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SUMMARY

Various 4-alkyl analogues of 3,5-diethoxycarbonyl-1 ,4-dihydro-
2,4,6-trimethylpyridine (DDC) cause mechanism-based inactiva-
tion of cytochrome P450 (P-450) by destroying the heme pros-
thetic group. We have examined the isozyme selectivity of rep-
resentative DDC analogues with respect to the major inducible
P-450 isozymes of rat liver. Hepatic microsomes from untreated,
phenobarbital (PB)-treated, fl-naphthoflavone ($NF)-treated, and
dexamethasone (DEX)-treated rats were incubated with a DDC

analogue and NADPH and were subsequently analyzed for P-
450 and heme content, P450 isozyme immunoreactivity, and

enzyme activity. Compared with the uninduced state, 4-isopro-
pyl-DDC caused slightly less P-450 destruction following I3NF
induction and much greater destruction following DEX pretreat-
ment. Also, 4-hexyl-DDC was found to cause less P450 destruc-
tion following PB or DEX pretreatment, compared with results

obtained with untreated rats. These results suggest that DOG
analogues possess different isozyme selectivity profiles. Mono-

clonal antibodies (MAbs) directed against the major inducible

isozymes of P450 were used to probe Western blots of micro-
somal protein following DDC analogue treatment. The formation
of lower molecular mass (45-55 kDa) immunoreactive proteins
in microsomes from flNF-treated rats following DOG analogue
treatment was revealed by two MAbs (1 -31 -2 and 1-36-1),
suggesting that the apoprotein of the major j3NF-inducible iso-

zyme, P-450c, is subject to alteration by DOG analogues. In
microsomes from DEX-treated rats, DOG analogues caused the
formation of higher molecular mass (80, 94, and 1 1 5 kOa)
proteins showing immunoreactivity with MAb 2-1 3-1 , directed
against a major DEX-inducible isozyme belonging to the P-450p
family. These immunochemical findings are supported by the
demonstration that DOG analogues also caused mechanism-
based inhibition of the catalytic activity of P-450c (7-ethoxyre-
sorufin O-deethylase) and P-450p (erythromycin N-demethylase)
but not that of the major PB-inducible isozyme, P-450b (7-
pentoxyresorufin O-dealkylase). The combined immunochemical
and enzymic studies indicate that rat liver P-450 c and p are
targets for mechanism-based inactivation by DOG analogues.

The dihydropyridine DDC (Fig. 1, compound a) and various

4-alkyl analogues (Fig. 1, compounds b-e) are porphyrinogenic

compounds that are valuable in the study of the regulation of

heme biosynthesis (1). DDC analogues cause mechanism-based

or suicidal inactivation of P-450 (2-4). Current ideas suggest

that a radical cation is formed by the one-electron oxidation of

the DDC analogue’s nitrogen atom by P-450, and this is fol-

lowed by ejection of the 4-alkyl radical, which, in most cases,

alkylates one of the four pyrrole nitrogens of the P-450 heme

prosthetic group (2). The result is the production of the four

regioisomers of the corresponding N-alkylPP, which differ with

respect to the pyrrole ring (A, B, C, or D) nitrogen that is
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alkylated (5-7). The N-alkylPP thus formed inhibits ferroche-

latase (EC 4.99.1.1) (3, 4, 7), resulting in the accumulation of

protoporphyrin IX. In the case of N-alkylPPs with an N-alkyl

group other than methyl, the ferrochelatase-inhibitory activity

resides preferentially in the NA and NB regioisomers (1, 7).

With various DDC analogues, the fate of the P-450 heme and

the regioselectivity of heme alkylation differ (5-7), thus affect-

ing the ability of these compounds to inhibit ferrochelatase (7).

Recently, it has become apparent that suicide substrates of P-

450 such as 4-ethyl-DDC (Fig. 1, compound b) and AlA not

only cause formation of N-alkylPPs but also activate the pros-

thetic heme to products that bind irreversibly to the apoprotein

(8,9).

DDC analogues that inactivate P-450 can be classified into

three groups. The first group, typified by 4-ethyl-DDC (Fig. 1,

compound b) and 4-hexyl-DDC (Fig. 1, compound e), destroys
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Immunodetection of P-450 isozymes. Samples from each of the

EtOOC�,>�7 COOEt

H3C N Cl3

H

Fig. 1. Structure of dihydropyridine analogues. a, A = -CH3, DDC; b,
A = -CH2GH3, 4-ethyl-DOC; C, A = -CH(CH3)�, 4-isopropyl-DDC; d, A
= -CH2CH(CH3)�, 4-isobutyl-DOC; e, A = -(CH2)5CH3, 4-hexyl-DOC.

P-450 heme, leading to the formation of an N-alkylPP that

inhibits ferrochelatase. The second group, typified by 4-isopro-

pyl-DDC (Fig. 1, compound c), destroys P-450 heme, but the

heme is believed to be degraded to products other than an N-

alkylPP (2) and, hence ferrochelatase is not inhibited. The

third group, typified by 4-isobutyl-DDC (Fig. 1, compound d),

destroys P-450 heme, leading to the formation of an N-alkylPP;

however, because of the regioisomer composition of the result-

ing N-alkylPP, this compound is essentially devoid of ferroche-

latase-inhibitory activity (4, 7).

Multiple isozymes of P-450 exist (10), making it difficult to

define the role that individual forms play in biotransformation.

Isozymes that are inducible by xenobiotics are particularly

amenable to study. Polycyclic aromatic hydrocarbons such as

�NF and MC induce members of the P-450IA subfamily (P-

450 c and d),2 PB induces isozymes in the P-4501IB subfamily

(P-450 b and e), and steroids such as DEX and PCN induce P-

450I11A subfamily isozymes (P-450p and related forms).

In order to clarify the porphyrinogenic mechanisms of the

DDC analogues, we wish to determine whether the interaction

of DDC analogues with specific P-450 isozymes determines the

regioisomer composition of the resulting N-alkylPP and, hence,

determines the ferrochelatase-lowering activity and porphyri-

nogenicity of these compounds. Few studies have examined the

isozyme selectivity of DDC analogues. Recently, Tephly et at.

(19) have shown that the administration of 4-ethyl-DDC to

rats leads to a loss of the immunoreactive protein moiety of P-

450 isozymes c, h, k, and p. This was the first demonstration

of such a loss of the P-450 apoprotein caused by a DDC

analogue. In addition, Correia et at. (20) demonstrated that

administration of 4-ethyl-DDC to rats results in the loss of

catalytic markers selective for isozymes h, k, and p. In partic-

ular, this group has identified the steroid-inducible P-450p

isozyme as a key target for mechanism-based inactivation by

4-ethyl-DDC. Heme-protein adduct formation, as opposed to

N-alkylation, appears to be the major fate of the prosthetic

heme of this isozyme (20).

The goal of the present work was to determine the effect of

2 Designations given to apparently equivalent P-450 preparations include the

following P-450a = UT-F, 3 (gene hAl); P-450b = PB-B, PB-4 (gene IIB1); P.
450c = �9NF-B (gene IA1); P-450d = ISF-G (gene 1A2); P-450e = PB-D, PB-S
(gene IIB2); P-450h = UT-A, 2c, RLM5, male (gene IIC11); P-450k = PB-C, PB-
1 (gene 11C6) (10-12). At present, there is confusion in the literature concerning
the nomenclature of members of the steroid-inducible lIlA subfamily. It has been
established that the PCN-inducible isozyme P-450p (13) is equivalent to PCN1

(14) and PCNa (15) and this isozyme has the gene designation IIIA1 (11). It

appears that a second PCN-inducible isozyme exists, which has been referred to
as PB/PCN-E (16), PB-2a (17), and PCNb (15). In addition, closely related
constitutive male forms such as PCN2 (14), PCNc (18), and 2a (12) have been
reported. For the purpose of this manuscript, the term P-450p is used in a general
sense to refer to closely related isozymes of the steroid-inducible P.450 lilA
subfamily.

DDC analogues on the catalytic activities and apoprotein moie-

ties of the three major families of inducible P-450 isozymes in

an in vitro microsomal preparation. The major isozymes in-

duced by PB, I3NF, and DEX are referred to as P-450 b, c, and

p, respectively.

Materials and Methods

Source of compounds. DDC analogues were synthesized as de-

scribed previously (2, 4). MAbs were prepared by the hybridoma method
described previously (21-23). AlA was obtained as a gift from Hoffman-
LaRoche, Ltd. (Vaudreil, Quebec), and 1-aminobenzotriazole was pro-
vided by Dr. P. R. Ortiz de Montellano (Department of Pharmaceutical

Chemistry, University of California, San Francisco, CA). Chemicals
were purchased from the following sources: sodium PB, Allen & Han-

burys (Toronto, Ontario); flNF Aldrich Chemical Co. (Milwaukee WI);

resorufin, 7-ethoxyresorufin, and 7-pentoxyresorufin, Molecular

Probes, Inc. (Eugene, OR); DEX, NADPH, and erythromycin, Sigma

Chemical Co. (St. Louis, MO); and molecular weight standards, Phar-
macia Fine Chemicals (Piscataway, NJ). All other chemicals for elec-

trophoresis, blotting, and immunodetection were purchased from Bio-

Rad Laboratories (Richmond, CA).

Animals and treatment. Male Sprague-Dawley rats (250-300 g)
were obtained from Charles River Canada, Inc. (St.-Constant, Quebec).

The rats were fed Purina Lab Chow and water ad libitum and were
housed under controlled conditions (22’, 12-hr light/12-hr dark cycle).
Rats either received no treatment or were injected intraperitoneally

with PB (80 mg/kg in water daily for 4 days), $NF (40 mg/kg in corn
oil daily for 3 days), or DEX (100 mg/kg in corn oil daily for 4 days).

Preparation and storage of hepatic microsomes. Twenty-four

hours after the last treatment, animals were sacrificed by decapitation.
Livers were perfused in situ with ice-cold 1.15% KC1, removed, weighed,
and homogenized in 4 volumes of cold phosphate-buffered KC1 (1.15%

KC1, 10 mM K2HPO4, pH 7.4). Microsomes were isolated by differential

centrifugation, as described previously (3). The final microsomal pellet
was either used immediately or frozen in polypropylene ultracentrifuge

tubes by immersion in liquid nitrogen. These microsomes were stored
at -70’ for periods of up to 2 weeks, with no loss of P-450 and heme
content (data not shown).

Inactivation of microsomal P-450 and heme. The general pro-
cedure has been described previously (3). Microsomal pellets corre-

sponding to 1 g of liver were resuspended in a total volume of 5 ml of

0.1 M K2HPO4 buffer (pH 7.4) containing 1.5 mM EDTA. The micro-

somal suspension was diluted 2-fold with the above incubation buffer
and a DDC analogue in 95% ethanol (10 �sl) was added to this suspen-
sion (4 ml) to yield a final concentration of 0.45 mM. The microsomal

suspension was incubated in the presence of the DDC analogue and 1.0
mM NADPH for 30 mm at 37’ in a shaking water bath. Conditions

were designed to maximize P-450 destruction. When enzyme activities
were to be measured, a 10-fold lower dose of the DDC analogues (i.e.,

45 �M) was used to reduce the effects of residual compound remaining
in the microsomes. In all cases, this dose of DDC analogue caused

significant P-450 and heme destruction. In all experiments, the follow-
ing controls were run concurrently: (a) omission of NADPH and (b)
omission of the DDC analogue. Reactions were terminated by cooling
samples on ice, and P-450 and heme levels were determined spectro-

photometrically by the methods of Omura and Sato (24), as described
previously (3). Under the experimental conditions employed, P-450
content determined by this method did not differ significantly from
that determined by the method of Estabrook et a!. (25). Protein was
assayed by the method of Lowry et at. (26). The susceptibility of

microsomal preparations to lipid peroxidation during this in vitro

incubation was assessed by measuring malondialdehyde formation by
the method of Buege and Aust (27). Determinations were made follow-

ing incubation in the presence of 1.0 mM NADPH and 1.5 mM EDTA
for 0 and 30 mm.
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reaction mixtures described above were solubilized by boiling at 100’

for 5 mm in a solution containing 62.5 mM TrisHC1 (pH 6.8), 2%

sodium dodecyl sulfate, 5% 2-mercaptoethanol, 10% glycerol, and

0.001% bromophenol blue. Microsomal proteins were resolved by so-

dium dodecyl sulfate-polyacrylamide gel electrophoresis in a 7.5% (w/

v) acrylamide resolving gel, by the method of Laemmli (28). The

separated proteins were electrophoretically transferred to nitrocellulose

sheets (0.45 �zm) by the method of Towbin et al. (29). After transfer,

strips of nitrocellulose were stained with Coomassie brilliant blue R-

250 to identify molecular weight standards, and the gels were silver

stained to assess transfer efficiency.

For immunodetection of P-450 isozymes immobilized on nitrocellu-

lose, nonspecific sites were blocked by incubating sheets in TBS (0.02

M Tris.HC1, 0.5 M NaCl, pH 7.5) that contained 3% BSA, for 40 mm,

followed by TBS that contained 0.05% Tween-20, for 20 mm. Sheets

were incubated overnight at 4’ in the presence of the primary MAb

(mouse anti-rat P-450) diluted with TBS that contained 1% BSA.

MAbs directed toward MC-inducible rat liver P-450, MC-P-450 (1-31-
2, 1-36-1), were used at a 1:100 dilution, whereas MAbs directed toward

PB-inducible rat liver P-450, PB-P-450 (2-8-1, 2-66-3), were used at a

1:40 dilution. MAb 2-13-1, directed against the PCN-inducible isozyme,

P-4502a/PCN-E, was used at a 1:1500 dilution. MAb HyHel-9, directed

toward chicken lysozyme, was used as a primary antibody to control
for nonspecific binding in Western blots. These MAbs have been

characterized previously (21-23). After washing in TBS, sheets were
exposed to a goat anti-mouse immunoglobulin G-horseradish peroxi-

dase conjugate, at a 1:2000 dilution in TBS that contained 1% BSA,

for 1 hr at room temperature. After further washing in TBS, a brown

color developed upon the addition of 2.3 mM 3,3’-diaminobenzidine
and 0.015% H202 in TBS. The relative quantities of immunostained
P-450 isozymes in control and DDC analogue-treated microsomal prep-

arations were compared by laser densitometry using an LKB 2202

Ultroscan laser densitometer.

Enzyme assays. Following the inactivation of microsomal P-450

by DDC analogues (45 �sM), microsomes were reharvested by centrifu-

gation for 1 hr at 106,000 x g. Such microsomes were then monitored
for catalytic function using three isozyme-selective enzyme assays.

Microsomal pellets from PB- and $NF-treated rats were resuspended
in 0.1 M Na/K-P04 buffer (pH 7.6) to give 0.1-0.2 mg of protein/ml

and were assayed for 7PRFOD and 7ERFOD activities, respectively,
according to the method of Burke et at. (30). Microsomes were incu-

bated for 2 mm at 37’ in the presence of 5.0 MM of the appropriate

substrate (15 Ml of a 1.0 mM stock in dimethylsulfoxide added to a 3.0-

ml reaction mixture). The reaction was initiated by the addition of

NADPH (final concentration of 0.25 mM) and the formation of the

product, resorufin, was monitored fluorometrically over time using a
Perkin-Elmer LS-5B luminescence spectrometer (excitation and emis-
sion wavelengths, 530 and 585 nm, respectively; slits, 5 nm). The linear

portion of the progress curve was used to estimate initial reaction

velocity. Resorufin formation was quantitated by comparison with a

standard calibration curve relating fluorescence intensity to resorufin

concentration (0-0.2 nmol/ml). For resorufin standards, fluorescence

was always measured in the presence of 5.0 �sM 7-ethoxyresorufin or 7-

pentoxyresorufin in order to mimic experimental conditions. Reaction
conditions were selected to achieve optimal enzyme activity, and reac-

tion velocity was directly proportional to microsomal protein content

over the range 0-0.75 mg/mi. In a separate experiment, we examined
the direct inhibitory effects of 4-ethyl-DDC on 7PRFOD activity in

the absence of a 30-mm preincubation. For this purpose, microsomes
from PB-treated rats were suspended in 0.1 M Na/K-P04 buffer (pH

7.6) to give a protein content of approximately 0.35 mg/mi. Enzyme

activity was measured as described above, with substrate concentra-

tions of 0, 0.5, 1.0, 2.5, and 5.0 �sM, in the absence and presence of 4-

ethyl-DDC (i0� or 10-6 M). Incubations were run to control for effects

of the substrate vehicle (dimethylsulfoxide) and the inhibitor vehicle

(95% ethanol).

Following the 30-mm preincubation and centrifugation described

above, microsomal pellets from DEX-treated rats were resuspended in
0.1 M K2HPO4 buffer (pH 7.4), to yield a final protein content of 0.8-

1.0 mg/mi, and were assayed for ERND activity according to the

method of Wrighton et at. (31). Incubations were run at 37’ in the

presence of 1.0 mM erythromycin and 1.2 mM NADPH for 10 mm and

then analyzed for formaldehyde (HCHO) content. Product formation

was linear with respect to incubation time (0-20 mm) and protein

content (0-3.0 mg/mI).

Statistical analysis. For comparison of independent treatments

with control, a randomized design one-way analysis of variance was
employed. For comparison of treatments and control measurements

derived from the same animal, a repeated measures design one-way

analysis of variance was used. In both cases, significantly different

groups were identified using a Newman-Kuels test (p � 0.05 or 0.01).

Results

In order to examine the isozyme selectivity of DDC ana-

logues, five representative compounds were selected for study.

DDC, 4-ethyl-DDC, and 4-hexyl-DDC are representatives of

the first group, which cause P-450 destruction, N-alkylPP

formation, and ferrochelatase inhibition. 4-Isopropyl-DDC is a

representative of the second group, which destroys P-450 heme

but does not form an N-alkylPP. Finally, 4-isobutyl DDC is

representative of the third group, which also destroys P-450

heme and forms an N-alkylPP and yet does not inhibit ferro-

chelatase.

Effect of P-450 inducers on P-450 and heme loss

caused by DDC analogues. With the exception of DDC, all

compounds tested caused an NADPH-dependent loss of P-450

and heme in microsomes derived from untreated, PB-treated,

�3NF-treated, and DEX-treated rats (Table 1). The inability of

DDC to cause significant loss of P-450 in rat liver microsomes

has been reported previously (2) and contrasts with its ability

to destroy P-450 in chick embryo hepatic microsomes (3).

Examination of the data in Table 1 reveals that, in microsomes

from DEX-treated rats, P-450 and heme levels are significantly

higher following incubation in the presence of a DDC analogue

alone, as compared with incubation in the presence of NADPH

alone. This observation suggested that the process of NADPH-

dependent lipid peroxidation was occurring in these micro-

somes despite the inclusion of 1.5 mM EDTA. Indeed, when we

examined the susceptibility of our microsomal preparations to

lipid peroxidation, it was demonstrated that only microsomes

from DEX-treated rats generated significant amounts of ma-

londialdehyde during a 30-mm incubation in the presence of

1.0 mM NADPH (Table 2). Such lipid peroxidation appears to

result in loss of approximately 20% of the total P-450 in these

microsomes. For this reason, effects of DDC analogues are

expressed with respect to the control incubation in the presence

of NADPH alone.

Because basal levels of P-450 differ in microsomes from

untreated, PB-treated, $NF-treated, and DEX-treated rats, it

is useful to compare the P-450 loss caused by DDC analogues

as a percentage of the basal level in the four microsomal

preparations (Fig. 2). In the case of 4-ethyl-DDC and 4-isobu-

tyl-DDC, induction with PB, I3NF, or DEX has no significant

effect on the fractional degree of P-450 destruction. However,

with 4-isopropyl-DDC, the per cent loss of P-450 was found to

be less in microsomes from f3NF-treated rats, compared with

the uninduced condition. Pretreatment with DEX resulted in

a large increase in P-450 destruction caused by 4-isopropyl-

DDC, compared with the uninduced, PB-induced, or flNF-
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TABLE 1

Effect of DDC analogues on cytochrome P-450 and heme content of hepatic microsomes from untreated, PB-treated, flNF-treated, and
DEX-treated rats
All data are expressed in units of nmol/mg of protein, as means (± standard deviation) of determinations from the number of rats indicated in parentheses.

Condihon
1�itreated PB-treated IiNF-treated DEX�treated

P-450 (5) Heme (5) P-450 (5) Heme (5) P-450 (6) Hems (6) P.450 (10) Heme (7)

nmo!/mg of protein

NADPH 0.96 ± 0.19 2.06 ± 0.21 1.51 ± 0.05 2.97 ± 0.07 1.15 ± 0.16 2.25 ± 0.18 1.70 ± 0.19 2.91 ± 0.31
DDC 0.94±0.14 2.21 ±0.16 1.48±0.17 3.23±0.55 1.24±0.21 2.27±0.26 2.04±0.17� 3.15±0.31�
DDC + NADPH 0.84 ± 0.20 2.07 ± 0.23 1.38 ± 0.03 2.83 ± 0.26 1.16 ± 0.19 2.32 ± 0.19 1.78 ± 0.18 2.80 ± 0.41
Ethyl 0.87 ± 0.11 2.21 ± 0.17 1.47 ± 0.09 3.14 ± 0.20 1.17 ± 0.20 2.32 ± 0.17 2.08 ± 0.16a 3.22 ± 0.37�
Ethyl + NADPH 0.46 ± 0.09� 1.59 ± 0.14� 0.92 ± 0.14� 2.01 ± 0.32a 0.67 ± 0.09� 1.80 ± 0.21� 0.86 ± 0.14� 1.72 ± 0.32a
Isopropyl 0.84 ± 0.11 2.27 ± 0.37 1.48 ± 0.08 2.98 ± 0.29 1.18 ± 0.16 2.32 ± 0.23 2.04 ± 0.16� 3.21 ± 0.40�
Isopropyl + NADPH 0.41 ± 0.09� 1.44 ± 0.11� 0.68 ± o.17� 1.87 ± 0.19� 0.62 ± 0.08� 1.81 ± 0.14� 0.45 ± o.or 1.37 ± 0.26k
Isobutyl 0.83 ± 0.05 2.13 ± 0.16 1.49 ± 0.12 3.04 ± 0.20 1.10 ± 0.16 2.30 ± 0.20 2.00 ± 0.18� 3.14 ± 0.34�
Isobutyl + NADPH 0.53 ± 0.07� 1.61 ± 0.10� 0.98 ± 0.16� 2.47 ± 0.45� 0.67 ± 0.06k 1.86 ± 0.18� 0.78 ± 0.138 1.74 ± 0.46�
Hexyl 0.89 ± 0.06 2.05 ± 0.20 1.53 ± 0.11 3.00 ± 0.25 1.17 ± 0.16 2.26 ± 0.17 2.02 ± 0.14a 3.14 ± 0.37�
Hexyl + NADPH 0.46 ± 0.05a 1.50 ± 0.16� 1.10 ± 0.16k 2.38 ± 0.48a 0.68 ± 0.13� 1.83 ± 0.16� 1.28 ± olga 2.18 ± 0.38�
a Significantly different (p � 0.01 ) from incubation in the presence of NADPH alone, based on repeated measures design one-way analysis of variance and Newman-

Keuls test.

TABLE 2
Susceptibility of rat hepatic microsomal preparations to lipid
peroxidation during incubation at 37#{176}in the presence of 1.5 m�.i
EDTA and 1.0 mM NADPH
Data are expressed as means (± standard deviation) of four determinations.

Rat pretreatment Incubation time Malondialdehyde

mm nmol/mg of protein

None 0
30

2.86 ± 0.68
2.94 ± 0.23

PB 0
30

1.53±0.33
1.15±0.14

flNF 0
30

2.36 ± 0.23
1.87 ±0.33

DEX 0
30

2.14±0.36
3.42±0.15�

a Significantly different (p � 0.01) from 0-mm incubation, based on randomized

design one-way analysis of variance and Newman-Keuls test.

induced state. On the other hand, 4-hexyl-DDC destroyed a

markedly lower percentage of P-450 in microsomes from PB-

treated and DEX-treated rats, compared with that seen in

microsomes from untreated rats. As a positive control for these

studies, two mechanism-based inactivators of known isozyme

selectivity were studied under identical conditions. As shown

previously (32), AlA caused greatest P-450 inactivation in

microsomes from PB-treated rats, whereas 1-aminobenzotria-

zole caused similar degrees of P-450 loss in microsomes from

untreated, PB-treated, and flNF-treated rats (data not shown).

Effect of DDC analogues on P-450isozyme immuno-

reactivity. Following incubation of microsomes with NADPH

and a DDC analogue, the technique of Western blotting was

used to assess the level of immunoreactive apoprotein of the

major inducible isozymes of P-450. In all cases, microsomal

samples derived from a single rat were run concurrently in

adjacent wells on a single gel in order to facilitate comparison

by densitometry. All experiments were repeated using micro-

somes from three or four rats and statistical analyses were

performed on the densitometric data. Conditions employed in

these experiments yielded a linear relationship between micro-

somal P-450 content (0-25 pmol) and the densitometric re-

sponse for each MAb. The control MAb, HyHel-9, demon-

strated no specific interaction with microsomes from untreated,

PB-treated, �3NF-treated, or DEX-treated rats (Fig. 3A). Two

UPBO UPSO UPSO UPBO

Fig. 2. Per cent loss of cytochrome P-450 caused by DDC analogues in
hepatic microsomes from untreated (U), PB-treated (P), $NF-treated (B),

and DEX-treated (0) rats. Loss of P-450 caused by incubation of
microsomes in the presence of a DOG analogue and NADPH was
expressed as a percentage of P-450 levels in microsomes incubated in
the presence of NADPH alone. Each bar represents the mean (± standard
deviation) of determinations from 5 (U and P), 6 (B), or 10 (0) rats.
‘Significantly different (p � 0.01) from P-450 loss observed in micro-
somes from untreated and DEX-treated rats; “significantly different (p
� 0.01 ) from P-450 loss observed in microsomes from untreated rats;
***signifi�ntly different (p � 0.01) from P-450 loss observed in micro-
somes from untreated, PB-treated, and �3NF-treated rats, as determined
by a randomized design one-way analysis of variance and Newman-
Kuels test.

MAbs, 1-31-2 and 1-36-1, recognize a single protein band of

molecular mass 57 kDa in microsomes from flNF-treated rats,

believed to be P-450c (12). After incubation of microsomes

from flNF-treated rats with NADPH and a DDC analogue,

MAbs 1-31-2 (Fig. 3B) and 1-36-1 (Fig. 3C) demonstrated the

presence of lower molecular mass (45-55 kDa) immunoreactive

proteins. These bands were significantly increased, compared

with their levels in microsomal samples incubated in the pres-

ence of NADPH alone (Fig. 3, B and C, kine 1 ). Despite this

significant accumulation of lower mass proteins after DDC

analogue treatment, the main band recognized by these MAbs
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630 Riddick et a!.

Fig. 3. Western blots of rat hepatic microsomal protein.
Gel slots were loaded with 1 -8 �g of microsomal pro-
tein. Numbers indicate distance of migration of molec-
ular mass standards; 94 kOa, phosphorylase a; 67 kOa,
BSA; 43 kDa, ovalbumin. A, Lack of specific staining
observed with MAb HyHel-9 with microsomes from
untreated (lane 1), PB-treated (lane 2), flNF-treated
(lane 3), and DEX-treated (lane 4) rats. B, MAb 1-31-2
immunoreactivity in microsomes from a flNF-treated rat,
incubated in the presence of NADPH alone (lane 1), or
NADPH plus 4-ethyl-DOG (lane 2), 4-isopropyl-DDG
(lane 3), 4-isobutyl-DOG (lane 4), and 4-hexyl-ODG
(lane 5). C, MAb 1-36-1 immunoreactivity in micro-
somes from a flNF-treated rat. Lanes represent same
treatments as in B. 0, MAb 2-66-3 immunoreactivity in
microsomes from a PB-treated rat. Lanes represent
same treatments as in B. E, MAI 2-8-1 immunoreactiv-
ity in microsomes from a PB-treated rat. Lanes repre-
sent same treatments as in B. F, MAb 2-1 3-1 immu-
noreactivity in microsomes from a DEX-treated rat.
Lanes represent same treatments as in B.

showed no alteration in immunoreactivity, even though the

amount of microsomal protein used was always within the

linear range of densitometric response.

MAbs 2-66-3 and 2-8-1, developed against the major PB-

inducible isozyme of P-450, recognize a broad diffuse protein

band of molecular mass 52-54 kDa in microsomes from PB-

treated rats. These MAbs show highest reactivity with P-450b

but also cross-react with other PB-inducible isozymes such as

P-450 e and k, as well as P-450a (12). When microsomes from

PB-treated rats were treated with NADPH and a DDC ana-

logue, no alteration in MAb 2-66-3 (Fig. 3D) or 2-8-1 (Fig. 3E)

immunoreactivity was detected.

MAb 2-13-1 recognizes a single protein band of molecular

mass 54 kDa that is believed to represent the DEX-inducible

PB-2a/PCN-E isozyme (12). This MAb also demonstrates

cross-reactivity with the closely related P-450 2a form, a con-

stitutive male-specific isozyme (12). It is not clear which, if

any, other isozymes of the steroid-inducible (lIlA) subfamily

are recognized by this MAb. We have used MAb 2-13-1 as a

probe for immunoreactive protein moieties representative of

the P-450p-related family of isozymes. Consistent with reports

of others concerning the properties of PCN-inducible isozymes

(31), the epitope recognized by MAb 2-13-1 was detected in

microsomes from untreated and flNF-treated rats and was

induced slightly by PB pretreatment (data not shown). The

immunoreactivity was enhanced severalfold by DEX pretreat-

ment. When microsomes from DEX-treated rats were incu-

bated in the presence of a DDC analogue and NADPH, higher

molecular mass (80, 94, and 115 kDa) immunoreactive proteins

were detected at significantly higher levels than those in the

control incubation in the presence of NADPH alone (Fig. 3F).

Once again, this altered pattern of immunoreactivity was seen

under conditions in which the main band recognized by MAb

2-13-1 did not change in density.

Effect of DDC analogues on microsomal enzyme activ-

ities. Following incubation of microsomes with NADPH and a

DDC analogue, microsomes were reharvested by ultracentrifu-

gation and assayed for functional activities. In initial experi-

ments, DDC analogues were used at a concentration of 0.45

mM to cause maximal P-450 destruction. However, after cen-

trifugation, residual DDC analogue apparently remained in the

microsomes, making it difficult to assess contributions from

mechanism-based enzyme inactivation and simple enzyme in-

hibition. This problem was largely eliminated by employing a

DDC analogue dose of 45 sM in the initial preincubation. Three

enzyme assays have been used to selectively probe the catalytic

activity of the major inducible isozymes.

First, 7ERFOD activity in microsomes from f3NF-treated

rats has been used as a selective marker for P-450c activity

(30). As shown in Fig. 4, all compounds except DDC caused

significant NADPH-dependent inhibition of 7ERFOD activity.

Although NADPH dependence is only one criterion for mech-

anism-based inactivation of P-450, we believe that our data

together with the known effects of these compounds on micro-

somal P-450 implicate P-450c as a target for mechanism-based

inactivation by DDC analogues. One analogue, 4-isobutyl-DDC

also causes inhibition of 7ERFOD activity when incubated in

the absence of NADPH. This NADPH-independent inhibition

likely results from the inability of centrifugation to remove

residual 4-isobutyl-DDC.

Second, we have employed 7PRFOD activity in microsomes

from PB-treated rats as a marker for P-450b function (30). All
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Fig. 4. Effect of DDC analogues on 7-ethoxyresorufin O-deethylase
activity in microsomes from flNF-treated rats. Microsomes were incu-
bated for 30 mm with the respective DOC analogue in the presence (+)
or absence (-) of NADPH, reharvested by centrifugation, and then
assayed for enzyme activity. Control (CON) represents initial incubation
in the presence of NADPH alone. Each bar represents the mean (±
standard deviation) of determinations from four rats. ‘Significantly differ-
ent (p � 0.01) from control; “significantly different (p � 0.01) from
control and incubation in the presence of the respective DDC analogue
in the absence of NADPH, as determined by a repeated-measures design
one-way analysis of variance and Newman-Kuels test.
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Fig. 5. Effect of DOG analogues on 7PRFOO activity in microsomes from
PB-treated rats. Legend as in Fig. 4, except **sign�ficantly different (p � CON DCC ETHYL ISOPROPYL ISOBUTYL HEXYL

0.01) from control and incubation in the presence of the respective DOG
analogue and NADPH.
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Fig. 7. Effect of DDC analogues on ERND activity in microsomes from
OEX-treated rats. Legend as in Fig. 4.
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compounds, including DDC, caused significant inhibition of

this marker activity (Fig. 5). However, in this case, greater

inhibition is seen in the absence of NADPH, and inclusion of

NADPH in the initial preincubation tends to return activity

toward control levels, presumably by allowing the DDC ana-

logues to be metabolized to producth that do not interfere with

7PRFOD activity. Such a pattern of inhibition is inconsistent

with mechanism-based inactivation ofP-450b. The data suggest

that DDC analogues are not removed from microsomes from

PB-treated rats by centrifugation and that these compounds

directly inhibit P-450b function in a nonsuicidal fashion. We

have performed kinetic analyses to examine this direct

NADPH-independent inhibition of 7PRFOD activity by 4-

ethyl-DDC in greater detail. Using various concentrations of

the substrate 7-pentoxyresorufin, we have measured activity in

HEXYL the absence and presence of 10_8 and 10� M 4-ethyl-DDC. An
Eadie-Hofstee plot (Fig. 6) demonstrates that 4-ethyl-DDC

functions as a reversible mixed-type inhibitor, influencing both

the apparent Km and Vma. for this reaction. The presence of

i0-� and 106 M 4-ethyl-DDC increases the Km for 7-pentoxy-

resorufin from 1.50 �zM to 2.16 and 3.73 �tM, respectively, and

decreases the Vmax from 2.50 nmol/min/mg of protein to 2.12

and 0.85 nmol/min/mg of protein, respectively. A Dixon analy-

sis (data not shown) indicates that 4-ethyl-DDC interacts with

isozymes catalyzing 7PRFOD with a K of 2.1 X 10� M.

Finally, we have used ERND activity in microsomes from

DEX-treated rats as a marker for the catalytic function of P-

** 450p-related isozymes (31). In this case, 4-ethyl-DDC, 4-iso-
T�1 propyl-DDC, and 4-isobutyl-DDC caused significant NADPH-

4- dependent inhibition of ERND activity (Fig. 7), which we

believe reflects mechanism-based inactivation of P-450p. In

addition, 4-isopropyl-DDC caused significant NADPH-inde-

pendent enzyme inhibition, indicating a strong interaction

between this analogue and P-450p. DDC and 4-hexyi-DDC did

not effect ERND activity.

Discussion

Several analogues of DDC cause mechanism-based inactiva-

tion of P-450, resulting in the formation of an N-alkylPP (2-
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4). With different DDC analogues, the regioisomer composition

of the resulting N-alkylPP differs and this contributes to the

differences in ferrochelatase-lowering potency observed with

these compounds (7). It has not been determined whether all

four regioisomers of an N-alkylPP are formed on the same P-

450 enzymic site or whether individual P-450 isozymes selec-

tively direct alkylation to one of the four pyrrole nitrogens of

the prosthetic heme. An understanding of this problem will

clarify the porphyrinogenic mechanism of the DDC analogues,

as well as contribute to our knowledge of the active site char-

acteristics of P-450 isozymes. As a step toward this goal, our

objective was to examine the isozyme selectivity of DDC ana-

logues with respect to the major inducible isozymes of P-450.

We measured P-450 loss in microsomes from untreated, PB-

treated, flNF-treated, and DEX-treated rats (Fig. 2) to deter-

mine whether isozyme-selective patterns of destruction exist

for DDC analogues, as was shown for other suicide substrates

ofP-450 (32). The inability ofDDC to cause significant destruc-

tion of P-450 in rat liver microsomes, despite its ability to

destroy 22% of chick embryo hepatic microsomal P-450 (3), is

likely due to differences in the P-450 isozyme patterns between

species.

The patterns of P-450 destruction caused by DDC analogues

following pretreatment with P-450 inducers reveal that ana-

logues display different P-450 isozyme selectivities. The ethyl

and isobutyl analogues appear to inactivate constitutive as well

as inducible P-450 isozymes in a relatively nonselective man-

ncr. Correia et al. (20) have previously shown that 4-ethyl-DDC

causes destruction of 40 and 35% of the P-450 in microsomes

from untreated and PB-treated rats, respectively. However,

this group found that 71% of the P-450 present in microsomes

from DEX-treated rats is destroyed by 4-ethyl-DDC, as com-

pared with our finding of 50%. The isopropyl analogue seems

to be a very effective inactivator of DEX-inducible isozymes

but a relatively poor inactivator of �NF-inducible isozymes,

compared with constitutive forms. 4-Hexyl-DDC appears to be

a relatively poor inactivator of isozymes induced by PB and

DEX, compared with constitutive isozymes.

The second aim of this work was to examine the effect of

DDC analogues on the apoprotein moiety of selected P-450

isozymes in a microsomal incubation. It was previously believed

that DDC analogues cause heme alkylation, leaving the P-450

apoprotein intact. However, Tephly et at. (19) were the first to

demonstrate a loss of P-450 c, h, k, and p immunoreactivity

following the administration of 4-ethyl-DDC to rats. The mech-

anism of apoprotein loss is not known but may involve a direct

attack by reactive metabolites, the production of heme-derived

protein adducts, or catabolic destruction of the apoprotein

promoted by loss of the heme prosthetic group. We were inter-

ested in determining whether a similar alteration of the apo-

protein could be observed in an in vitro microsomal preparation.

In this work, we report a selective alteration of the immuno-

reactive protein moiety of P-450c, following an in vitro incu-

bation, determined using MAb 1-31-2 (Fig. 3B) and 1-36-1 (Fig.

3C). The Western blot technique employed appears to lack the

sensitivity to detect differences in the density of the main P-

450c isozyme bands but can clearly demonstrate the formation

of lower molecular mass immunoreactive protein bands, which

may represent DDC analogue-induced degradative fragments.

Although nonspecific proteolysis cannot be definitely ruled out

as an explanation for this finding, the fact that these immu-

noreactive bands of faster mobility are consistently and signif-

icantly (p :� 0.05) elevated by DDC analogue treatment suggests

that the suicide substrates can promote at least limited protein

catabolism in vitro. By Western blot analysis, we also demon-

strated alteration of the immunoreactive protein of P-450p-

related forms, in microsomes from DEX-treated rats, by DDC

analogues (Fig. 3F). However, in this case, analysis with MAb

2-13-1 showed that DDC analogues increased the levels of

immunoreactive protein bands of molecular mass 80, 94, and

115 kDa. These immunoreactive bands likely represent aggre-

gates of P-450p-related isozymes altered by DDC analogues.

The formation of both lower and higher molecular mass im-

munoreactive protein bands in an in vitro microsomal system

has been demonstrated previously for the P-450 suicide sub-

strate carbon tetrachloride, using a polyclonal antibody directed

against the PB-inducible 54-kDa isozyme of rat liver (8). In

this case, both the parent 54-kDa isozyme and the aggregates

of >200 kDa had heme covalently bound, whereas the immu-

noreactive 29-kDa fragment did not. It will be of interest to

examine the extent of heme covalent binding to the altered

immunoreactive proteins observed in this study.

The significance of the small alterations in immunoreactivity

observed in microsomes from f3NF-treated and DEX-treated

rats must be questioned, in light of the rather dramatic de-

creases in P-450 c and p catalytic activities caused by DDC

analogues. In all cases, the amount of immunoreactive material

in the main isozyme band does not change, indicating that only

a very small fraction of the protein is altered. Thus, it seems

evident that enzyme inactivation is caused by heme destruction,

not protein alteration, and that changes in the apoprotein may

be a response to enzyme inactivation, which can only occur to

a limited extent in a microsomal system. In contrast, suicide

substrates of P-450, including AlA and 4-ethyl-DDC, cause loss

ofthe apoprotein ofselected P-450 isozymes when administered

in vivo (19, 20, 33). Thus, it appears that P-450 isozymes altered

by suicide substrates in vitro escape, for the most part, mech-

anisms (e.g., proteases) that are operative in vivo for the deg-

radation and removal of inactivated enzymes.

Concurrently with our immunochemical studies, we exam-

med the effect of DDC analogues on enzymic functions selective

for P-450 c, b, and p. With the exception of DDC, which was

inactive, all compounds caused 83-88% inhibition of 7ERFOD

activity in microsomes from flNF-treated rats in an NADPH-

dependent manner. Thus, P-450c is a target for mechanism-

based inactivation by DDC analogues. In rats treated with �3NF,

P-450c is believed to represent nearly 45% of the total P-450,

as compared with 2% in the uninduced state (16). However,

induction with I3NF does not increase the percentage of P-450

susceptible to destruction by DDC analogues (Fig. 2). This

apparently contradictory finding can be better understood by

considering the effect that I3NF pretreatment has on other P-

450 isozymes. Treatment with I3NF is known to decrease the

levels of P-450 h, k, and p (16), isozymes known to be important

targets for 4-ethyl-DDC (20). Thus, in microsomes from $NF-

treated rats, P-450c is likely a major target for inactivation by

DDC analogues.

In microsomes from PB-treated rats, DDC analogues did not

cause mechanism-based loss of 7PRFOD activity (Fig. 5), a

catalytic marker for P-450b. While these studies were in prog-

ress, it was reported that, in a purified reconstituted system,

P-450b did not metabolize 4-ethyl-DDC and was not a target
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for 4-ethyl-DDC-mediated inactivation (34). All analogues ap-

peared to be tightly associated with this isozyme, however, and

showed NADPH-independent inhibition of 7PRFOD activity.

Two analogues, 4-isopropyl-DDC and 4-isobutyl-DDC, were

particularly active in this regard. A representative analogue, 4-

ethyl-DDC, was shown to function as a reversible mixed-type

inhibitor of 7PRFOD activity (Fig. 6). Thus, this analogue

interferes both with binding of the substrate 7-pentoxyresoru-

fin and with the catalytic competence of the enzyme-substrate

complex. Thus, it appears that P-450b is not a target for

mechanism-based inactivation by DDC analogues and, hence,

the ability of DDC analogues to cause P-450 destruction in

microsomes from PB-treated rats must reflect the destruction

of other PB-inducible isozymes, most likely P-450 k and p,

which together may account for 38% of the total P-450 follow-

ing PB induction (16). Another potential target, P-450h, ac-

counts for nearly 1 1 % of the P-450 in microsomes from PB-

treated rats, compared with 54% in the uninduced state (16).

Analogues differed with respect to their ability to reduce P-

450p catalytic activity (Fig. 7). As anticipated, DDC itself was

inactive, as was the 4-hexyl analogue. The inability of 4-hexyl-

DDC to inactivate P-450p likely contributes to the dramatic

decrease in P-450 destruction caused by this analogue in mi-

crosomes from PB-treated and DEX-treated rats (Fig. 2). Both

4-ethyl-DDC and 4-isobutyl-DDC significantly reduce ERND

activity, and yet induction with DEX does not significantly

increase the extent of P-450 destruction caused by these ana-

logues (Fig. 2). Similar to the case of I3NF induction, pretreat-

ment of rats with PCN significantly suppresses levels of P-450

h and k (16), potential targets for inactivation. In microsomes

from PCN-treated rats, P-450p-related forms are believed to

represent 58% of the total P-450 (16) and, thus, P-450p-related

isozymes are likely the major targets for inactivation by these

compounds in our microsomes from DEX-treated rats. The

most extensive inactivation of ERND activity was shown by 4-

isopropyl-DDC, a finding consistent with the large increase in

P-450 destruction caused by this analogue following DEX in-

duction. The fact that 4-isopropyl-DDC does not form an N-

alkylPP is interesting, in light of the fact that P-450p, an

isozyme that seems to be a key target for this analogue, is not

believed to form an N-alkylPP during its interaction with 4-

ethyl-DDC (20).

These data demonstrate that DDC analogues interact with

the major f3NF-inducible isozyme, P-450c, and the major DEX-

inducible isozyme, P-450p, to cause loss of catalytic activity

and limited alteration of the apoprotein in vitro. The elucida-

tion of the P-450 isozyme selectivity of DDC analogues will

contribute to our understanding of the differences in porphyr-

inogenicity of these compounds. It is of interest to determine

whether the interaction of DDC analogues with specific P-450

isozymes results in the formation of heme-protein adducts and!

or unique regioisomers of N-alkylPP. This information is crit-

ical in determining whether the P-450 isozyme or the DDC

analogue itselfplays a role in directing regioselective alkylation

of the prosthetic heme. Such studies will yield information

concerning the active site environment of P-450 isozymes.
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