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SUMMARY

A subset of patients with hypersensitivity reactions to the aro-
matic anticonvulsants phenytoin, carbamazepine, and pheno-
barbital have circulating antibodies that recognize members of
the rat cytochrome P450 (CYP) 3A subfamily. These antibodies
do not recognize related human CYP3A proteins despite the
high degree of structural similarity. To investigate the relation-
ship between P450-mediated drug metabolism and the devel-
opment of anti-P450 antibodies, we initiated epitope mapping
studies by screening a library of fusion proteins constructed
from rat CYP3A1 with an anti-CYP3A1-positive patient serum
sample. Positive signals from colony lifts were confirmed by
sodium dodecyl sulfate/polyacrylamide gel electrophoresis and
immunoblotting, and a 26-amino acid sequence corresponding
to amino acids 342-367 of the CYP3A1 protein (NKAPPTY-
DTVMEMEYLDMVLNETLRL) was identified as containing the
epitope recognized by IgG, antibodies in this serum sample. By

subjecting inserts from two clones into a second round of
library construction and screening by immunoblot analysis, we
further defined the epitope to EYLDMVLNETLRL. Single amino
acid deletions identified DMVLNETLRL as the minimum amino
acid sequence required for antibody binding. The correspond-
ing sequence in the four human CYP3A proteins differs by only
one amino acid (DMVVNETLRL) This amino acid is critical to
antibody recognition as immunoreactivity of the L361V mutant
is markedly reduced. Anti-CYP3A antibodies in nine of nine
additional sera also recognized the 13-amino acid epitope; for
five of these sera, the minimum antibody binding sequence was
DMVLNETLRL. The proximity of this epitope to a region deter-
mining substrate specificity may provide the link among reac-
tive metabolite production, hapten formation, and the produc-
tion of anti-P450 antibodies in anticonvulsant-induced
idiosyncratic reactions.

The CYPs constitute a gene superfamily that plays a major
role in the biotransformation of drugs and environmental
toxins to, for the most part, more easily excreted and less
toxic products [CYP nomenclature according to Nelson et al.
(D). In this manner, they provide a crucial function in pro-
tecting the host from small molecule (chemical) insults, anal-
ogous perhaps to the protective role against large molecules
played by the immune system and its immunoglobulin, T cell
receptor, and MHC gene superfamilies. There appear to be,
however, situations where various CYP enzymes become the
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target of an immune response; these include CYP2D6 (2, 3)
and, less commonly, CYP1A2 (4) in type II chronic autoim-
mune hepatitis, CYP11A1 in autoimmune polyendocrine syn-
drome type I (5), and CYP17 and CYP21 in Addison’s disease
(5-7). Anti-P450 antibodies have also been observed in idio-
syncratic drug reactions such as tienilic acid hepatitis (anti-
CYP2C9) (8), dihydralazine hepatitis (anti-CYP1A2) (9), and
hypersensitivity reactions to the aromatic anticonvulsants
phenytoin, phenobarbital, and carbamazepine (anti-CYP3A)
(10, 11). In the latter case, patient antibodies recognize rat
CYPs 3A1 and 3A2 and, to a lesser extent, CYP2C11 (10).
Although an antigen expressed in human liver microsomes
appears to be similarly regulated (11), recombinant CYPs
2C9/10 and 3A4 are not recognized by these antibodies de-
spite a relatively high degree of similarity with the rat anti-
gens.

ABBREVIATIONS: CYP or P450, cytochrome P450; DDEP, 3,5-dicarbethoxy-2,6-dimethyi-4-ethyl-1,4-dihydropyridine; HCV, hepatitis C virus;
MHC, major histocompatability; PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecy! sulfate; TNT, Tris/sodium chloride/Tween-20
buffer; M-TNT, Tris/sodium chloride/Tween-20 buffer with 4% skim milk powder; PCR, polymerase chain reaction; IgG, immunoglobulin G.
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The mechanisms by which CYPs become antigenic are not
known. Three groups have mapped independently the
epitope recognized by anti-LKM, (anti-CYP2D6) antibodies
to a linear segment centering around the consensus sequence
DPAQPPRD (Asp-Pro-Ala-GIn-Pro-Pro-Arg-Asp). Homolo-
gies have been found between the mapped amino acid seg-
ments and herpes simplex virus type 1 and HCV proteins,
suggesting that mimicry may occur between CYP2D6 and
viral antigens (12-14).

In the case of drug-induced disorders with immunological
etiologies, it has been proposed that drug bioactivation to
reactive metabolites capable of covalently modifying cellular
macromolecules (proteins) leads to the formation of drug/
protein conjugates (haptens) that may be perceived as “non-
self” by the host immune system. The clinical manifestations
of drug hypersensitivity reactions are thus believed to repre-
sent an immune response directed against new antigenic
determinants derived from the drug and/or the carrier pro-
tein (15). The CYP2C9 target of antibodies in tienilic acid
hepatitis is the P450 responsible for tienilic acid bioactiva-
tion to a reactive metabolite, possibly a thiophene S-oxide
derivative, that covalently binds to human liver microsomal
proteins (16, 17). It appears that the reactive metabolite
binds in or near the CYP2C9 active site (18) and ultimately
results in inactivation of the enzyme (17). The specific
epitope has not yet been identified, but current data do not
indicate a strict requirement for covalently bound drug.

In anticonvulsant hypersensitivity reactions, several find-
ings suggest that the sequence of events leading to the pro-
duction of anti-CYP antibodies is more complicated than
would be predicted by the hapten hypothesis. For example,
the primary antibody response to new immunogenic deter-
minants derived from a drug-modified protein would be ex-
pected to be of the IgM class, followed later by an IgG re-
sponse. In fact, the absence of an IgM anti-CYP response has
been a consistent finding in all sera tested, including those
obtained 10-17 days after the onset of clinical symptoms of
anticonvulsant hypersensitivity; immunoglobulin class- and
subclass-specific reagents indicated that the antibodies were
predominantly IgG, and IgGj;, although some IgA antibodies
were also observed (19). Also, anti-CYP3A may persist in
patients for several years after the acute hypersensitivity
event has resolved, even in the absence of continued admin-
istration of aromatic anticonvulsants. Furthermore, antibod-
ies have been detected in the sera of two individuals with no
history of exposure to anticonvulsant (or other) medication.?
One interpretation of these findings is that the anti-CYP3A
antibodies represent a response to an antigen independent of
drug administration, possibly of infectious origin, and be-
come pathogenic only in the presence of drug.

The purpose of the present study was to map the epitope on
CYP3A1 recognized by patient sera to better understand the
differential recognition of rat and human CYP3A proteins
and to further investigate the relationship between drug
metabolism and the immune response in the pathogenesis of
anticonvulsant hypersensitivity reactions.

! A. Gaedigk, X. Lu, and J. S. Leeder. Manuscript in preparation.
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Chemicals and reagents. Electrophoresis reagents were ob-
tained from ICN Biomedical (Cleveland, OH). Molecular weight
standards, thimerosal, Tween 20, Tris base, glycine, NaCl, and Pon-
ceau S concentrate were obtained from Sigma Chemical Co. (St.
Louis, MO). HRP-conjugated mouse anti-human IgG, (World Health
Organization clone HP6069) and IgG; (World Health Organization
clone HP6047) were obtained from Zymed (South San Francisco,
CA). Nitrocellulose membranes, chemiluminescence detection re-
agents, and film were obtained from Amersham Canada Ltd.
(Oakville, Ontario, Canada). All other reagents were of the highest
grade commercially available.

Construction of CYP3Al1 library. CYP3A1 cDNA was gener-
ously provided by Dr. Frank Gonzalez (Laboratory of Molecular
Carcinogenesis, National Institutes of Health, National Cancer In-
stitute, Bethesda, MD). A library of fusion proteins containing
CYP3Al-derived peptide fragments was generated using the Nova-
Tope System (Novagen, Madison, WI). CYP3A1 cDNA (1.6 kb) was
digested with DNase I in the presence of Mn?* and size-fractionated
on a 2% agarose gel. The band corresponding to 100-150-bp frag-
ments was excised, and the DNA was recovered with use of the
QIAEX gel extraction kit (Qiagen, Chatsworth, CA). Ends of the
digested fragments were made blunt, and single 3' dA residues were
added by sequential reactions with T4 DNA polymerase and Tth
DNA polymerase. The modified fragments were ligated directly into
pTOPE T-vector prepared by EcoRV digestion and the addition of
single 3’ dT residues (Novagen). Ligated plasmids were transformed
into Escherichia coli strain NovaBlue(DE3), and target sequences
were expressed as fusions with the T7 gene 10 protein. The identity
of inserts was confirmed by sequencing with T7 gene 10 or T7
terminator primers using the T7-Sequencing Kit protocol (Pharma-
cia Biotechnology, Montreal, Quebec, Canada).

Immunoscreening of expressed CYP3Al fragments. Trans-
formants were plated at ~400-500 colonies/100-mm plate. Colonies
were transferred to nitrocellulose filters (Amersham Canada Ltd.),
lysed by chloroform vapor, and denatured with 20 mM Tris-HCI, pH
7.9, 6 M urea, and 0.5 M NaCl. Filters were blocked overnight at room
temperature with TNT (10 mM Tris, 154 mM NaCl, 0.2% w/v Tween
20, 0.1% w/v thimerosal) containing 4% w/v skim milk powder (M-
TNT). Immunoscreening was performed with a patient serum sam-
ple containing IgG, anti-CYP3A1 antibodies. Both the patient serum
and the HRP-conjugated mouse anti-human IgG; secondary anti-
body were preadsorbed overnight at room temperature with 1 mg/ml
lysate protein from NovaBlue(DE3) containing vector without insert.
Incubation with human serum was carried out at room temperature
for 3 hr, followed by washing in TNT for 30 min at 5-min intervals.
The washed blots were incubated with HRP-conjugated mouse anti-
human IgG; diluted 1:2000 in M-TNT for 1 hr at room temperature.
After washing (5 min X 6), bound antibody was visualized by en-
hanced chemiluminescence detection (Amersham).

Immunoscreening by Western blotting. SDS-PAGE was con-
ducted according to Laemmli (20) on 10% or 12% resolving minigels
(5.0 cm long, 1.5 mm thick) using an LKB model 2050 Midget Elec-
trophoresis Unit (LKB Produkter AB, Bromma, Sweden). Colony
lysate protein was diluted in sample buffer (1% SDS, 5% glycerol, 50
mM Tris, pH 6.8, 0.4 M mercaptoethanol, and 0.002% Bromophenol
blue final) and boiled for 2 min. The samples were electrophoresed at
28 mA/gel for 90 min and transferred electrophoretically (0.8 mA/cm?
for 60 min) to nitrocellulose (Hybond-ECL, Amersham) using an
LKB model 2117 Novablot Electrophoresis Unit (LKB Produkter AB)
and a buffer consisting of 48 mM Tris, 39 mM glycine, 0.0375% SDS,
and 20% methanol.

Location of the molecular weight markers on the nitrocellulose
was verified using Ponceau S staining according to the manufactur-
er’s directions (Sigma). The nitrocellulose membranes were then
blocked with M-TNT overnight at room temperature with gentle
rocking. Immunoblotting with preadsorbed patient serum and en-
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Fig. 1. Strategy for epitope fine mapping.

TABLE 1
PCR primer pairs for fine mapping of epitope

Desired construct Forward primer

Reverse primer

EYLDMVLNETLRL 5'-CGCGCGAATTCGAATACCTGGATATGGTG-3’
EYLDMVLNETLR T7 gene 10 primer®
EYLDMVLNETL T7 gene 10 primer
DMVLNETLRL 5'-GCGCGAATTCGATATGGTGTTGAATG-3’
MVLNETLRL 5'-GCGCGAATTCATGGTGTTGAATGAA-3’
VLNETLRL 5'-GCGCGAATTCGTGTTGAATGAAACC-3'
LNETLRL 5'-GCGCGAATTCTTGAATGAAACCCTCAG-3’
NETLRL 5'-GCGCGAATTCAATGAAACCCTCAGA-3’

T7 termination primer?
5'-CGCGCTCGAGATTTCTGAGGGTTTCAT-3’
5'-CGCGCTCGAGGGTTTCATTCAACAC-3'
T7 termination primer

T7 termination primer

T7 termination primer

T7 termination primer

T7 termination primer

@ T7 termination primer: 5'-GCTAGTTATTGCTCAGCGG-3' (Novagen #69337-1).

®T7 gene 10 primer: 5'-TGAGGTTGTAGAAGTTCCG-3' (Novagen #69341-1).

hanced chemiluminescence detection was conducted as described
above.

Fine mapping of epitope. The general strategy for fine mapping
the epitope by using PCR is illustrated in Fig. 1. The template was a
fragment (designated clone 20) derived from the DNase digestion of
CYP3A1 cDNA cloned onto pTOPE. This fragment coded for CYP3A1
amino acids Pro®!® to Leu®®” and produced a fusion protein immu-
noreactive with anti-CYP3A1 patient antibodies. A series of oligonu-
cleotide primers was synthesized (General Synthesis and Diagnos-
tics, Toronto, Ontario, Canada) to generate gene 10 fusion proteins
containing the CYP3Al-derived amino acid sequence EYLDMVL-
NETLRL and sequential amino acid deletions (Table 1).

PCR amplification was conducted with a Cetus Perkin-Elmer ther-

mal cycler under the following conditions: initial denaturation at 94°
for 3 min followed by 35 cycles of denaturation, 30 sec at 94°;
annealing, 30 sec at 50°; extension, 45 sec at 72°; and a final 7-min
extension at 72°. The reaction mixture consisted of 3 ng template
DNA, 1 mM Tris'HCI, pH 8.3, 50 mM KCl, 1 mm MgCl,, 0.1% gelatin,
0.1 mM dNTPs, 20 pmol each forward and reverse primers, and 1.25
units AmpliTaq polymerase (Perkin-Elmer Applied Biosystems Can-
ada, Mississauga, Ontario, Canada) in a total volume of 50 ul. To
clone the PCR product into pTOPE for expression, it was precipitated
with ethanol, digested with EcoRI and Aval, and ligated directly into
pTOPE vector prepared by EcoRI/Aval digestion. The presence and
integrity of each insert were confirmed by PCR and dideoxy sequenc-
ing as described above.
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To generate a gene 10-EYLDMVLNETLRL fusion protein, PCR
was performed on clone 20 DNA with 5'-CGCGCGAATTCGAATAC-
CTGGATATGGTG-3') and T7 terminator (Novagen) primers. Table
1 lists the PCR primers used to generate fusion proteins in which
single amino acids were deleted from the EYLDMVLNETLRL tem-
plate. PCR conditions were as described above except that the an-
nealing temperatures were adjusted to 42-52° depending on the
melting temperature of the respective primers, and the construct
coding for EYLDMVLNETLRL was used as a template. Restriction
digests, ligations, immunoscreening, and confirmation of insert iden-
tity by sequencing were conducted as described above.

Site-directed mutagenesis. Because human CYP3As differ
from CYP3Al by only one amino acid in this region (DMV-
VNETLRL), an L361V mutation was introduced in the 10-amino acid
construcc DMVLNETLRL by PCR. Conditions were as described
above using the forward primer 5'-GCGCGAATTCGATATGGTGGT-
GAATG-3’, T7 terminator primer, and an annealing temperature of
43°. EcoRI/Aval digestion and ligation of the PCR product were also
conducted as described. Incorporation of the nucleotide mutation
was confirmed by dideoxy sequencing.

Patient and control sera. Sera were obtained from 10 patients
who had experienced hypersensitivity reactions to phenytoin and/or
carbamazepine and who had circulating anti-P450 antibodies in
their sera (10, 19). The negative control serum used in these studies
was obtained from an individual with phenytoin hypersensitivity,
including hepatic involvement, who tested positive to in vitro rechal-
lenge (21) but did not have antibodies against denatured CYPs 1A2,
2B1, 2B2, 2C6, 2C7, 2C9/10, 2C11, 2C13, 2E1, 3A1, 3A2, or 3A4. Also
included for comparison was a serum sample obtained from an indi-
vidual with no history of exposure to anticonvulsants that contained
anti-microsomal antibodies directed against CYPs 2C11, 3A1, and
3A2 (19).

Results

Mapping of epitope by immunoblotting. Initial immu-
noscreening was conducted with a patient serum sample
containing IgG; anti-CYP3A1 antibodies and colony lifts that
had been denatured with 6 M urea. Under these conditions, it
was difficult to differentiate positive signals from back-
ground signal. Sequencing of ~40 “positive” colonies revealed
three clusters of clones. One cluster was located near the
amino terminus of the CYP3Al protein, corresponding
roughly to amino acids Thr'! to Gly*®. Of these clones, 5 of 14
were in frame. A second group of clones corresponded to the
carboxyl terminus (3 of 12 clones in frame). Ten randomly
picked colonies were uniformly distributed throughout the
CYP3A1 sequence. The third cluster of sequenced clones was
localized to a region between amino acids Pro®!° and Gly392,
and of these, 11 of 14 were in frame.

These latter results were confirmed by SDS-PAGE and
immunoscreening. For these studies, nonspecific background
antibody binding was minimized by preadsorbing the patient
serum with 0.5 mg each of native and boiled NovaBlue(DE3)
lysate protein. The results presented in Fig. 2 indicate that
the epitope is contained within a 26-amino acid sequence
corresponding to amino acids 342-367 of the CYP3A1 pro-
tein, NKAPPTYDTVMEMEYLDMVLNETLRL.

To further define the epitope, inserts from clones 21 (235
bp) and 29 (218 bp) were subjected to a second round of
library construction yielding fragments ~30-60 bp long. Af-
ter immunoscreening by immunoblot analysis, several colo-
nies, both immunoblot positive and negative, were se-
quenced. Comparison of the signals obtained with clones 20
(presence of signal) and 29-18 (absence of signal) indicated
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Fig. 2. Mapping of CYP3A1 epitope to the 13-amino acid sequence
E3SYLDMVLNETLRL3%. Several colonies expressing CYP3A1 peptides
immunoreactive and nonreactive with IgG; antibodies in a patient serum
were selected and cultured ovemight. Cell lysate protein was electropho-
resed on 12% SDS-PAGE minigels and transferred to nitrocellulose mem-
branes. A, Ponceau S-stained nitrocellulose membrane. B, Immunobilot of
membrane in A. Both the patient serum (1:500 in TNT) and the HRP-
conjugated mouse monoclonal antibody to human 1gG; (1:2000 in TNT)
were preadsorbed with 1.0 mg/ml NovaBlue(DE3) lysate protein ovemight
at room temperature. Bound antibody was visualized by chemilumines-
cence:

clone 17, N**2KAPPTYDTVMEMEYLDMVLNETLRLY~G3%;
clone 20, P310..N342KAPPTYDTVMEMEYLDMVLNETLRL *;

clone 21, P326..N342K APPTYDTVMEMEYLDMVLNETLRLY-H*3,;
clone 24, P319-N342KAPPTYDTVMEMEYLDMVLNETLRLYPx;
clone 25, P310..N342KAPPTYDTVMEMEYLDMVLNETLRL *;

clone 29, T289- N**2KAPPTYDTVMEMEYLDMVLNETLRLYP~;
clone 29-5, N*2KAPPTYDTVMEMEYLDMVLN+;

clone 29-18, Q32°-N3*2KAPPTYDTVMEMx.

Overlapping amino acid sequences derived from clones 17 and 20 localize
the epitope to the sequence N>**2KAPPTYDTVMEMEYLDMVLNETLRL37.
The lack of reactivity with clone 29-18 (Q32° to M3%4) further maps the
epitope to the sequence EYLDMVLNETLRL. *, Termination of translation.

that the epitope recognized by IgG; antibodies in this patient
serum was located within the 13-amino acid sequence 3°°EY-
LDMVLNETLRL?®? (Glu-Tyr-Leu-Asp-Met-Val-Leu-Asn-Glu-
Thr-Leu-Arg-Leu; Fig. 2). Furthermore, the weaker signal
obtained with clone 29-5 (lacking the ETLRL sequence of the
13-amino acid epitope) suggested that these amino acids
were important for antibody binding.

To determine whether recognition of this amino acid se-
quence was unique to the patient serum used for the initial
epitope mapping, a screening experiment was conducted with
sera from six additional anti-CYP3Al-positive anticonvul-
sant hypersensitivity patients. Comparison of the reactivities
with clone 20 and clone 29-18 indicated that all patients had
IgG, or IgG; antibodies, which recognized the clone 20 fusion
protein but not the clone 29-18 fusion protein. Serum from a
patient with anticonvulsant hypersensitivity but no anti-
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Fig. 3. Identification by immunoblot analysis of the minimum amino
acid sequence required for anti-CYP3A1 antibody binding. Electro-
phoresis and immunoblotting were conducted as described in the
legend to Fig. 2. Aliquots of clones 20 (lane 1) and 29-18 (lane 11) were
included as positive and negative controls, respectively. The blot was
incubated with the patient serum used for the original epitope mapping
studies and HRP-conjugated mouse anti-human IgG; secondary anti-
body. The 10-amino acid construct DMVLNETLRL (/lane 6) was the
shortest amino acid sequence associated with antibody recognition;
D38 and L3%7 are apparently essential for antibody recognition. An
L3V mutation corresponding to the sequence of the human CYP3As
(lane 7) was associated with considerable loss of antigenicity.

CYP3A antibodies did not recognize either fusion protein (not
shown). These data provided indirect evidence that antibod-
ies directed against the CYP3Al-derived amino acid se-
quence EYLDMVLNETLRL were a consistent finding among
anticonvulsant hypersensitivity patients with anti-CYP3A
antibodies.

Fine mapping of epitope. Direct evidence for patient
antibody recognition of the 13-amino acid sequence was ob-
tained by constructing a gene 10-EYLDMVLNETLRL fusion
protein (Fig. 3). Initially, the strategy for fine mapping the
epitope involved successive three-amino acid deletions from
the amino terminus of the EYLDMVLNETLRL construct.
With the same serum sample as used in Fig. 2, it was appar-
ent that full antigenicity was retained in the sequence DM-
VLNETLRL. Although further fine mapping was carried out
with single amino acid deletions from both termini, this
10-amino acid sequence, DMVLNETLRL, was the minimum
epitope recognized by the IgG,; antibodies in this sample.
Deletion of the leucine residue at the carboxyl terminus of
the peptide was sufficient to abolish immunoreactivity, con-
sistent with the data for clone 29-5 in Fig. 2. Likewise,
deletion of the aspartate residue (the methionine of the
epitope was preceded by a phenylalanine derived from the
EcoRI site in the gene 10 protein) also resulted in loss of
antigenicity (Fig. 3).

Similar studies with additional patient sera indicated that
although clone 20 was recognized by antibodies in all sam-
ples, the patients could be divided into two groups based on
the patterns of reactivity with the EYLDMVLNETLRL se-
quence and deletions (Fig. 4). In five patients, there was a

progressive increase in immunoreactivity as the CYP3Al-
derived expressed fragment increased in size from the six-
amino acid sequence NETLRL to the 10-amino acid epitope
DMVLNETLRL; this fusion protein produced a considerably
more intense signal than those containing the nine-amino
acid sequence MVLNETLRL. In four of these five patients
(patients 4, 9, 17, and 18), the 10-amino acid sequence re-
sulted in a more intense signal than the 13-amino acid con-
struct despite similar amounts of bacterial lysate protein in
each lane (Coomassie-stained gel; Fig. 4A).

Three of the remaining patient sera (patients 2, 3, and 14)
recognized the longer amino acid sequences rather uni-
formly, whereas sera from patient 15 and the anti-CYP3A1l-
positive sample from the individual not exposed to aromatic
anticonvulsants (C) demonstrated only minimal reactivity
with the longest constructs. Visualization of antibody bind-
ing with the anti-CYP3A1-positive control serum required a
much longer exposure time (6 min) compared with the pa-
tient sera (3 min).

Site-directed mutagenesis. Because rat and human
CYP3A proteins differ by only one amino acid within this
epitope, DMVLNETLRL versus DMVVNETLRL, and human
CYP3A isoforms are not well recognized by these patient
antibodies, we examined the effect of a leucine-to-valine mu-
tation (Fig. 3). This single, conservative amino acid change
resulted in a dramatic decrease in immunoreactivity, ex-
plaining to some extent the discrepancy between the recog-
nition of rat and human CYP3As. All sera recognizing DM-
VLNETLRL produced the same result (not shown).

Discussion

Epitope mapping studies with human autoantibodies have
been conducted for several reasons. One purpose is to inves-
tigate possible similarities between the autoantigen and an-
tigenically related environmental pathogens that may pro-
vide clues to the pathogenesis of the disease. In this context,
the relationship between HCV infection and anti-CYP2D6
antibodies in type II autoimmune hepatitis has been of par-
ticular interest to several groups. There now appear to be two
distinct populations of patients with anti-CYP2D6 antibod-
ies: (i) LKM,-positive patients without HCV markers, who
tend to be young females with other associated autoimmune
disorders or a family history of autoimmune hepatitis and
response to immunosuppressive therapy; and (ii) LKM,-pos-
itive patients with HCV markers, who are more likely to be
older males without other autoimmune manifestations and
may respond better to antiviral therapy. Recent data suggest
that anti-LKM,; antibodies from patients with autoimmune
hepatitis type II recognize a linear epitope, whereas those
from HCV-positive patients recognize a conformational
epitope or epitopes (22). Thus, LKM, autoantibodies arising
from infectious challenge appear to be different from those
associated with autoimmune disease.

Autoantibodies to CYPs involved in steroid biosynthesis
have been identified in the sera of patients with Addison’s
disease and autoimmune polyendocrine syndrome type I. The
major autoantigen in Addison’s disease is CYP21A2 (steroid
21-hydroxylase), which is expressed only in the adrenal cor-
tex (6, 23). CYP17 (steroid 17a-hydroxylase) has also been
reported as an autoantigen in one study (7), but this finding
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could not be confirmed in another (6). In contrast, CYP11A1
(cholesterol side-chain cleavage enzyme) is an autoantigen in
autoimmune polyendocrine syndrome type I (5). A major
CYP21A2 epitope has been mapped to amino acids 298-356
and contains most of the putative steroid hormone-binding
site (24). Mapped epitopes on CYP17 are equally large (25),
making identification difficult of antigenically related pro-
teins of infectious origin.

Similar epitope mapping studies have not been reported
for anti-P450 antibodies involved in tienilic acid and dihy-
dralazine hepatitis. Our interest in mapping the CYP3A1
epitope recognized by antibodies from patients with anti-
convulsant hypersensitivity reactions was 2-fold. First, we
were interested in possible molecular mimicry with anti-
gens of infectious origin that might help define factors
determining susceptibility to these reactions. Second, we
hoped that a well-defined epitope would aid in identifying
the human (auto)antigen recognized by these antibodies
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Fig. 4. Minimum amino acid sequence re-
quired for anti-CYP3A1 antibodies from pa-
tients with anticonvulsant hypersensitivity.
Gene 10 fusion proteins were constructed with
the following CYP3A1-derived amino acid se-
quences, lane 1, clone 20; lane 2, clone 29-18;
lane 3, NETLRL; /ane 4, LNETLRL; /ane 5,
VLNETLRL,; /ane 6, MVLNETLRL; /ane 7, DM-
VLNETLRL; /ane 8, EYLDMVLNETL; /ane 9, EY-
LDMVLNETLR; and Jane 10, EYLDMVL-
NETLRL. Electrophoresis and immunoblotting
were conducted as described in the Legend to
Fig. 2. A, Coomassie-stained gel. B, Immuno-
blots with patient sera and HRP-conjugated
anti-human IgG, (patients 1, 2, 3, 14, 15, and
18 and control) or IgG, (patients 4, 9, and 17)
secondary antibodies. Patient sera (1:500
in TNT) and the secondary antibodies (1:1500
in TNT) were preadsorbed with 1.0 mg bacte-
rial lysate protein. Patient identification is from
Ref. 18.

456 78910

456 78910

4567 8910

4567 8910

because recognition of human CYPs 3A has been uniformly
negative. The data from the present investigation indicate
that the 13-amino acid sequence EYLDMVLNETLRL and,
more specifically, the 10-amino acid sequence DMVL-
NETLRL were a common feature among anti-CYP3A-pos-
itive anticonvulsant hypersensitivity patients. This region
is highly conserved among the CYP3A subfamily, with
L361V being the only difference among rat, mouse, rabbit,
and human enzymes; rat CYP3A1l and CYP 3A2 and mouse
3A11 share the DMVL-: sequence, whereas mouse
CYP3A13, rabbit 3A6, and all four human CYP3As (3A3,
3A4, 3A5, and 3A7) have the DMVV-- sequence. There also
is a high degree of homology (at least 7 of 10 amino acid
identity) with thromboxane synthetase (CYP5) and the
yeast alkane-inducible P450s (i.e., CYPs 52A1, 52A2, and
52A3).

The DMVLNETLRL epitope has several interesting fea-
tures. First, it contains a potential N-glycosylation site, N-X-
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CYP3A1 Epitope ®DMVLNETLRL
(P%%) mKYVGL\l"LL':EAJ:-I:ULTAPAFSLYA
(P450 o) mRI?.ﬁ.ACEELLRRSLV ADGRITL

K Helix SRS-5

Fig. 5. Alignment of minimum antibody-binding site in CYP3A1 with
the K-helices of CYP102 (P450g,,3) and CYP101 (P450.,,,). The align-
ment of P450g,,; and P450,,, is according to Ravichandran et al. (26).

S/T, where X is any amino acid except proline, and a potential
protein kinase C phosphorylation site, S/T-X-R/K (26). Sec-
ond, it contains the E-X-X-R motif, which is well conserved
among P450s and is a hallmark of the K-helix. Although no
crystallographic data are available for eukaryotic P450s,
alignment of the E-X-X-R region with the corresponding re-
gions in CYP101 (P450,,,,,) and CYP102 (P450gzy,.3) suggests
that this epitope is located in the K-helix of CYP3A1 (Fig. 5).
This epitope (DMVLNETLRL) is very similar (8 of 10 amino
acid identity) to the GMVLNEALRL sequence of CYP102,
providing strong evidence for this. A further implication is
that the X-X residues of E-X-X-R must be more important for
antibody binding than the E and R residues because not all
P450s are recognized by the patient antibodies.

Localization of the epitope to the K-helix has two major
implications. First, structural models based on crystallo-
graphic data indicate that the K-helix is buried within the
P450 molecule (27). The means by which drug-modified
P450s become exposed to the immune system represent an
area of some interest in drug-induced toxicities associated
with anti-P450 antibodies. It has been proposed that small
amounts of CYPs 1A2, 2C, 2D6, 2E1, and 3A4 are present on
hepatocyte plasma membranes and thus could be targets of
immune effectors (28). However, although plasma membrane
localization of P450s is generally accepted, there is some
controversy as to whether the orientation is cytosolic, corre-
sponding to their orientation in the endoplasmic reticulum,
or extracellular (29). For an epitope located in the K-helix,
these considerations are largely moot because even with an
extracellular orientation, it is unlikely that the epitope
within the K-helix would be accessible to either antibodies or
cytotoxic T cells. This implies that there must be alternative
means by which P450s or P450-derived peptide fragments
are presented to the immune system.

Studies of P450 degradation in cells may provide some
insight. Administration of the nifedipine analogue DDEP to
untreated, phenobarbital-pretreated, or dexamethasone-pre-
treated rats results in time-dependent losses of hepatic P450
content, specifically, CYPs 2C6, 2C11, 3A1, and 3A2. DDEP-
mediated destruction is more prominent in microsomes from
animals pretreated with CYP3A inducers and is prevented by
troleandomycin, implicating members of the CYP3A subfam-
ily in the process. The mechanism of CYP3A inactivation
involves heme fragmentation to reactive metabolites that
irreversibly bind to the protein (30). Heme alkylation of
DDEP-inactivated CYP3A appears to structurally damage
the apo-P450s and expose targetable residues (i.e., lysine) for
ubiquitin conjugation, marking the P450s for rapid degrada-
tion by hepatic ubiquitin-dependent proteases (31, 32). A
similar, ubiquitin-dependent pathway has been proposed for
the processing of intracellular proteins to peptides for MHC

class I-restricted antigen presentation (33). This represents a
potential link between P450 damage by reactive metabolites
and presentation of P450 fragments to the immune system in
the appropriate context for an immune attack on hepatocytes
expressing these MHC-bound peptides on their surface. Until
the intracellular disposition of CYP3A-derived peptides is
characterized in more detail, such a link is purely specula-
tive, but it merits further study.

The second implication of epitope localization to the K-
helix relates to its possible role in substrate binding and
orientation within the active site of the enzyme. As shown in
Fig. 5, a hypervariable region or substrate recognition se-
quence believed to be important in substrate binding (specif-
ically, SRS-5) is located immediately adjacent to the carboxyl
terminus of the K-helix (34). Based on a search for homolo-
gous sequences in various steroidogenic enzymes and steroid
receptors, Picado-Leonard and Miller (35) have proposed the
following steroid-binding consensus sequence:

L RE R
LpLL*O0OOgpOLgL*PV

where * is a charged amino acid, and 0 is an uncharged
amino acid. An alignment of this consensus sequence with
the 13-amino acid epitope and flanking amino acids derived
from CYP3ALl is presented in Fig. 6; also included are the
corresponding regions of the human CYP3As. The number of
amino acid matches between the consensus sequence and
CYP3As ranges from 11 with 3A1 to 13 matches with 3A7.

Steroid-Binding Consensus Sequence

P KD K
L LL+000ggOLRLEtPV
CYP: Score
3A1 MEYLDMVENETLRLYBI 11
5

3A3 MEYLDMVVNETLRLFPI 11
3A4 MEYLDMVVNETLREOFPI 11
3AS MEYLDMVVNETLRLFBY 12
IA7 NEYLDMVVNETLRLFBY 13
1A1 LPYMEAFILETFRHSSF 9
1A2 LPYLEAFILETFRHSSF 10
2A6 MPYMEAVIHEIQRFGDV, 9
2B6 MPYTEAVIYEIQRFSDL 8
2C8 MPYTDAVVHETQRYSDL 8
2C9 MPYTDAVVHEVQRCIDL 8
2C19 MPYTDAVVHEVQRYIDL 38
2D6 MPYTTAVIHEVQRFGDI 7
2E1 MEYMDAVVHEIQRFITL 8
2F1 MEYTDAVIHEVQRFADI 8
4B 1 MTYLTMCIKESFRLYPP 10

5 LEYLDMVIAETLRMYPP 12

Fig. 6. Comparison of CYP3A amino acid sequences around the 13-
amino acid epitope with a postulated steroid-binding consensus se-
quence. The amino acid sequences of CYP3A1 containing the 13-
amino acid epitope recognized by human anti-CYP3A antibodies and
human CYPs 3A3, 3A4, 3A5, and 3A7 are compared with the steroid-
binding consensus sequence proposed by Picado-Leonard and Miller
(34). Also included are the corresponding K-helix regions of human
CYPs in families 1, 2, 4, and 5 that have been aligned to the CYP3As by
the E-X-X-R motif. Shaded area, amino acid matches with the consen-
sus sequence; Score, number of matches for each CYP.
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This compares favorably with scores of 11-13 with the ste-
roid receptors and sex steroid-binding protein and 10 with
CYP19 but is less than those for CYP11A1 (score of 15), CYPs
11B1 and 21 (16 each), and CYP17 (score of 17).

It appears, however, that not all of the consensus sequence is
specific for steroid binding as human P450s in the CYP1 and
CYP2 families have a reasonable amount of homology with this
region as well (Fig. 6). Much of this is due to the stretch of three
uncharged residues, which impart a general helical structure.
Of these human P450s, only CYP1A2 [estradiol 2- and 4-hy-
droxylation (36)] and CYP2C8 [hydroxylation of testosterone,
androstenedione, and progesterone to unknown metabolites
(37)] have any steroid-metabolizing capacity. On the other
hand, the human (and rodent) CYP3As have well-documented
steroid-hydroxylating activities, particularly 23-, 68-, and 153-
hydroxylation of testosterone, androstenedione, and progester-
one (37). The 10-amino acid CYP3A1-derived epitope identified
in this study and the three amino acids that follow it have
particularly high homology with the carboxyl terminus, EOLRL
+ PV (0 and * refer to any uncharged or charged amino acids,
respectively), of the consensus sequence. In addition, the LRL
sequence appears to be particularly important for antigenicity
(at least for half the patients) as deletion of the terminal leucine
residue results in loss of antigenicity. It is tempting to speculate
that this region might be important for anticonvulsant binding
to human CYP3As and that perhaps any reactive intermediate
formed interacts covalently in, or near, this substrate binding
region. Accelerated degradation of inactivated enzyme could
result in the production of drug-modified peptide fragments,
possibly processed by the ubiquitin-protosomal pathway as
demonstrated for rat CYP3As (31, 32).

The precise role of human CYP3As in phenytoin or carbam-
azepine bioactivation is unknown. Biotransformation of pheny-
toin to 4’-hydroxy phenytoin (presumably via an arene oxide)
correlates well with markers of CYP2C9 activity such as tolbu-
tamide methyl hydroxylation and (S)-warfarin 7-hydroxylation
but not with immunoquantified CYP2C9 or CYP2C8. This has
been attributed to allelic variants of CYP2C9, which may differ
in their catalytic properties or, less likely, alternative P450s
(38). On the other hand, CYP3As are responsible for carbam-
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azepine bioactivation in murine liver (39), and although a role of
CYP3A4 in the biotransformation of carbamazepine to its
10,11-epoxide formation has been documented (40), this stable
epoxide is probably not the “reactive” metabolite implicated in
the pathogenesis of hypersensitivity reactions. Because anti-
convulsants are frequently prescribed in combinations, the
presence of multiple, competing bioactivation pathways would
not be surprising.

We have identified an amino acid sequence that forms a
common epitope recognized by antibodies in the sera of patients
with hypersensitivity reactions to phenytoin, carbamazepine,
and phenobarbital. However, as has also been demonstrated for
anti-CYP2D6 antibodies (12), probably not all patient antibod-
ies recognize precisely the same epitope, and it must be remem-
bered that this epitope is just one target of what is likely an
oligoclonal antibody response. However, our patient antibodies
can be divided into two main groups according to the reactivity
to the EYLDMVLNETLRL epitope (Fig. 4 and Table 2). One
group is characterized by pronounced recognition of the 10-
amino acid sequence DMVLNETLRL. These patients (with one
exception) predominantly recognized CYP3Al and had no
CYP2C11 reactivity. Drug therapy in three of the five patients
included carbamazepine, and in four patients therapy consisted
of phenytoin in combination with carbamazepine (two patients)
or phenobarbital (two patients). Two of these patients had he-
patic involvement, whereas the liver was not affected in any of
the other patients.

The second group includes four patients who experienced
hypersensitivity reactions after phenytoin monotherapy and
the anti-CYP-positive control serum. These patient sera
showed preferential reactivity against the EYLDMVL-
NETLRL/gene 10 fusion protein and shorter EYL-containing
constructs. This suggests that some amino acids preceding
this amino acid sequence are also important in defining the
epitope, a possibility that is being pursued experimentally.
These sera are further distinguished from the other group by
their recognition of CYP2C11 in addition to CYP3A1 when
tested against purified rat P450s. Differentiation on the basis
of CYP3AL1 epitope pattern represents the first parameter by

Characteristics qf anticonvulsant hypersensitivity patients with antibodies recognizing the amino acid sequence “DMVLNETLRL"

compared with those with less defined epitopes

Patient identification and intensity of immunoreactivity as presented in reference (18). The intensity of antibody recognition was arbitrarily assigned a value of + to
+++; nor. = no reactivity. In vitro rechallenge: Peripheral blood mononuclear cells are challenged with drug metabolites generated by a murine microsomal
metabolizing system as described by Shear et al. (20). A “positive” result is defined as cytotoxicity exceeding 3.6, 4.5, and 9.9% for phenytoin, phenobarbital and

carbamazepine, respectively, based on population data.

Immunoreactivity?
Patient Anticonvulsant therapy In vitro rechallenge
2011 3A1 3A2
Defined Epitope
“DMVLNETLRL”
1 phenytoin, phenobarbitol Positive n.r. +++ +
4 carbamazepine Positive + + +
9 carbamazepine, phenytoin Positive n.r. +4++ +
17 phenobarbitol, phenytoin Negative n.r. +++ ++
18 carbamazepine, phenytoin Positive n.r. +++ +++
Less Defined
Epitope
2 phenytoin Positive ++ +4++ +
3 phenytoin Positive + +++ n.r.
14 phenytoin Positive + +++ ++
15 phenytoin Positive +++ +++ +
Control None Negative +++ + +
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which patients with anticonvulsant hypersensitivity reac-
tions can be subcategorized.

The exact identity of the human (auto)antigen remains
unclear. Although the human and rodent CYP3A se-
quences differ by only one amino acid with the identified
epitope, the valine residue in the human CYP3As dramat-
ically reduces antigenicity compared with the leucine of
the rat enzymes. It is possible that susceptible individuals
have a single nucleotide mutation in exon 11 of one or more
of the CYP3A genes that results in a valine-to-leucine
change and predisposes them to a hypersensitivity reac-
tion to phenytoin or carbamazepine on exposure. Given the
location of the epitope, it is possible that such a valine-to-
leucine mutation may have dramatic effects on the produc-
tion of reactive metabolites. Alternatively, the human an-
tigen may be a non-CYP3A protein (e.g., thromboxane
synthetase) that has high homology to CYP3As within the
epitope region. A final possibility is that covalently bound
drug is critical for epitope formation in human CYP3A.
These hypotheses are undergoing experimental evalua-
tion, and the results may provide clearer understanding of
the relationships between drug bioactivation and immune
function that underlie the development of drug hypersen-
sitivity reactions in susceptible individuals.

References

1. Nelson, D. R., T. Kamataki, D. J. Waxman, F. P. Guengerich, R. W.
Estabrook, R. Feyereisen, F. J. Gonzalez, M. J. Coon, 1. C. Gunsalus, O.
Gotoh, K. Okuda, and D. W. Nebert. The P450 superfamily: update on new
sequences, gene mapping, accession numbers, early trivial names of en-
zymes, and nomenclature. DNA Cell Biol. 12:1-51 (1993).

2. Gueguen, M., M. Meunier-Rotival, O. Bernard, and F. Alvarez. Anti-liver
kidney microsome antibody recognizes a cytochrome P450 from the IID
family. J. Exp. Med. 168:801-806 (1988).

3. Manns, M. P,, E. F. Johnson, K. J. Griffin, E. M. Tan, and K. F. Sullivan.
Major antigen of liver kidney microsomal autoantibodies in idiopathic
autoimmune hepatitis is cytochrome P450dbl. J. Clin. Invest. 83:1066—
1072 (1989).

4. Manns, M. P., K. J. Griffin, L. C. Quattrochi, M. Sacher, H. Thaler, R. H.
Tukey, and E. F. Johnson. Identification of cytochrome P450IA2 as a
human autoantigen. Arch. Biochem. Biophys. 280:229-232 (1990).

5. Wingvist, O., J. Gustafsson, F. Rorsman, F. A. Karlsson, and O. Kiimpe.
Two different cytochrome P450 enzymes are the adrenal antigens in au-
toimmune polyendocrine syndrome type I and Addison’s disease. J. Clin.
Invest. 92:2377-2385 (1993).

6. Wingvist, O., F. A. Karlsson, and O. Kimpe. 21-Hydroxylase, a major
autoantigen in idiopathic Addison’s disease. Lancet 339:1559-1562 (1992).

7. Krohn, K., R. Uibo, E. Aavik, P. Peterson, and K. Savilahti. Identification
by molecular cloning of an autoantigen associated with Addison’s disease
as steroid 17a-hydroxylase. Lancet 339:770-773 (1992).

8. Beaune, P., P. M. Dansette, D. Mansuy, L. Kiffel, M. Finck, C. Amar, J. P.
Leroux, and J. C. Homberg. Human anti-endoplasmic reticulum autoan-
tibodies appearing in a drug-induced hepatitis are directed against a
human liver cytochrome P-450 that hydroxylates the drug. Proc. Natl.
Acad. Sci. USA 84:551-555 (1987).

9. Bourdi, M., D. Larrey, J. Nataf, J. Bernuau, D. Pessayre, M. Iwasaki, F. P.
Guengerich, and P. H. Beaune. Anti-liver endoplasmic reticulum autoan-
tibodies are directed against human cytochrome P-4501A2. J. Clin. Invest.
85:1967-1973 (1990).

10. Leeder, J. S., R. J. Riley, V. A. Cook, and S. P. Spielberg. Human anti-
cytochrome P450 antibodies in aromatic anticonvulsant-induced hyper-
sensitivity reactions. J. Pharmacol. Exp. Ther. 263:360-367 (1992).

11. Riley, R. J., G. Smith, C. R. Wolf, V. A. Cook, and J. S. Leeder. Human
anti-endoplasmic reticulum antibodies produced in aromatic anticonvul-
sant hypersensitivity reactions recognise rodent CYP3A proteins and a
similarly regulated human P450 enzyme(s). Biochem. Biophys. Res. Com-
mun. 191:32—40 (1993).

12. Manns, M. P, K. J. Griffen, K. F. Sullivan, and E. F. Johnson. LKM-1
autoantibodies recognize a short linear sequence in P450IID6, a cyto-
chrome P450 monooxygenase. J. Clin. Invest. 88:1370-1378 (1991).

13. Gueguen, M., O. Boniface, O. Bernard, F. Clerc, T. Cartwright, and F.
Alvarez. Identification of the main epitope on human cytochrome P450
IID6 recognized by anti-liver kidney microsome antibody. J. Autoimmun.
4:607-615 (1991).

14. Yamamoto, A. M., D. Cresteil, O. Boniface, F. F. Clerc, and F. Alvarez.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

Identification and analysis of cytochrome P450IID6 antigenic sites recog-
nized by anti-liver-kidney microsome type-1 antibodies (LKM1). Eur. J.
Immunol. 23:1105-1111 (1993).

Park, B. K., J. W. Coleman, and N. R. Kitteringham. Drug disposition and
drug hypersensitivity. Biochem. Pharmacol. 36:581-590 (1987).
Lépez-Garcia, M. P., P. M. Dansette, P. Valadon, C. Amar, P. H. Beaune,
F. P. Guengerich, and D. Mansuy. Human liver cytochromes P-450 ex-
pressed in yeast as tools for reactive-metabolite formation studies: oxida-
tive activation of tienilic acid by cytochromes P-450 2C9 and 2C10. Eur. J.
Biochem. 213:223-232 (1993).

Lé6pez-Garcia, M. P., P. M. Dansette, and D. Mansuy. Thiophene deriva-
tives as new mechanism-based inhibitors of cytochromes P-450: inactiva-
tion of yeast-expressed human liver cytochrome P-450 2C9 by tienilic acid.
Biochemistry 33:166—-175 (1994).

Lecoeur, S., E. Bonierbale, D. Challine, J. C. Gautier, P. Valadon, P. M.
Dansette, R. Catinot, F. Ballet, D. Mansuy, and P. Beaune. Specificity of in
vitro covalent binding of tienilic acid metabolites to human liver micro-
somes in relationship to the type of hepatotoxicity: comparison with two
directly hepatotoxic drugs. Chem. Res. Toxicol. 7:434—442 (1994).
Leeder, J. S., V. A. Cook, and R. J. Riley. Anti-cytochrome P450 antibodies
in patients with aromatic anticonvulsant-induced hypersensitivity reac-
tions, in Cytochrome P450 Biochemistry, Biophysics and Molecular Biology
(M. C. Lechner, ed.). John Libbey Eurotext, Paris, 197-200 (1994).
Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.) 227:680-685 (1970).

Shear, N. H., and S. P. Spielberg. Anticonvulsant hypersensitivity
syndrome: in vitro assessment of risk. J. Clin. Invest. 82:1826-1832
(1988).

Yamamoto, A. M., D. Cresteil, J. C. Homberg, and F. Alvarez. Characteriza-
tion of anti-liver-kidney microsome antibody (anti-LKM1) from hepatitis C
virus-positive and -negative sera. Gastroenterology 104:1762-1767 (1993).
Bednarek, J., J. Furmaniak, N. Wedlock, Y. Kiso, A. Baumann-Antczak, S.
Fowler, H. Krishnan, J. A. Craft, and B. Rees Smith. Steroid 21-
hydroxylase is a major autoantigen involved in adult onset autoimmune
Addison’s disease. FEBS Lett. 309:51-55 (1992).

Song, Y. H., E. L. Connor, A. Muir, J. X. She, B. Zorovich, D. Derovanesian,
and N. Maclaren. Autoantibody epitope mapping of the 21-hydroxylase
antigen in autoimmune Addison’s disease. J. Clin. Endocrinol. Metab.
78:1108-1112 (1994).

Peterson, P, and K. J. E. Krohn. Mapping of B cell epitopes on steroid
17a-hydroxylase, an autoantigen in autoimmune polyglandular syndrome
type L. Clin. Exp. Immunol. 98:104-109 (1994).

Kennelly, P. J., and E. G. Krebs. Consensus sequences as substrate spec-
ificity determinants for protein kinases and protein phosphatases. J. Biol.
Chem. 266:15555-15558 (1991).

Ravichandran, K. G., S. S. Boddupalli, C. A. Hasemann, J. A. Peterson,
and J. Deisenhofer. Crystal structure of hemoprotein domain of
P450BM-3, a prototype for microsomal P450’s. Science (Washington D. C.)
261:731-736 (1993).

Loeper, J., V. Descatoire, M. Maurice, P. Beaune, J. Belghiti, D. Houssin,
F. Ballet, G. Feldman, F. P. Guengerich, and D. Pessayre. Cytochromes
P-450 in human hepatocyte plasma membrane: recognition by several
autoantibodies. Gastroenterology 104:203-216 (1993).

Yamamoto, A. M., C. Mura, C. de Lemos-Chiarnadini, and R. Krish-
namoorthy. Cytochrome P4501ID6 recognized by LKM1 antibody is not
exposed on the surface of hepatocytes. Clin. Exp. Immunol. 92:381-390
(1993).

Correia, M. A,, C. Decker, K. Sugiyama, P. Caldera, L. Bornheim, S. A.
Wrighton, A. E. Rettie, and W. F. Trager. Degradation of rat hepatic
cytochrome P-450 heme by 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-
dihydropyridine to irreversibly bound protein adducts. Arch. Biochem.
Biophys. 258:436—451 (1987).

Correia, M. A, K. Yao, S. A. Wrighton, D. J. Waxman, and A. E. Rettie.
Differential apoprotein loss of rat liver cytochromes P450 after their inac-
tivation by 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine: a
case for distinct proteolytic mechanisms? Arch. Biochem. Biophys. 294:
493-503 (1992).

Correia, M. A, S. H. Davoll, S. A. Wrighton, and P. E. Thomas. Degrada-
tion of rat liver cytochromes P450 3A after their inactivation by 3,5-
dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine: characterization
of the proteolytic system. Arch. Biochem. Biophys. 297:228-238 (1992).
Michaelek, M. T., E. P. Grant, C. Gramm, A. L. Goldberg, and K. L. Rock.
A role for the ubiquitin-dependent proteolytic pathway in MHC class
I-restricted antigen presentation. Nature (Lond.) 363:552-554 (1993).
Gotoh, O. Substrate recognition sites in cytochrome P450 family 2 (CYP2)
proteins inferred from comparative analyses of amino acid and coding
nucleotide sequences. J. Biol. Chem. 267:83-90 (1992).

Picado-Leonard, J., and W. L. Miller. Homologous sequences in steroi-
dogenic enzymes, steroid receptors and a steroid binding protein sug-
gest a consensus steroid-binding sequence. Mol. Endocrinol. 2:1145-
1150 (1988).

Aoyama, T., K. Korzekwa, K. Nagata, J. Gillette, H. V. Gelboin, and F. J.
Gonzalez. Estradiol metabolism by complementary deoxyribonucleic acid-



37.

38.

39.

Epitope Mapping Studies with Human Anti-CYP3A Antibodies

expressed human cytochrome P450s. Endocrinology 126:3101-3106
(1990).

Waxman, D. J., D. P. Lapenson, T. Aoyama, H. V. Gelboin, F. J. Gonzalez,
and K. Korzekwa. Steroid hormone hydroxylase specificities of eleven
cDNA-expressed human cytochrome P450s. Arch. Biochem. Biophys. 290:
160-166 (1991).

Hall, S. D., M. A. Hamman, A. E. Rettie, L. C. Wienkers, W. F. Trager, M.
Vandenbranden, and S. A. Wrighton. Relationships between the levels of
cytochrome P4502C9 and its prototypic catalytic activities in human liver
microsomes. Drug Metab. Dispos. 22:975-978 (1994).

Pirmohamed, M., N. R. Kitteringham, A. M. Breckenridge, and B. K. Park.
The effect of enzyme induction on the cytochrome P450-mediated bioacti-

40.

243

vation of carbamazepine by mouse liver microsomes. Biochem. Pharmacol.
44:2307-2314 (1992).
Kerr, B. M,, K. E. Thummel, C. J. Wurden, S. M. Klein, D. L. Kroetz, F. J.
Gonzalez, and R. H. Levy. Human liver carbamazepine metabolism: role of
CYP3A4 and CYP2C8 in 10,11-epoxide formation. Biochem. Pharmacol.
47:1969-1979 (1994).

Send reprint requests to: J. Steven Leeder, Pharm.D., Ph.D., Division of
Clinical Pharmacology and Toxicology, The Hospital for Sick Children, 555
University Avenue, Toronto, Ontario, Canada M5G 1X8.






