0022-3565/01/2971-410-422$3.00
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS

Copyright © 2001 by The American Society for Pharmacology and Experimental Therapeutics

JPET 297:410-422, 2001

Vol. 297, No. 1
3437/894550
Printed in U.S.A.

Metabolism of levo-a-Acetylmethadol (LAAM) by Human Liver
Cytochrome P450: Involvement of CYP3A4 Characterized by
Atypical Kinetics with Two Binding Sites

YUTAKA ODA and EVAN D. KHARASCH

Departments of Anesthesiology and Medicinal Chemistry, University of Washington, and the Puget Sound Veterans Affairs Medical Center,
Seattle, Washington (E.D.K.); and Department of Anesthesiology, Osaka City University Medical School, Osaka, Japan (Y.O.)

Received October 13, 2000; accepted January 2, 2001

This paper is available online at http://jpet.aspetjournals.org

ABSTRACT

levo-a-Acetylmethadol (LAAM) is a long-acting opioid agonist
prodrug used for preventing opiate withdrawal. LAAM under-
goes bioactivation via sequential N-demethylation to nor-LAAM
and dinor-LAAM, which are more potent and longer-acting than
LAAM. This study examined LAAM and nor-LAAM metabolism
using human liver microsomes, cDNA-expressed CYP, CYP
isoform-selective chemical inhibitors, and monoclonal antibody
to determine kinetic parameters for predicting in vivo drug
interactions, involvement of constitutive CYP isoforms, and
mechanistic aspects of sequential N-demethylation. N-De-
methylation of LAAM and nor-LAAM by human liver micro-
somes exhibited biphasic Eadie-Hofstee plots. Using a dual-
enzyme Michaelis-Menten model, K,,, values were 19 and 600
uM for nor-LAAM and 4 and 450 M for dinor-LAAM formation,
respectively. LAAM and nor-LAAM metabolism was inhibited
by the CYP3A4-selective inhibitors troleandomycin, erythromy-
cin, ketoconazole, and midazolam. Of the cDNA-expressed

isoforms examined, CYP2B6 and 3A4 had the highest activity
toward LAAM and nor-LAAM at both low (2 wM) and high (250
uM) substrate concentrations. N-Demethylation of LAAM and
nor-LAAM by expressed CYP3A4 was unusual, with hyperbolic
velocity curves and Eadie-Hofstee plots and without evidence
of positive cooperativity. Using a two-site model, K, values
were 6 and 0.2 uM, 1250 and 530 uM, respectively. Monoclo-
nal antibody against CYP2B6 inhibited CYP2B6-catalyzed but
not microsomal LAAM or nor-LAAM metabolism, whereas trole-
andomycin inhibited metabolism in all microsomes studied. The
ratio [dinor-LAAM/(nor-LAAM plus dinor-LAAM)] with micro-
somes and CYP3A4 decreased with increasing LAAM concen-
tration, suggesting most dinor-LAAM is formed from released
nor-LAAM that subsequently reassociates with CYP3A4. Based
on these results, we conclude that LAAM and nor-LAAM are
predominantly metabolized by CYP3A4 in human liver micro-
somes, and CYP3A4 exhibits unusual multisite kinetics.

levo-a-Acetylmethadol (LAAM) is an analog of methadone
characterized by equieffective and longer duration of action
(Fraser and Isbell, 1952; Eissenberg et al., 1999). LAAM is
effective when administered orally every 2 or 3 days, and was
recently approved as an alternative to methadone for opiate
maintenance therapy (Rawson et al., 1998). Although LAAM
has p-receptor agonist activity, it is functionally a prodrug
with a long duration of effect attributed primarily to sequen-
tial N-demethylation to the secondary amine nor-LAAM and
the primary amine dinor-LAAM (Billings et al., 1973; Walsh
et al., 1998). Nor-LAAM is 15 to 200 times more potent than
LAAM based on in vitro binding assays (Nickander et al.,
1974; Horng et al., 1976; Walczak et al., 1981), and 6 to 12
times more potent in vivo (Vaupel and Jasinski, 1997). Dinor-
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LAAM is approximately 10 times, and 1.5 to 3 times more
potent than LAAM based on in vitro binding assays (Nic-
kander et al., 1974; Horng et al., 1976) and an investigation
in dogs (Vaupel and Jasinski, 1997), respectively, although
other in vitro and in vivo investigations have suggested it is
less potent than LAAM (Smits, 1974; Walczak et al., 1981).
In addition to greater potency, nor-LAAM and dinor-LAAM
are eliminated more slowly than LAAM. The elimination
half-life of LAAM, nor-LAAM, and dinor-LAAM are approx-
imately 0.5, 1 to 1.5, and 3 to 4 days, respectively, in humans
(Kaiko and Inturrisi, 1975; Henderson, 1976; Walsh et al.,
1998). In humans, the clinical onset of LAAM was slower
after intravenous than after oral administration, when first-
pass metabolism can occur (Fraser and Isbell, 1952) and was
correlated more with nor-LAAM than with LAAM plasma
concentration (Kaiko and Inturrisi, 1975). Nonetheless, a
recent investigation showed that LAAM itself can contribute

ABBREVIATIONS: LAAM, levo-a-acetylmethadol; CYP, cytochrome P450; cDNA, complementary deoxyribonucleic acid; DDC, diethyldithiocar-
bamate; TAO, troleandomycin; HPLC, high performance liquid chromatography; HLM, human liver microsome; AIC, Akaike’s information criterion;

E, enzyme; S, substrate; CL, clearance.
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to the pharmacological effect of the parent drug (Walsh et al.,
1998).

Understanding the clinical effects of LAAM, therefore, re-
quires a comprehensive elucidation of the pharmacokinetics
and pharmacodynamics of the drug and its metabolites. In
addition, induction and inhibition of N-demethylation may
substantially alter the disposition and clinical effect of
LAAM. However, there have been few investigations of
LAAM drug interactions. Effects of phenobarbital induction
on LAAM and metabolites disposition were evaluated in rats
(Roerig et al., 1977; Kuttab et al., 1985). There are no inves-
tigations elucidating the effects of drug interactions on the
metabolism of LAAM in humans.

In the absence of in vivo data, in vitro metabolism is often
used to predict the consequences of clinical drug interactions
(Houston and Carlile, 1997; Obach et al., 1997). Moody et al.
(1997) showed that cytochrome P450 (CYP) 3A4 was a pre-
dominant isoform involved in the N-demethylation of LAAM
and nor-LAAM in human liver microsomes in vitro. There are
wide interindividual variations in CYP3A4 activity and
CYP3A4 susceptibility to drug interactions that influence the
pharmacokinetics of various agents in vivo (Shimada et al.,
1994; Dresser et al., 2000). Also, CYP3A4 in intestine, as well
as in liver, significantly contributes to the metabolism of
CYP3A4-mediated drugs administered orally (Kolars et al.,
1991; Paine et al., 1996). Although CYP3A4 has been iden-
tified as metabolizing LAAM and nor-LAAM in vitro (Moody
et al., 1997), there have been, to our knowledge, no reports
determining the Michaelis-Menten kinetic parameters for
metabolism, which are essential for elucidating the contribu-
tion of CYP3A4 in the metabolism of LAAM and the meta-
bolic interactions between LAAM and nor-LAAM with other
agents. In addition, the role of CYP2B6, which has been
increasingly recognized as metabolizing numerous CYP3A4
substrates (Ekins and Wrighton, 1999), in the metabolism of
LAAM and nor-LAAM, is unknown. The aim of the present
study is to determine the CYP isoforms and produce kinetic
models based on the Michaelis-Menten kinetic parameters
for the metabolism of LAAM and nor-LAAM using human
liver microsomes, complementary DNA (cDNA)-expressed
CYP isoforms, CYP isoform-specific chemical inhibitors, and
monoclonal antibody in vitro.

Materials and Methods

Chemicals. LAAM-HCl (d,), deuterated LAAM-HCl {(—)-
[1,1,1,2,2,3->Hgl-a-acetylmethadol-HC1} (dg), nor-LAAM-HC1 (d,),
deuterated nor-LAAM-HC1 {(—)-11,1,1,2,2,3->Hg]-a-acetyl-N-
normethadol-HCl} (dg), dinor-LAAM-HCI (d,)), and deuterated dinor-
LAAM-HCI ({(—)-[acetyl-2H;]-a-acetyl-N,N-dinormethadol-HCI} (d)
were prepared at Research Triangle Institute (Research Triangle
Park, NC) and provided by the National Institute on Drug Abuse
(Rockville, MD). Glucose 6-phosphate, glucose-6-phosphate dehydro-
genase (type VII), B-nicotinamide adenine dinucleotide phosphate,
8-methoxypsoralen, orphenadrine, paclitaxel, diclofenac, quinidine
hydrochloride, diethyldithiocarbamate (DDC), troleandomycin
(TAO), erythromycin, ketoconazole, and midazolam were purchased
from Sigma Chemical Co. (St. Louis, MO). Furafylline and sulfa-
phenazole were obtained from Ultrafine Chemicals (Manchester,
UK). Human liver tissue medically unsuitable for transplant was
obtained from University of Washington Medical Center (Seattle,
WA). cDNA-expressed CYP isoforms in microsomes and monoclonal
antibody against CYP2B6 were obtained from Gentest Corp.
(Woburn, MA). Acetonitrile (HPLC grade) was purchased from J.T.
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Baker (Phillipsburg, NJ). Unless specified, all other reagents were
purchased from Sigma Chemical Co. and were of the highest purity
available. All buffers and reagents were prepared with high-purity
(18.2 MQ - cm) water (Milli-Q; Millipore, Bedford, MA).
Incubation Conditions with Human Liver Microsomes and
cDNA-Expressed Human CYP Microsomes. Microsomes were
prepared from human liver by differential centrifugation of homog-
enates as described by Kharasch and Thummel (1993), and stored at
—80°C until used. Protein concentration of the microsomal fractions
was measured using the method of Lowry et al. (1951), with bovine
serum albumin as standard. P450 content was determined from the
difference spectrum of carbon monoxide-reduced versus oxidized mi-
crosomes as described by Omura and Sato (1964). Incubations were
conducted at a final volume of 1.0 ml in 100 mM potassium phos-
phate buffer (pH 7.4) containing human liver microsomes (0.1 mg of
protein) and LAAM or nor-LAAM (0.05-1000 uM). The incubation
mixture was preincubated at 37°C for 3 min, initiated by addition of
the NADPH generating system (final concentrations: 10 mM glucose
6-phosphate, 1.0 mM NADP, and 1.0 units of glucose-6-phosphate
dehydrogenase and 5 mM magnesium chloride, preincubated at 37°C
to preform NADPH) and terminated after 10 min by addition of 0.2
ml of 20% trichloroacetic acid and placing in an ice-water bath.
Experiments with the constitutive human liver CYP isoforms
CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, and 3A5 were
done as described above, except 10 pmol of cDNA-expressed CYP
isoforms was used instead of microsomes and incubation was for 30
min. Metabolic activity of CYP3A4 was examined with and without
coexpressed cytochrome b;. Formation of metabolites was detected
following incubation of substrates with control microsomes without
expression of CYP isoforms and this activity was used as blanks.
Inhibition with Monoclonal Antibody and CYP Isoform-
Specific Inhibitors. Experiments with monoclonal antibody
against CYP2B6 were conducted with preincubation of antibody
(0.02 mg of protein) with microsomes (0.05 mg of protein) on ice for
15 min, followed by preincubation with the substrate in potassium
phosphate buffer at 37°C for 3 min and the reaction was started by
the addition of NADPH generating system and lasted for 10 min.
Samples incubated with trishydroxymethylaminomethane, the sol-
vent of the antibody, without antibody were used as controls. Char-
acterization, specificity, and inhibition activity of this antibody have
been reported by others (Roy et al., 1999; Huang et al., 2000).
Experiments with isoform-selective CYP inhibitors were conducted
at the following final concentrations with microsomes from two in-
dividuals (HLM158 and 167); inhibitor concentrations were chosen
to inhibit >80% of CYP isoform activity (Kharasch and Thummel,
1993; Koenigs et al., 1997; Nadin and Murray, 1999): furafylline
(CYP1A2 inhibitor), 30 uM; 8-methoxypsoralen (CYP2A6), 2.5 uM,;
orphenadrine (CYP2B6), 50 uM; paclitaxel (CYP2C8), 250 uM; di-
clofenac (CYP2C8 and 9), 250 uM; sulfaphenazole (CYP2C9), 10 uM;
quinidine (CYP2D6), 5 uM; DDC (CYP2E1), 100 uM; TAO (CYP3A4),
100 uM; erythromycin (CYP3A4), 100 uM; ketoconazole (CYP3A4), 5
uM; and midazolam (CYP3A4), 100 uM. All inhibitors were diluted
in methanol (final methanol concentration 1%) except orphenadrine,
diclofenac, and DDC, which were added in potassium phosphate
buffer. The concentration of both LAAM and nor-LAAM was 5 uM.
The effect of TAO was also examined at 1 uM LAAM and 0.2 mg of
protein (HLM135) for measuring remaining LAAM and formation of
nor-LAAM and dinor-LAAM. In experiments using the competitive
inhibitors paclitaxel, diclofenac, sulfaphenazole, quinidine, ketocon-
azole, and midazolam, the inhibitor was added to the incubation
mixture with substrate, preincubated at 37°C for 3 min, and the
reaction was initiated by the addition of the NADPH generating
system. Reactions were carried out at 37°C for 10 min and then
terminated with trichloroacetic acid as described above. Incubations
containing the mechanism-based inhibitors furafylline, 8-methoxy-
psoralen, orphenadrine, DDC, TAO, or erythromycin were first pre-
incubated at 37°C for 15 min with microsomes and NADPH gener-
ating system, and then the substrate was added to start the reaction.
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Analytical Determinations. After termination of the incuba-
tion, deuterated internal standards of nor-LAAM (dg, 72.5 pmol) and
dinor-LAAM (d3, 7.6 pmol) were added to the samples. LAAM (d,
696 pmol) was also added to measure the remaining LAAM. Samples
were then applied to an MCX extraction column (Waters, Milford,
MA) and passed through at a flow rate of 1.5 ml/min. The MCX
column was first washed with 1 ml of 0.1 N hydrochloric acid fol-
lowed by 1 ml of methanol. The retained compounds were eluted with
1 ml of methanol/30% ammonium hydroxide (95/5, v/v). The eluates
were dried under nitrogen, reconstituted in 50 ul of HPLC mobile
phase. Five microliters of the reconstituted residues was injected
into the HPLC (Series 1100 MSD; Agilent Technologies, Wilmington,
DE) fitted with a Zorbax Eclipse XDB-C18 column (2.1 X 50 mm,
5-pum particle size; Agilent Technologies) and a Zorbax Eclipse XDB
guard column (2.1 X 12.5 mm, 5 um) with an isocratic mobile phase
of 38% acetonitrile in 20 mM ammonium acetate (pH 6.9). The mass
spectrometer was equipped with an electrospray interface and was
operated in the positive ionization mode. The interface was main-
tained at 325°C with a nitrogen nebulization pressure of 20 psi,
resulting in a flow of 6.0 I/min. Detection was performed at m/z 326.2,
329.2, 340.2, 346.2, 354.2, and 360.2 for dinor-LAAM (d,), dinor-
LAAM (d5), nor-LAAM (d,,), nor-LAAM (dg), LAAM (d,)), and LAAM
(dg), respectively, with 80-V fragmentation. Retention times of dinor-
LAAM (d,), dinor-LAAM (d5), nor-LAAM (d,,), nor-LAAM (dg), LAAM
(dy), and LAAM (dg) were 4.30, 4.28, 5.60, 5.51, 8.45, and 8.28 min,
respectively. The peak area ratios, dy/ds of LAAM, dy/dg of nor-
LAAM, and dy/ds of dinor-LAAM were used to calculate concentra-
tions based on least-squares regression of calibrators (50-5000
pmol/ml for LAAM, 5-5000 pmol/ml for nor-LAAM, and 0.5-500
pmol/ml for dinor-LAAM) included in each run. Metabolites of LAAM
or nor-LAAM were not detected in blank samples without NADPH or
substrates. The lower limit of quantitation was 0.5 pmol/ml for
LAAM, nor-LAAM, dinor-LAAM, and the intra-assay and interassay
variations were less than 7% throughout the range.

Prediction of in Vivo Formation Clearance of Nor-LAAM
and Dinor-LAAM. Predicted effects of enzyme induction and inhi-
bition on in vivo formation clearances of nor-LAAM and dinor-LAAM
were calculated using 3-fold increases and decreases in V.. In vivo
clearance was scaled from the microsomal V, ,./K,, using the follow-
ing scaling factor: 45 mg of microsomal protein per gram of liver and
20 g of liver per kilogram of body weight (Houston, 1994; Carlile et
al., 1999).

Data Analysis. Microsomal velocity versus substrate concentra-
tion data were analyzed using a dual-enzyme Michaelis-Menten
model. This model was selected because hyperbolic Eadie-Hofstee
curves most often indicate multiple CYP isoforms participation in
microsomal reactions. In the following equations, S is the substrate
concentration; K, ; and K ,, high- and low-affinity Michaelis-Men-
ten constants, respectively; V, .., maximum metabolic velocity;
Vmax: @and V.o high- and low-affinity maximum metabolic velocity,
respectively; K', binding constant; and n, number of binding sites.

Vmaxl S Vmaxz S

V:Km1+S+KmZ+S 1

CYP3A4 data were analyzed using several models, based on the
recognition that this isoform contains at least two binding sites
(Korzekwa et al., 1998; Shou et al., 1999; Hosea et al., 2000). If the
binding sites are nonindependent and exhibit cooperativity, then the
general allosteric model (Hill equation) can be used, with known
limitations (Shou et al., 1999).

V]TlaX N Sn

Vek+s

(2)

A cooperative single-enzyme model with two binding sites in which
product can be formed either from the single-substrate-bound form

(ES) or from the two-substrate-bound form (ESS) of the enzyme was
described by Korzekwa et al. (1998).

(Vmaxl S
Kml

i S S?
* Kml * Kml .KmZ

IfK, , > K,, and S << K, , this reduces to the following:

VmaxZ . SZ
Kml : KmZ

V=

(3)

(Vipast * S) + (@ .q2
max1 sz

V= Ko+ S (4)

where (V,.«»/K.,.») is modeled as a single parameter.
If the enzyme and substrate can form an ES complex or an ESS
complex, but only the ESS complex results in product formation,

then V_ .., = 0 and eq. 3 reduces to the following:
<Vmax2 . SQ)
Kml . sz
V= . S g2 (5)
* Km * Kml : KmZ
When K, , > K, ; and V, ..o > V,..«1, data for a two-site model can

also be fit to a dual-enzyme model (Korzekwa et al., 1998). Therefore,
CYP3A4 data were also fit to eq. 1. A more complicated model, in
which two substrates bind cooperatively to two binding sites (Kor-
zekwa et al., 1998; Shou et al., 1999), was not evaluated.

All data were modeled by nonweighted nonlinear regression anal-
ysis using SigmaPlot 5.05 (SPSS, Chicago, IL). The goodness of fit of
each model was determined by Akaike’s information criterion (AIC)
or F ratio test (Boxenbaum et al., 1974; Imbimbo et al., 1991). All
results are expressed as the mean * S.D. of three experiments
without specific notation. Statistical analyses to compare the amount
of remaining LAAM, formed nor-LAAM, and dinor-LAAM with and
without TAO were carried out using unpaired ¢ test with SigmaStat
2.03 (SPSS).

Results

N-Demethylation of LAAM and Nor-LAAM by Human
Liver Microsomes and Effect of CYP Isoform-Selective
Inhibitors. Formation of both nor-LAAM and dinor-LAAM
from LAAM and dinor-LAAM from nor-LAAM was linear
with microsomal protein content up to 0.2 mg and incubation
time up to 20 min under substrate concentrations tested
(data not shown). In addition, less than 10% of the substrate
was consumed during incubations. Relationships between
formation rates of metabolites and substrate concentration
showed hyperbolic saturation kinetics (Fig. 1). Dinor-LAAM
concentrations were approximately one-tenth those of nor-
LAAM when LAAM was the substrate. Eadie-Hofstee plots
were biphasic and concave hyperbolic (versus parabolic), in-
dicating apparent multienzyme kinetics (Fig. 1, insets). Ki-
netic parameters for the formation of nor-LAAM and dinor-
LAAM were obtained by nonlinear regression analysis of
metabolite versus substrate data, using a dual-enzyme
Michaelis-Menten model. High-affinity K, (K, ;) values for
the formation of nor-LAAM from LAAM and dinor-LAAM
from nor-LAAM were comparable among liver microsomes
from three individuals (HLM135, 158, and 167) (Table 1).
The apparent K, ; and high-affinity V.. (V... for dinor-
LAAM formation from nor-LAAM were lower than those for
nor-LAAM from LAAM in each of these microsomes. The
low-affinity K, (K,,5) for nor-LAAM from LAAM and dinor-
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Fig. 1. Relationships between concentrations of LAAM and rates of
formation of nor-LAAM (A) and dinor-LAAM (B), and between concen-
trations of nor-LAAM and rates of formation of dinor-LAAM (C), by
human liver microsomes (HLM135). Concentrations of substrates were
0.05 to 1000 M. Lines represent rates predicted using Michaelis-Menten
kinetic parameters derived from nonlinear regression analysis of the
expressed data. The insets show Eadie-Hofstee plots for N-demethylation
of LAAM (A and B) and nor-LAAM (C). Each plot depicts the mean of
duplicate experiments.

LAAM from nor-LAAM was 10 times higher than that of K ;.
The in vitro clearance estimate (CL,,, = V_../K,) for the
low-affinity enzyme was <10% of that for the high-affinity
enzyme. For the high-affinity enzyme, CL;,, for nor-LAAM
from LAAM and dinor-LAAM from nor-LAAM were of the
same order of magnitude (0.07 and 0.11 ml/min/mg, respec-
tively).

Of the CYP isoform-specific inhibitors examined, CYP3A4
inhibitors, TAO, erythromycin, ketoconazole, and midazolam
inhibited the formation of nor-LAAM from LAAM by more
than 50% (Fig. 2). Orphenadrine, paclitaxel, and diclofenac
and DDC also decreased the formation of nor-LAAM by ap-
proximately 30%. The same profiles of inhibition were ob-

TABLE 1

Kinetic parameters for N-demethylation of LAAM and nor-LAAM by human liver microsomes and cDNA-expressed CYP isoforms

Kinetic parameters were obtained using a single-enzyme Michaelis-Menten model for CYP2B6 and a dual-enzyme Michaelis-Menten model for HLM135, 158, 167, and CYP3A4.

Metabolism of LAAM by CYP3A4

Dinor-LAAM from Nor-LAAM

Dinor-LAAM from LAAM

Nor-LAAM from LAAM

Vinax1 Vinaxi/Km1 Kz Vinaxz Ko Vinax1 Viaxt/Kmi Ko Vinaxe K Vinax1 Vinaxt/Km1 Kz Vinaxz

K

nmol /min/mg

M

nmol/min/mg

nmol/min/mg M

uM

nmol/min/mg

uM

4.9
2.6
1.7

nmol /min/mg

M

nmol /min/mg

uM

1.4

2.3

2.6
nmol /min/nmol

268
426
667

0.13
0.12
0.09

0.87
0.17
0.37

14
3.9

uM

6.5
26.0
0.2

0.54
0.44
0.70

1225
1339
3783

0.02
0.01
0.01

0.12
0.03
0.02

3.3
1.6
2.6

569
219
1018

0.08
0.08
0.04

1.8
1.3
0.7
nmol /min/nmol

23.0
16.2
19.1

HLM135
HLM158
HLM167

oM

nmol /min/nmol

nmol /min/nmol

uM

nmol /min/nmol

M

4.4
1.0

nmol/min/nmol

uM

uM

17.7

528 11.0

0.06
142

1.63
0.35

2773 2.31

0.73
0.39

3.18
0.38

1247 36.3

0.38
0.46

6.8
2.7

59
K1, K5, Michaelis-Menten constants; V.1, Vinaxe, maximum metabolic velocity.

CYP2B6
CYP3A4
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Fig. 2. Effects of CYP isoform-selective inhibitors on the formation of nor-LAAM from LAAM, dinor-LAAM from LAAM, and dinor-LAAM from
nor-LAAM by HLM158 (M) and HLM167 (%Z). Rates of formation of metabolites were expressed as a percentage of control values without inhibitors
obtained from three experiments. Incubations were carried out with the substrates (5 wM), microsomes containing 0.1 mg of protein, inhibitors, and
NADPH generating system. Final concentrations of each inhibitor are described under Materials and Methods. Uninhibited rates of formation of
nor-LAAM and dinor-LAAM from LAAM and dinor-LAAM from nor-LAAM by HLM158 were 243, 8.9, and 145 pmol/min/mg of protein, respectively.
Rates of formation of nor-LAAM and dinor-LAAM from LAAM and dinor-LAAM from nor-LAAM by HLM167 were 148, 4.6, and 75 pmol/min/mg of

protein, respectively. Data are the mean = S.D. of three experiments.

served in the formation of dinor-LAAM from LAAM. Other
inhibitors did not affect the formation of nor-LAAM or dinor-
LAAM from LAAM. TAO, erythromycin, ketoconazole, and
midazolam also inhibited the formation of dinor-LAAM from
nor-LAAM by approximately 50%. However, neither or-
phenadrine nor DDC inhibited the formation of dinor-LAAM
from nor-LAAM. Paclitaxel, diclofenac, and sulfaphenazole
are competitive inhibitors of CYP2CS8, 2C8/9, and 2C9, re-
spectively, and inhibit more than 70% of enzyme activity at
the concentrations similar to those used in the present study
(Mancy et al., 1996; Nadin and Murray, 1999). LAAM me-
tabolism to nor-LAAM was somewhat diminished by pacli-
taxel, however, inhibition by diclofenac and sulfaphenazole of
LAAM and nor-LAAM metabolism was minimal in both mi-
crosomes (HLM158 and HLM167), suggesting that the con-
tribution of CYP2C8 and 2C9 to the metabolism of LAAM
and nor-LAAM is small.

Metabolism of LAAM and Nor-LAAM by cDNA-Ex-
pressed CYP Isoforms. Formation of both nor-LAAM and
dinor-LAAM was linear with CYP content up to 10 pmol and
incubation time up to 30 min under substrate concentrations
tested. Of the representative CYP isoforms in human liver
examined, CYP2B6, 2C8, and 3A4 had significantly greater
N-demethylase activity toward 2 uM LAAM and nor-LAAM,
at which concentration the high-affinity enzyme would pre-
dominate. This LAAM concentration is near that found in
vivo (<1 uM) (Walsh et al., 1998). LAAM and nor-LAAM
N-demethylation by CYP3A4 was comparable with and with-
out coexpressed cytochrome b5. CYP3A5 had very low activ-
ity toward LAAM and nor-LAAM (Fig. 3). Isoform activity
was similar at a substrate concentration of 250 uM, chosen to

1A2
2A6
2B6
2c8
2C9 |
2C19
206 |
2E1
3A4 (b5-)
3A4 (b5+)
3A5

0.0 0.2 0.4 0 1 2 3

Formation rates (hnmol/min/nmol)

Fig. 3. Rates of formation of nor-LAAM from LAAM (@), dinor-LAAM
from LAAM (M), and dinor-LAAM from nor-LAAM ([J) by cDNA-ex-
pressed CYP isoforms at a substrate concentration 2 uM (A) and 250 uM
(B). Incubations were carried out with substrates, CYP isoforms (10
pmol), and NADPH generating system. b5(+), CYP3A4 expressed with
cytochrome b;; b5(—), CYP3A4 expressed without cytochrome b5. Data
are the mean *= S.D. of three experiments. Formation of dinor-LAAM
from nor-LAAM was measured at a substrate concentration of 2 uM only.

evaluate the low-affinity component of metabolism, with
CYPs 3A4 and 2B6 predominating. N-Demethylation of
LAAM by CYP2C8 and 2C19 was detected at a substrate
concentration of 250 uM, although rates were much lower
than those by CYP2B6 and 3A4 (Fig. 3). These results, com-
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Fig. 4. Relationships between concentrations of LAAM and rates of
formation of nor-LAAM (A), dinor-LAAM (B), and between concentrations
of nor-LAAM and rates of formation of dinor-LAAM (C) by cDNA-ex-
pressed CYP2B6. Concentrations of substrates were 0.05 to 1000 uM.
Incubation was carried out in an incubation mixture containing sub-
strates, cDNA-expressed CYP2B6 (10 pmol), and NADPH generating
system for 30 min. Each plot depicts the mean of duplicate experiments.
Lines represent rates predicted using Michaelis-Menten kinetic param-
eters derived from nonlinear regression analysis of the data. The insets
show Eadie-Hofstee plots for N-demethylation of LAAM and nor-LAAM.

bined with those obtained with CYP isoform-selective chem-
ical inhibitors, suggest the possibility that CYP2B6 and/or
CYP3A4 are involved in the metabolism of LAAM and nor-
LAAM.

Plots of metabolite formation versus substrate concentration
for N-demethylation of LAAM and nor-LAAM by CYP2B6
showed saturable hyperbolic curves, and Eadie-Hofstee plots
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Fig. 5. Relationships between concentrations of LAAM and rates of
formation of nor-LAAM (A), dinor-LAAM (B), and between concentrations
of nor-LAAM and rates of formation of dinor-LAAM (C) by cDNA-ex-
pressed CYP3A4. Concentrations of substrates were 0.05 to 1000 wM.
Incubation was carried out in an incubation mixture containing sub-
strates, cDNA-expressed CYP3A4 (10 pmol), and NADPH generating
system for 30 min. Each plot depicts the mean of duplicate experiments.
Lines represent rates predicted using Michaelis-Menten kinetic param-
eters derived from nonlinear regression analysis of the expressed data.
The insets show Eadie-Hofstee plots for N-demethylation of LAAM and
nor-LAAM.

showed monophasic kinetics (Fig. 4). Metabolite formation data
were fit to a single-enzyme Michaelis-Menten equation. K, and
V hax for LAAM N-demethylation by CYP2B6 were similar to
the high-affinity values obtained with microsomes (Table 1).
Analysis using a dual-enzyme model did not improve the fit of
the data compared with that using a single enzyme model, as

determined by AIC or F ratio test.
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Fig. 6. Effect of monoclonal antibody against CYP2B6 (Z) and troleandomycin (100 uM), a selective CYP3A4 isoform inhibitor (H) on the formation
of nor-LAAM from LAAM, dinor-LAAM from LAAM, and dinor-LAAM from nor-LAAM by human liver microsomes from four individuals (HLM127,
135, 158, and 167). Concentration of substrate was 1 uM. Reaction conditions are described under Materials and Methods. Contents of protein in
antibody and microsomes were 0.02 and 0.05 mg, respectively. Formation of dinor-LAAM from LAAM by HLM127 was completely inhibited by TAO.
Rates of formation of metabolites were expressed as a percentage of control mixtures with the solvent of antibody or methanol obtained from three
experiments. Rates of formation of nor-LAAM from LAAM, dinor-LAAM from LAAM, and dinor-LAAM from nor-LAAM in control mixture were 13.9,
1.0, and 9.7 pmol/min/mg of protein, respectively, by HLM127; 135.3, 8.4, and 110.9 pmol/min/mg of protein, respectively, by HLM135; 79.8, 5.6, and
45.1 pmol/min/mg of protein, respectively, by HLM158; and 78.6, 4.4, and 55.9 pmol/min/mg of protein, respectively, by HLM167.

|
*%

nor-LAAM + dinor-LAAM

Non-N-demethylase metabolism :'_-'
—

0.00

1 1 1
0.05 0.10° © 0.40 0.50

Amount (nmol)

Fig. 7. Content of remaining LAAM, sum of formed nor-LAAM and
dinor-LAAM, and non-N-demethylase metabolites by HLM135 in the
control ((J) and TAO (M) groups. Incubations (0.5 ml) were carried out
with LAAM (1 uM), microsomes containing 0.2 mg of protein, troleando-
mycin (100 uM), and NADPH generating system for 10 min. Data are the
mean * S.D. of six experiments. *p < 0.05, **p < 0.01, **p < 0.001
compared with values in the control group.

LAAM and nor-LAAM demethylation by expressed
CYP3A4 is shown in Fig. 5. Formation of nor-LAAM and
dinor-LAAM was hyperbolic with respect to LAAM concen-
tration, but was not saturable, even at 1 mM substrate. In
contrast to CYP2B6, Eadie-Hofstee plots for expressed
CYP3A4 were biphasic and concave hyperbolic, indicating
apparent non-Michaelis-Menten multisite kinetics with this
single isoform. Results were analyzed using a dual-enzyme
Michaelis-Menten model, a general allosteric model, and sin-
gle enzyme two-site models (Table 2). The best fits were
obtained using a dual-enzyme or a two-site model (eq. 1 and
3, respectively), with both models giving nearly identical
results. There were no differences in the standard error of
estimate, coefficient of regression, or AIC between these mod-
els, suggesting that fitting of the measured values was com-

parable. The apparent high affinity K, (K, ;) for nor-LAAM
from LAAM and dinor-LAAM from nor-LAAM by CYP3A4
calculated with dual-enzyme Michaelis-Menten model was
lower than that obtained by human liver microsomes and by
CYP2B6 (Table 1). Nevertheless, this estimate may be arti-
ficially reduced by the inability to accurately estimate the K,
for the low-affinity site.

With the modified two-site model assuming K, > K, ;
and S < K, (eq. 4) or assuming V., = 0 (eq. 5), the fits
were poorer (p < 0.01 by F ratio test), with larger standard
error of the estimates and AIC and smaller coefficients of
regression than those with the full two-site model. The Hill
equation yielded n < 1 for nor-LAAM and dinor-LAAM from
LAAM and dinor-LAAM from nor-LAAM. Compared with
either the dual-enzyme or two-site models, fitting of the data
with the Hill equation (eq. 2) yielded a less satisfactory result
(p < 0.01).

Effect of Monoclonal Antibody against CYP2B6 and
Troleandomycin on the Metabolism of LAAM and Nor-
LAAM. For elucidating the contribution of CYP2B6 versus
CYP3A4 to the metabolism of LAAM and nor-LAAM in hu-
man liver microsomes, we added a monoclonal antibody
against CYP2B6 to microsomes obtained from four individu-
als (HLM127, 135, 158, and 167). CYP2B6 antibody had no
effect on the metabolism of LAAM or nor-LAAM. In contrast,
CYP2B6 monoclonal antibody (at 0.5 mg/mg of protein) did
inhibit LAAM N-demethylation by expressed CYP2B6. In
contrast to the antibody, TAO inhibited the metabolism of
LAAM and nor-LAAM by all of these microsomes by more
than 70% (Fig. 6), which is consistent with the results shown
in Fig. 2. These data suggest that CYP3A4, not CYP2B6, is
predominantly involved in the metabolism of LAAM and
nor-LAAM in these microsomes.
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Compared with N-demethylation, less is known about
LAAM metabolism by other routes. Metabolism by non-N-
demethylation routes (added LAAM minus the sum of re-
maining LAAM, nor-LAAM, and dinor-LAAM, 21 pmol) was
comparable to N-demethylation (nor-LAAM plus dinor-
LAAM formation, 30 pmol in an incubation containing 500
pmol of LAAM) (Fig. 7). TAO almost completely inhibited
non-N-demethylated metabolites formation (<1 pmol), sug-
gesting that CYP3A4 also catalyzes these other metabolic
pathways. The estimates were not influenced by further me-
tabolism of dinor-LAAM, because disappearance of dinor-
LAAM from the incubation mixture was not detected follow-
ing incubation with microsomes and NADPH for 20 min.

Mechanism of Sequential Metabolism of LAAM to
Nor-LAAM and Dinor-LAAM. Two different kinetic mech-
anisms have been suggested for sequential reactions by CYP
(Sugiyama et al., 1994). In mechanism 1, the primary metab-
olite-enzyme complex is activated and converted to the sec-
ondary metabolite before it is released from the enzyme. In
mechanism 2, most of the secondary metabolite is formed
from primary metabolite that is released and then reassoci-
ates with the enzyme to subsequently form the secondary
metabolite. Mechanism 1 is characterized by a constant ratio
of the secondary to the primary metabolite, and mechanism 2
by a decreased ratio of the secondary to the primary metab-
olite, respectively, with increasing substrate concentration.
The fraction of primary metabolite converted to the second-
ary metabolite from both released and retained primary me-
tabolite is given by the ratio of secondary metabolite to the
sum of primary and secondary metabolites. The fraction of
the secondary metabolite formed specifically from the re-
leased primary metabolite-enzyme complex can be approxi-

mated by the ratio of the concentration of the primary me-
tabolite divided by the sum of the concentrations of the
primary and secondary metabolites (Sugiyama et al., 1994).

The fraction of primary metabolite converted by either
mechanism was low (<0.1) for CYP2B6, and for CYP3A4 and
microsomes at high LAAM concentrations, and higher (0.3—
0.8) at low (<1 uM) LAAM concentrations (data not shown).
The dinor-LAAM/nor-LAAM ratio was relatively unchanged
with increasing substrate concentration in CYP2B6 experi-
ments, but diminished with microsomes and 3A4 (Figs. 8—10,
top). For microsomes and CYP3A4, this suggests that dinor-
LAAM is formed by mechanism 2 (release and reassociation).
The ratio nor-LAAM/(nor-LAAM + dinor-LAAM) was >0.9 in
experiments with CYP2B6 throughout the range of LAAM
concentrations (Fig. 8, bottom). In contrast, the ratio was
<0.5 at LAAM concentrations <0.5 uM but increased to >0.8
at 75 uM LAAM, for both CYP3A4 and microsomes (Figs. 9
and 10, bottom). This suggests more complex kinetics, with
most of the dinor-LAAM formed from the nor-LAAM-
CYP3A4 complex at low (therapeutic) substrate concentra-
tions, and by the release-reassociation mechanism at higher
LAAM concentrations.

Discussion

Several lines of evidence obtained suggest that CYP3A4 is
the principal isoform involved in the metabolism of LAAM
and nor-LAAM, at both low (therapeutic, <1 uM) and high
concentrations. This includes 1) metabolism of LAAM and
nor-LAAM by human liver microsomes was significantly in-
hibited by all CYP3A4-selective chemical inhibitors exam-
ined; 2) at both low and high substrate concentrations,
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Fig. 9. Ratio of concentration of dinor-LAAM to nor-LAAM (top) and nor-LAAM to the sum of nor-LAAM and dinor-LAAM (bottom) versus
concentration of LAAM for CYP3A4. Concentrations of LAAM were 0.05 to 10 (left) and 25 to 1000 uM (right). Vertical scales of the right figures are

smaller than those on the left.

CYP3A4 had the highest catalytic activity of any expressed
CYP toward LAAM and nor-LAAM; 3) N-demethylation of
LAAM and nor-LAAM by human liver microsomes showed
apparent multienzyme kinetics that was consistent with the
multisite kinetics shown by cDNA-expressed CYP3A4 alone;
and 4) CYP2B6 monoclonal antibody, which inhibited
CYP2B6-catalyzed metabolism of LAAM of LAAM and nor-
LAAM, had no effect on human liver microsomal metabolism
of LAAM and nor-LAAM at therapeutic concentrations.
Although CYP3A4 is the predominant isoform, CYP2B6
may participate in livers with high levels of CYP2B6 expres-
sion. Previous investigators reported CYP2B6 content to be
less than 1% of the total CYP in liver (Shimada et al., 1994);
however, a recent report using antibody raised against puri-
fied recombinant CYP2B6 has shown that CYP2B6 is about 1
to 4% of the total CYP in liver (Hanna et al., 2000). CYP2B6
has significant metabolic activity toward some substrates
thought to be catalyzed predominantly by CYP3A4, such as
midazolam and dextromethorphan (Ekins et al., 1998; Wang
and Unadkat, 1999). In the present study, cDNA-expressed
CYP2B6 did metabolize LAAM and nor-LAAM, at rates equal
to that of CYP3A4 and with a greater intrinsic clearance, and
orphenadrine did inhibit LAAM N-demethylation. However
orphenadrine inhibits CYP3A4-catalyzed drug metabolism
with inhibition constants similar to CYP2B6 (Guo et al.,
1997; Sai et al., 2000), suggesting that decreased CYP3A4

activity by orphenadrine could be responsible for the inhibi-
tion of metabolism of LAAM and nor-LAAM by orphenadrine.
Furthermore, monoclonal antibody against CYP2B6 did not
inhibit N-demethylation of either LAAM or nor-LAAM by
human liver microsomes. Together, these results suggest
that CYP2B6 is not significantly involved in the metabolism
of LAAM in human liver microsomes; however, we cannot
eliminate the possibility of CYP2B6 involvement in some
livers, since there are large interindividual differences in
CYP2B6 content, and the content of CYP2B6 in the micro-
somes used in the present study (HLM127, 135, 158, and 167)
is not known. Examination of correlations of metabolic activ-
ity between LAAM and CYP2B6 specific activity such as
(S)-mephenytoin N-demethylation and 7-ethoxytrifluorom-
ethylcoumarin O-deethylation would be required for further
determining the contribution of CYP2B6 to the metabolism of
LAAM in human liver microsomes (Heyn et al., 1996; Ekins
et al., 1998).

LAAM is sequentially metabolized to nor-LAAM and dinor-
LAAM. Two different kinetic mechanisms have been sug-
gested for sequential reactions by CYP, secondary metabo-
lism in the active site and release-reassociation (Sugiyama et
al., 1994). There may be mechanistic differences between
CYPs 2B6 and 3A4 with respect to sequential LAAM metab-
olism. The similarity between the kinetic behavior of
CYP3A4 and microsomes further implies the predominant
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contribution of CYP3A4 to the overall metabolism of LAAM
to nor-LAAM and dinor-LAAM in human liver microsomes.
Few studies have been performed to elucidate the CYP
isoforms involved in the metabolism of LAAM. Moody et al.
(1997) found that CYP3A4 was the principal CYP isoform
involved in the metabolism of both LAAM and nor-LAAM
based on experiments using CYP isoform-selective inhibitors
and cDNA-expressed CYP isoforms. Nonetheless, substrate
concentrations (10 uM) were at least an order of magnitude
higher than therapeutic. CYP2B6 was not included in this
analysis and the possibility of the involvement of multiple
CYP isoforms was not examined and the kinetic parameters
for metabolism of LAAM were not measured. The metabolism
of both LAAM and nor-LAAM by human liver microsomes
and cDNA-expressed CYP3A4 obtained in the present study
is consistent with the report by Moody et al. (1997).
CYP3A4-catalyzed LAAM N-demethylation was character-
ized with microsomes and expressed enzyme (Fig. 5). With
both systems, saturation curves were hyperbolic (without
apparent sigmoidicity) and Eadie-Hofstee plots were hyper-
bolic concave. Multiphasic kinetics in microsomes is usually
interpreted with a multienzyme model, typically suggesting
high-affinity, low-capacity and low-affinity, high-capacity
CYPs, each exhibiting Michaelis-Menten kinetics. CYP3A4,
however, clearly exhibited non-Michaelis-Menten kinetics,
which paralleled the microsomal results, suggesting that the
microsomal kinetics derive from non-Michaelis-Menten be-
havior of CYP3A4 and its predominant role in microsomal
LAAM metabolism. Although microsomal data were initially
analyzed using the dual-enzyme Michaelis-Menten model,
CYP3A4 data yielded similar K, and V,, values with either

the dual-enzyme or two-site model, hence microsomal data
were not reanalyzed with the latter model.

It is now well established that the CYP3A4 active site
contains two or more binding sites, and can accommodate the
simultaneous presence of at least two substrate molecules, or
one substrate and an allosteric effector (which may be a
second substrate molecule) (Shou et al., 1994, 1999; Ueng et
al., 1997; Korzekwa et al., 1998; Hosea et al., 2000; Houston
and Kenworthy, 2000). Several models have been suggested
to rationalize multisite kinetics. If the sites are identical,
independent, and have the same substrate affinities, kinetics
will be noncooperative, the velocity equation reduces to the
simple Michaelis-Menten equation, and Eadie-Hofstee plots
are linear. If substrate binding to one site alters the affinity
or product formation rate for a second substrate site, then
allosterism or homotropic cooperativity results. Positive co-
operativity, suggesting substrate activation, is often charac-
terized by sigmoidal velocity curves, parabolic Eadie-Hofstee
plots, and a Hill coefficient >1. Negative cooperativity is
characterized by hyperbolic velocity and Eadie-Hofstee
curves, which are indistinguishable from a dual-enzyme
Michaelis-Menten system, and a Hill coefficient <1. Positive
homotropic cooperativity with CYP3A4 substrates, with sig-
moidal velocity curves, and/or substrate binding, has now
been abundantly reported. Nevertheless, no evidence for pos-
itive cooperativity with LAAM was observed, because veloc-
ity curves and Eadie-Hofstee plots were both hyperbolic.
Results were consistent, however, with both a two-site model
with K, > K_,, and V..o > V., ..1, Wwhich does give the
aforementioned graphical results (Korzekwa et al., 1998),
and a negative cooperativity model. Both models have a Hill



coefficient less than 1. Observed rates were better fit to a
two-site model than the Hill equation. Interestingly, results
were also well fit to a dual-enzyme model while yielding
similar parameters to the two-site model. A unique, identifi-
able model cannot be specified from the available data. Com-
pared with positive cooperativity, apparent negative cooper-
ativity in CYP3A4-catalyzed metabolism is relatively rare.
LAAM may be the third example, in addition to naphthalene
and the antiarrhythmic agent BRL32872 (Clarke, 1998; Kor-
zekwa et al., 1998). Further investigation is required to elu-
cidate the mechanism of CYP3A4-catalyzed LAAM metabo-
lism.

Of the two LAAM binding sites, only the high-affinity
binding site appears relevant for LAAM metabolism in vivo,
since even the high affinity K, (K, ;) for CYP3A4 was higher
than plasma concentrations of LAAM and nor-LAAM follow-
ing intravenous and oral administration (Walsh et al., 1998),
and the low affinity K, (K, ,) was substantially higher than
in vivo concentrations. The high affinity V.. (V. .) for
LAAM N-demethylation was greater than that for nor-
LAAM, consistent with the longer in vivo elimination half-
life of nor-LAAM (Billings et al., 1973). Thus, the greater
hepatic rate of nor-LAAM formation versus elimination, com-
bined with the 5- to 10-fold greater potency of nor-LAAM
compared with LAAM (Horng et al., 1976; Walczak et al.,
1981), accounts for the long duration of clinical effect of
LAAM.

The present results suggest that in vivo induction of
CYP3A4 would increase metabolism of LAAM to nor-LAAM
and dinor-LAAM. Since the intrinsic clearances for LAAM
and nor-LAAM are similar, and dinor-LAAM is not further
metabolized, concentrations of both metabolites would be
predicted to increase and enhance LAAM effect, since both
metabolites are more potent than LAAM. Using microsomal
kinetic parameters and appropriate scaling, the predicted
formation clearance of nor-LAAM was 44, 133, and 15 ml/
min/kg and that of dinor-LAAM was 14, 42, and 5 ml/min/kg
of body weight under control, CYP3A4-induced, and inhibited
conditions, respectively. In contrast to this prediction, how-
ever, phenobarbital pretreatment decreased plasma concen-
trations of nor-LAAM and dinor-LAAM as well as LAAM,
and decreased LAAM analgesia in animals (Roerig et al.,
1977; Kuttab et al., 1985). This cannot be explained by pref-
erential induction of nor-LAAM (versus LAAM) metabolism,
or by dinor-LAAM metabolism. Rather, these results suggest
that phenobarbital pretreatment induced an alternative met-
abolic pathway leading to analgesically inactive metabolites.
We therefore evaluated non-N-demethylase LAAM metabolic
pathways in human liver microsomes. Metabolism by non-N-
demethylase pathways was almost completely inhibited by
TAO, suggesting CYP3A4 involvement. CYP3A4 induction in
humans might therefore preferentially induce non-N-de-
methylation pathways, diminishing nor-LAAM formation
and LAAM clinical effect. The discrepancies between in vivo
and in vitro experiments strongly suggest the necessity for
pharmacokinetic studies in humans with CYP3A4 inducers
and inhibitors for understanding LAAM disposition and in-
teractions.

In summary, we have shown that LAAM and its active
metabolite nor-LAAM are predominantly metabolized by
CYP3A4 in human liver microsomes and CYP3A4-catalyzed
metabolism demonstrates unusual multisite kinetics.
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Note Added in Proof. LAAM metabolism by CYP3A4 was
also analyzed using a variation of eq. 3, with a single V.
and replacement of V., with « - V., to allow for different
rates of metabolism of the ES and ESS complexes (Schrag and
Wienkers, 2001). Parameters (K, 1, K95 Vinaw and a - V)
and AIC values were identical to those obtained with egs. 1
and 3.
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