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SUMMARY

CoHEN, G. M., AND MANNERING, G. J.: Involvement of a hydrophobic site in the in-
hibition of the microsomal p-hydroxylation of aniline by alcohols. Mol. Pharmacol.
9, 383-397 (1973).

Ethanol in millimolar concentrations inhibited the p-hydroxylation of aniline, a type II
compound, but had no effect on the N-demethylation of ethylmorphine, a type I compound.
The inhibitory effect of the ethanol on aniline p-hydroxylation was shown to occur at
some stage beyond the reduction of cytochrome P-450. Aniline p-hydroxylation was in-
hibited competitively by all the primary alcohols from ethanol through heptanol, and the
inhibitory potency of the alcohols increased with increasing carbon chain length. The
increment in the free energy of binding, —0.48 kcal/mole/CH; group, provided evidence
for an alcohol hydrophobic binding site in either the microsomal membrane or the protein.
Studies with the fluorescent probe 1l-anilino-8-naphthalenesulfonate suggested that the
hydrophobic catalytic site resides in the protein. The first requirement for inhibition of
aniline p-hydroxylation appeared to be hydrogen bond formation between the hydroxyl
group of the alcohol and the enzyme. Steric requirements were also shown to be important.
A good correlation between inhibitory potency and logarithm of the partition coefficient
was observed for the straight-chain alcohols, but this no longer held for branched-chain
compounds. An analysis of the inhibitory data by the method of Hansch showed this sys-
tem to be one of the most sensitive ascribed to the effects of alcohols.
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vent for A’-tetrahydrocannabinol, markedly
inhibited the hydroxylation of aniline, a
type II compound, but had no effect on the
N-demethylation of ethylmorphine, a type
I compound. Ethanol in molar concentra-
tions is known to inhibit the microsomal

trum with oxidized microsomes with a maximum
at about 390 nm and a minimum at about 420 nm.
Type II compounds produce a difference spectrum
with oxidized microsomes with a minimum at
about 390 nm and a maximum in the region of 425-
435 nm.
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metabolism of both type I and II compounds,
probably by acting nonspecifically through
membrane perturbation or protein dena-
turation. The differential inhibitory effect of
ethanol in low concentrations on the type
I and II substrates used in this preliminary
study suggested a more specific action of
ethanol than has been observed when high
concentrations of ethanol were employed.
Additional preliminary studies with aliphatic
alcohols of increasing carbon chain length
suggested that the alcohols might interact
with a hydrophobic metabolic site. This
possibility was explored using concepts de-
veloped by Hansch and co-workers (1-3).

As a working hypothesis to explain the
reaction of drugs with biological systems,
Hansch et al. proposed that drugs reach their
site of action by a “random walk” process
(1). During this process they may act re-
versibly or irreversibly with proteins, lipids,
water, and other cellular constituents, and
eventually they react with the site of action
at a critical region of the enzyme or mem-
brane. Hansch has postulated that substit-
uents on drugs may promote hydrophobic
binding in three ways: by facilitating the
random walk of the drug to the site of action,
by directing the orientation of the drug on
the enzyme or protein, and by causing allo-
steric effects in the protein or enzyme, which
may or may not affect the binding process.

Hansch has also shown that the biological
actions of many compounds can be corre-
lated with two equations:

RBR=log61=alogP+b (1)
—logt = — 2
RBR = IogC d (log P) (@)
+elogP +f

where RBR is the relative biological re-
sponse, a, b, d, e, and f are constants for a
given system, and P is the octanol/water
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 ot the parabolic relation-
ship or when a one-step partition is involved.
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The latter case arises when drug action
occurs on the outside of a cell membrane and
in certain reactions of drugs with enzymes.
Equation 2 is the more general of the two
equations and shows the parabolic depend-
ence of log (1/C) on log P. This means that
there is an optimal P value, designated P, .
Below P, an increase in P causes an increase
in biological activity as more of the drug
reaches the active site, but when P, is
exceeded, increases in P cause a decrease in
biological activity. This parabolic relation-
ship is predicted by the random walk process.

With these principles in mind, a study was
made of the relationship between log P
and the inhibitory potency of members of a
series of aliphatic and substituted alcohols
on aniline p-hydroxylation by hepatic micro-
somes.

MATERIALS AND METHODS

Male Holtzman rats (200-350 g) were em-
ployed. Hepatic microsomes, prepared as
described previously (4), were used on the
day of their preparation.

The type II binding spectrum of aniline
was determined by the method of Remmer
et al. (5). Cytochrome ¢ reductase activity
was measured at 37° essentially as described
by Gigon et al. (6). The reaction was started
by the rapid addition of NADPH (final
concentration, 0.83 mm), and the rate of
reduction was determined from the initial
linear portion of the reaction. An extinction
coefficient of 18.5 mm™! em™! was used for
the oxidized minus reduced cytochrome c.
NADPH oxidase activity was determined
at 37° by the method of Gillette and co-
workers as modified by Gigon et al. (6). The
rate of anaerobic reduction of cytochrome
P-450 by NADPH was 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
was initiated by adding 10 xl 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-demethylation of ethylmor-
phine, aminopyrine, methadone, and p-
chloro-N-methylaniline were determined by
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measuring formaldehyde formed, as de-
scribed by Anders and Mannering (4). The
reaction mixture was the same as that de-
scribed previously (4), except that nicotin-
amide was omitted. Aniline p-hydroxylation
was measured as described by Imai et al. (8),
with minor modifications as follows. The
incubation mixture contained 5 mm Mg+,
0.33 mmM NADP, 3.3 mMm sodium isocitrate,
17 mm PO,~ (pH 7.4), 1 unit of isocitrate
dehydrogenase (Sigma type IV), and sub-
strate or inhibitor in a volume of 2.5 ml.
The less soluble alcohols were added directly
to the microsomal suspension to aid solu-
bility, although similar I, values were ob-
tained whether the alcohol was mixed with
the enzyme preparation or added to the incu-
bation mixture before addition of the en-
zyme. The mixture was incubated at 37° for
3 min before the reaction was initiated by
adding 0.5 ml of microsomal preparation
containing 6 mg of protein per milliliter.
The mixture was incubated for 20 min and
centrifuged at 1800 X ¢ for 20 min after
the reaction had been stopped with 1.5 ml
of 20% trichloracetic acid solution. Two
milliliters of the supernatant fluid were re-
moved, 2 ml of 1 M Na,CO; solution and
2 ml of 0.5 M NaOH-1% phenol solution
were added with mixing, and the absorb-
ance was read 35 min later at 630 nm in a
Beckman B spectrophotometer. Recovery
of p-aminophenol from tissue blanks was
approximately 90%. In both the presence
and absence of inhibitor, the reaction rates
were linear throughout the incubation period.
Rates of acetanilide p-hydroxylation and
acetophenetedin O-dealkylation were deter-
mined by measuring p-aminophenol forma-
tion by the method of Shimazu (9). Fluores-
cence measurements using the hydrophobic
fluorescent probe 1-anilino-8-naphthalene-
sulfonate were made with an Aminco-Bow-
man spectrofluorometer as described by Di-
Augustine et al. (10). Partition coefficients
were obtained from the data of Hansch et
al. (2, 11). Values for Taft’s steric parameter
E, (12), Hancock’s corrected steric sub-
stituent (13), and the polar substituent con-
stant o* (12) were obtained from the litera-
ture.

Aniline hydrochloride was obtained from
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Eastman Organic Chemicals. NADP+, iso-
citrate, and isocitrate dehydrogenase were
obtained from Sigma Chemical Company.
The Michaelis constant (Ka), the inhibitor
dissociation constant (K;), and the maximum
velocity (Vmsx) were determined by the
method of Wilkinson (14), using an Olivetti
computer. Inhibition was interpreted as
being competitive when V. values ob-
tained in the presence or absence of inhibitor
were not different (p > 0.05). The concentra-
tion of inhibitor required to reduce enzyme
activity to 50% of control (Is,) was de-
termined from a plot of enzyme activity
against the logarithm of the concentration
of drug, with the aid of a linear regression
program. The correlations of inhibitory po-
tency and log partition coefficient were de-
termined with the aid of a multiple regression
program (supplied by Dr. P. S. Portoghese).

RESULTS

Effects of alcohols on metabolism of type I
and type II compounds. The Is, concentra-
tion of ethanol for the N-demethylation of
ethylmorphine, a typical type I compound,
was approximately 50 times that seen for
the p-hydroxylation of aniline, a typical
type II compound (Table 1). Similarly,
ethanol in low millimolar concentrations did
not inhibit the N-demethylation of the other
type I compounds, aminopyrine and meth-
adone, or the O-dealkylation of acetophenet-
edin, also a type I compound. A high con-
centration of ethanol (100 mm) reduced the
N-demethylation of aminopyrine (1 mm) by

TaBLE 1

Inhibitory effects of ethanol on ethylmorphine
N-demethylation and aniline p-hydrozylation
The ethylmorphine concentration was 1 mm

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

centration was 0.2 mum (approximately 4 times the

K,). Values are the means =+ standard errors of

the numbers of experiments indicated in paren-

theses.

Substrate I
mM + SE
Ethylmorphine (4) 660 <+ 70
Aniline (6) 12.5 &+ 0.49
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F1a. 1. Kinetics of inhibition of microsomal aniline p-hydrozxylation by ethanol and heptanol
Microsomes (1 mg of protein per milliliter) were incubated with aniline in the presence or absence of
ethanol or heptanol. K; of ethanol = 2.10 mum; K; of heptanol = 0.032 mm.

only 20% and was without effect on the
O-de-ethylation of acetophenetedin. Low
concentrations of ethanol inhibited the p-hy-
droxylation of acetanilide, a type II com-
pound, but did not affect the N-demethyla-
tion of p-chloro-N-methylaniline, also a
type II compound. The I;, value of ethanol
was 22 mM for inhibition of the p-hydroxyla-
tion of acetanilide (1 mM), whereas ethanol
(100 mum) 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
on their rates of metabolism if the type I
site was removed from microsomes by treat-
ing them with phospholipase C (15) or by
inactivating the site by occupying it irre-
versibly with 2-diethylaminoethyl 2,2-di-
phenylvalerate HCI (16). This proved not to
be the case; ethanol was still a very poor
inhibitor of the N-demethylation of ethyl-
morphine by microsomes that had been
treated with either phospholipase C or SKF
525-A.3

Kinetics of inhibition of aniline p-hydroxyl-
ation by alcohols. As can be seen in Fig. 1,
the inhibition of aniline p-hydroxylation by
ethanol and heptanol was competitive. Sim-
ilarly, all the other primary alcohols studied
were competitive inhibitors of this reaction.

3 The abbreviations used are: SKF 525-A, 2-di-
ethylaminoethyl 2,2-diphenylvalerate HCI; ANS,
1-anilino-8-naphthalenesulfonate.

This suggests a relatively specific action of
the alcohols rather than a nonspecific ac-
tion due to membrane perturbation or pro-
tein denaturation, for which noncompetitive
inhibition kinetics would have been pre-
dicted.

Effects of ethanol on components of the micro-
somal drug-metabolizing system. NADPH-
cytochrome ¢ reductase, NADPH-cyto-
chrome P-450 reductase, NADPH oxidase,
and the binding of drugs to cytochrome
P-450 have been implicated in the micro-
somal mixed-function oxidase system re-
sponsible for drug metabolism (17, 18). It
was therefore of interest to determine which,
if any, of these components of the system
would be inhibited by ethanol. Table 2
shows that none was inhibited by ethanol.
The sequence of events leading to product
formation is thought to proceed as follows:
an electron from NADPH is donated
via NADPH-cytochrome ¢ reductase (or
NADPH-cytochrome P-450 reductase) to
the oxidized cytochrome P-450-substrate
complex; the reduced complex then combines
with molecular oxygen and accepts a second
electron from NADPH to form an oxy-
genated, reduced cytochrome P-450-sub-
strate complex which dissociates to give the
product and oxidized cytochrome P-450. The
failure of ethanol in a concentration that
inhibited the metaboiism of aniline by 50 %
to affect either the reductases or aniline
binding shows that both the inhibitory ac-
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TABLE 2

Effects of aniline and ethanol on components of hepatic microsomal drug-metabolizing system
All values represent the means + standard errors of at least three determinations.

Compound added NADPH-cyto- NADPH oxidase = NADPH-cyto-  Binding (A4sg-a30)
chrome ¢ chrome P-450
reductase reductase
nmoles/min/mg protein
None 144 + 9.9 8.41 + 0.61 123 £ 1.5
Ethanol (12 mm) 135 + 3.8 8.54 + 0.86 11.8 + 2.0
Aniline (0.2 mmM) 135 + 7.5 8.04 + 0.84 12.2 £ 1.6 0.0077 &= 0.0003
Ethanol (12 mM) + aniline
(0.2 mm) 133 £ 7.1 8.20 + 0.68 12.0 + 1.8 0.0071 =+ 0.0003

tion of ethanol and the rate-limiting step for
aniline p-hydroxylation occur at some stage
beyond the formation and reduction of the
cytochrome P-450-substrate complex.

Evidence for hydrophobic nature of the in-
hibitory site. The inhibitory potency of the
alcohols increased with increasing carbon
chain length (Table 3). For hydrophobic
binding without steric restriction, a linear
increase in binding energy with chain length
has been predicted by theory (19) and found
in practice for inhibitors of alcohol dehy-
drogenase (20). As seen in Fig. 2 from a plot
of the logarithm of the reciprocal of K
against increasing carbon chain length, AAF,
the change in free energy of binding per
methylene group, can be calculated from
the following formula:

AAF = 2.303 RTApK ;

where R is the gas constant, T is the tem-
perature in degrees Kelvin, and ApK is the
change in the logarithm of the reciprocal
of K; obtained from the graph. Two plots
are shown, using corrected and uncorrected
(observed) K; values. The corrected K;
values were calculated by the following
equation:

K; (observed) X P
P+1

The theoretical reason for use of these cor-
rected values will be discussed later. The free
energy of binding per methylene group was
calculated using both corrected and uncor-
rected K; values and found to be 0.36 and
0.48 kcal/mole, respectively. These values
are within the range of 0.36-0.95 kcal/mole

K; (corrected) = (3)

TaBLE 3
Inhibition of aniline p-hydrozylation by primary
alcohols (K; values)

Corrected values were calculated according to
the equation K; oorr = (Kt obs X P)/(P + l);
where P is the octanol/water partition coeffi-
cient of the alcohol. Numbers in parentheses are
the number of experiments.

Alcohol K; K corr
myM + SE mar

Ethanol (6) 2.10 + 0.45 0.68
Propanol (4) 0.35 =+ 0.02 0.24
Butanol [4] 0.20 =+ 0.01 0.18
Pentanol (4) 0.083 + 0.016 0.080
Hexanol (4) 0.057 + 0.003 0.056
Heptanol (4) 0.032 + 0.003 0.032

calculated by Webb (21) for hydrophobic
interactions, the actual values depending on
the degree of fit. This suggests a hydrophobic
binding site for the alcohols.

Structural requirements of hydrophobic bind-
ing sile. In order to obtain further informa-
tion on structural requirements of the hy-
drophobic binding site, the studies were ex-
tended to include primary alcohols with
branched side chains, and secondary and
tertiary alcohols. The preceding studies
utilized K; values. To minimize effort, 750
rather than K; values were determined. It
can be shown by Michaelis-Menten kinetics
with competitive inhibitors that the ratio of
K values is equal to the ratio of I5, values,
provided that the latter are determined at a
constant substrate concentration. The valid-
ity of this proposal was tested by repeating
the work with primary alcohols, using I
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F16. 2. Relationship of logarithm of reciprocal
correcled and wuncorrected inhibitor dissociation
constants to carbon chain lengths of primary alco-
hols

Corrected and uncorrected K; values were
obtained from Table 3.

rather than K; determinations. A plot of
log (1/I5) against increasing carbon chain
length (Fig. 3) enabled the free energy of
interaction per methylene group 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 5, values, respectively. These
results were in very good agreement with
the values obtained using K; values.

The over-all free energy change may be
calculated from K; values, but this usually
includes energy terms other than those de-
fining the direct interaction of enzyme and
inhibitor. These other terms, for example,
those for the displacement of water or for
the ionic atmosphere, are difficult to deter-
mine accurately. The use of relative binding
energies with related inhibitors enables one
to attribute energy changes to structural
changes of the inhibitor, which in turn pro-
vide further details of the hydrophobic bind-
ing site. As shown by Webb (21), the dif-
ference in binding energies is given by the
equation

COHEN AND MANNERING

7’
5000+ /2 7
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F1a. 3. Relationship of logarithm of reciprocal
corrected and uncorrected Iyo values Lo carbon chain
lengths of primary alcohols

Corrected and uncorrected I5, values were ob-
tained from Table 4.

AF, — AF, = 1.422 log f_‘

2
where AF, and AF, are the free energies of
binding of the respective inhibitors and I,
and I, are the concentrations of inhibitors
required for 50% inhibition at 37°. All
binding energies were calculated relative to
ethanol. These values, as well as the Iy
and log P values for the primary alcohols
from methanol through heptanol, are shown
in Table 4.

The inhibitory potencies of the secondary
alcohols are given in Table 5. In all cases
except propanol the primary alcohol was a
more potent inhibitor than the corresponding
secondary alcohol. The free energy of bind-
ing per methylene group for secondary al-
cohols was calculated to be 0.28 keal/mole
from a plot of log (1/I5,) against increasing
carbon chain length (Fig. 4). This was less
than that obtained for primary alcohols and
less than predicted by theory for hydrophobic
interactions.

Steric factors might hinder the binding of
the inhibitor to the hydrophobic site. As
may be seen in Table 6, 3-pentanol was a
more potent inhibitor than 2-methyl-3-pen-
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TABLE 4
Inhibition of aniline p-hydrozylation by primary alcohols (Is, values)
The aniline concentration was 0.2 mm. Numbers in parentheses are the number of experiments.

Alcohol Iso Relative binding I cors® Log P
energy*®
mM + SE kcal /mole mM

Methanol (5) 1240 + 150 +2.84 223 —0.66
Ethanol (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
Pentanol (3) 0.54 + 0.03 —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

¢ Relative to ethanol and calculated by the equation AF, — AFy = 1.422 log (I,/1:) (17).
b Calculated according to the equation I5o corr = (Is0 obs X P)/(P + 1), where P is the octanol/

water partition coefficient of the alcohol.

TaBLE §
Inhibition of aniline p-hydrozxylation by secondary
alcohols
The aniline concentration was 0.2 mm. Num-
bers in parentheses are the number of experi-
ments.

Alcohol Iso Log P

mM = SE
2-Propanol (6) 2.96 + 0.26 0.14
2-Butanol (4) 2.23 & 0.17 0.61
2-Pentanol (3) 1.18 + 0.14 1.16
2-Hexanol (3) 0.71 + 0.13 1.83
2-Heptanol (3) 0.56 =+ 0.06 2.33

tanol, which in turn was more potent than
2,4-dimethyl-3-pentanol. Similarly, steric
factors could be of importance in the in-
hibitory effects of a series of 5-carbon al-
cohols (Table 7). The most highly sterically
hindered alcohol in the series, fert-pentyl
alcohol, was also the weakest inhibitor of
aniline p-hydroxylation.

Relationship between tnhibitory potency and
lipophilicity of alcohols. The relative rates
of metabolism of many compounds have
been correlated with their lipophilic charac-
ter. A correlation was also observed by Kato
et al. (22) between the ability of hydrazine
derivates to inhibit microsomal drug metab-
olism and their relative lipid solubility. It
therefore seemed possible that the inhibitory
potency and lipophilicity of the alcohols
might be related. The logarithm of the par-

3000
2000l { |
1000} .

[Tnl

Iso
5001 4

AAF=0.28 keal/mole
r=099
1 1 1 1 1
200—3 r 3 3 7

NO. OF C ATOMS (SECONDARY ALCOHOLS)

F1a. 4. Relationship of logarithm of reciprocal
Iy values to carbon chain lengths of secondary alco-
hols

The Iy, values were obtained from Table 5.

tition coefficient (log P) obtained from
Hansch’s data was used as a measure of the
lipophilicity of the alcohol. A plot of
log (1/K;) or log (1/K; corr) against log P
revealed excellent correlation of the two
parameters (Fig. 5). The inhibitory potency
of the alcohol for the primary aliphatic
alcohols was linearily related to log P by
the following equations:

1og% = 060 log P + 3.08, @

r = 097

= 045 log P + 3.38,
r = 0.99

(5)

1
log T,
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TABLE 6
Inhibition of aniline p-hydroxylation by sterically
hindered alcohols
Values are expressed as the means + stan-
dard errors of three determinations. The aniline
concentration was 0.2 mm.

Alcohol Is Log P
mM + SE
3-Pentanol 2.32 + 0.63 1.16
2-Methyl-3-pentanol 7.7 + 1.56 1.44
2,4-Dimethyl-3-penta- 23.9 =+ 6.0 1.74
nol
TaABLE 7
Inhibition of aniline p-hydrozylation by 6-carbon
alcohols

The aniline concentration was 0.2 mmM. Num-
bers in parentheses are the number of experi-
ments.

Alcohol Ig Relative| Log
binding | P
energy®

myM + SE keal/
mole
Pentanol (3) 0.54 = 0.03 | —1.94 | 1.40
2-Pentanol (3) 1.18 + 0.14 | —1.46 | 1.16
2-Methyl-1-buta-
nol (3) 1.40 + 0.03 | —1.35| 1.16
3-Methyl-1-buta-
nol (4) 1.56 = 0.11 | —1.29 | 1.16
3-Pentanol (3) 2.32 4+ 063 | —1.04]1.16
Neopentanol (3) 468 + 0.98| —0.61 | 1.36
tert-Pentyl alco-
hol (3) 367 + 24.8 | +2.08 | 0.89

s Relative to ethanol and calculated as de-
scribed in Table 4.

Similarly, using Is, determinations, an ex-
tremely good correlation was seen between
inhibitory potency and log partition co-
efficient for both primary and secondary
alcohols (Figs. 6 and 7, respectively). The
equations from these plots were:

Primary alcohols (C; — Cr):

logfl; = 0.62 log P + 2.27,
r = 0.98

(6)

COHEN AND MANNERING

50000
20000+
100001
5000
M-I
K
20001
1000} @=——=@ Using observed Ki Volues |
Logg; =060 Log P+308
r=097
Xememe=X Jsing corrected Ki Volues
500 { LoGRroor 045 Log P+338
r=099
1 1 1 1 1 1
%5 o0 o5 10 15 20 25

Log P

F16. 5. Relationship of logarithm of reciprocal
corrected and uncorrected K; values to log P for
primary alcohols

Corrected and uncorrected K; values were ob-
tained from Table 3. P is the octanol/water parti-
tion coefficient obtained from the data of Hansch
and colleagues (2, 11).

Primary alcohols (C; — Cy):

1
log To = 0.47 log P + 2.56, )
r =099
Secondary alcohols:
1
log = 0.35 log P 4 248, (8)

r = 0.99

The use of corrected I5 values did not
improve the correlation obtained for the
secondary alcohols, possibly because of the
high inhibitory potency of 2-propanol. A
combination of the data in Tables 4 and 5
for these primary and secondary alcohols,
excluding methanol, which appeared to be
acting by a different mechanism, gave the
following equation:

log I%o = 0.52log P + 2.33,
r = 095

The excellent correlations observed for
primary and secondary alcohols between

(9)
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F1a. 6. Relationship of logarithm of reciprocal
corrected and uncorrected Iso values to log P for pri-
mary alcohols
Corrected and uncorrected I5o values were ob-
tained from Table 4. P is the octanol/water parti-
tion coefficient obtained from the data of Hansch
and colleagues (2, 11).

inhibitory potency and lipophilicity did not
appear to hold when the studies were ex-
tended to include other branched-chain al-
cohols. As may be seen from Table 6, an
increased partition coefficient of an alcohol
did not increase its inhibitory potency. This
was also seen with the series of 5-carbon
alcohols, in which no correlation of inhibitory
potency and log P was observed (Table 7).
The most striking example of this disparity
was the very weak inhibitory potency of
tert-pentyl alcohol. tert-Butyl alcohol was
unique among the 25 alcohols examined
because it stimulated rather than inhibited
aniline p-hydroxylation. In a concentration
of 12 mm it caused a 35 % stimulation of the
rate of p-hydroxylation of aniline (0.2 mm).

It was thought that Taft’s steric param-
eter E, (12), Hancock’s corrected steric sub-
stituent E,© (13), or the polar substituent
constant ¢* (12), together with log P, might
improve some of the weaker correlations
obtained with the branched-chain alcohols.
E, constants were originally defined by
Taft, using the hydrolysis of aliphatic esters
as the model reaction, and thus are probably
of limited use in this study. For the 17
alcohols (Tables 4 and 5, 3-pentanol I5, =
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F1a. 7. Relationship of logarithm of reciprocal
Iso values to log P for secondary alcohols

The Iy, values were obtained from Table 5. P
is the octanol/water partition coefficient obtained
from the data of Hansch and colleagues (2, 11).

2.32 mM, neopentanol I;, = 4.68 mm,
3-hexanol Iy, = 2.95 mM, 2-methyl-1-pro-
panol I5, = 2.44 mM, and benzyl alcohol
Iso = 0.48 mm) for which these substituent
constants were available, the data were
analyzed by use of the Hansch multiple
regression program.* The following results
were obtained:

log %o = 0.82(£0.33)

dog P + 1.83(2044), 10)
8 =053,r=080,n=17
logfl;’ = 1.50(=%0.62)
-log P — 0.36(=0.29) (11)
-(log P)* + 1.75(+0.38),
s =044,r =098, n =17
logliw = 2.09(240.50)
-log P — 0.58(+0.22)
(log P)* + 063(03)E, 12

+ 2.03(+0.29),
8 =029,r=09,n=17

¢ We thank Dr. Corwin Hansch, one of the re-
viewers of the manuscript, for his suggestions of
the use of E, and o* in the analysis of our data
and his derivation of Egs. 10-12.
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where s is the standard deviation from the
regression, n is the number of experimental
points used in deriving the expression, and
the figures in parentheses are the 95% con-
fidence intervals. The most significant single-
variable equation was that of log P (Eq.
10), whereas the most significant two-vari-
able equation was Eq. 11, indicating that
(log P)? was the next most important vari-
able. Equation 12 was the most significant
three-variable equation, and the inclusion
of E, greatly improved the correlation. Addi-
tion of o* resulted in a lowering of the vari-
ance but was not significant at @ = 0.1.
Similarly, the addition of E,© did not result
in significant improvement of the data.
Inhibitory effect of butylamine on ethyl-
morphine and aniline metabolism. Jefcoate
et al. (23), while studying the type II spec-
tral binding properties of N-alkylamines,
noted that concentration-dependent spectral
changes obeyed two binding constants, K,
and K. A linear correlation was observed
between the logarithm of the spectral bind-
ing constants and increasing alkylamine
chain length. The free energies of binding
per methylene group were 0.75 (K,) and
0.65 (K3) kcal/mole. This led to their postu-
lation of a hydrophobic spectral binding site
in the heme region of cytochrome P-450. A
limitation of binding values was reached with
alkylamines with more than 8 carbon atoms,
and branching of the alkyl chain severely
weakened the binding. Their failure to ob-
serve spectral binding with tert-pentylamine
and their observation of the adverse effect of
branching on binding, together with our
observation of a much lesser inhibitory
potency of the branched-chain alcohols, sug-
gest the equivalence of their hydrophobic
spectral binding site and our alcohol hy-
drophobic binding site. Further support for
this idea comes from our observation that
butylamine resembles the alcohols in its
selective inhibition of aniline p-hydroxyla-
tion. The inhibition was competitive, with
a K; of 0.52 mm, which compares favorably
with the K; of 0.20 mm (Table 3) for the
inhibition of aniline p-hydroxylation by
butanol. Butylamine also resembled the
alcohols in its lack of potency as an inhibitor
of ethylmorphine metabolism; a 40 mm con-
centration of butylamine inhibited the N-de-
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methylation of ethylmorphine (1 mm) by
only 30 %.

The lack of binding of alkylamines of
chain length greater than 8 carbon atoms,
as well as some tendency of the inhibitory
potency of the alcohols to fall off at 7 carbon
atoms, suggests that the size of the hydro-
phobic site may be limited to 7 or 8 carbon
atoms. The additional studies that would be
necessary to support this view are not prac-
tical because of the insolubility of the higher
alcohols in the aqueous medium.

Use of a fluorescent probe to explore loca-
tion of hydrophobic site in microsomes. The
hydrophobic binding site could reside either
in the microsomal membrane or in the
microsomal protein. ANS has been used as a
fluorescent probe for hydrophobic binding
sites of many systems, including erythrocyte
membranes, mitochondria, and sarcoplasmic
reticulum. Recently DiAugustine et al. (10)
showed that ANS binds to hepatic micro-
somes and that it binds to phospholipid
rather than to protein or heme. An enhance-
ment of the ANS fluorescence was observed
in the presence of the type I compound
benzphetamine, and a decrease in the pres-
ence of the type II compound warfarin. We
were able to confirm these observations.
Eling and DiAugustine (24) suggested that
ANS fluorescence in microsomes was due to
its binding to membrane phospholipids. This
conclusion was supported by their observa-
tion that digestion of microsomes with phos-
pholipase C or D caused a decrease of ANS
fluorescence, which was related to the phos-
pholipid content of the microsomes. ANS
fluorescence was also increased by the pres-
ence of phospholipid micelles, and the
modification of the ANS-microsome and
ANS-phospholipid fluorescence by drugs was
similar. We observed that aniline (0.2 mm)
and ethanol (12 mm), either alone or in
combination, did not alter the ANS-en-
hanced fluorescence of microsomes. This sug-
gests that the hydrophobic binding site re-
vealed by our kinetic studies resides in the
protein rather than the phospholipid portion
of the microsomal membrane.

DISCUSSION

The marked inhibitory effects of primary
alcohols on the metabolism of aniline, a
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type 1I compound, and the relative in-
ability of the same alcohols to inhibit the
metabolism of ethylmorphine and other type
I compounds are in agreement with the ob-
servation of Rubin et al. (25) that ethanol
selectively inhibited the metabolism of type
II compounds. This differential inhibition
might be explained in several ways. (a)
Alcohols might cause conformational changes
which alter the binding of type II com-
pounds, but not that of type I compounds.
(b) The type I and type II compounds may
cause different conformational changes in
either the protein or the lipid of the mem-
brane, after which ethanol can inhibit the
metabolism of some type II compounds,
but not that of type I compounds. (c)
Different enzymes or different sites on the
same enzyme may be responsible for the
metabolism of Type I and II compounds;
only that enzyme or site associated with the
metabolism of type II compounds may be
susceptible to alcohol inhibition.

With the present evidence it is difficult to
decide among these alternatives, but (c)
seems more likely than the others. Ethanol
and other primary alcohols in molar con-
centrations give a modified type II difference
spectrum with oxidized microsomes. The
similarity of the modified type II spectrum
to an inverted type I spectrum has led to the
speculation that it represents the inverse
spectral expression of an unidentified endog-
enous type I compound associated with
microsomes in the reference cuvette, which
is made to appear by displacement of the
same compound by alcohol in the sample
cuvette (26). However, much higher concen-
trations of alcohols are required to produce
these inverse type I spectra than are re-
quired for inhibition of aniline p-hydroxyla-
tion; for example, an Is, concentration of
ethanol does not affect aniline spectral bind-
ing (Table 2), nor does this concentration of
ethanol produce changes in the difference
spectrum of oxidized microsomes. This tends
to eliminate (a), but does not exclude the
possibility that ethanol may cause a con-
formational change that is not expressed
spectrally or that the spectral binding site
of aniline is not related to the metabolic
site. The lack of agreement between the
spectral dissociation constant (K,) and the
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K,, for aniline (27) provides some evidence
for the latter possibility.

That the type I conformational change
was not required to prevent the inhibition
by ethanol was shown by the failure of
ethanol to inhibit the N-demethylation of
ethylmorphine from microsomes treated with
either phospholipase C (15) or SKF 525-A
(16). Ethanol (12 mm) and aniline (0.2 mm),
either alone or in combination, did not
markedly affect ethylmorphine N-demeth-
ylation. Thus the type II conformational
change produced by aniline did not increase
the inhibitory effect of ethanol on ethyl-
morphine N-demethylation. These observa-
tions tend to rule out (b), leaving (c) the
most likely possibility.

Since generally it is those drugs with high
lipid solubility which react with the drug-
metabolizing system, the active area of
cytochrome P-450 has been assumed to be
in contact with or embedded in a highly
hydrophobic part of cytochrome P-450 pro-
tein or in lipids of the microsomal membrane.
Since this generalization applies to type I
compounds, and since the hydrophobic site,
as revealed by our inhibition studies, does
not appear to be related to the metabolism
of type I compounds, at least two hydro-
phobic regions must exist in microsomes.
This is in agreement with recent findings of
Ullrich and Weber (28), who obtained bi-
phasic Lineweaver-Burk plots for the
O-dealkylation of 7-ethoxycoumarin and ob-
served that of the two apparent dealkylation
reactions, the reaction with the higher affinity
was much more sensitive to inhibition by
1-hexanol.

Ethyl isocyanide combines with reduced
cytochrome P-450 to form Soret peaks at
430 nm and 455 nm (29). The relative heights
of these peaks depend on pH and ionic
strength. Low concentrations of some al-
cohols affected the Auss:Asso ratio of the
ethyl isocyanide difference spectrum of cyto-
chrome P-450 without conversion of P-450
to P-420, and the ability of the alcohols to
alter the spectrum increased with increasing
chain length and hydrophobicity.® It was
suggested that this was due to an increase

5 Unpublished results of Y. Imai and H. 8.
Mason, cited by Imai and Siekevitz (30).
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in the hydrophobicity of the environment of
cytochrome P-450 by the addition of hydro-
phobic side chains of the alcohols. The 455
nm peak was also proposed to be specifically
related to a hydrophobic interaction of heme
with the environment within the membrane.
We found that the I;, concentrations of
ethanol (12 mM) and aniline (0.2 mM), either
alone or in combination, did not affect either
the 455 or 430 nm peak heights produced by
ethyl isocyanide binding to dithionite-re-
duced microsomes. This suggests that the
hydrophobic binding site in our studies is not
associated with the hydrophobic interaction
of the heme with its membrane environment,
as was suggested by the ethyl isocyanide
spectrum. However, the possibility cannot
be excluded either that the measurement of
aniline p-hydroxylation is a more sensitive
index of the interaction of heme with its
environment or that the affinity of ethyl
isocyanide for this site is much greater than
that of ethanol. The latter possibility seems
unlikely, because higher alcohols did affect
the A455:A4ao ratio (30).

The observation that a concentration of
ethanol (12 mm) which caused 50% in-
hibition of aniline p-hydroxylation (0.2 mm)
had no effect on NADPH oxidase, NADPH-
cytochrome ¢ reductase, NADPH-cyto-
chrome P-450 reductase, or aniline spectral
binding suggests that the rate-limiting step
of aniline p-hydroxylation is at some stage
beyond the reduction of cytochrome P-450,
possibly at the addition of the second elec-
tron. Aniline and other type II compounds
have been shown by Gigon et al. (6) to slow
the rate of reduction of cytochrome P-450.
However, the concentration of aniline (2
mMm) used in their experiments was much
greater than those used in our metabolism
studies, namely, 0.04-0.2 mM, at which con-
centrations no effect on NADPH-cyto-
chrome P-450 reductase activity was ob-
served (Table 2).

The competitive nature of the alcohol
inhibition (Fig. 1) and the low concentra-
tions required (Table 3) suggest a specific
action of the alcohols rather than a non-
specific action due to protein denaturation
or membrane perturbation. The specificity
of the reaction was further shown by equa-
tions derived from plots of log (1/K;) and
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log (1/I5,) against log P. Hansch and Dunn
(2) showed that many systems fit the general
Eq. 1, where C is the molar concentration of
drug or, in our case, the molar I5, concentra-
tion. The slope a (Eq. 1) is a measure of
the sensitivity of the system to perturbation
by hydrophobic effects of the drugs. Hansch
and Dunn (2) grouped the slopes in three
classes. (a) Equations with slopes greater
than 0.85 describe those systems most sen-
sitive to hydrophobic effects. In most all
these systems the biological response appears
to be mediated through membranes. Ex-
amples are the partitioning of alcohols be-
tween red cell ghosts and water and the lysis
of protoplasts. (b) Equations with slopes
in the range of 0.40-0.85 describe systems of
intermediate hydrophobic sensitivity. A per-
tinent example is the conversion of cyto-
chrome P-450 to cytocheome P-420 by
aniline or phenols (Table 8). (¢) Equations
with slopes less than 0.4 describe systems
which are relatively insensitive to hydro-
phobic effects. One of the few examples of
these systems is the denaturation of cyto-
chrome ¢ by alcohols.

The inhibition of aniline p-hydroxylation
by primary alcohols falls into the category
of intermediate hydrophobic sensitivity as
determined by Eqs. 4-6; this agrees with our
conclusions regarding the hydrophobic na-
ture of the alcohol-binding site from the cal-
culation of the change of free energy of inter-

TABLE 8

Drug-microsome interactions: conversion of cyto-
chrome P-460 to P-420 and inhibition of aniline
p-hydrozylation by primary alcohols

Equation
1
Phenolse log o 0.57 log P + 0.36
. 1
Anilines log c = 0.67 log P + 0.34

Inhibition of 1
aniline? log X. = 0.60 log P + 3.08
i

a Data taken from Ichikawa and Yamano as
calculated by Hansch and Dunn (2) for the con-
version of cytochrome P-450 to P-420.

® Equation obtained from Fig. 5.
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action. The slope of 0.35 obtained for the
secondary alcohols suggests a system of low
hydrophobic sensitivity. This may mean
that the secondary alcohols do not fit the
hydrophobic site as well as the primary
alcohols. However, the slope is lowered con-
siderably by the inclusion in the series of
2-propanol, which exhibits an exceptionally
high inhibitory potency, and of 2-heptanol,
with which there appears to be some falling
off of activity. The high inhibitory potency
of 2-propanol also explains why the use of
corrected I, values for the secondary al-
cohols does not improve the correlation.

The value of the intercept b (Eq. 1) is a
function of the sensitivity of the biochemical
system and the intrinsic activity of a given
set of congeners. It also will depend in part
on the level of standard response used in the
experiment; for example, if an I;5 had been
used rather than an I5, a lower intercept
would have been obtained. The intercepts
permit comparisons between different sets of
congeners acting on different systems. A
comparison of intercepts means a comparison
under isolipophilic conditions because, when
log P = 0, P = 1. Table 8 shows a compari-
son of some of our data with those of
Ichikawa and Yamano for the conversion of
P-450 to P-420 as calculated by Hansch and
Dunn (2). Their intercepts of 0.34 and 0.36
characterize the conversion of P-450 to
P-420 as a nonspecific process involving the
perturbation of macromolecules by organic
compounds. The very high intercept of about
3 found for the inhibition of aniline p-hy-
droxylation suggests a system of very high
sensitivity. The increased sensitivity also
implies increased specificity. In general,
equations correlating simple neutral com-
pounds do not yield intercepts above 2. This
system appears to be one of the most sen-
sitive ascribed to alcohol inhibition. The only
example given by Hansch and Dunn (2) of a
biological system more sensitive to alcohols
is the I; for sheep liver esterase, which has
an intercept of 3.69. High intercepts are also
obtained when alcohols are given in the
vapor phase, as was shown in studies of the
toxicity of alcohol vapors to tomato plants
and red spiders.

Extremely good correlation of log (1/K;)
against both increasing carbon chain length
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and log P was observed, despite the fact
that the values for ethanol fit the plots
poorly (Figs. 2 and 5). This deviation of
ethanol from the pattern established with
the higher alcohols suggested that the in-
creasein inhibitory effect seen with increasing
chain length might simply reflect the parti-
tion of the alcohols between membrane lipid
and the aqueous medium as determined by
the P values of the alcohols, in which case
one would not require a hydrophobic site on
the enzyme to explain the inhibitory effect;
all the alcohols would exhibit an identical
inhibitory effect at a given molar concentra-
tion of alcohol in the lipid of the membrane.
Accordingly, ethanol, with the lowest P
value, would be expected to have the
log (1/K;) value most deviant from the
linear decline in log (1/K,) values observed
with increasing chain length. Although the
energy relationships and inhibition kinetics
argue for a more specific hydrophobic site
than one which simply reflects the partition
between the medium and the membrane
lipid, it seemed that a more accurate assess-
ment of the hydrophobic site might be ob-
tained if the suspended microsome were
visualized as a three- rather than a two-com-
partment system, with one equilibrium of
the drug established between the medium
and the membrane lipid and another between
the membrane lipid and the enzyme. This
would seem a reasonable model because
cytochrome P-450, the terminal oxidase of
the enzyme system, is thought to be
thoroughly embedded in the lipid membrane.
This has been deduced from the dependence
of membrane-bound cytochrome P-450 on
the membrane for certain of its spectral
and biochemical properties and from the dif-
ficulties that have been experienced in at-
tempts to solubilize the cytochrome in a
form that retains all of its native charac-
teristics (18). The corrected K; and I,
values calculated according to Eq. 3 repre-
sent the concentration of the alcohol in the
lipid phase of the microsomes, assuming a
single partition between the aqueous medium
and the membrane lipid. The largest dif-
ferences between corrected and observed K
and I, values occur with the lowest mem-
bers of the series, particularly with ethanol
(Tables 3 and 4). A plot of log (1/K; corr)
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or log (1/I50 corr) against increasing carbon
chain length and log P now gives straight
lines with slightly decreased slopes which
pass through all the points, including that
representing ethanol (Figs. 2, 3, 5, and 6).
The slopes obtained using corrected K;
values (Figs. 2 and 5) show that the increas-
ing carbon chain length of the alcohol is
responsible for the inhibition and not simply
that the increase in carbon chain length
causes an increased concentration of the
alcohol in the lipid phase of the membrane.
In other words, the inhibitory effect results
from an interaction of the alcohol with the
enzyme rather than from the accumulation
of equimolar amounts of the alcohols in the
lipid phase of the membrane.

The very low activity of methanol as an
inhibitor of aniline p-hydroxylation is strik-
ing. The binding energy of methanol relative
to ethanol is 2.8 keal/mole (Table 4). This is
typical of the value expected for hydrogen
bonding (21) and suggests that the first
requirement for inhibition of aniline p-hy-
droxylation is hydrogen bond formation
between the hydroxyl group of the alcohol
and some site on the enzyme, conceivably
the site where the amino group of aniline
might bind. The tert-pentyl alcohol is also a
very poor inhibitor of aniline p-hydroxyla-
tion (Table 7), probably because hydrogen
bond formation is sterically hindered by the
methyl groups. The wide differences between
methanol and tert-pentyl alcohol in their
lipid solubilities and in their potentials for
hydrogen bonding suggest that methanol is a
poor inhibitor even though it is capable of
hydrogen bonding, because it is lacking in
lipophilicity, whereas tert-pentyl alcohol fails
as an inhibitor even though it is highly
lipophilic, because it is lacking in hydrogen-
bonding capability. Once the hydrogen bond
has formed, hydrophobic interactions assume
importance. This is clearly shown by the
increasing inhibitory potency of the primary
alcohols with increasing carbon chain length.
The AAF per methylene group of 0.48 kcal/
mole is typical of a hydrophobic interaction
between the alcohol and some nonpolar site
on the enzyme.

Except for 2-propanol, the secondary al-
cohols are all less potent than corresponding
primary alcohols of the same carbon chain
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length (compare Tables 4 and 5). Thus it
appears that the methyl group attached to
the carbon bearing the hydroxyl group does
not bind to the enzyme, or that this methyl
group interacts with the protein, causing a
conformational change such that the rest of
the alcohol can no longer interact as effec-
tively with the enzyme. The results with
pentanol, 2-pentanol, and 3-pentanol sup-
port the first of these hypotheses. 2-Pentanol
had an activity similar to that of butanol;
3-pentanol was less active than 2-pentanol,
but more active than propanol (Tables 4
and 7). Branching of the alkyl side chain
severely hinders the inhibitory potency of
the alcohol, although log P is increased
(Tables 6 and 7). This could be due to inter-
ference with hydrogen bond formation be-
tween the hydroxyl group of the alcohol and
the enzyme or to prevention of the hydro-
phobic interaction. The former appears to be
the case with fert-pentyl alcohol, but with
the other alcohols it is difficult to choose
among these alternatives. The importance
of the hydrophobic nature of the site was
further demonstrated by the very weak in-
hibitory action of 1,3-propanediol (Iso =
73.4 mM) and 1,4-butanediol (I50 = 25.8
mM) on aniline p-hydroxylation.

For the 17 alcohols for which the sub-
stituent constants E,, E., ¢* and log P
were available, Eq. 10, using log P, gave
the most significant single-variable equation,
stressing the importance of lipophilicity in
the alcohol inhibition of aniline p-hydroxyla-
tion. The fact that the most significant two-
variable equation was that containing
(log P)? indicated that parabolic dependence
on log P as predicted by the random walk
process was very important (log P, = 2.1).
A parabolic dependence of inhibitory po-
tency on P with a P, of 2.1 would offer an
alternative explanation for the lower activity
of both ethanol and heptanol (log P = 2.53).
However, for the 23 alcohols for which both
P values and inhibition data were available,
addition of a (log P)? term did not signifi-
cantly improve the correlation over log P
alone.

Equation 12, containing an E, term, was
the most significant three-variable equa-
tion; E, greatly improved the correlation.
The significance of the E, term supports our
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earlier suggestion of steric interference by
the alkyl chain of the alcohol either with
hydrogen bond formation between the hy-
droxyl group of the alcohol and the enzyme
or with prevention of the hydrophobic bind-
ing.
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