)PH �vtts atitled to tiw incuba.-
t ion mixt ures at-nd PBO-t neat-ed mic-rosonnal
suspen-ision-is ��ere o-otrnpared with untreated
suspensionms. l)iffer-rmce sped-t ra were re-

corded aft er r(dUct io)tm wit ii dit iIio)nnit e, using

ba-.�o-li tl( -5 recorded prior to ine-ubat ion . The
differenn-es inn absorbanne-e between eitimer 427

n-intl 490 nm or 455 ten-id 490 nmm wero- used to
determin-ie ti-no- magt-iitude of the PBO type
III spectrum.

(1arbon m(-innoxide-cyt oo-hn(-ime P-450 t!if-
fereunce spect ra. were obt ained from
dit hionnit-e-reduo-ed mic-nosonnes by ti-ne

method of Omura and Sato (15). The differ-
en-ice it-n absonbance bet �veen 450 and 490 nm
was recorded from mirrosomal suspennsmons

incubated sit-i-i various eonneenntrationns of
PBO irn the preso-n-ice of NADPH (0.5 nn’ot).

Inminibition of CO binmdinng was calculateti

from ti-ic differetnce betweenn tine- above values

and ti nose obtain-ned fron-i un-it reat-etl micro-

somes.

For the mo-asunennennt of type I anal II
sttbst rate differennce spectra, inncubated

nnicros’ -imal suspensions were divided evenly
be-two-en samplc- and reference euvettes annd

placed it the spc-ctrophotomet-er. After a
baselinno- mad been nc-corded fc)r (+)-

bcnzpimetamine (type I) or pyriditne (type
II), solutions were addet! to thc- sample

cuvi-tto- in vo!umo-s of 1-2 jJ, an-id ann equal

amount of buffer was added to time- refo-ro-nce

cuvet-te. Aftc’r cad-i additionn the difference
spectrum was reconi!c-cI. In nno case did ti-ne
total volume added exceed 10 �i. Time

magnnitude of the pynidinne spectrum was

calculated fron-i the differc-nnce in absorbance
between the peak formed at 424 n-in-n an-ic! tine
trough at 390-405 nnnn. The degree of

( + )-bennzphnc’tanninne bindinng was dc-tennnine!
by tin- differ-nce inn absorbannce between 490
nnnn anal till’ trc)ugin fornned at 420 n-in-i.

1th�l isocvanicli- ant! n-octylaminne differ-
emmce spc-ctra wer(- obtainei! b� t-inc iU(-t-inods
of Sladek annd \latnnening (19) anmol .J(-fcoate

el a!. (20), r(-s�)c-ctively.
Ion- nn�-asurenTnents re(�lnininng t-im(- nnainnte-

nannce of a sl)(-cific 1)H (typo- III, (1() itnimibi-

tionm, an-id! c-thy! isc)cyanniiie), 0.5 .--it l)imosi)inat

buffer was lts(-d. l’or all other expo-ninncnts
rnicrosonno-s \�.(�( slnAJ)o’nm(!etl il-i 0.05 �t Tnis-

1.15 � KC1 buffe-n (pH 7.5).
All SI)cctra wo-rc- recontlccl oni a B(-cknnamn

Acta V sl)(-ctropi-iot.onl-iet(’r (-quipj-ie(1 �vith a
t unbid sarnl)lc- accessory . 1)ifferennce spectra

tlat-a are r(-ported using tin- kinnetic plots of
Hofstec (21). This was accomj)lisiu(-(i by
substitutionn (if cimannge in absonbance (z�A)

for t’ arid �)f � S for i’ S, where S is ti-ic

ci)tmcentnation of t Lu- ec )nni)ountl nesl)( )nnsible

for fornaticnn of thno� cytocinronne P-430
diff-rc-nmco spect-runn inn quc-stionm. �1imis unetiuod

was uset! for similar !ata by Jo-fcoate el a!.

(20) anal Hewick at-nd Fotnts (22). IC values,

t!(-t(-rn-nine(l from the slopes of the Hofstee

1)lOtS, nc-f-r to) ti-ic cotncentratic)tn (if substrate

reoiuinecl t 0 produco’ ina!f- maximal spectral
channge. Tinis cotnstannt has beet-i described as

a �spectnal t!isso)ciationn constant” by

Scincnnkman-i et a!. (23). The to-rue I’� is usc-cl

inn ann annalogous nann�-r an-nd! indicates time
substrate conc-ntrationn retiuired for half-

n-i-iaxinnal innhibition of spectmune fortnation.
Stn-aight-linnc- (‘xpnessa)nls siuo�vnm fcir the PB()
typo’ III annd CO innhibition dat-a wen- ob-
tained by tine nino’t-hotl of io’ast sqinares. All

(-xpc-nim(-tnts were repeat-ed two to six times,

with similar results (-acm tin-nc.

Et-imvl isocyannido- was symnt-hesizc-d by tine

methot! of #{149}Jacksonn annd McKussick (24).

(-f- ) -Benmzpinetamitme was a ge-nm(-r( mus gift

from I)r. P. W. O’Cotno-ll c-if ti-ic- [pjohnn

companmv. All other chennicais wo-ne putch-iaso-d

from conunenica! sources.

RESULTS

Piperon yl butoxide-cytoclt t011U3 P-.� 50 inter-

actions-. A curvilinear rehatiotnsiup was foutnd

vhenn change in absorbanmce is plotted agaitnst

�-j��’ for timc- f(-imnnatiomn of tine PB() type I

diffenen-ico’ spectrum (Fig. 1). Timis r(-lationn-
sinip, obtained wit in microsc umes comtaininng
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Fm ( ; . I . J�utmna t ion of (7/t0(It romn t’ I�-450--

/)i/)(’romm til b a loxide t!JpC I S ttbs tt(L te (liflerems t( S/)et -

trumn

‘I’Ime clifferenit svnmnbols rel)resent I �so over-

1appi mug experi macut S . ‘l’he level t if cy t ( 1(1111 )1fl�

P-450 mmeach case � 0.10 ...4 mnnnit as cheternminmed

i-my the o-arh-iono nmorioxide differenoce spe(t rmunmn

(450 - 490 nmnn).

0.10 � cnn-nit of c\’tOChrOflW P-450 as deto-r-

ninned by time CO diffen-nce spectrum, was

essentially tho’ sanw for PB() bindinng with
neneroso)n�n’s conntainming 0.05 an-id 0.13 �A

unit of cvtochrome P-450. The PB() con-i-
centration rannge emp!oyo’il �vas 0.5-200 �n.

Inn contrast, tine fornnationn of tint- PB()

tVI)(’ III spectrtnn-n at pH 7.0 and 7.3 �

linnear for botin tine 427 annd 455 nnnn 9eaks

when #{163}1was plotted againnst �A/S (Figs.

2 anne! 3). Tine IC values of PB() were

different for tine two peaks (Table 1). How-

evcn, winen ti-ic’ magnnitude of the PB() type

III spectrum is calculate-i! fronn tho- sun-i of
t.ino- 427 anmd 455 urn peaks (sc-c DnscusstoN),

both the K,, an-id maximum �A values an(-

nmeanly idenntical at- c-acm PH (Figs. 2 anmol 3

anne! Table 1).
Piperonyl buto.riole ty/)e III mit ib juan (�/

(‘0-c ytochroine P-450 binding. Fugun- 4 slmows

tim(’ linnear n-iationship obtain-ic-c! for time

inhibition of CO binmding by P130 when �-t
was plotted against- &-t/S. The K1 aniol

maximum �4 inh ibitionn valw-s an- sin-ni ian

at pH 7.0, 7.5, an-ic! 5.0. Table I shows timat

tin- K, values coincide with th(- K, valtuc-s for
time formationm of the PB() type III spectrum

calculated froun tim(- sun-n-i c-if timc’ 427 n-in-ic! 455

n-in-i-ij-ieaks. (�() \‘alu(’s \v(’re ess(-nmtiallv fin-

sainno- with mtnutr-at.ed conitn-ois awl with

N A I )PH-tt-eat ccl or PB( )-t rc’at cot nnicn )-

sonnes. Iniimibitionn was observed onilv witim

nucrc)soin(-s treatc-cl wit-h botim P130 anul

NAI)PH. At pH S.0 tine type III spectrum

was n-iot stable- witin respect to the baselines

(stahiisimc’e! �)ri� 1. to incuhat n nn, nen(l ( hitnuit i -

C)

d 003

A 0. D.

mM PIPERONYL BUTOX IDE

Ft � . 3. For,miatio 0 (if (yto(/1 tommie J)_45Q_

piperomi !/l btlloli(le type 111 tlifTerenee spertrummt ut

pH 7.5

Tine level of evto-hnronie P-45() was 0.10 .1-1

unmit as (letem-mimimued by time (amhonm nnonmoxide differ-

c’mice 5J)e(t rimnmi (450) - 490 tutu-i)
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Inhibition was calculated as time difference mm

mobsorbaince bet ween tine carb on nuonioxide differ -

emmee spectrum from untreated anm(1 treated micro-
sonnes. The lev(-l of cytocimrome P-45() mm I he

untreated microsomnws was 0.12 #{163}4mmmmitmis deter-

mmmcd by the c-arboni mnonioxide (hilI(’r(-nI(-(- sp-c-

t-rutmmn (450 - 490 nmmnm)

tationi of tIme 427 amid 455 mm I)(’aks we no it

possible.

0.044

0.028

0.060

0.061

1�ipei’on yl l)u.to.nm(/e 1,111 ibitiofl of forin.ation-
oij’ ly/)es I aml(1 Ii .sum-bsltale d�fTerenee .s’/)e(-lt’a.

Uhe (-fib-ct of the P1-3() t\’i)P III iimtc’raction
(inntimc’ pyri(!innc--cytochrc)n-io- P-450 type 11

substratc- clifferennce SI)(’ctn-unn is shn)wnn inn
Figs. 5 ant! 6. �A Flofstee’ plot- of pyt’itlinme

binidin-ig with ttntrc-at’d microsonnc’s was

cun-viiinn(-ar Ot-’(’t a lang(’ conc(-nlt n-atiomu r-atmg-
( 1 1 .7 j.i:-in-1 1.7 ni�i), but for coincenntrations

beio�v aI)I)rc)xinnat(’lv S uM a him-ic-ar r(’latic)nn-

simi1) \tas acimic’y(-i!. \Vhll-n nnicrosonn(’s vo-ro’
inmcetbat’d �vit hi inmcreasinmg conc(-nmt rati )ns (

P13() itn tI-ic pn-esennce of NAI)PI-I, itnhibitionn
hf pyriililn(’ bita!inmg occlu-r(-(! ond� iii tinc-

in miino-ar � -irt-iminn of’ t h-ic- curve. Fh(’ (-fleet of
NAI)PH alonne wa-s to lowc-n- slightly thl(-
ltJ)�R-n part- of tim- cenrvc- because (-if a n-(-duc-

ttomm inn the umagnitueli- of tim(- trough fotnued
by thu(- i-i�ritlitmc- spectrum. This reductionn was
n’eflc-cted iti a gradual shift (If the ttougim

from 390 to 405 n-in-n-nat pyn-idinu’ conicettra-

tiu mn-is gr(-at(-n t latin 10 jrsn - TIn’ shift in t 1-ic

tn atgit inncn’ased wit hi incro’asing pytidinnt-

conuc(-nnt rat-i( an at-ic! was accompanuic-di by a
simift.in-itime isOsbesti( point from-n-i 413 t� 417
unit. No simift inn tin- jn-ak abs irbanci- at 424

mum was nnoto-eI.1mm all eases tin- nnagnutuole of

thit’ trutuglu was (h-t(-rminl(-d ft-on-i-itIme point
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Fin. 5. EJJect of cijtoehromne P-4.50-piperomiyl btmto.rt(Ie t!/pe 111 interactiomu on formmtation of eytochroimue

P-450 -p!iridiiie t�ipe II substrate difference .�peetr-utuu at Ii igh pllridimme concentrations (0.2-20 mut.mr)

The level of cytoe-hronne P-450 was 0.20 #{163}4mummit as delermmmimmeel liv tin- (-arl)onm nmonmoxicle differemmce

spectrum (450 490 nm).

E

0
a)
v) 0.04

K)

(‘J

cm

0.02

40

Fmn. 6. Effect of cytochrommue J’-450-piperomuyl btmto.rtde type III imiteraction on formnation of cytochromn.e

P-450-pyridine type II substrate differemmce spectrum mmuat low pyridimie comicemu tratiomms (0.7-200 m.ii)

The level of c-vtochrommme P.450 was 0.20 #{163}4unit as deternmimied b-iv time carbomm monoxide differemice

spectrum (450 -- 490 nm).

o)f lea,’st absorbanncc-. P130 alonnc’ (nmot sinownn
in time figures) increased the appanennt- mag-

nnit-ude of til(’ pyniditne typo’ II spc-ctrum.
This was most probably due to i!isplacemennt

(-if the PBO by pvnidinne, result-inng in-i the

formationm of a type- II connple’x it tine sample

cinvette winile time’ ro’ferenncc- still contained a
typo- I complex. This would protluco- ann
additive effect. Inn fact-, simifts itn tifl- pyniolinm-

p(’ak an-id trough to-i lower wavelenngths were
n-ioto’d. Tinis is compatible with the addition

c)f po’aks occunninng at 424 nnn (pynit!itne,

sampl(- cuvette) anne! 420 urn (P130, referenuce

cinvette) anal trougins occurning at- 390 nun

(pynidinn(’, sampli’ euv(-tte) atmd 3S5 nun
(PBO, re-ferennee cltv(-tte).

Addit-ionms of (+)-benmzplnetanuino’ to micro-

somal susi)ennsions c )ntainninng N AI)PH ic-cl



Conditiomms

to itt(-rfer(-with thu� J)(-ak f’ornc’d at 385

imnn by (-f-)-benmzaphic-tanuinc’. Hlcuvev-r, time

isc)sbestic j)Oitnt (404 minim) an-itt troughi (420
turn) ��erc- niot affo-ctc-d, an-ic!thuc- nuagnuitudc-

of tin’ trougi was Il5(’d as a fl(’asur(’ of the

( -�1-)-bennzpiu’taninne Sj)0’ct retn. �Fhc- differ-
(‘IIC(’ jfl NA1)PH oxiclationn bc-t-wec-n timo-

sainpli and r(’f(’ro’t-icc- susjn-nsioms is eli-tailed
inn Tabli’ 2. I’igurc- 7 shows that (-F)-

‘1�.nmm� 2 bo-nzphmet.atnitnc’ bindiing in-i thm- preso-mmcc- of
NAI)PH was shigimtiy reoluccol. As niot-cl,

this �tas probably cttio� to) OxidatiVe nic’tabo-
lism of’ a st-i-nail amount- of the betuzphetarnirmc-.

Wit h inncreasinng cc )nc(-nmtnatic)ns of PBO,
(-I- ) -bennzpin’taminn- binding was gn’atly
inulmibiteel (Fig. 7). Tiuis could not hiave be’enn

.1-1 \ \DPH dw’ to inncreas’tl rn(’tabohsnn, sitice it-ncn-c-asitig
(34t)nni) Oxidized conncc-mntnatucuus of PBO corro-spond to de-

- - - - - - -- creasinmg NAI)PH oxidation (Table 2).

Mmnitle 5 mimi Effect of PBO type III bindin�� on el/my!

-0. 192 7.5 X 10 -2 iSO(’!JanU/e and n-oct !Ilamn-mne spectra. Time
-ffc-cts cf NADPH at-ic! PB() otn time n-

-- 0.138 5.5 X 10 2 oct ylaminne-cvtocimromc- P-450 difference

spc-ct rum arc- simowni in Fig. 8. The spectrum

- 4)067 2.8 X 10 2 obtainiet! with unntro-atc-oi nncrc-isonn-s coin-
sist(’d of a p(-ak at 432 turn atnc! a broad

- -0.031 1.2 x 102 . - . . -

trottgim with rnnnmuma occurrnng at about .394

and 410 nnm. The aclditiotn of NADI�H

ro-sulteci in-ia shift in tim(-1)0-ak from 432 to
427 nrn annc! ant inmcrc-asc- inn the trough

#{149} S UNTREATED

k #{163} NADPH

#{149} U PBO I05M

o-0 PBO5105M

cm-a PBQ2l04ME
C

0
C�J

6
on

ci
.�

0.01

I0 20
A0.D.(490-420nm)

mM(+)BENZPHETAMINE

40

Fnn. 7. Effect of cytochrommie 1’-450-piperomu��i butoxide type III imuteuactw,m on- formmiation- of c�,to-

chrommue P-450-(+)-benzp/metammzinc type I .subs(rate differemmce spectrutmi

A concenmtratiomm ranmge of 1-150 MM was employed for (+) -benz1)heI arnimme. The cyt-ochrotmne P-450

level was 0.20 .IA uinmit as delerminied by the (-arl)on mimonoxide differenice speetreunm (450 - 490 nmn).

210 PHILI’OT ANO Hoi-ic;soN

to an inmcr(-asc- in NAI)PH oxiclation im thuc-

saml-iic’ cuvette as cornpar(-d to tin- refc-ro’nmce,

probably because cif ti-ic’ m(-tabolisn of’ a
snimall amounut of (+)-bennzpimetamitne. This
�va-s ai)I)at-eflt (‘V(’ti inn thc- short p(-riool of

tin�- nnc-cessary to c )nnpl(-to- c-acm o-xpc-rimennt
(5-7 nnitm) - Thnis e!ifferc-nca-, whicim f mmecl a

trotughi at 34() nnnu, was of sufficic-nt magnitude

.VA l)Pll on dized during (+ )-ben zp/ueta uui imi e

bmmudtmmg experimitemut, .sammuple mmtinums

ueferen cc

Time level �f (�. t oo-hrommne P_454J mmm eac’ii (-ase

was 0.2 ..4 umnit as deternminic-d by time (-mirbomm

mnonmoxide chiffen-encc- spectrmnnm (450) - 490 nmm).

NAI )Pi 1’-

PB() (10 ,.�-ii +
NAI )P11

PB() (50 MM) +
NA I )Pl E

PBO (0.2 nun) +

NAI )PH

NAI)PhI (0.61 Mmmnole) was presen-it in-i botim

t he- sample amid reference (-Iuvet tes prior to the

first :-iclohitionm of (-f- )-benzpimetamnninie.
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427
432

FiG. 8. Effect of cytochrommie P-450-piperonyl buitoxide type 111 interaction 0mm c�jtochrotmie P-450-mi-octyl-

a-mit inc diJjeremm cc spect rut in

Time cytochrome P.450 k-vel was 0.15 .1.4 limit as (Ietermmlimne(1 by time carbon mumommoxide difference spc-c-

trunm (450- 490 i-in-n). (‘The spectra showni are taken directly frommn actual recordings amid are rc-prc’senita-

live of all the spectra obt aimied mm this st imdy. ) 1, omit reateel hasehinme ; oxidized nmmicrosonmes mm samnplc- amid

referenmce; 2, untreated; adelitioni of mu-octylaminme to sample; 3, NAI)P1! ; fu_octylammnimic! im

sample, NAI)PI1 imn sample ammd reference; 4-6, mu-o(’tylamimme iii sammmple, piperommyl iimntoxide at immdicatcd

concenmtratiomms in-i sanmple, NAl )Pi1 misample amid reference.

absorbannce at 410 nnnn. \Vin-n PBO was in-

eluded �vitIn NAD1�H during itcubatiot c-if

the microsomc’s, tine magnnitudc’ of thc- sub-

sequently formed i-n-octylani n-ic differo-nnce
spectrum was reduced. Tin’ tlc’grec’ of redtne-

t-ion coincido’s witin ti-ic’ connect-it rationn O)f

PBO, an-nc! tim(’ shapc’ of thc- spectrum appears

consistetnt. �vitln ti-no- observed effc’ct of

XADPH rc-gardlc’ss of ti-ic’ P130 conce’nntra-
tion.

The magnmituclc- of tue et-inyl isocyanide-

eytoclnronu’ P-450 spectrium was also retluced

when f rmc’t! wit in mien somes i incubateti

with PBO an-it! NAI)PH. Proportiotnal tIe-

creasc’s in-n ti-ic 430 anne! 455 nnm pc-aks of the

dithionmitc’-redueet! spectrun-n occurrc’d w�it.in

increasitmg PB() corncenntrationns, resultitmg mm

no alteration of tho- eoiuiiibrium poinnt- (t-lnc-

pH at �vimich both-i peaks arc’ of equal magn-ii-

tudc-) (Table 3).

I) tSCUSS Ic) N

Treatmetnt of nnicrcisornc’s with P13() inn time

presennee of NADPH effects ro-ductions inn

TAiin.E 3

Effect (If (7/loch rota ( P-450--piperon yl ho ton de t!,pe

III imu � Oil i!/tOih rommie P-450 -(t/i !1l

isoc//a it ide (liffereft cc .spect ru itt (1 fill pH
equilibrium point

#{163}1(430 or 455 nm - 490 mmm)

PBO ----____

concen- 1)H 7.5 ph-I 7.75
tratuon - -- -- - - --

455 nm 430 nm 455 nm ‘430 nm

.1! -

0 0.102 - 0.125 0.121 0.100 7.6

10� 0.087 0.105 0.106 0.087 7.6

5 X 10� 0.076 0.091 0.090 0.074 7.6

2 x 10� 0.072 0.082 0.084 0.071 7.6

Micros(itmmal snuspemisionms (‘((nitaini ng 0.17

.1A immmit of cvto-inrome P-450 (as mueastured by time

(‘arbomi mnonioxide differenice spcctrummn) were

i micubated %%�� tim pi peroniyl but oxide mnthe presemice

of NA1)PhI (0.5 nut).

tine magnnittnd(’s of all the cytochirome
P-450 difIen-c’tmce sIx’ctra exanninnc’t!. 1’cur CX),
(‘thy! isocyannit!c’, a -oct viaminne, an-id I)ynidinne
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( ty�x- II) tii(’ naxiu�uu� rc-ductions arc’
sinilar--abotut. 40 #{182}-. 1”or (-f-)-betnzphuet-

an-n-iunne’ ti-ic’ rc’c!uction is about 70 #{182}-�. This
clifferc-n-it-ial c-tIc-ct, caims-d by PB() binndinng,
agro’c-s -n�-it ii (-vidc-nncc- stn�-ipc-irtinng ti-ic’ connt(-n-

tit )nn timat intc’ractic)ns vitim c� t-ocinrm mc’
P-4._-i() pr�oltuce(! by (�), ctinyl isc)cyanmidlc-,

anne! type 11 sinbstratc-s---but nnot t�i)c� I
substnatc-s----’arc- relat-t! by a commonm factor.
Anihinme (type II) cc-itul)etc’s w-ith-n CX) for
NAI)PH-rc-chtc’d nHicrcusc)nnc-s (23) anal witin
ethyl isocvariide for both oxidizc-i! (25) an-id

ditimic nmite-rc-e!ttceo! (26) nmicrc)sonc’s. (‘-( ) is

aisi) knn )\ViI to eonnpc’tc’ ��it i-i ethyl iso cyauuic!c-
for ditimic )nnit(--rc-duc(-d rnicrosonnc-s (1 8) . It-i

adc!ition, annilinm-, pyrii!in(-, an-nd et-in�’l isocy-
annide all giv’ sinnilar spc-ct-ra wit-h dithionmitc--
reduced nflicrOsc)flmcs (27). ()tn tine’ c)th(’r 1-ian-itt,
hexobarbit-al (type- I) doc-s not- eompc-t(- witim
eit-ho’r (‘t-hVl isoevanich’ (26) or CO (23, 2G).

Ac!dit-ion-ial -vich’nncc’ f )t t his cont.c’nt ic-in-i

has been obtaitmed by stindyinmg the c’ff-cts of

flHC�( )s()nn( sto rage 0 t cliff(-rc’nlce spc’ct ra.
Hewick an(I louts (22) clenon-istratecl timat
tine lcss of tin- c’tiuyl isocyanide, CC), an-nil
anilinc’ cliffc’rc-imce spectra duritng storagc-
occurs eonncc)nnitatntlv witim loss of h-nw, but
that t-iB ( + ) -ben-izphetam.in-ie spc’ctrun t!is-
aj�j�ears at a mucim fast’r ratc’. Shoc-mat et a!.

(2$) nnot’eI that- ti-ic’ stability of tie aumiline-

induced spc’ctrum during storagc- is mmcm
greatc’r ti-ian-i that of the in-xobarbital-
inc!mucecl spect rum (t yi�c’ I).

The clifferc-nmces nnot-’d above sugg-st- (23,

29) that, type I and type II substrate’s

occupy e!iff-r-nt- binding sites anal ti-nat type
II substrates possibly bin-idto tin- same site

as CO anne! etinyl isocyannide.
Tho- effect- of P13() on ti-ic fornnaticwi of the

pyricli n-it- substratc’ c!iff -rence spectrum ap-
pears signnificannt- witim respect to tho’ poin-its

noted above. At low pyriclitme cc)ncet-ntra-
tions, w’lmicim produce a linear #{163}4vs. #{163}4/S

relatie)nsiuip, no innhibitiotn by tine PBO type

III inmto’raction was observed. Since the
linear segment c-ifthe curve suggc-st-s a single

binding site, a maximum #{163}4value for this
site cain be calculated by extrapolation an-id
the effect of PBO (inn the formation of ti-ne’
pyridine spectrum at- high pyridine coneen-

trations can-i be dc’tc-rmined. 0.2 rn�t PBO

this innhibition is about 70 %-the samo- value
obtain-ned for inimibitiotm c-if the format-ion of

ti-ic- (-F )-bc-tnzpiuc-t atnine diffc’rc’ncc- spect rtunm.

‘[his conic! bc exp!ainnc-tI by the’ c’xistenncc- of

bunching sitc-s for pyridinmc- and (+)-bc’nzphct-

an�innc- t-imat- arc’ -eiuallv affectet! by the PRo
t-\’l)e I II intc-ractionn in a niouncc)mpetitive

maimnu-r an-nd by ann additional, unaffected
binueling sit-c’for PYridin-ne.

It is sugge-steci ti-iat PRO binds to c-inc

cytochmromc- P-450 to o-x(-rt a similar (-ffect on
tli(’ fornmatiomn of all time diff-rc-ncc- spc-ctra

o-xanu ntic! anne! t i -iat annother cyt-och ronme

P-450, �vhich e!oc-s imot- binmd PRO) c-ir (-F)-
b-nnzph ic-tau-n-iinmd’, is l-ir(-sc-nnt . l1imis iny�)o-itlmc’sis

is stt�)portc’t! by tine folleuvitmg ( bservationms:

(a) P13() (inn timc- abs’nco- of NAI)PH) at-id

(+)-bo’nzphet-arninnc- arc’ both-i typo- I smnb-
strate’s; (b) ininibiticn by 0.2 nn�i PB(), un
tic- pr(-sc’nmcc’ c-if NAI)PH, cf ti-ic- formation

of timc’ CO-, o-thmyl isocyanide’-, n-

( ctyhamine-, at-ic! h)�ridinnc--c�’t ()chronne P-

450 (liff(’renc(- sp(’ctra is similar in-i magni-
t-mnde ; (c) imuhibitiont cf the CO spectrum annd
tume formationn of thc’ PBO typo- III spectrum,
as dct-errninei! from tin’ sun-i of the two

1)eaks, are coin-ncic!en-it at-nt! appc’ar to involve
a siungic- site ; (d) ti-ic’ ‘ffect of PB() c-in--i the

fornation ( )f t-ho- (-F ) -bo-imzpho’tamine S1)(�c-

trum is sinmi!ar tO ti-nat observed for tine

i)�riiline- spect-ru n-i-i at 1ugh i -iyridine con-net-n-i-
tn-ationns ; an-id (e) mo inhibitionn by PBO of the
formation of tine 1)Yridine spectrum is sc’en

at. pyridinne conmcennt rations j)rodlueing a lin(’ar

#{163}1vs. z.�A/1S’ relationship.

Tue observationi of diffc-re-nnt K,� valu’s

cli’rivei! frc-ini the fcjrmaticinn of the 427 and

455 nfl-n pc-aks of ti-nePRO type III spectrum
appears to conflict with the above imy-

pcit-in-sis. However, t-inere is a direct correla-

tioti bc-t-wc-enm the formation (-if the PRO type
III spectrum an-nd inlmibit.ionn of the CO

spo-ct run’n winen time’ 455 at-nd 427 n-nm peaks
arc’ sumrnc’d. Ti-nc’ spectral equilibrium of the
PRO type III intc’raction suggests that two

c!ist-innct responses to the eonneermt.ration of
PRO occur innred!ucc-d microsomes.

If time spectral equilibria observed reflect
ligand binnditng, two possibilities could ac-

count for tine data. First, two binding sites

exist which are- spo’ctraily distinguishable

onnlv when the cvtoeimron’ne is reduced. [The
oxidized PRo typc- III spo-ctrum has a
sinmgle peak (16), as doo-s that produced by

ethyl isocyannidc- (18).] Seconid, a single bind-
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ing site is present in the oxic!izetl stat-c, anne!

con-nformatioimal ci-ian-ng’s of this site occuin- in

the reduteec! “forms” of the cytoci-nrome. �

1)rOPosed single-site’ hy�)ot.incsis is contra-
diet-ct! by the former explanation an-nt! can-n
only be true with-i tinc’ latter if tine’ K values

of PRO for inl-nibition of tine fornnation of tin(-
CO spectrun-n are the san-nc’ at each site.

A thin! c-xl)lanation exists if ti-ic’ magnmi-
tudes of tine 427 an-id 435 nrn 1)eaks of tic’
PBO type III sl)ectrtlrn do nc)t- e!irectly
reflect bitcling of PRo to) time cytochrornc,

but rat-in’r a connbin-iation-i of bin-nditng, ti-ne

effect-s of pH, and tine conncentration of

PRO on-i tie equilibrium (�-if two forms of the
reduced PRO-cvt-oci-nrornc P-450 con-iplc’x.

If this exl)laflatiOni is correct, total PRO

bit-iditmg c()ultl only be- calculated from ti-ic’
sum of t\Vc) po-aks. Conbiuations O)f pH anne!
ligannd concentration effects have bc-cnn ob-

served for another paramc-te’r relat-i! to

cyt-ochronne P-450. Imai at-id Sato (30) nnotecl
that- time stimulation of anmiline hvdroxvlase
activity by ethyl iso)cyanide is tiepen-nelen-it orn

pH, etimyl isocyanide concentration, an-id

anilinne- concenmtration. Hanso-n an-id Fonts

(31) showed ti-nat tine 1)H optnnum for the

san-i-nc’ reactio)tl in-i microsomes from

ben-nzpyrene-ine!ucet! rats is dependent oin tine
anilinme conncc-nnt rat ion ernmplo\’c-e!.

Tine spectral itnt-eractionns of varc)us con-n-i-
poun-ids appear to be eon-i-nplo-x, either as a
result of complc’x binding rc’lationships or

because c)f timc’ preset-icc c)f unni!c’scribcd

e’ffectons. Our data sinowinng curviiinnc-ar r(--
lationnships bc-t veen #{163}4an-ic! #{163}1�‘ for tin(-

formatic �n of t vpc’ I (benzpinet amitm’ at-nc!
PRO) ant! type II substrate spectra arc- inn

agrc’c-menmt- with those publisi-ict! by .Jefcoatc’

et a!. (20) aund Hewick and Fouts (22).

[Litwar Lino’wc’aver-Rurk relationships inave
been rcport-c’d for type I an-id II substrate
binding (23, 32, 33), but they may be’ elw- to

the narrow substrate conmeennt ration rangc-s
employee!.]

It has bc’-nn suggo-sted that n’nultiplc’ biund-
ing sites, bout-nd etie!oget-ious substratc’s, or

allosteric effc’cts could account for curviiinc’ar
binc!ing kit-nc-tics (22). Tlmesc- possibilities all
affirm t-hc- assumption tinat. spectra! magnni-
tude ro-flects innteraction c)f tine substratc’
wit-h binding sit-c(s). In-idirc’ct effects, liartic-
ulariy at inigi-n substrate coticent-rat ion-is,

n-’suultinng inn altc’rationns of time cytc)chiron�e

affc-ctitmg binndinng aflitnities or o’xt-innctiomn co-

(‘fficio-nnts, als � sc-o’n 1)(lssibi(’.

In sunnniary, PRo appo-ars to coninbiie
witin c\’tOchnouflc’ P-450 to inmhibit iigannel

interactionn c-ffcctivc’iv with both the hc’nic’

anti type I bitmdinng sit-c-s. It-i adt!itic)In, tine

sin-nuiar effect- of PRo onn the pyric1in-ne’�,
CO-, c’th�\’l isccyannide-, at-nd n-octy!aminme--
cytocimr()mc’ P-450 spectra att! the obsc-rva-

tionn of an-n apl)arc’tntlv munaffect-d tVp(’ 11

binclinng sit’ suggc-st an-i ac!t!itionnai cyto-

ci-iron-i-nc- P-450 wimicim (ic-ic-s not bin-id PRo or

type’ I substrates.
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