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Ethanol inn millimolar concentrations imsinibited the p-inydroxylationn of anilimne, a type II
compound, but had mo effect on the N-demetiuylation of ethylmorpininie, a type I compounnd.

Tine inuhnibitory effect of the ethanol on aniline p-hnydroxylationn ‘s’s-as siuownu to occur at

some stage beyond tine reductions of cytochrome P-450. Anilinne p-hvdrox\-lationn ‘s’s-as inn-
hibited connpetitively by all the PrimarY alcohols from ethamnol through iseptanol, amid tine

inhibitory potenney of tine alcohols imncreased with increasing carbon chnainn length. The
increment inn the free ensergy of biniding, - 0.48 kcal/mole/CH2 group, prowided evidence

for ann alcoinol hydrophobic binding site in either the microsomal membrane on tine proteinu.
Studies ‘s’sith the fluorescent probe 1-amiilimuo-8-mnaphuthnalenesulfonsate suggested that the
hydrophobic catalytic site resides inn the protein. Tine first requirement for inhibitiomu of
aniline p-inydroxylation appeared to he hydrogen bond formation between the inydroxyl

group of tine alcohol amid the emnzyme. Stenic requirements were also shuowmn to be innportant.
A good correlationn bet’sveenn inshibitory potency and loganitinm of the partition coefficient
‘svas observed for the straight-chain alcoinols, but this no longer held foir branched-chain
compounds. Ann amsalysis of tine ininibitory data by the method of Hanssch sino’sved this sys-

tem to he one of tine most semnsitive ascribed to the effects of alcohols.
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nnicrtmstmnno-s, it \‘smus observt-d that mnillimolmun
conioenstrmitioinus oil o-thianstml, midded mis tine s(il-
vo-mut Ii ir �9-t et rainvdrt mominsnumibinnol, mmurkedly

imnlnibito-d tint- Invclroxvlatitmmn oil minnihine, a

type 11 compoumid, but had miii effect omnntine
_\-do-mo’thnylmutioimi (if et hylnnomrpisinse, mu type

I comrnpomunnd. Etlnmunno)l in momhur concenutra-

titimss is knom’svmn tom innisibit tiu(- micromsoimal

trunni wit Ii oxidized mnicrosi )nses wit Is a mssaximum

at about 390 nnnn amid a minminsuni at ahcmut 420 mini.
Type ii i-onnh)(munais pnomduo-e a different-c spe-trunn

with oxidized nsio-rosomes with a niinnimtnmn at
about 390 nuns annol mi msiaximunn inn the regionm of 425-

435 nmnis.
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metabolism of both type I arid II compounds,

probably by acting nonspecifically through
membrane perturbation or protein dena-

turation. Tine differential inhibitory effect of
ethanol iii low concentrations on the type
I and II substrates used ins this preliminary
study suggested a more specific action of

ethanol tinan has been observed wiuen high

concentrat ions of etinanol were employed.

Additional prehiminumury studies with aliphatic
alcohols of increasing carbon chain length

suggested that tine alcoiuols might imnteract

‘s’sith a hydrophobic metabolic site. This

possibility was explored using concepts de-

veloped by Hanscin amid co-’svorkers (1-3).
As a ‘svorking hiypoithesis to explain the

reaction of drugs ‘svith biological systems,
Hansch ci a!. proposed that drugs reach their
site of actio)I1 by a ‘ ‘random walk” process

( 1). Durimng this process they may act re-

versibly or irreversibly with proteins, lipids,
water, amid othner cellular conistituents, and

eventually tiney react with tine site of action

at a critical regions of tine enzyme or mem-
brane. Hamnschi has postulated that substit-

uemnts orn olrugs may promote hydrophobic
bindimig in three ‘svays: by facilitating the
random ‘svtulk of the drug to the site of action,
by directing the orientation of the drug on

the enzyme or proteinn, and by causing ahlo-

steric effects inn the protein or emnzyme, which
may or may nnot affect tine binding process.

Hansch hnas also siuo’svn that the biological

actionns of many compounds cans be comrre-
hated with t’svo equatiomns:

RBR = log = a log P + b

RBR = log� = -(/(logP)2

‘svhere RBR is the relative biological re-

sponse, a, b, d, e, and f are constants for a
given system, and P is the octanol/’svater
partition coefficient. Equation 1, showing a

linear relationship between log (1/C) and
log P, is a special case of the more general

equation (Eq. 2) seen either when the range
of log P studied is both small and on the
“linear” portion of tine parabolic relation-
ship or ‘s’s-hen a one-step partition is involved.

Tine latter case arises w’Isemn drug action

occurs on the outside of a cell membrane amid
in certain reactions of drugs with enzymes.

Equation 2 is the more gemneral of the two
equatio�ns amid shows tine parabolic depend-

ence of log (1/C) on log P. This means that
there is an optimal P value, desiginateci P0

Bo-low J)� an increase in P causes am nucrease
inn biological activity as more of tine drug
reaches tine active site, but wluenn P0 is

exceeded, increases in P cause a decrease in

biological activity. This inmurabolic relmition-
ship is predicted by the ranndonn ‘svalk process.

\Vith these principles inn mind, a stu(Iy ‘svas
nuade of tine relationnshsip bet’sveenn big P

amid the inninibitory potency of members of a

series of aliphnatic amid substituted alcohols

o)ni annihine p-hnvdroxvlationn by inepatic nnicro-

son-ies.

MATERIALS AND METHODS

Male Holtzmann rats (200-350 g) ‘svere em-

�)lOyed. Hepatic microsonues, prepared mis

described jureviously (4), ‘svere used tins tine

day O)i thueir preparation.
Tine type II binndinng spectrunu oil aniline

was determined by the method of Rennumer
et al. (5). C\-tochrome c reductase activity

was measured at 37#{176}essentially as described

by Gigon et al. (6). The reaction ‘svas started
by tine rapid addition of NADPH (final

concentration, 0.83 mM), and tine rate of
reductions ‘svas determnnined from tine initial

linnear portion of tine reaction. An extinction
coefficient of 18.5 m’si’ cm’ was used for
tine oxidized minus reduced cytocinrome c.

NADPH oxidase activity ‘svas deternuined
at 37#{176}by the method of Gillette amid co-
workers as modified by Gigon et al. (6). The

rate of anaerobic reductions of cytochrome
P-450 by NADPH ‘svas determined in the

presence of CO by recording the increase in

optical density between 450 and 490 nm as
described by Gigon et al. (6). The reaction
w-as initiated by adding 10 � of 0.25 M

NADPH to the mixture (3 ml). All spectral

measurements were made with an Aminco

DW-2 spectrophotometer. Protein was de-

termined by the method of Lowry et al. (7).

Rates of N-demethvlation of ethvlnnor-
phnine, aminopyrine, methadone, amid p-

chloro-N-methylanihine were determinned by
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measurinsg formaldehyde formed, as de-
scribed by Anders and Manmnerinng (4). The

reactioni mixture was tine same as that de-
scribed PreviouslY (4) , except that nicotinn-
amide ‘s’s-as omitted . Ansihimne p-hydroxylat ion

‘svas measured as described by Imai et al. (8),

with minnor modifications as follows. Tue
incubation mixture constaine(l 5 mw Mg±+,

0.33 m�i NADP, 3.3 mw sodiunn isocitrate,

17 mw P(J4 (pH 7.4), 1 unit of isocitrate
deisydrogensase (Sigma type IV) , and sub-

strate omr inhibitor inn mu voilume of 2.5 nih.
The less so)luble alcohols were added directly

to tine microsomal suspennsiomnu to aid solu-
bihity, although similar � values ‘svere ob-

tamed ‘svisether tine alcohoih ‘s’s-as mixed ‘svith

the ennzvme preparatiomn cmr added to tine incu-

batiommu nuixture before additionu oil tine cnn-
zyme. Tine mixture ‘svmus incubated at 37#{176}lojr

3 mm before the reaction was insitiated by
addinig 0.5 ml of microsonnal preparatio)nn
containinng 6 mg oil protein per nnihiiiiter.

The mixture ‘svas incubated for 20 mini and
censtrifuged at 1800 X y for 20 mm after

the reaction hind been stopped ‘svith 1.5 ml
of 20 C/�� trichlornucetic acid solution. T’svo

milliliters of tine supernnatamnt fluid ‘svere re-
moved, 2 ml of 1 M Xa2CO3 solutions and

2 nil of 0.5 ii XaOH-l c� pinennol so:mlution
were added ‘svithi mixing, and tine absorb-

amice ‘s’s-as read 35 mm later at 630 mini ins a
Beckman B speet rophot omet er . Recoivery

of p-amino�pinenol fronn tissue blanks ‘svas
approximately 90 � . Ins both tine presence
arid absemice of inninibitmr, tine reacti(mnu rates
‘svere linear tiuro)uginout tine inucubmutiomu period.

Rates of acet annilide p-hvdroxylat ion annd
acetophemietedimn O-deaikylmi t ion ‘svere deter-

mined by measuring p-aniimiopinemnoh lornia-

lion by the method of Shnimazu (9). Fluores-
cence measurements using the hydrophobic

fluorescent probe 1 -mumnilino-8-nnapinthalene-
sulfonsate ‘svere made ‘s’s-itii ann Aminco-Bo’sv-
mans spectrofluomrometo-r as described by Di-
Augustine et al. (10). Partition coefficients
‘svere obtaimned from the data of Hanssch et

al. (2, 11). Values for Taft’s steric parameter
E� (12), Hancock’s corrected steric sub-

stituent (13), and tine pomiar substituennt comu-

stant � (12) were obtained from the litera-

ture.
Aniline invdroichloride ‘svmis obtaimned from

Eastman Organic Chnemicals. NADP�, iso-

citrate, arid isocitrate dehydrogennase were

obtained from Sigma Chemical Compamny.
The Michnaelis constant (Km), tine inhibitor

dissociation connstant (K�) , and the maximum
velocity (Vniax) were determined by the

method of Wilkinson (14), using an Olivetti
computer. Innhibitiomn ‘svas iruterpreted as
being connpetitive ‘svisemn TTmax values ob-
tamed in the presence or absence of innhibitor
were not different (p > 0.05). rn (omnicemutra-

tion of inhibitor required to reduce enuzyme

activity to 50 � of control (150) was de-

terminned from a Plot of enzyme muctivity

against tine logaritinnu of tine conscenitration
of drug, ‘svitin tine mud of a linear regression

progrann. Tine correlations of imninibitory po-
tency amid log partition coefficient ‘s’s-crc de-
termined ‘svith the aid of a multiple regression

progrann (supplied by Dr. P. S. Portoginese).

RESULTS

Effects of alcohols on metabolismim of type I

and type II compounds. Tine I�o concentra-

tion of ethnaniol for tine �V-dennetinvlationn of

ethyimorphinue, a typical type I compounnd,

‘svas approxinnuutely 50 times tismut seenn for

the p-huydroxylmitiomn of anuihimse, mu typical

type II connpoumnd (Table I ) . Similarly,

ethsansol mu lo’sv niilli nut mlmir c(mncemit ra tions did
not inhibit the X-denuetinyhationn oif tine other
type I compounds, aminuopyrine maid met h-

adone, or the O-dealkylatiomn oil acetophuenet-
edin, also a type I compounsd. A hsighu coin-

centrationn of ethnannol (100 m�i) reduced the
N-demethnylation of aminnompyrinne (1 nn�i) by

T��nsLE 1

Inhibitory effects of ethanol tin ethylmorphine

N -demethylation and aniline p-h ydro.ry!ation

The ethylmorphine conicemitrmttions was 1 mnn

(approximately 4 times tise K,,); the aniline con-

centration was 0.2 m�m (approximately 4 times the

Km). Values are the means ± stanidnird errors of

the numbers of experinnents imsdit-mtted inn paren-

theses.

Substrate Intl

m;mnf ± SE

Ethylmorphine (4) 660 ± 70

Aniline (6) 12.5 ± 0.49
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FIG. 1. Kimmetics of inhibition of microsomal aniline p-hydroxy!ation by ethanol and heptanol

Microsomes (1 mng of protein per milliliter) were incubated with aniiline in the presemsce or absence of

ethansol or heptanol. K1 of ethanol = 2.10 mM; K1 of heptannol = 0.032 m�.

only 20 % and was without effect on the

O-de-ethylationn of acetophensetedin. Low-

concentrations of ethanol inhibited the p-hy-
droxylation of acetanihide, a type II coin-

pound, but did not affect the X-demethyla-
tion of p-chloro-N-methylaniiine, also a
type II compound. The I� value of ethanol
was 22 m�n for inhibition of the p-hydroxyla-

tioni of acetanilide (1 m�i), ‘svhereas ethanol

(100 m�r) reduced the N-demethylation of
p-chloro-N-methylaniline by only 20 %.

It seemed possible that type I compounds
might behave like type II compounds with
respect to the inhibitory effects of ethanol
oh their rates of metabolism if the type I
site ‘svas removed from microsomes by treat-
ing them with phospholipase C (15) or by
innactivating the site by occupyinng it irre-

versibly withi 2-diethylaminoethyl 2 , 2-di-
phennylvalerate HC1 (16). This proved not to
be the case; ethanol was still a very poor

inihsibitor of the N-demethylation of ethyl-
morphine by microsomes that had been

treated with either phiospinohipase C or SKF
525-A.3

Kinetics of inhibition, of aniline p-hydroxyl-

alien by alcohols. As cans be seen ins Fig. 1,

the inhibition of munniline p-hydroxylatiomn by
ethanol and heptanol was competitive. Sim-
ilarly, all tine other primary alcohols studied
were competitive inshibitors of this reaction.

The abbreviationns used mire: SKF 525-A, 2-di-

ethylanninnoethyl 2,2-diphenylvalerate HC1; ANS,

1 -aniilimio-8-nsaphtlsaleniesulfonate.

This suggests a relatively specific action of

the alcohols rather than a nonspecific ac-
tion due to membranse perturbation or pro-
tein deniaturationi, for which noncompetitive

inhibition kinetics ‘svould have been pre-
dicted.

Effects ofethanol on components of the micro-

soinal drug-metabolizing system . NADPH-
cytochrome c reductase, NADPH-cyto-
chrome P-450 reductase, NADPH oxidase,
and the binding of drugs to cytochrome

P-450 inave beers implicated inn the micro-

somal mixed-function oxidase system re-

sponsible for drug metabolism (17, 15). It
was therefore of initerest to determine ‘svhich,
if any, of these components of the system
wouid be inhibited by ethannol. Table 2

sho’svs tinat nomne ‘s’s-as inhibited by ethamuol.
Tine sequence of evenits leading to pro�iduct

formation is thought to) proceed as foillo’svs:
an electron from XADPH is donnated

via NADPH-cytochrome c reductase (or

NADPH-cytochrome P-450 reductase) to
tine oxidized cvtoicinrome P-450-substrate

complex; tine reduced complex thems combines
withi mo)lecular oxygen arid accepts a second
electron fr(im NADPH to form an oxy-
gennated, reduced cytochrome P-450-sub-

strate (ofluplex ‘svhiich dissociates to give the

product anud oxidized cytochrome P-450. The
failure of ethanol in a concenutrationi tinat

ininibited tine metabolism of minihinse by 50 �

to affect either tine reductases or amnilimne

binudinig sino)’svs that both the inihibitomry ac-



144 ± 9.9 S.41 ± 0.61 12.3 ± 1.5

135 ± 3.8 8.54 ± 0.86 11.8 ± 2.0

135 ± 7.5 M.04 ± 0.84 12.2 ± 1.6 0.0077 ± 0.0003

133 ± 7.1 8.20 ± 0.68 12.0 ± 1.8 0.0071 ± 0.(H)03

Alcohol K1 K1

mull ± .SE
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Effects of an ilin C (111(1 ct/mono! aim compon emits of he pat mc mu-rosom,nal (ir mmg-nm etab(ilm z in g .o !I.ot em

All values represent the means ± standard errors of at least three deternninsationss.

Compound added NADPH-cyto- XADPH oxidase NADPH-cyto- Binchinsg (.�.I:m�))43t�)
chrome c chrome P450
reductase reductase

Noinne

Etlsminimil (12 nsn’si)

Ansihinse (0.2 nine)

Ethanol (12 nnnm) + annihinse

(0.2 mum)

n mmzoles, mnin/mng protein

tionn oil o1hamioi and tine rmtte-limiting step for
aniihine p-hivdroxvlatio inn occur at 5O)inC st muge

beyonnd tine foirmation mind reduction oil tise

cytochrome P-450-substrate complex.
Evidence joi /my(lro/)/uobie nature of time in-

hibitomy site. Tine inninibitory l)otenncY oil tis(-

alcohols increased ‘svitln increasing cmurbomms
chain length (Table 3) . For hydropisobic

bindinng ‘svitinout steric restriction, a linnear
increase in binding energy witin chaimi lenugtin
has been predicted by theory (19) msmsd fomunsd

in practice for ininibitors oif alcohoil deiny-

drogeniase (20). As seen in Fig. 2 from muplot
of the logarithm of tine reciproical of K1
against inncreasimsg carbon chain hemngtin, �

the change ins free energy of bimsdinsg per

methylene group, can be cnulculate(l from

the folho’svimug formula:

L�iL�iF = 2.303 RThpK1

where R is tine gas coinustanit, T is tine tern-

perature ins degrees Kelvimu, and �pK1 is tise

change in the logarithm of the reciprocmul
of K obtained from the graph. T’svoi plots

are shoi’svn, using corrected and unncoirreeted
(observed) K1 values. Tine corrected K1
values were calculated by the folloiwing
equation:

K1 (ombserved) X P
K1 (corrected) = � + �

The theoireticmuh reasomn for use of tin(-se cor-

rected values will be discussed later. The free
energy of bindimsg per methyhense group ‘s’s-as

calculated using both coirrected annd unncor-
rected K1 values and found to) be 0.36 amid

0.48 kcal/moie, respectively. These vnulues
are ‘svithnins tine ranige of 0.36-0.95 kcmul/nuole

Tam i�n. 3

Inhibition of aniline p-hydroxylation by primary

alo-ohols (K1 values)

Corrected values were calo-ulated at--mrdinng to

the eqinatitmnu K � = (K1 ,m� X P)/(P + 1),

wisere P is tine octanmml/water part ition m-(mefli-

cient tmf tine alcohol. Nunnbers inn I)arenntho-ses are

the mnumber of experimenits.

Ethminnol (6) 2.10 ± 0.45 0.68

Propannomi (4) 0.35 ± 0.02 0.24

Butanol [41 0.20 ± 0.01 0.18

Penntmtnnol (4) 0.083 ± 0.016 0.080

ilexann(ml (4)

lleptmnnitml (4)

0.057 ± 0.003

0.032 ± 0.003

0.056

0.032

calculated by Webb (21) for inydrophobie

initermicti(inns, the actual values depemsding on

tine degree of fit . This suggests a iuydrophobic
bindimsg site for the alcohols.

Structural iequiiemen.ts of hydroph obic bind-

ifl(j site. ln order to obtains further informa-
tion onn structural requiremennts of tine my-

dropiuobic binding site, the studies ‘s’s-crc cx-

tended to include prirnar� aicominols ‘svith
branched side chainis, amid seconudary amid

tertiary alcohols. Tine �)recedinng studies
(3) utilized K values. To minimize effort, iso

rather than K values ‘svere determinued. it
can be sho’s’s-n by 1\1ichnmuelis-�\Ienntemn kinueties
‘svitii (ommpetitive ininibitors tinat tine ratio of

K, vmuhues is equal to thse ratio of Ioo values,

provided that tine latter mire determined nut a
comnst ant substrate coimneo-Ist mit it inn. Tine valid-
ity of this proposal ‘svas tested by repeating

tine work ‘svitln prinuary mslcomisols, usinug �
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NO OF C ATOMS (PRIMARY ALCOHOLS)

Fio. 2. Relationship of logarithimi of reciprocal

corrected and uncorrected inhibitor dissociation

constants to carbon chain lengths of primary alco-

hols

Corrected and uncorrected K1 values were

obtained from Table 3.

rather than K1 determimiatiomis. A plot of

log (1/150) againi.st increasing carbon chain

lengtin (Fig. 3) ensabled tine free e�nergy of
interaction per metinylene groUj) to be cal-

culated in a manner analogous to that de-
scribed previously. Values of 0.38 and 0.49

kcal/mole were obtained using corrected and
uncorrected 15o values, respectively. These

results were in very good agreememnt ‘s’s-ith
tise values obtained using K1 values.

The over-all free energy change may be

calculated from K1 values, but this usually
includes energy terms other thani tinose de-

fining the direct interaction of enzyme and

inhibitor. These other terms, for example,
those for the displacement of ‘svater or for
the ionic atmosphere, are difficult to deter-
mine accurately. Tine use of relative binding
energies with related inhibitors enables one
to attribute ennergy changes to structural
changes of tine inhibitor, which inn turns pro-
vide further details of the hydropinobic bind-

ing site. As shown by Webb (21), the dif-
ference in binding energies is given by tine

equation

2 3 4 5 6

NO. OF C ATOMS (PRIMARY ALCOHOLS)

FIG. 3. Relationship of logarithm of reciprocal

corrected and uncorrected � n’alues to carbon chain

lengths of primary alcohols

Corrected and uncorrected � values were ob-
tamed from Table 4.

�F1 - z�F2 = 1.422 log

‘svhnere z�Fi arid z�F3 are tine free enuergies of
bindinng of tine respective innisibitors and I�
and I� mire tine concentrationns of inhibitors

required for 50 #{182}�inhibition mit 37#{176}.All
binding ennergies were calculmited relative to
ethanol. These values, as ‘svehl as the I�o
and log P values for tine primary alcohols

from methanol through heptanol, are shown

inn �fbl 4.
Tine inhibitory potencies of tine secondary

alcohols are given in Table 5. In all cases
except propannol the primary alcohol ‘svas a
more potenut imuhibitor than the corresponding

seconsdary nulcoinol. Tine free ennergy of bind-
ing per nuetinylene group for seeonndary al-
cohols ‘s’s-as calculated to be 0.28 heal/mole
from a plot of log (1/150) against increasing
carbon cisain length (Fig. 4). Thus ‘s’s-as less
tiiann that obtained for primary milcoinols and
less tinan predicted by theory for hydrophobic

interactionns.
Steric factors might hinider the binnding of

the inhibitor to tine huvdrophnobic site. As

max be seen in Table 6, 3-pemutannol ‘svas a
more potent inhibitor tinani 2-nnetinyl-3-pen-



TA!CLF: 4

Inhibition of aniline p-h ydroxylation by primary alcohols (L0 values)

The aniline concentration was 0.2 mnmt. Numsibers in parenstiseses are tise nnnnsnber of experinsenuts.

Alcohol 150 Relative binding IbO curr� Log P
energyx

muM ± SE kca!, umz.ole m,ujf

Methanioil (5) 1240 ± 150 +2.84 223 -0.66

Ethannol (6) 12.50 ± 0.49 4.05 -0.32

Propanol (6) 3.00 ± 0.38 -0.88 2.06 +0.34

Butanol (6) 1.11 ± 0.14 -1.50 0.98 +0.88
Penstannml (3) 0.54 ± 0.()3 -1.94 0.52 +1.40

Hexanol (4) 0.29 ± 0.01 -2.32 0.287 +2.03

Heptanol (4) 0.21 ± 0.03 -2.52 0.209 +2.53

a Relative to ethansol arid calculated by the equation �1Fl - = 1.422 log (11/12) (17).

Calculated accordimsg to the equatiomn Li corr = (I�� obs X P)/(11 + 1), where P is the octanol/

water partitions coefficient of the alcohol.

2000

000

M1
15i3

500-

AtnF=O,28 kcal/mole
r�O99

I I I I I
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1’ = 0.99

T.�nen1F: 5

fimh ibition of aim ilimme p-hyolroxylat ion by secondary

alcohols

The arsilinse conucemntrationi was 0.2 niM. Nunn-

bers in parentheses are the nunuber of experi-

mennts.

Alcohol 150 Log P

mM ± SE

2-Propanol (6)

2-Butanol (4)

2-Pentanol (3)

2-Hexanol (3)

2-Heptanol (3)

2.96 ± 0.26

2.23 ± 0.17

1.18 ± 0.14

0.71 ± 0.13

0.56 ± 0.06

0.14

0.61

1.16

1.83

2.33

tanol, ‘svhich mi turn ‘s’s-as more potenst tinan
2 , 4-dimethyl-3-pentanol. Similarly, steric

factors could be of inuportance in tise in-
hibitory effects of a series of 5-carbon al-
cohols (Table 7). The nuost highly stericahly

hindered alcoinol in the series, tert-pentyl

alcohol, ‘s’s-as also the ‘sveakest inhibitor of
aniJine p-hydroxylatiomn.

Relations/i 1)’) between in/i ib itory potency and

lipophilicity of alcohols. Tine relative mutes
of metabolisnu of rnamnv compounds inave
beers correlated ‘svitin their lipophilic ciuarac-
ter. A correlation ‘s’s-as also observed by Kato
et al. (22) betweenn tue ability of hnydrazine
derivates to inhibit microsornal drug metab-
olism and their relative lipid solubihity. It

therefore seenned possible that the inhibitory
potency and lipopinilicity of the alcohols
might be related. �fh logamitium of tine par-

.-�-‘, 3 4 5 6 7

NO. OF C ATOMS (SECONDARY ALCOHOLS)

F!G. 4. Relations-hip of logarithm of reciprocal

ISO values to carbon chain lengths of secon(lary alco-

hols

Tise I�o values were obtaineol from Table .5.

tition coefficienut (log P) obtained from

Hannsch’s data ‘s’s-as used as a nneasure of the
lipophuilicity of tine alcohol. A plot of
log (1/K1) or log (1/K, corr) againust log P
revealed excellenst correlations of tine t’svo
paranneters (Fig. 5). Tine imnhuibitory potency
of the alcohol for thue l)rimmnry a.Iipiuatic

alcohols ‘s’s-as hinearily related to log P by

tine following equations:

log �- = 0.60 log P + 3.08, (4)

= 0.97

log Kicorr = 0.45 log P + 3.38, (s)
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x--�x Using corrected K) Values

Log�-�,, :Q45 Log P+3.38

Alcohol

-05 0 05 0 5 20 25

‘50

mM ± SE

0.54 ± 0.03

1.18 ± 0.14

1.40 ± 0.03

1.56 ± 0.11

2.32 ± 0.63

4.65 ± 0.98

367 ± 24.8

Relative
binding
energy#{176}

kcal/

ummole

-1.94

-1.46

-1.35

-1.29

-1.04

-0.61

+2.08

Log
P

1.40

1.16

1.16

1.16

1.16

1.36

0.89

r = 0.99

= 0.99

Similarly, using J�o determinnatiomns, mimi ex-

tremely gooid comrrelation ‘s’s-as seen between

inhibitory potency amid log partition co-

effieienut for bothn primary and seeoindary

alcohoils (Figs. 6 and 7, respectively). Tine

equationss from tisese plots ‘s’s-crc:

Primary alcohols (C2 -� C7):

1
lo�� = 0.62 big P + 2.27, (6)

r = 0.95
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= 0.9$

TABLE 6

Inhibition of an iliac p-hydroxylation by sterically

loin (lered alcohols

Values are expressed as the meanns ± stan-

dard errors of three determinsations. The anilinse

coricenitration was 0.2 mane -

Alcohol [so Log P

3-Penitanol 2.32 ± 0.63 1.16

2-Methyl-3-pentanol 7.78 ± 1.56 1.44

2,4-i)imethyl-3-pensta- 23.9 ± 6.0 1.74

TABLn� 7

Inhibition of aniline p-hydroxylation by 5-carbon

alcohols

The arnilimse -onicenntrationi was 0.2 huM. Nunn-

bers inn parentheses are the nsumber of experi-
memsts.

Pentanol (3)

2-Pentannol (3)

2-Methyl-i -buta-
aol (3)

3-Methyl-i -buta-

nol (4)

3-Penitanitil (3)

Neopentansol (3)

tert-Pemstyl alco-

hol (3)

#{176}Relative to ethanol and calculated as de-
scribed ins Table 4.

Loa P

FIG. 5. Relationship of logarithm of reciprocal

corrected an(l uncorrected K1 values to log P for

primary alcohols

Corrected anid uncorrected K values were ob-
tamed fromm Table 3. P is the octansol/water parti-

tio)ni coefficierst obtained from the data of Hamssch

anid colleagues (2, ii).

Primary alcoinols (C2 -* C7):

log y±-_ = 0.47 l�mg P + 2.56, (7)

Secondary mulcoisols:

log �- = 0.35 log P + 2.48, (8)

The use of corrected I�o values did not

improve tine correlation obtained for the

secO)isdary alcohols, possibly because oif the
higin inhibitory potency of 2-propanol. A

combimiation o)f the data in Tables 4 and 5
for these primary and secondary alcohols,

excluding methiannol, ‘svhiich appeared to be
actinng by a different mechanism, gave tine
fohlo’sving equnutiomn:

log )�- = 0.52 log J) + 2.33, (9)

The excellennt correlatiorss observed for

primary and secondary alcohols bet’sveen
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FIG. 6. Relatiommship of logarithm of reciprocal

corrected aimd umm(-orrecled � values- to log P for pri-

mary alcohols

Corrected and uncorrected I�o values were ob-

tamed from Table 4. P is the octanol/water parti-
tioti coefficient obtained from the data of Hansch

and colleagues (2, 11).

inniiibitory potency amid lipophilicity did inot

appear to hold ‘s’s-lien the studies ‘s’s-crc cx-
tended to include other branuched-chainn a!-
cohols. As may be seen from Table 6, mini

increased partition coefficiemit of mus alcohol
did not increase its inhibitory potency. This
‘s’s-as also seen ‘svith tine series of 5-carbon

alcohols, in ‘s’s-inich no correlation of inhibitory
potenicy and hog J) was observed (Tmuble 7).
The most strikinng example of this disparity
‘s’s-as the very ‘sveak inhibitory poitenicy of

lert-penntyi alcoihol . tert-Butyl alcohol ‘svas

unique amomig the 25 alcohols exmumined
because it stimulated rather than inhibited
aniline p-hydroxylation. In a conceint ration

of 12 m.’sn it caused a 35 % stimulatio)nu of the
rate of p-hydroxylation of aniline (0.2 mM).

It ‘svas thought that Taft’s steric paranu-

eter E8 (12), Hancock’s corrected steric sub-
stituent E8c (13), or the polar substituennt
constant o� (12), together with log P, might
improve soinne o)f the weaker coirrelations

obtained ‘svith the branched-chain mulcoihols.

E8 constants ‘svere o)riginaily defined by
Taft., using tine hydrobysis of ahiphatic esters
as the model reaction, and thus are probably

of linnited use inn this study. For the 17

alcohols (Tables 4 and 5, 3-penutannol I� =

Loa P

FmG. 7. Relatiommship of logarithm of reciprocal

Iso values to log P for secondary alcohols

The ‘so values were obtained frons Table 5. P

is the octannol/water l)artition coetlicienst (ibtmtinned

from the data of Hanssch amsd o-olleagues (2, ii).

2.32 nun, mneopentamnol � = 4.68 mni,
3-hexanuol I� = 2.95 m’si, 2-methyl-i-pro-
panol I� = 2.44 rn�i, mind benuzyl aicohuol

I� = 0.4$ nn’si) for whicii these substituenut
constants ‘svere available, tine data ‘svere

analyzed by use omf the Hanscin multiple
regression program.4 Tine followilsg results
were obtainned:

log �- = 0.S2( ±0.33)

#{149}logP+ 1.83(±0.44), (10)

= 0.53, � = 0.80, a = 17

log�- = 1.))0(±0.62)

log P - 0.36(±0.29) (11)

.(log P)2 + 1.75(±0.38),

s = 0.44, r = 0.98, a = 17

ltig1�- = 2.09(±0.50)

log P - 0.58(±0.22)

(bog P)2 + 0.63(±0.31)E8 (12)

+ 2.03(±0.29),

s = 0.29,r = 0.95, mm= 17

We tinanuk I)r. Corwins Haniscis, onue omf use re-

viewers oif the mansliscript., ftmr his suggestionns of

the use of E� and o� inn tise annalvsis of our (lata

arid his derivmntionn of Eqs. 10-12.
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‘svinere s is tine standard deviation from the

regression, no is- the nsumber of experimental

points used inn deriving the expression, and
the figures in parentheses are the 95 #{176}�con-

fidennce intervals. ,J�h most significmunnt single-

variable e(luttti(irs wmus that of log P (Eq.
10) , ‘svhereas tine moist significanst two-van-
able equations ‘svas Eq. 11, indicating that
( bog P)2 ‘svas tine next most important van-

abbe. Equation 12 ‘s’s-as the most significant
tisree-variabhe equation, and the iniclusion

of E8 greatly innproved the correlation. Addi-
tioin of oi� resulted in a lowering of the van-
ansce but. ‘s’s-as not significant at a = 0.1.
Similarly, the addition of E3c did no)t result
inn significant. improvement of the data.

Inhibitory e.ffect of butylainine on ethyl-

morph me an-cl aniline metabolism . Jefcoate
et al. (23), while studying the type II spec-
trab binding properties of �V-alkylamines,
noted that concennt.ratiomn-dependent spectral

cinanges obeyed t’s’s-o binding constants, K1
and K2 . A lirsear correlation ‘svas observed
bet’s’sTeen tine logarithm of tlse spectral bind-

ing constants and inncreasing alkylamine

chains length. Tine free energies of binding

per methylene group ‘s’s-crc 0.75 (K1) and
0.65 (K2) kcal/mole. This led to their postu-
lation of a hydropinobic spectral binding site

in the heme region of cytoclirome P-450. A
limitation of binding values ‘s’s-as reached with
alkylamines ‘svith more than S carbon atoms,
and branching of the alkyl chain severely
‘sveakened the binding. Their failure to ob-

serve spectral binnding with tert-pentylamine
and their observation of the adverse effect of

branchinig on binding, together with our
observation of a much lesser inhibitory
potency of the branched-chain alcohols, sug-

gest tine equivalence of their hydrophobic
spectral binding site arid our alcohol hy-

drophnobic binding site. Further support for
this idea comes from our observations that
butylamine resembles tine alcohols its its

selective inhibition of anilinne p-hydroxyla-
tion. Tine inhibition ‘s’s-as competitive, with

a K0 of 0.52 m’si, which compares favorably
witin the K of 0.20 m� (Table 3) for the
inhibition of aniline p-hydroxylation by

butanol. Butvlmtnnine also resembled the

alcoihnols in its hack (if potenncy as an inhibitor
of etisvlmorpiuimne metabolism; a 40 mu con-

cemutratioinn of butvlaminue inhibited tine .V-de-

nnethu\-bathmnu tmf ethnylnnorpininue (1 m31) by
onulv 30w.

Tine lack O)f bindinug of ah1�-lannines oif

chain lenugth greater tinann 8 cmorbcmin mutoms,
as ‘svell as soinne tendency of tine inninibitorv

j)otenic� (if the alcoisols to frill off at 7 carbon
atoms, suggests that tine size of tine huydro-
phobic site rna’u� be linsited to 7 0mm 8 carboln

rutonns. Tine additionsal studies that ‘svomuld be

nnecessarv tom support thuis vie’sv are msot prac-
tical because of tine inusolubility of the higher

alcohols in the aqueous mediunn.
Use of a fluorescent probe to e.rploie loca-

tion of hydrophobic site in mi(-i-osomes. The

hydrophobic binding site could reside either

in the microsomal membranne omr inn the

microsomal protein. ANS has been used as mu
fluorescennt probe for hydrophobic binding

sites (if many systems, including crythurocyte

membranes, mitochondnia, and sarc mplasmic
reticulum. Recently DiAugustiine ci al. (iO)
sho’s’s-ed that ANS binds to hepatic micro-
somes and that it binnds to phosphohipid

rather than to protein or heme. An enisance-
ment of the ANS fluorescence was observed

in tine presence of the type I compound

betnzphetamine, and a decrease in the j)reS-
ence of the type II compounnd warfanin. We

‘s’s-crc able to confirm these observations.
Eling and DiAugustine (24) suggested tinat
ANS fluorescence in microsomes ‘s’s-as (line to

its binding to mernbraine phospholipids. This

conclusion ‘s’s-as supported by their observa-

tion that digestion of microsonics ‘svitln pisos-
phohipase C or D caused a decrease of ANS
fluorescence, ‘svhichi ‘svas related to tine pinos-
phohipid conntennt of the micnosomes. ANS

fluorescence ‘s’s-as also increased by the pres-
ennce of pinospholipid micelles, and the

modification of tine ANS-microsome and
ANS-phosphohipid fluoresccnsce by drugs was

sinnilar. We observed that aniline (0.2 m31)
and ethanol (12 m31), either alone or in
combinationn, did not muter the ANS-en-
hanced fluorescence of microsomes. Thnis sug-

gests that the hydrophobic binding site re-

vealed by our kinetic studies resides inn the
protein rather thnan tine phosphohipid portion
of tine microsomal nuembraise.

DISCUSSION

The marked inhibitory effects of primary

alcohols on tine metabolism of aniline, a
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type II comnupo.iunsd, anid tue relative ins-

ability of tine same alcoluomis to inhibit tine

metab ihisnn ()f (1 hylmorpininue and other type
I connpounnds are inn agreenncnit ‘svitis tine ob-
servation of Hubin et al. (25) that etinannol
selectively inhibited the metabolism of type

II compounds. This differential inhibition

might be expiairsed in several ways. (a)
Abcohsols migint cmuuse conformational cinaniges

‘svhichn alter tine binding of type II com-

I)OUisds, but nnot. thout of type I compounids.
(b) Tine ty�)e I ansd type II compounds may
cmiuise differemut conformatiolnal changes in

either tine protein or the lipid of the mem-
bra.nue, after ‘svhuicin ethanol cats inhibit the

metabolism of some type II compounds,
but. inot that of type I compounds. (c)

Different enzymes or different sites on the
same ennzyme nnay be responsible for tine

metabolism of Type I annd II compounds;
only that cnzynie or site associated ‘svitin the

metabolism of type II compounds may be
susceptible to) nulcohol inhibition.

With tue present evidence it is difficult to
decide amonug these alternatives, but (c)
seems more likely than tue otiners. Et.isanol

ansd other primary alcohols in molar con-
cemntmatiomns give mu modified type II difference

spectrum with oxidized microsomes. The
sinnilanity of tine nnodified type II spectrum

to an innvented type I spectrum inas led to the

speculation that it represents tise inverse

spectral expression of an unidentified endog-

enous type I connpounnd associated with
micromsommes in tine referemnee cuvette, ‘svisicin

is made to) appear by displacemenut of the

same comnupounid by alcoinol in tine sample

cuvette (26). Ho’svever, mnucin higher comnceni-
trationnt of abcoisols are required to produce

these inverse type I spectra tinani mire ne-

quired for inihibit ionn of ansiline /)-hn�drox�la-

tioms; foir example, nuns � concentratiomn of

etinannol does not muffect aniline spectral bind-
ing (Tnuble 2), mom does tinis concent.rnutiomn of

ethanol produce ciuansges ins tue difference
spectrum of oxidized nnicrosonnes. This tenuds
to elinnimsate (a), but dties not exclude tine

possibility thiat etiuanuob may cause a con-

formationnal channge thnat is not expressed
spectrmuily or that tue spectral binding site
of anniline is not related to tine metabolic
site. Tise lack of agreernenst bet’sveemn tine

spectral dissoeimttionn constmunnt (Ky) mind tue

Km for ainilinne (27) pr(.mvides sonne evidence

for tine latter possibility.
Tisat tise type I confomnnationnai change

was not required to I)revennt the inhibition

by ethanol was shso’svn by the failure of
ethanol to inhibit tine �V-demetinylation of

ethylmorphine from microsomes treated ‘svith

either phiospholipase C ( 15) or SKF 325-A
(16). Ethanol (12 nini) and aniline (0.2 m31),

either alone or inn combination, did not
markedly affect et.inylmorpiuine N-demethn-
ylation. Thus the type II conformational

change produced by aniline did not increase
the inhibitory effect of ethanol oni etinyl-
morphine N-demethylatiomu. These observa-

tions tend to rule out (b), leaving (c) the
most likely possibility.

Since generally it is tisose drugs with high
lipid solubibity ‘svhicin react ‘sviths the drug-

metabolizing system, the active area of
cvtocinrome P-450 has beens assumed to be

inn contact with or embedded in a highly
hydrophobic part of cytochrome P-450 pro-

tein or in lipids of tine microsomal membrane.
Since this generalization applies to type I
compounds, and since tine inydropinobic site,

as revealed by our inuhibitions studies, does
not appear to be related to thne metabolism

of type I compounds, at lemust t’s’s-o inydro-
phobic regions must exist in micnOSo)mes.

This is in agreemenit. ‘svith recent findings of

Ullnicls munsd Weber (2$) , ‘sviio obtained bi-

phasic Linse’s’s-eaver-Burk j)10tS for tine

O-dealkylation of 7-etiuoxycounnanin annd ob-

serve(I tiuat of tine t’sv(m apparent dealkylation

remlcti(mnls, tine reaction ‘svitis tine higher affinity

‘svas nnuciu more senusitive to inhibition by

1 -huexmunu )l.
Ethyl isocyanslibe combinues ‘svi t.is reduced

cytochurome P-450 to form Soret ineaks mit

430 num arid 453 nun (29) . rn relative hneigints
of these 1)eaks depend on pH and ionic

strength. Lo’sv conncenntrmutionss of some nil-
cohois affected tine A155:A430 ratio of tine

ethyl isocyamside difference spectrum of cyto-
cinrome P-450 ‘svithnout coniversion of P-430
to P-420, amid tine ability of tine alcohols to

alter tine spectrunu insereased ‘svith increasinng

chainn length amid isydropinobicity.5 It was

suggested tinat. tinis ‘svas due to) an mnncrease

� Unnpublished results of 1. Imnai mond 11. S.

Masons, cited by Imai amid Siekevitz (30).
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inn the hnydropiuobieity of tine ensvironmemut of

cytochnrome P-450 by tine additionn (if hydro-
phobic side chains of tine mu!cohnohs. Tine 433

rum pemuk ‘s’s-as alst) proposed to be specifeally
related to muhnydropinobic initeraction of heme

‘s’s-ith the environment ‘svithin the membrane.
We found that the I�o consccnstratioins of

ethanol (12 mu) munnd munniline (0.2 mnu), either
alone or inn combmat.ionn, did riot affect either

the 433 or 430 mum peak heights produced by
ethyl isocymunide bindinsg to dithionite-re-
duced J(.�(Jfl-�(�5 This suggests that the
hydrophobic bindinng site inn our studies is not
associated ‘s’s-ith tine hydrophobic interaction
of the heme ‘s’s-ith its membrane environment,
as ‘s’s-as suggested by the ethyl isocyannide

spectrum. Ho’s’s-ever, the possibility cannot
be excluded either that the measurement of

aniline p-hydroxyiation is a more sensitive

inndcx of the interaction of heme ‘svith its

ennvironmennt or that the affinity of etinyl
isocyarside for this site is mucin greater than

thnat of ethanol. The batter possibility seems
unlikely, because higher alcohols did affect
the A455:A430 ratio (30).

The observation tinat a concentrations of

ethanol (12 mu) ‘svhich caused 50 � in-

inibitions of aniline p-1n�drox�lations (0.2 m31)
mad no effect rim NADI�H oxidase, NADPH-

cytochrome c reductase , NADPH-cyt o-
chrome P-450 reductmusc, or anniline spectral

binding suggests that the rate-limiting step
(I)f anihinne p-hydroxylation is at. some stage

beyond the reduction of cytochrome P-450,
possibly at tine addition of the second elcc-

t.ron. Aniline annd other type II compounds
himuve been sho’svnn by Gigon et al. (6) to slow

the rate of reductioin of cvtochrome P-450.
Ho’svever, the conncenstratiomn of anilimne (2
mu) used ins their experiments ‘s’s-as much
greater than thuose used in our metabolism

studies, namely, 0.04-0.2 mu, at ‘s’shich con-
cenitrations mo effect on NADPH-cyto-
chrome P-450 reductase activity ‘s’s-as ob-

served (Table 2).
The competitive mature of the alcomhoi

inhibition (Fig. 1) annd the lo’sv conncenstra-

tions required (Table 3) suggest a specific
actionu of the alcohols rather than a non-
specific actionn due to protein dennaturmution
or membrane perturbation. The specificity
of the reactions ‘s’s-as further sho’svmn by equa-

tions derived from plots of log (i/K0) anud

log (i/I��) against log P. Hannscis annd 1)unnn

(2) sho’sved that many svstenns fit tine genueral
Eq. 1, ‘svhnere C is the molar conncenstrmutionn of

drug or, in our case, the molar I� conucenutra-
tion. The slope a (Eq. 1) is a measure of

tine sennsitivit.y of tine system to) perturbation
by hydropinobic effects of the drugs. Hannsch
amid Dunnns (2) grouped tine slopes ins tiuree
classes. (a) Equationus with slopes greater

than 0.83 describe those systems most sen-
sitivc to hydrophobic effects. Inn moist all
these systems the biological respomuse mnppears

to be mediated through membralues. Ex-
amples are the partitioning of alcohols be-

t’sveen red cell ghosts and ‘svater anid the lysis
of protoplasts. (b) Equations ‘svithi slopes
in the range of 0.40-0.85 describe systems of

intermediate hydrophobic sensitivity. A per-

tinent example is the conversion (if cyto-

chrome P-450 to cytocheome P-420 by

anilinne or phenols (Table 8). (c) Equations
‘s’s-ith slopes less than 0.4 describe systems
‘svhich rune relatively imnseinsitive to hydro-

phobic effects. One of the few examples of
these systems is the denaturation of (yto-

chrome c by alcohols.

The inhibition of aniline p-hydmoxyiation
by primary alcohols falls unto tine category

of intermediate hydrophobic semnsitivity as
determined by Eqs. 4-6 ; thus agrees ‘svithn our

conciusiomns regarding tine hydropluobic mini-
tune of tine alcohol-binding site from the cab-

culatio)n of the chuange of free energy omf inter-

TABLE S

Drmmg-microsome interact ions: con version of cyto-

chronic P-450 to P-420 and inhibit iou of (lull line

p-h ydroxylatio mmby primary alooh oils

Equation

Phenolsa log = 0.57 log P + 0.36

Anilimsea log �., = 0.67 log P + 0.34

Inhibition of

aniline#{176}

1

log = 0.60 log P + 3.08

a l)ata taken fromn Ichi kawa and \ ansnlnn() as

calculated by Hanssch ansd 1)umsn (2) fmr the cons-

versi(inn of cyt(ichrome P-450 to P-420.

11 Equat.ionn obtained from Fig. 5.
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mictioimn. The siope of 0.�35 obtained foir tine

seconsdnurv alcohols suggests musystem of bo’sv
invdrophsobic semnsitivitv . This may nn(�mins

that tine secomudarv alco.ihols do not fit the
hvdropiuobic site as ‘svolb mis tine primmury

abcohoiis. Ho’svever, tine slope is lo’svered cons-

sidermublv by t.hne imn(lusionu inn the series omf

2-propmunso ii , ‘svhiich exinibits mini except ioimumuiiy

high imnhibitory potenscy, amsd of 2-heptanoil,

‘s’s-itin ‘svlsicin thnere appears too be some fallimsg
off of activity. Tine high inhibitory potonucy

of 2-propansol also explmuimus ‘svhiy tine uso1 oif

corrected 150 values for tine secondmury nil-
c(ihnols does not improve the correlationn.

Tine vmu.lue of the inutercept b (Eq. 1) is a

functionn oif thie sensitivity of the biochuemicmib

svstenn mi.msd tine inntrinsic activity of mugiven
set of coinngensers. It mulso ‘s’s-ill depend ins part.
on tino levol of standmurd responnse used inn the

eXp(rimemut. ; for example, if ann 173 had been
used mnuthuer thami an � , mu bo’sver intercept

‘sV(iUl(l htuve beers obtainned. Tine intercepts

permit oommpmurisons betweenn different sets oif

conngewrs actinng on different system. A

compariso inn of imntemcepts meanns a comparis ins
under isOilip(ipiuibic conditions because, ‘svhen
bog P = 0, P = 1. Table S sho’svs a coimpmiri-

son of so)me of our data ‘svitii those of

Ichuikmi’sva munnd Ymunuanno for tine conversioni of

P-430 to P-420 as calculated by Haniscin anud
I)unums (2) . Their intercepts of 0.34 minsd 0.36

cinammuotorize the conivorsion of P-430 too

P-420 mur�ia nionsl)ecific process imnvolvinsg the

perturbation of macromolecules by organsic
compounds. Tine very high intercept of about
3 foumnd for the inuinibition of annihmne J)-in\--

drox�-lmution suggests mu system of very high
sennsitivitv. The increased sensitivity also
implies increased specificity. In general,

equmutio inns correlating simple nneut ral com-

poumnds do not yield instercepts above 2. This
system appears to be omse of the most. semi-

sitive ascribed to alcohol inhibitionn. The only
example given by Hanscin and Dunnn (2) of a
biological system more sensitive to abcohols

is the 125 for sheep liver esterase, which inas

an intercept of 3.69. High intercepts are also
obtainned ‘s’s-hen alcoinols arc given in the

vapor phase, as ‘s’s-asshown in studies of the
toxicity of alcohuol vapors to tomato plants

and red spiders.
Extremely gooid coirrelation of log (1/K1)

nugmuinsst both inn(rOnisimng (mirboms cinmuins lohsgtin

and log J) ‘sV�� oibserved, despito tine fact.

that. the values for etismunuol ft tine plots
poorly (Figs. 2 mimsd 3) . T1’hnis doviation of
ethannol fronn tine pmittemn estmubhisined ‘s’sit in

tine higher mulcohnols suggested thnat the in-
creasein imsinibitory effect seoms ‘sviths imieremisimng
chnmuin length might simply refloot tine pmirti-
tion of tine mubcoiuohs bet’sveeni mombrmumne lipid
munnd tine mioiueoals medium mis determimnod by

tiuo J) values omf thse muicoiiuols, inn ‘s’sisichu �mise

0_inc ‘svould mnot re(!uire a iu�dropisobic sito onn

the ennz�me toi oxplainu tine iniuibitoiry effoct
all the mibcoiiuoils ‘svould exhibit mini identiomul
inhibitory Offect nit a givemn nuohmur (omncemutmnu-

tion of muicoiinob ins tine lipid of tine membrmunso.

Accordingly, otisannoi, witin tine loi’s’s.est P

vmulu(, ‘svomuld ho expo(to�d toi isnuve tine
log (1,/K1) value nnost. dovianit from the
limuemir declimne inn hog (1,/K1) values obsorved

‘svitii increasinug cinainn lenig-t is . Alt hougin tine

ensergy rolmitiomnsinips amsd inshibit ion kinetics

argue fom mu more specific isydroiphobic site

thsmin one ‘svhichn simply reflects the partitions
bet’sveenu tin( medium munnd tine membmnunne

lipid, it seemed that a moire aocurmute mussoss-
menst of tine hvdroiphobic site nnighnt be oh-

tamed if the suspenuded microso)me ‘s’sore

visualized as a tinree� rather thmunu a t’svo-com-
partmennt system, ‘sviths omue equilibrium of

tine drug estabbisined between the medium

and tine membrane lipid amud mumnother betwoemn
tho membranue hipid munnd tine enszyme. i�hnis
‘svould scenn mu reasomumubie model because
cytochsrome P-430, tine torminmul oixidmnse of

the cinzvme system, is thomughnt to be
thoroughly embedded inn tise lipid membramne.

This has beens deduced from tine depenndence

of membrmune-hounid c�tochrome P-430 omn

tine m(mbrane for certauns of its spectmmib

and biochemical properties minnd from the dif-

ficuhties that. inave beers experienced ins at-
tempts t(i solubilize tine cvt.ochmome inn mi

form thnat retains all of its native charmuc-
teristics (1$). Tine corrected K1 and �
values cahculmited according to Eq. 3 mepro_

sent the comncentrationn oif the ahcohsol inn the
lipid Phmuse of tine microisomes, missuming a

sinsgbe partitions between tine aqueous medium

and the membrane lipid. The largest. dif-

fcrennces between corrected and observed K1
and Iso values occur with tine lowest mem-
bers of tine series, pmirt.iculmurly ‘svit.in ethsmusoil

(Tahhes 3 mind 4). A 1)hot of big (1/K� corr)
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or log (1/I�� COrr) agaimsst ins(measinug carbonn

chain lenngtin mind big P nsoi’s’s-gives straigist
lines ‘svith slightly decremused slopes ‘svinichn

pass throiugin all the poinsts, inncluding thuat
represemutinng ethmunob (Figs. 2, 3, 5, mind 6).
The slopes obtmuinscd usinug corrected K0
values (Figs. 2 annd 5) sho’s’s- that the incremus-
ing cmirbonn chain bengthn of the ahcoinol is

responsible for the innhuibitionn and not simply

that the inscrease ins cmurbon chain length
causes ann imncreased conncenntration of the

alcohol inn the lipid phase of the membrane.
In other ‘svords, the inhibitory effect resubt.s

from an imuteraction of tine alcoinol ‘svith the
enzyme ratiner than from the accumulation
of equimobar amounts of the alcohols in the
lipid phase of the membrane.

The very bo’sv activity of methanol as an

inhibitor of anihinne p-hydroxylation is stnik-

mug. The binding emsergy of methanol relative
to et.hamsol is 2.8 keab/mole (Table 4) . This is
typical of tine value expected for hydrogen
bonding (21) and suggests that the first
requirement for inhibition of anihinne p-hy-

droxylationi is hydrogen bond formation
bet’sveen the invdroxyl group of the alcohol

and some site onn the enzyme, conceivably
the site ‘svinere the amino group of aniline
might binnd. Tine tert-pentyl alcohol is also a

very poor inhibitor of aniline p-hnydroxyla-

t.ion (Table 7), probably because hydrogen

bond formations is stenically hindered by the
methyl groups. The ‘s’s-ide differences bet’s’s-een

metinanob amid tert-pentyl alcohol in their
lipid solubihities and in their potenitials for
hydrogen bonndimng suggest that methannol is a

poor inhibitor even though it is capable of
hydrogen bonding, because it is lackinng in

lipophilicity, ‘svinereas tert-pentyl alcohol fails
as an inhibitor even though it is highly
lipophihic, becmuuse it is lacking in hydrogen-

bonding cmupabihity. Once the hydrogen bond
has formed, inydropinobic interactionus assume

importance. This is clearly sino’svn by the

increasing inshibitory potency of the primary
abcohols ‘svitin inncrcasinsg carbon chaini length.
The W per met.inylenne group of 0.48 kcal/

mole is typical of a iuydropiuobic interaction
bet’s’s-een the alcohol amid some nonpolar site
on the enzyme.

Except for 2-propanol, tine seconsdamy al-
cohols are all less potennt. thams corresponuding
primary alcohols of the same carboon chain

lenugtls (compare ‘I’nubles 4 mund 3). Thins it

mippemirs that tino nnothnyi group muttni(hio(lto

tine cnurbon beanimig tiso hycbroixyl giomup does

not. bimud to tine enzymo, or thmit this nuethuyl
group insteracts ‘svith tise proteins, causinug a
eonnfoormationab chnansgo -iucii tinmit tiu( rost. of

tine mulcohol can mo lonuger inutermuct mis effec-
tivelv ‘svith the ennzvme. The results ‘svit.h

penntamuol , 2-pent ninol , munid 3-pennt ams( )l sl�Ip-

port tine first of these huypotheses. 2�Pemstmsnol
humid ann activity simibmur to) thmit oif butmunol;

:3-lcnntminol ‘svas less active than 2_pomntmsnol,

but more active thmuns propanoh (Tmtbhes 4
amid 7). Branching o.if the alkyl side (main
severely hinders the inhibitory potency of
the alcoinol, although log P is imncreased

(Tables 6 and 7). This could be due to miter-
ferenuce with hydrogen bond fornumutions be-
t’sveen the hvdroxyl group of the alcoinomi mind

the enzyme or to prevention of tine inydro-
phobic interaction. Tine former appears to be
the case ‘s’s-ith tert-pent.yl alcohol, but ‘svith

the otiner alcohols it is difficult to cinoose
among these altennnatives . The import anuce

of the hydrophobic mature of the sit( ‘svas
further demonstrated by the very ‘sveak in-
inibitory action of 1 ,3-propanediob (I�� =

73.4 mu) and i ,4-butannediol (150 = 25.8
mmn) on aniline p-hydroxylmution.

For the i7 alcohols for which tine sub-
stituenut constants E, , 1�, � and log P
‘svere available, Eq. 10, using log P, gave
the most significant single-variable equation,

stressinug the importance of hipopinilicity in

the alcohol inihibition of aniline p-hydroxyla-
t.ioms. The fact thmut. the most significmumnt t’svo-
vaniabie equation ‘s’s-as that constaininng

(log P)2 indicated that I)arabolic dependensce

on log P as predicted by the ralndom walk

process ‘s’s-as very important (bog P, 2. 1).
A parabolic dependence of inhibitory jo-

tency oh P m’s-ith a P0 of 2. 1 ‘svould offer an

alternative e.�planationn for t he bo’sver activity
of botin etinanol ansd iseptamuol (log P = 2.53).

However, for the 2:3 aleoinols for whicis both

P values and inuhibition data ‘s’s-crc available,
additiomu of a (log P)2 temnu did not signnifi-

cantby improve the correlation over log P
alone.

Equmutionn 12, comutaininng miii E8 term, ‘svas

the most signnifioant tiuree-variable equa-

tion; E3 greatly improve(l tine correlation.

Tine significance of tine L� term supports our
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earlier suggestionn of steno inuterferennce by
the milky! climuins of the nulcoisol eithner with

inydrogems boimsd formmutioinn bet’s’seemn tine my-
droxyl group of tine alcohol amud tine ennz’s nne

or ‘svitis irevenntioni of tine hydrophobic binid-
inng.
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