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Summary: The cytochrome P-450 of Pseudomonas putida (P-450cy,) and
that of phenobarbital-induced liver microsomes (P-450 y) differ markedly in
substrate specificity, solubility, and the requirement of the former for an
iron-sulfur protein and the latter for a phospholipid for hydroxylation ac-
tivity. Despite these differences, highly purified P-450cam and P-450LM
show immunological cross reaction by competitive binding and inhibition of
catalytic activity and are of similar subunit molecular weight and amino
acid composition. Upon treatment with cyanogen bromide they yield small
heme-containing peptides of highly similar amino acid composition.

The unusual metabolic versatility, broad substrate specificity, and wide
distribution of P-450 cytochromes raise the intriguing question of the extent
to which these hemeproteins from various sources are structurally related,
The soluble enzyme system of Pseudomonas putida which catalyzes the 5-exo
hydroxylation of camphor was first described by Hedegaard and Gunsalus (1).
P-450cam was later identified as the monoxygenase (2,3) and obtained in
homogeneous, crystalline form (4), and the iron-sulfur protein putidaredox-
in, was found to function as an electron carrier (5). The solubilization
and resolution of the cytochrome P-450-containing enzyme system of Tiver
microsomal membranes into three components was first described by Lu and
Coon (6). P-450 M has been partially purified in several laboratories (7-
12) and recently obtained in a highly purified state from rabbit Tiver micro-
somes by van der Hoeven and Coon (13). The purified P-450 M differs from P-
450cam in that it hydroxylates a variety of substrates, including drugs,
fatty acids, alkanes, and aniline (13) and requires phosphatidylcholine for
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activity (13,18). The microsomal enzyme system also differs from the bacter-
ial enzyme system in not requiring an iron-sulfur protein as an electron
carrier. This communication shows that the bacterial and liver microsomal
P-450 cytochromes have surprisingly similar immunochemical and structural
properties.

Materials and Methods: P-450cam crystallized as the camphor complex was
generously provided by Dr. I. C. Gunsalus. It was of highest purity as judged
by the absorbance ratio, A39]/A280=1.5, and the amino acid composition (4,15).
The P-450LM purified from phenobarital-induced rabbit liver microsomes (13)
was at a concentration of 13.3 nmoles per mg of protein. As shown in Fig. 1,
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Fig. 1. SDS-polyacrylamide gel electrophoresis of purified P-450_ . The
electrophoresis of a 6-ug sample of protein, previously treated with
SDS and g-mercaptoethanol at 100°, was performed in a discontinuous
buffer system (16) using 7.5% acrylamide. The gel was stained with
Coomassie Blue and stored in 7% acetic acid, and the purity of the
preparation was estimated from densitometer tracings at 550 rm.
Molecular weight calibration with standard proteins and P-450 y both
present was carried out in other gels.

SDS-polyacrylamide gel electrophoresis revealed a single major band accounting
for about 90% of the protein.

Rabbit antisera to P-450cam and P-450, y were purified by ammonium sul-
fate precipitation (0 to 25%). The resulting anti-P-450 antibody prepara-
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tion was used for competitive binding assays according to Atassi and Saplin
(17) but employing radioactive antigen to increase the sensitivity. The
P-450_ . Tabeled with 1251 by the method of London et al.(18) retained about
95% of the original catalytic activity. For studies on the inhibition of
hydroxylation activity, the ammonium sulfate fractions of preimmune sera and
antisera were submitted to column chromatography on DEAE-cellulose equilibrated
with 0.01 M phosphate buffer, pH 8.0. Benzphetamine hydroxylation in the re-
constituted microsomal enzyme system was assayed both by NADPH oxidation at
340 nm and formaldehyde formation (19,20). P-450 cleavage with BrCN (21)

was carried out at 20° in 60% formic acid in the dark for 72 h. The result-
ing hemepetides were isolated by repeated column chromatography on Sephadex

G-75 and DEAE-Sephadex A-25.

Results:

Immunochemical Experiments: Fig. 2 shows a radioimmunoassay of competi-
tion of unlabeled P-450 . and P-450,, with 12I-1abeled P-450_. for binding
to anti-P-450cam antibodies which offered sufficiently high sensitivity and
accuracy to permit quantitative measurements. Under the conditions employed,
the phenobarital-induced P-450LM exhibited 60 to 70% cross reactivity with rab-
bit antibodies elicited against P'450cam' Furthermore, as shown in Fig. 3,
antibodies against P-450cam inhibited benzphetamine hydroxylation in the
reconstituted microsomal enzyme system but were not as effective as anti-

bodies against P-450LM. In contrast, the corresponding y-globulins of the
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Fig. 2. Competition of unlabeled P-450cay or P-450, y with 129_1abeled- P-450.am
for binding to anti-P-450cam antibodies. To unlabeled antigen in
0.15 M NaC1-0.05 M sodium phosphate buffer, pH. 7.5, a constant volume
of antibody was added to give a total volume of 0.30 ml. After a 2 h.
incubation at room temperature one equivalent of 12M-labeled P-450 me
monoiodinated at five of its nine tyrosine residues, was added. A$ er
an additional 48 h. incubation at 10° the precipitates were collected
by centrifugation, washed once with cold buffer, and dissolved in 0.2
ml of 0.2 N NaOH for counting with the 1%C window in a Beckman liquid
scintillation counter, Model LS-30. The inhibition of binding by
purified P-450 y is based on maximal P-450c3ym=anti-P-450cam antibody
binding normalized to 100%.
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Fig. 3. Inhibition of benzphetamine hydroxylation by y~globulin fractions as
measured by rate of NADPH oxidation in the reconstituted liver micro-
sqmal enzyme system. A mixture of purified P-450.M (0.4 nmole), puri-
fied NADPH-cytochrome P-450 reductase (0.24 mg of protein), dilauroyl-
glyceryl-3-phosphorylcholine (30ug), HEPES buffer, pH 7.6, {50 umoles),
phosphate buffer, pH 7.6, (9 umoles), MgC12 (5 wmoles), benzphetamine
(] umole), and y-globulin fractions as indicated, was incubated for 30
minutes at 22°, NADPH (0,15 umole in 0.015 m1) was then added to give
a fixed volume of 1,0 ml,and the rate of the reaction was followed at
340 nm at 30°.

preimmune serum had only a negligible effect. The measurements of competitive
binding with labeled antigen and of enzyme inhibition were employed in pre-
ference to the Ouchterlony double diffusion method because the detergents

used to solubilize P-450 M interfere with the latter procedure.

Size and Composition Similarities: Fig. 1 shows that the molecular
weight of the polypeptide chain of P-450 M is about 49,000 daltons and that
the preparation was about 90% pure; the primary contaminant is assumed to
be the apo-P-450. The molecular weight of P-450cy, is about 45,000 daltons
(15). The amino acid composition of the bacterial and liver microsomal P-
450 cytochromes shown in Table I was obtained from two series of experiments
using total enzymic hydrolysis as well as acid hydrolysis before and after
performate oxidation. The results must be interpreted cautiously but are
compatible with the conclusions drawn from the immunochemical data that P-
450cam and P-450LM have common properties. Of particular interest is the
occurrence of 6 half-cystines in both proteins; in P-450cay all six resi-
dues were found to be present as free sulfhydryls (4,15), some of which are
strongly implicated in the binding of the heme prosthetic group and the sub-
strate {22). Other amino acid residues such as Met, His, Tyr, and Trp also
correlate surprisingly well., The total of Pro, Gly, Ala, Val, Met, Ile, Leu,
and Phe residues is 201 in P-450cay and 205 in P-450 M. The high content of
hydrophobic residues in both proteins is unusual. The slightly larger sub-
unit of P-450 M is due to the additional amino acid residues and a larger

18



Vol. 60, No. 1, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Table 1
Comparative Amino Acid Compositions of Cytochromes
P'450 cam P"450|_M
CySO5H 6 6
Asp 27 21
Asn 9 14
Thr 19 23
Ser 21 26
Glu 42 24
Gin 13 19
Pro 27 24
Gly 26 30
Ala 34 23
val 24 27
Met 9 8
lie 24 19
Leu 40 46
Tyr 9 11
Phe 17 28
His 12 11
Lys 13 19
Trp 1 ~1
Arg 24 29
Total 397 409
Heme 1 ~1
Table 2
Small BrCN Hemepeptides of Cytochromes
P-450 ¢gm P-450 y
CySOzH 1 1
Asx 3 4
Thr 2 2
Ser 3 2
Glx 3 4
Pro 3 2
Gly 8 3
Ala 6 2
val 4 2
lle 2 2
Leu 3 4
Tyr 1 1
Phe 2 2
His 1 1
Lys 2 2
Arg 2 2
HSer ~1 ~1
Total 47 37
Heme ~1 ~1
Soret Max 390 nm 397 nm
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amount of carbohydrate. The pl of 4.5 of P-450.4y (15) is in agreement with
the excess of acidic over basic residues, whereas P-450LM, with fewer acidic
than basic residues, should have a higher pI. Nevertheless, preliminary
electrofocusing experiments indicated a pI for P-450LM that is even more
acidic than that of P-450czp; this could result from acidic carbohydrate
units.

Since partial degradation of the P-450ca,-camphor complex by selective
chemical cleavage with BrCN under carefully controlled conditions had yielded
a small hemepeptide which could be purified by cotumn chromatography without
loss of heme (23), we applied the same procedure to P-4501) in the presence
of phenobarbital and obtained an even smaller hemepeptide. It should be empha-
sized that a family of heme-containing peptides is generated under these con-
ditions in each case and that the smallest is the one most readily purified.
The amino acid compositions of the smallest hemepeptide from each of the two

cytochromes is compared in Table II. Although the hemepeptide of P-450y
is smaller by 10 residues, a general similarity in composition is easily
recognized. The occurrence of a single residue of histidine and cysteine
in each hemepeptide is particularly striking. Our results therefore sug-
gest a similarity in the heme region as well as in the overall structure of
these two proteins.
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