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ABSTRACT: Six hepatic cytochromes P-450 were isolated from 3-methylcholanthrene-treated animals by 
immunopurification with monoclonal antibodies. The purified cytochromes P-450 include 57- and 56-kDa 
polypeptides from Sprague-Dawley rats, 57- and 56-kDa polypeptides from C5,BL/6 mice, a 56-kDa 
polypeptide from DBA/2 mice, and a 53-kDa polypeptide from guinea pigs. These isozymes were structurally 
compared by peptide mapping using both sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
high-pressure liquid chromatography and by amino acid and NH2-terminal sequence analyses. The 57-kDa 
polypeptides from rats and mice have similar but nonidentical peptide maps and amino acid compositions 
and are about 80% homologous in their NH,-terminal amino acid sequence. The 56-kDa polypeptides from 
rats and both mice strains have very similar peptide maps and amino acid compositions and identical 
NH2-terminal sequences. The NH2-terminal sequence of the mice 56-kDa polypeptides corresponds to that 
reported for the mouse P,-450 isozyme except that we identified two additional residues, proline and serine, 
at  the N H 2  terminus in the 57-kDa polypeptide from C,,BL/6 mice that were not deduced from the cDNA 
sequence of the mouse P,-450 isozyme. The guinea pig 53-kDa polypeptide has a distinct peptide map relative 
to the other polypeptides studied and an NH2-terminal sequence with only partial homology to the 56- and 
57-kDa polypeptides from rats and mice. This report shows the varying degree of structural relatedness 
among the isozymes examined and demonstrates the suitability and advantage of immunopurified cytochromes 
P-450 for sequencing and structural studies. 

x e  cytochromes P-450 of the mixed function oxidase system 
metabolize a wide range of endogenous and exogenous com- 
pounds, including chemical carcinogens, drugs, steroids, and 
prostaglandins (Conney, 1967; Gillette et al., 1972; Gelboin, 
1980). The capability to metabolize such a diverse array of 
substrates results from a multiplicity of cytochrome P-450 
isozymes that have unique yet overlapping substrate specif- 
icities (Lu & West, 1980). Further insight into cytochrome 
P-450 multiplicity, regulation, and phylogenetic relationships 
would be achieved upon purification and characterization of 
the isozymes present in various species and tissues under 
different physiological and environmental conditions, such as 
exposure to chemical inducers of particular isozymes. Progress 
toward purification of a large number of isozymes has been 
hindered by the difficulties encountered in using conventional 
purification procedures which are lengthy, may result in 
relatively low yields, and often are not applicable to the pu- 
rification of cytochromes P-450 present in low concentrations. 

Monoclonal antibodies (MAbs)' have recently been intro- 
duced as a tool for the study of cytochrome P-450 multiplicity 
(Park et al., 1980, 1982a,b, 1984; Boobis et al., 1981; Reubi 
et al., 1984). In our laboratory, we have prepared panels of 
MAbs to a variety of cytochromes P-450 (Park et al., 1980, 
1982a,b, 1984). We have previously reported on the use of 
MAbs in phenotyping cytochrome P-450 dependent catalytic 
activities in tissues from humans (Fujino et al., 1982; Friedman 
et al., 1985a) and animals (Fujino et al., 1984), in developing 
radioimmunoassays for cytochrome P-450 (Song et al., 1984, 
1985), and for immunopurification of cytochromes P-450 from 
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different animal tissues (Friedman et al., 1983; Cheng et al., 
1984a). 

In this report we present structural analyses of MAb-im- 
munopurified cytochromes P-450. Six hepatic cytochrome 
P-450 isozymes immunopurified from 3-methyl- 
cholanthrene-treated animals have been analyzed with respect 
to amino acid composition, NH2-terminal amino acid sequence, 
and peptide patterns formed after proteolytic digestion. These 
isozymes exhibit varying degrees of structural homology. The 
newly determined NH2-terminal sequence of a guinea pig 
cytochrome P-450 shows its partial homology to the rat and 
mice isozymes. The NH2-terminal sequence of an immuno- 
purified mouse isozyme corresponds to that derived from the 
cDNA sequence of the mouse P1-450 isozyme except that we 
detected two NH,-terminal residues not deduced from the 
cDNA sequence. The ease and efficiency of MAb-directed 
immunopurification strongly suggest its future utility for 
isolating cytochromes P-450 from a variety of biological 
sources for subsequent sequencing and structural studies. 

EXPERIMENTAL PROCEDURES 

Preparation of Monoclonal Antibodies and Immunoaffinity 
Matrix. Production of hybridoma cells was essentially as 
previously described (Park et al., 1982b). Monoclonal anti- 
bodies were prepared from ascites fluid by precipitation with 
1.6 M ammonium sulfate. The MAbs used, 1-7-1 and 1-31-2, 
were prepared to MC-induced rat liver cytochrome P-450. The 

' Abbreviations: SDS-PAGE, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis; HPLC, high-pressure liquid chromatography; MAb, 
monoclonal antibody; SV8 protease, Staphylococcus aureus V8 protease; 
MC, 3-methylcholanthrene; DMAA, N,N-dimethyl-N-allylamine. 
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coupling of monoclonal antibodies to CNBr-activated Separose 
4B (Pharmacia) was carried out as described previously 
(Cheng et al., 1984a). 

Preparation of Microsomes. Liver microsomes from male 
Sprague-Dawley rats were prepared by differential centrifu- 
gation (Lu & Levin, 1972). The same procedure was used 
to prepare liver microsomes from guinea pigs (male, 180-200 
g, NIH) and DBA/2 and C,7BL/6 mice (male, 20-25 g). All 
animals were treated with MC (ip, 30 mg/kg, dissolved in corn 
oil) for 3 consecutive days prior to sacrifice. Isolated micro- 
somes were finally suspended in 10 mM phosphate buffered 
0.9% saline (pH 7.4) (PBS) containing 25% glycerol and stored 
at -70 OC. 

Zmmunoaffinity Purification. Fifty milligrams of liver 
microsomes was suspended in PBS containing 25% glycerol 
to a final concentration of 1 mg/mL. The microsomes were 
solubilized by the addition of Emulgen 91 1 (10%) to a final 
concentration of 0.2%. The mixture was stirred for 30 min 
at 4 OC. This step resulted in almost 100% solubilization of 
microsomal proteins. The solubilized preparations from rats 
or C57BL/6 mice were first loaded on a Sepharose-MAb 
1-31-2 column (1.5 X 5 cm), and the effluent from this column 
was further loaded on a Sepharose-MAb 1-7-1 column (1.5 
X 5 cm). The solubilized preparations of DBA/2 mice and 
guinea pigs were loaded directly on a Sepharose-MAb 1-7-1 
column. After loading, each column was washed sequentially 
with the following two buffers: 40 mL of PBS (pH 7.4) 
containing 25% glycerol and 0.2% Emulgen 91 1 and 40 mL 
of PBS (pH 5.0) containing 25% glycerol and 0.1% Emulgen 
91 1. The tightly bound material was eluted with 40 mL of 
30 mM sodium phosphate buffer (pH 3.0) containing 25% 
glycerol and 0.1% Emulgen 91 1. The eluant was adjusted to 
neutral pH and dialyzed against 20 mM sodium phosphate 
buffer, pH 7.2, containing 25% glycerol and 0.2% sodium 
cholate. The dialyzed protein was concentrated on a small 
hydroxylapatite column, dialyzed against 25 mM sodium 
phosphate buffer, pH 7.2, containing 25% glycerol, and stored 
at -70 'C. Protein concentration of the cytochrome P-450 
was determined by the method of Lowry et al. (1951). 

Peptide Mapping. Peptide maps were prepared by essen- 
tially the same procedure as described by Cleveland et al. 
(1977). In brief, 10 pg of cytochrome P-450 was denatured 
by the addition of 0.2% SDS and boiled for 2 min. The pH 
of the sample was then adjusted by the addition of 0.1 M 
sodium phosphate buffer, pH 7.2, when Staphylococcus aureus 
V8 protease (SV8 protease) (Sigma) was used or by 0.1 M 
sodium phosphate buffer, pH 8.0, when a-chymotrypsin 
(Sigma) and endoproteinase Lys-C (Boehringer Mannheim) 
were used. The amounts of protease used were 0.4 pg for SV8 
protease and a-chymotrypsin and 1 .O pg for endoproteinase 
Lys-C, and digestion time was 1 h for all four proteases. After 
digestion, the reaction was stopped by boiling for 2 min in 1% 
SDS. The peptides were separated by SDS-PAGE on gradient 
slab gels of 12.5-20% polyacrylamide according to Laemmli 
(1970). 

High-pressure liquid chromatography of tryptic and a- 
chymotryptic digestions of cytochromes P-450 was performed 
in the following manner. The digestion mixtures, in a final 
volume of about 0.2 mL, contained 100 pg of cytochrome 
P-450, 25 mM sodium phosphate buffer, pH 8.0, 4 M urea, 
25% glycerol, and 4 pg of protease. The mixture was incubated 
at 30 OC for 24 h and the reaction stopped by addition of 0.2% 
trifluoroacetic acid. Seventy-five micrograms of the digest was 
then applied to a Spectra-Physics Model 8995 HPLC equipped 
with a Zorbax ODS column (Du Pont, 4.6 X 250 cm). The 
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peptides were eluted by combination of two solvents pro- 
grammed as follows: 0-4 min with 0.1% aqueous trifluoro- 
acetic acid (solvent A); 4-90 min from 100% solvent A to 35% 
solvent A and 65% of 0.1% trifluoroacetic acid in acetonitrile 
(solvent B); 90-95 min from 35% solvent A and 65% solvent 
B to 100% solvent B. Solvent flow rate was maintained at 1 
mL/min. Eluted peptides were monitored by their absorption 
at 220 nm with a Waters Model 450 detector, and output was 
recorded on a Spectra-Physics SP4270 integrating recorder. 
All reagents used were HPLC grade (Fisher). 

Amino Acid Analysis. The amino acid composition of cy- 
tochrome P-450 was determined essentially as described (Tarr, 
1986) by the University of Michigan Protein Sequencing 
Center (Ann Arbor, MI). Cytochrome P-450 was precipitated 
by the addition of an equal volume of acetone, washed with 
water, and then dissolved in 6 N HCI. The sample was sealed 
under vacuum and subjected to hydrolysis for 24 h at 105 'C. 
Cysteine was determined as cysteic acid after performic acid 
oxidation of the protein. Tryptophan was determined spec- 
trophotometrically (Beaven & Holiday, 1952). 

NH2- Terminal Sequence Determination. Amino acid se- 
quencing was carried out on a Beckman 890 sequencer using 
a 0.1 M Quadrol program. Four to twenty nanomoles of 
protein was dialyzed for 24 h against 500 mL of glass double 
distilled water containing 0.05% SDS and 0.5 mL of 0.4 M 
DMAA in pyridine/water (3/2) (Pierce), followed by another 
24-h dialysis against 500 mL of water containing 0.5 mL of 
a 0.4 M DMAA solution. The sample was lyophilized and 
then dissolved in 0.4 mL of 62.5% trifluoroacetic acid solution 
prior to sequencing. Anilinothiazolinone amino acids were 
manually converted to phenylthiohydantoin derivatives by 
treatment with 0.2 mL of 1 N HC1 at 80 'C for 5 min. The 
phenylthiohydantoin amino acids were identified and quan- 
titated with a Waters Model 710B HPLC equipped with a 
WISP autoinjector and a Du Pont Zorbax ODS column (6.2 
X 80 cm) at 66 OC. All reagents used for sequencing were 
sequencer grade from Beckman. 

RESULTS 
Preparation of Immunopurified Proteins. We have isolated 

immunochemically related hepatic microsomal cytochromes 
P-450 from several animals by a simple and efficient immu- 
nopurification procedure using MAbs 1-31-2 and 1-7-1, which 
were prepared to MC-induced rat liver cytochrome P-450 
(Cheng et al., 1984a,b). These immunopurified proteins are 
electrophoretically homogeneous as judged by SDS-PAGE 
(Cheng et al., 1984b) and gradient SDS-PAGE (Figure 1A) 
and include the 56- and 57-kDa polypeptides from both 
Sprague-Dawley rats and C,,BL/6 mice, a 56-kDa polypeptide 
from DBA/2 mice, and a 53-kDa polypeptide from guinea 
pigs. 

Peptide Mapping by SDS-PAGE. To further characterize 
the structural relatedness of these six immunopurified proteins, 
their proteolytic digests were analyzed by SDS-PAGE (Figure 
1).  We established optimal conditions for partial proteolysis 
with SV8 protease, a-chymotrypsin, and endoproteinase Lys-C, 
for which the peptide maps did not change significantly from 
1 to 2 h of digestion. 

Figure 1B presents a typical peptide pattern following di- 
gestion by SV8 protease, which specifically cleaves proteins 
at aspartic and glutamic acids. The peptide map of the 57-kDa 
polypeptide of Sprague-Dawley rats (track 1) is remarkably 
similar to that of C5,BL/6 mice (track 3). Most of the re- 
solved peptides from rats have mobilities similar to those of 
mice, although the relative intensities of Coomassie blue 
staining may differ. This suggests that the proteolytically 
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FIGURE 1: Peptide mapping on SDS-PAGE. (A) Untreated cytochromes P-450. Tracks: 1, rat 57-kDa polypeptide; 2, rat 56-kDa polypeptide; 
3, CS7BL/6 mouse 57-kDa polypeptide; 4, CS7BL/6 mouse 56-kDa polypeptide; 5,  DBA/2 mouse 56-kDa polypeptide; 6, guinea pig 53-kDa 
polypeptide. (B) Cytochromes P-450 digested with SV8 protease. Tracks: P, protease alone; I ,  rat 57-kDa polypeptide; 2, rat 56-kDa polypeptide; 
3, C57RL/6 mouse 57-kDa polypeptide; 4, CS713L/6 mouse 56-kDa polypeptide; 5, DRA/2 mouse 56-kDa polypeptide; 6, guinea pig 53-kDa 
polypeptide. (C) Cytochromes P-450 digested with a-chymotrypsin; samples are in the same order as in (R). (D) Cytochromes P-450 digested 
with endoproteinase Lys-C; samples are in the same order as in (B). 

sensitive sites, while located at the same position, are digested 
at different rates. Likewise, the peptide maps of the 56-kDa 
polypeptide (track 2) from Sprague-Dawley rats are also very 
similar to that of 56-kDa polypeptides from CS7BL/6 (track 
4) and DBA/2 mice (track 5) .  Although some of the peptides 
derived from the 57-kDa polypeptides have mobilities similar 
to those from the 56-kDa polypeptides, the overall peptide 
patterns for these two polypeptides are definitely different. 
This result clearly indicates that the 56-kDa polypeptides are 
not merely posttranslational cleavage products of the 57-kDa 
polypeptides. On the other hand, the 53-kDa polypeptide of 
guinea pigs (track 5 )  exhibits a very different peptide map, 
indicative of a primary structure that is distinct from the other 
five polypeptides. 

Peptide mapping using a-chymotrypsin is shown in Figure 
IC. The peptide pattern generated from the 57-kDa poly- 
peptide of rats (track 1) by a-chymotrypsin resembles that 
of the 57-kDa polypeptide of CS7BL/6 mice (track 3). Di- 
gestions of the 56-kDa polypeptides from rats (track 2) and 
mice (tracks 4 and 5) all generate three major peptides, the 
mobilities of which are similar to three corresponding major 
peptide products of digestion of the 57-kDa polypeptides. The 
peptide pattern of the guinea pig 53-kDa polypeptide generated 
by a-chymotrypsin (track 5 )  is again distinct from those of 
the other five polypeptides. 

Digestion of the 57- and 56-kDa polypeptides of rats by 
endoproteinase Lys-C generated few peptides (Figure 1 D, 
tracks 1 and 2). The peptides generated from the 56- and 
57-kDa polypeptides of both strains of mice (tracks 3,4, and 
5 )  have very similar mobilities. The 53-kDa polypeptide of 
guinea pigs again displayed a unique peptide pattern (track 
5 ) .  

Peptide Mapping by HPLC. The structural relatedness of 
the six immunopurified cytochromes P-450 was further ex- 
amined by peptide mapping using HPLC. The procedure 
detects major as well as subtle structural differences between 
isozymes, since HPLC can separate peptides with a single 
amino acid substitution. The HPLC patterns for tryptic and 
a-chymotryptic peptides under our established optimal con- 
ditions were reproducible and unchanged with a prolonged 
incubation time. Typical elution patterns for the tryptic 
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FIGURE 2: Elution patterns of tryptic fragments of cytochromes P-450 
on HPLC (A) blank containing 3.75 pg of trypsin; (R) 75 pg of tryptic 
digest of rat 57-kDa polypeptide; (C) 75 pg of tryptic digest of rat 
56-kDa polypeptide; (D) 75 pg of tryptic digest of CS7BL/6 mouse 
57-kDa polypeptide; (E) 75 pg of tryptic digest of CS7RL/6 mouse 
56-kDa polypeptide; (F) 75 pg of tryptic digest of DRA/2 mouse 
56-kDa polypeptide; (G) 75 pg of tryptic digest of guinea pig 53-kDa 
polypeptide. Elution of peptide was performed with a gradient as 
shown. Peptides were monitored by their absorption at 220 nm. 

peptides of cytochromes P-450 are presented in Figure 2. 
HPLC resolved more than 40 major peptides from each cy- 
tochrome P-450. Although the overall elution pattern of the 
57-kDa polypeptide of rats (Figure 2B) did not appear to 
match that of the other polypeptides, upon close examination 
we found that 1 1  out of 40 major peaks of the 57-kDa rat 
polypeptide had retention times (3 1.3,43.6,45.4,45.8,46.2, 
47.0, 51.2, 52.8, 66.5, 69.4, and 71.1 min) and intensities 
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FIGURE 3: Sequence homology of immunopurified cytochromes P-450. The  amino acid residues are  denoted by their single-letter abbreviations. 

Table I :  Amino Acid Compositions of Immunopurified Cytochromes 

residues per cytochrome P-450 polypeptideo 
P-450 

DBA/2 
amino rat C57BL/6 mouse mouse, guinea pig, 
acid 57 kDa 56 kDa 57 kDa 56 kDa 56 kDa 53 k d a -  
Ala 26 28 25 28 31 25 
Cysb 
Asx 
Glx 
Phe 
GlY 
His 
Ile 
LYS 
Leu 
Met 
Pro 
A% 
Ser 
Thr 
Val 

TrD' 
TY r 

9 5 8 8 8 
41 45 46 46 51 
47 46 45 47 48 
32 34 31 34 30 
39 36 39 34 39 
18 13 14 13 12 
28 21 25 27 27 
30 33 30 33 35 
58 51 59 51 52 

8 5 10 8 12 
28 33 31 33 31 
33 31 31 31 32 
38 33 39 33 30 
24 25 21  25 23 
34 41 41 40 42 
12 13 14 13 12 
2 4 4 4 3 

9 
41 
45 
31 
35 
10 
32 
30 
52 
8 

29 
34 
32 
21 
32 
12 
2 

"The number of residues of each amino acid is rounded off to the 
nearest integer. bDetermined as cysteic acid (Tarr,  1986). 
'Determined spectrophotometrically (Beaven & Holiday, 1952). 

similar to those of the 57-kDa polypeptide of C5,BL/6 mice 
(Figure 2D). The elution pattern of the rat 56-kDa poly- 
peptide (Figure 2C) only partially resembled that derived from 
the 56-kDa polypeptides of C,,BL/6 mice and DBA/2 mice 
(Figure 2E,F). In particular, the peptide patterns of these 
three polypeptides between retention times of 42 and 54 min 
were nearly identical. On the other hand, the 56-kDa poly- 

peptides of the two mice strains exhibited almost identical 
peptide maps. The pattern of the 53-kDa polypeptide of guinea 
pigs did not resemble either of the other cytochromes P-450. 

HPLC elution patterns of the a-chymotryptic fragments of 
the immunopurified cytochromes P-450 were also obtained 
(Figure S1 of the supplementary material; see paragraph at 
end of paper regarding supplementary material). The profiles 
of the 57-kDa polypeptides of rats and C5,BL/6 mice resem- 
bled neither each other nor that of the 56-kDa polypeptides. 
In contrast, the 56-kDa rat polypeptide partially resembled 
the 56-kDa polypeptides of C5,BL/6 and BDA/2 mice in their 
elution patterns. The 53-kDa polypeptide of guinea pigs again 
displayed a peptide pattern distinct from that of the other five 
polypeptides. 

Amino Acid Composition. Table I presents the amino acid 
composition of the six immunopurified cytochromes P-450. 
The compositions of these polypeptides were similar; all contain 
40-50% hydrophobic amino acids. The 57-kDa rat polypeptide 
had an amino acid composition most similar to that of the 
57-kDa polypeptide of C,,BL/6 mice, except for slight dif- 
ferences in the histidine and valine content. The 56-kDa 
polypeptides of rats and both mice strains had similar amino 
acid compositions. Comparison of the amino acid composition 
of the 57-, 56-, and 53-kDa polypeptides reveals significant 
differences in their amino acid content, especially for histidine, 
isoleucine, leucine, valine, and serine. 

Amino Acid Sequences. NH,-terminal sequence data were 
obtained for each of the immunopurified proteins (Figure S2 
of the supplementary material). With our sample treatment 
and sequencing procedures all six proteins exhibited an un- 
blocked and unique NH2-terminal amino acid. The initial 
yields for coupling and cleavage of the NH2-terminal residue 

Table 11: Amino-Terminal Sequences of Cytochromes P-450 Determined by Edman Degradation or Deduced from Nucleotide Sequences of 
Cytochrome P-450 cDNAs 

Residue 

Species 
1 5 10 15 20 25 

Sprague-Daw1 ey Rats 
57K 
56K 

C57BL/6 Mice 
5 7K 
56K 

DBA/2 Mice 
56K 

Guinea P igs  
53K 

Long Evans Rats 
P-450ca 
P-450db 

H2N-Pro-Ser-Val-Tyr-Gl y-Phe-Pro-Al a-Phe-Thr-Ser-A1 a-Thr-G1 u-Leu-Leu-Leu-A1 a-Val-Thr-Thr-Phe- X -Leu-Gly 
H2N-Al a-Phe-Ser-G1 n-Tyr- I 1  e-Ser-Leu-A1 a-Pro-G1 u-Leu-Leu-Leu-A1 a-Thr-A1 a - I1  e-Phe- X -Leu-Val-Phe-Trp-Met 

H2N-Pro-Ser-Met-Tyr-Gl y-Leu-Pro-Al a-Phe-Val-Ser-A1 a-Thr-G1 u-Leu-Leu-Leu-A1 a-Val-Thr-Val-Phe- X -Leu- X 
H2N-Al a-Phe-Ser-G1 n -Ty r - I1  e-Ser-Leu-A1 a-Pro-G1 u-Leu-Leu-Leu-A1 a-Thr-A1 a - I1  e-Phe- X -Leu-Val -Phe- X -Met 

H z N - A l  a-Phe-Ser-G1 n -Ty r - I1  e-Ser-Leu-A1 a-Pro-G1 u-Leu-Leu-Leu-A1 a-Thr-A1 a - I1  e-Phe- X -Leu-Val-Phe-Trp-Met 

H2N-Met-Thr-Ser-A1 a-Met-G1 u-Leu-Leu-Leu-Thr-A1 a-Thr-Ile-Phe-Trp-Leu-Val-Leu-Trp-Val-Val- X - I 1  e-Phe- X 

H2N-Pro-Ser-Val -Tyr-GI y-Phe-Pro- A1 a-Phe-Thr-Ser-A1 a-Thr-G1 u-Leu-Leu-Leu 
H - N - A l  a-Phe-Ser-G1 n -Tv r - I1  e-Ser-Leu-A1 a-Pro-G1 u-Leu-Leu-Leu-A1 a-Thr-A1 a- I 1  e-Phe 

Sprague-Daw1 e$ Rats 
MC-P-450c Pro-Ser-Val -Tyr-G1 y-Phe-Pro-A1 a-Phe-Thr-Ser-A1 a-Thr-G1 u-Leu-Leu-Leu-A1 a-Val -Thr-Thr-Phe-Cys-Leu-G1 y 

C57BL/6 !ice 
P, -450 Met-Tvr-G1 v-Leu-Pro-A1 a-Phe-Val-Ser-A1 a-Thr-G1 u-Leu-Leu-Leu-A1 a-Val -Thr-Val  -Phe-Cys-Leu-Gl y " -  

C57bL/6 Mice 
P3-450e Met-A1 a-Phe-Ser-G1 n -Ty r - I1  e-Ser-Leu-A1 a-Pro-G1 u-Leu-Leu-Leu-A1 a-Thr-A1 a - I1  e-Phe-Cys-Leu-Val -Phe-Trp-Met 

"Sequence is taken from Botelho et al. (1979) and Haniu et al. (1984). 'Sequence is taken from Botelho et al. (1982). 'Sequence is deduced from 
cDNA sequence of Yabusaki et al. (1984). dSequence is deduced from cDNA sequence of Kimura et al. (1984a). 'Sequence is deduced from cDNA 
sequence of Kimura et al. (1984b). 
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varied from 10% to 40%, and the repetitive yield of coupling 
and cleavage usually reached 95%. The first 25 cycles yielded 
positively identifiable amino acids, which are listed in Table 
11. Sequence homology among the immunopurified proteins 
is illustrated in Figure 3. 

DISCUSSION 
Monoclonal antibodies have proven useful in several dif- 

ferent phases of cytochrome P-450 research (Park et al., 1980, 
1982a,b, 1984; Boobis et al., 1981; Fujino et al., 1982, 1984; 
Friedman et al., 1983, 1985a,b; Cheng et al., 1984a; Reubi 
et al., 1984; Song et al., 1984, 1985). In this study six cyto- 
chromes P-450 were purified to electrophoretic homogeneity 
from different tissues and species by a simple MAb-directed 
immunopurification procedure. The structural relationships 
of these immunopurified cytochromes P-450 were examined 
by peptide mapping using SDS-PAGE, HPLC, and amino 
acid composition and amino acid sequence analyses. 

Peptide mapping has proven useful in comparative structural 
analysis of related proteins, including the cytochromes P-450 
(Guengerich et al., 1982; Koop et al., 1982; Koop & Coon, 
1984). In this study, peptide mapping using SDS-PAGE and 
HPLC demonstrated structural homology among the 56-kDa 
polypeptides of rats and both mice strains and between the 
57-kDa polypeptides of rats and C5,BL/6 mice. A more 
limited structural homology between 56- and 57-kDa poly- 
peptides was also observed. The 53-kDa polypeptide from 
guinea pigs appeared the most structurally distinct of the six 
polypeptides examined. 

The NH,-terminal sequences of the 57-kDa polypeptides 
of rats and Cs,BL/6 mice both commenced with proline and 
displayed extensive sequence homology (Figure 3). Sequence 
differences were found in only 4 out of the first 25 residues, 
which were at residues 3 (Val/Met), 6 (Phe/Leu), 10 
(Thr/Val), and 21 (Thr/Val) (Table 11). The sequence of the 
57-kDa polypeptide of Sprague-Dawley rats was the same as 
the amino acid sequence deduced from the rat cDNA nu- 
cleotide sequence of MC-induced Cytochrome P-450 (Yabusaki 
et al., 1984). This sequence was inconsistent at  several pos- 
itions with that described for purified cytochrome P-45Oc from 
Long-Evans rats (Botelho et al., 1979). The latter, however, 
has subsequently been corrected (Haniu et al., 1984) and is 
now entirely identical with the sequence we present in this 
paper. 

The NH2-terminal sequence of the 57-kDa polypeptide of 
C5,BL/6 mice was the same as that of the mouse P,-450 
isozyme as recently deduced from its cDNA nucleotide se- 
quence (Kimura et al., 1984a,b) with the exception that the 
immunopurified protein had an additional Pro-Ser dipeptide 
at  the N H 2  terminus. The nucleotide coding sequence 
therefore actually commences six nucleotides upstream from 
that previously reported (Kimura et al., 1984a). This result 
thus demonstrates that, in addition to the obvious utility of 
MAb-based immunopurification for sequence studies of pro- 
teins of unknown sequence, it may also be applied as a useful 
method for confirmation of cDNA-derived sequence data as 
well as for the establishment of reading frames for translating 
nucleotide to amino acid sequences. 

The NH2-terminal sequence of the 56-kDa polypeptides of 
rats and C5,BL/6 and DBA/2 mice was completely conserved 
(Table 11). This sequence was identical with that of cyto- 
chrome P-450d of Long-Evans rats (Botelho et al., 1982) as 
well as with the amino acid sequence deduced from the cDNA 
sequence of P3-450 from Cs,BL/6 mice (Kimura et al., 1984b). 
Although the sequence of this isozyme from DBA/2 mice has 
not previously been determined, the data we obtained with the 

DBA/2 mouse 56-kDa polypeptide suggest a high degree of 
homology with the other 56-kDa polypeptides. 

Purification or sequence determination of a guinea pig cy- 
tochrome P-450 has not previously been reported. While the 
NH2-terminal sequence of the guinea pig 53-kDa polypeptide 
was the most distinct of the six immunopurified polypeptides, 
some sequence homology was nevertheless observed. For ex- 
ample, NH2-terminal residues 2-16 of the guinea pig poly- 
peptide were about 70% homologous (10 out of 15 residues) 
to residues 10-24 of the rat 57-kDa polypeptide, and a later 
segment (residues 11-19) of the 53-kDa polypeptide exhibited 
extensive homology (7 out of 9 residues) to the 56-kDa po- 
lypeptide (residues 15-25). 

Varying degrees of sequence homology are evident among 
the six immunopurified cytochromes P-450 (Figure 3). The 
polypeptides of rats and C5,BL/6 mice that have the same M ,  
are highly homologous to one another in their NH2-terminal 
sequences. For the two 57-kDa polypeptides only four sub- 
stitutions are found in the first 25 residues, while this region 
for the three 56-kDa polypeptides is completely conserved. 
Using a peptide sequence (Ala-X-Glu-Leu-Leu-Leu) shared 
by all six cytochromes P-450 as a marker, we have found a 
significant homology (50%) between the NH2-terminal se- 
quences of 56- and 57-kDa polypeptides. More strikingly, 
using the same marker, we have noticed that the NH2-terminal 
sequence of guinea pig 53-kDa polypeptide is also homologous 
to that of these 57- and 56-kDa polypeptides. This common 
peptide sequence in the first NH2-terminal residues is a unique 
feature of MC-inducible cytochromes P-450. However, 
clusters of hydrophobic amino acids within this region are also 
a common feature of phenobarbital-inducible and constitutive 
cytochromes P-450 (Cheng & Shenkman, 1983; Waxman & 
Walsh, 1983), as they perhaps serve to anchor the NH2-ter- 
minal residues in the membrane. 

We previously demonstrated (Cheng et al., 1984a) that the 
57-kDa polypeptides of rats and C5,BL/6 mice contribute most 
of the aryl hydrocarbon hydroxylase activities in the liver 
microsomes. Furthermore, for DBA/2 mice, which are rela- 
tively noninducible for this activity, the 57-kDa polypeptide 
was not detected. Our structural characterization indicates 
that the 57-kDa polypeptides of rats and C5,BL/6 mouse are 
thus structural as well as functional counterparts. Likewise, 
the 56-kDa polypeptide in rat may be the counterpart to the 
56-kDa polypeptides of both strains of mice, whereas the 
53-kDa guinea pig polypeptide, which bears a lesser degree 
of structural homology to the other five polypeptides, does not 
have a counterpart isozyme of similar molecular weight in rats 
or mice. 

A major advantage of the simple MAb-based immunopu- 
rification of cytochromes P-450 is its rapidity. This procedure 
is thus less likely to result in undesirable proteolysis of the 
protein which may occur during a lengthy, multistep purifi- 
cation. A rapid immunopurification thus is more likely to 
detect NH2-terminal amino acids that in some cases can be 
“clipped” in isozymes during conventional purifications (Fujita 
et al., 1984). 

We have shown that monoclonal antibodies are a powerful 
tool for identification of counterpart isozymes and structurally 
related proteins. On the basis of a single-step immunopuri- 
fication procedure, one can thus isolate MAb-specific proteins 
from tissue microsomes. The agreement between certain of 
the sequences we determined and established cytochrome 
P-450 sequences demonstrated the specificity of the MAb- 
based procedure for purification of cytochrome P-450, rather 
than some unrelated protein with an epitope common to that 
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in cytochrome P-450. Further sequencing and structural 
analyses of MAb-immunopurified isozymes would be valuable 
for studying the divergence of structure as well as of the 
functional domains of cytochromes P-450. The use of MAbs 
toward this goal is especially advantageous. A minimum 
number of MAbs can be used to obtain a much larger number 
of cytochromes P-450, owing to the presence of common 
MAb-specific epitopes on isozymes that are otherwise struc- 
turally distinct. For example, in this study two MAbs were 
used to purify six distinct cytochromes P-450 from different 
species and strains. A large number of cytochromes P-450 
may therefore be easily obtained from different tissues, strains, 
and species for sequencing studies. Also, in addition to iso- 
lation of cytochromes P-450 from animals, the MAbs used in 
this study also interact with cytochrome P-450 in human 
tissues (Fujino et al., 1982; Song et al., 1985) and are thus 
potentially useful for purifying human cytochromes P-450. 

This report further demonstrates the utility of MAbs in 
different phases of cytochrome P-450 research. MAbs have 
been previously utilized in phenotyping cytochrome P-450 
dependent catalytic activities (Fujino et al., 1982, 1984) and 
in radioimmunoassay (Song et al., 1984, 1985) and immu- 
nopurification (Friedman et al., 1983, 1985b; Cheng et al., 
1984a). Thus, the MAb-directed methodologies are very 
powerful tools both for analysis of cytochromes P-450 and for 
development of an epitope-based classification system for these 
isozymes. A library of MAbs would thus serve to prepare an 
atlas of cytochromes P-450 in different tissues, strains, and 
species. This information, along with subsequent derivation 
of their primary structures, will provide a very useful database 
on the genetics, evolution, and developmental aspects of cy- 
tochromes P-450. 

SUPPLEMENTARY MATERIAL AVAILABLE 
HPLC elution patterns of a-chymotryptic digests of im- 

munopurified proteins (Figure S l )  and amino acid sequence 
data (Figure S2) (5 pages). Ordering information is given on 
any current masthead page. 
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