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Critical amino-terminal segments in insertion of rat liver cytochrome P450 3A1

into the endoplasmic reticulum membrane
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Abstract. An in vitro transcription-translation assay was used to study the membrane topology of rat liver
cytochrome P450 3A1. N-terminus deletion mutants were constructed to assess the importance of N-terminal
regions in the stable incorporation of the protein into the microsomal membranes. Wild-type nascent cytochrome
P450 bound to microsomes as an integral membrane protein through its hydrophobic N-terminal segments,
uncleaved by signal peptidase. Deletion of the most N-terminal hydrophobic segment (positions 7-26) had a
dramatic effect on endoplasmic reticulum membrane integration. Confirming the essential role of this stretch in
P450 3A1 membrane targeting, proteolysis-resistant membrane-associated peptides were observed in all the in vitro
translated mutants containing that segment. It is concluded that the membrane topogenesis of P450 3Al is
determined mainly by the amino-terminal hydrophobic segment.
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The hepatic forms of cytochrome P450 are membrane-
resident haemoproteins which are synthesized in mem-
brane-bound  polysomes and  co-translationally
translocated into the endoplasmic reticulum (ER) [1].
These enzymes, together with NADPH-P450 reductase
(E.C.1.6.2.4) and cytochrome b5 aré components of the
P450-monooxygenase system, which is responsible for the
metabolism of a wide variety of structurally diverse
substrates. Cytochrome P450 stands for a large number
of related enzymes encoded by a gene superfamily that
comprises at least 36 families, 12 of which exist in all
mammals [2].

Knowledge of the membrane topology of the compo-
nents of the monooxygenase system is important for
understanding structural and functional interactions be-
tween these enzymes. Therefore, numerous studies have
been performed on the membrane topology of the com-
ponents of the monooxygenase system. It is reported
that NADPH-P450 reductase is inserted in the mem-
brane via a 6-kDa N-terminal peptide, probably span-
ning the membrane twice [3]. On the other hand,
cytochrome bs does not seem to contain a transmem-
brane spanning segment, but rather appears to be inte-
grated by a membrane-embedded segment which has
the C-terminus and the N-terminus exposed on the
same side of the membrane [4, 5]. It appears most likely
that liver P450 haemoproteins are anchored to the ER
membrane by sequences located at the N-terminus, ex-
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posing the bulk of the protein to the cytoplasm [6, 7].
Based on experimental data obtained for several differ-
ent forms of liver cytochrome P450, two topological
models have been proposed [8-10]. One of them postu-
lates the existence of a single transmembrane peptide
anchor encompassing the first 25 residues, whereas the
other proposes the existence of a transmembrane hair-
pin loop.

In the present paper, a study is reported on the mem-
brane topology of rat liver P450 3A1 using an in vitro
transcription-translation assay of wild-type and N-ter-
minal truncated mutants. Our results demonstrate that
P450 3Al 1s inserted into the microsomal membranes
through the first N-terminally-located hydrophobic do-
main.

Materials and methods

Rat liver CYP3Al full-length cDNA [11] (EMBL ac-
cess no. X64401) was subcloned into pBluescript 1T SK
(Stratagene), after deletion of the extra ATG located 66
nucleotides upstream of the translation initiation codon.
The resulting CYP3A1 ¢cDNA, containing the 1512 bp
coding region plus the 5 (8 bp) and the 3’ (28 bp)
adjacent noncoding sequences, was inserted in the vec-
tor downstream of the T7 promotor.

Site-directed mutagenesis was performed using the poly-
merase chain reaction (PCR). Oligonucleotides were
synthesized on a Pharmacia Gene Assembler Plus, and
were subsequently purified by gel electrophoresis. PCR
was carried out using a Braun Thermocycler 60, for 30
cycles, in a medium containing 10 mM Tris-HCI, pH
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Figure 1. N-terminal sequences of wild-type and mutant cytochrome P450 proteins. Potential transmembrane sequences as deduced
from Nelson and Strobel [8] are underlined. Positively and negatively charged residues are indicated in the wild-type sequence (histidine

is assumed to be uncharged).

7.4, 50 mM KCl, 2 mM MgCl,, the nucleotide triphos-
phates at a concentration of 0.1 mM each, 1 pg/ml of
wild-type CYP3Al-pBluescript II SK, primer oligo-
nucleotides at concentrations of 0.3-1.4 nM, and
2.5-5 U/100 pl of Taq polymerase (Perkin-Elmer Ce-
tus). The PCR product was subsequently treated with
the appropriate restriction enzymes, and the digestion
product was gel-purified and ligated to the wild-type
cDNA-pBluescript previously digested with the same
restriction enzyme. The recombinants obtained were
checked by sequencing the mutated region using a Se-
quenase (United States Biochemical) or a Pharmacia T,
sequencing kit.

Constructs were linearized using Eagl or EcoRI, which
cut at unique sites located in the 3’ noncoding region of
the ¢cDNA. Subsequently, transcription and capping
were carried out using the mCAP mRNA Capping Kit
(Stratagene). The size of the transcribed mRNA was
checked by agarose gel electrophoresis. In vitro transla-
tion was carried out using rabbit reticulocyte lysate,
pretreated with nuclease from Micrococcus [12]. The
reaction mix (final volume 24 pl) contained: 0.5 pg
RNA, 1 mM ATP, 0.2 mM GTP, 20 mM creatine
phosphate, 70-80 mM KCl, 0.5 mM dithiothreitol, 0.5
mM spermidine, 0.5 mM CTP, 1.7 pg calf liver tRNA,
50 pM of each amino acid (except methionine) and
50 uM [¥S]-methionine (1000 Ci/mmol, Amersham
International). Where indicated, 5 ul dog pancreas
microsomes (Amersham) were included in the transla-
tion mixture. Reactions were carried out for 60 min at
30 °C.

Neosynthesized proteins were analyzed by SDS-poly-
acrylamide gel (PAGE) as described by Laemmli [13].
After electrophoresis, gels were treated with Amplify

(Amersham) and dried, and autoradiography was per-
formed at —80 °C.

Association of polypeptides with microsomal mem-
branes was determined using alkaline extraction [14]. In
short, 20 pl of the translation mix was incubated for 30
min at 0 °C with 4 ml of 0.1 M Na,CO, (pH 11). The
mixture was centrifuged for 2 h at 45,000 rpm in a
Beckman SW 60 Ti rotor. Polypeptides were precipi-
tated with 10% trichloroacetic acid (plus 50% acetone in
samples containing Triton), and analyzed by gel elec-
trophoresis.

Membrane-associated polypeptides were analyzed by
the four-lane protease assay [15]. This test is based on
the fact that microsomal membranes are impermeable
to proteinase K and therefore only those proteins ex-
posed to the cytoplasmic side of the membrane are
digested [15]. A volume of 5 ul of translation mix was
incubated with 0.1-0.2 mg/ml proteinase K at 0 °C for
2 h in the presence or absence of 1% Triton X-100.
After proteolysis inhibition with with 2 mg/ml of
phenylmethylsulfonyl fluoride, polypeptides were ana-
lyzed by gel electrophoresis using 7.5 or 10% gels. Low
molecular mass peptides (115 kDa) were analyzed on
22% gels containing 6 M urea [16].

Results

In order to investigate the mode of interaction of the
amino-terminal hydrophobic regions of P450 3A1 with
the ER membrane, deletion mutants were constructed.
Figure 1 shows the N-terminal sequences of the wild-
type and the various truncated mutants which have
deletions of either the first or the second hydrophobic
segment (A7-26 and A42-58) and also of the first
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Figure 2. In vitro translation of cytochrome P450 proteins. In
vitro translation was carried out as described in the ‘Materials and
methods’. Extra additions are indicated as RM (dog pancreas
microsomes) and PK (Proteinase K). Analysis was performed by
PAGE (7.5% gel). Molecular masses are indicated using Rainbow
markers (Amersham).

hydrophobic segment plus the contiguous positively
charged region (A7-35).

In vitro transcription-translation analysis of P450 3Al
yielded a protein of the expected size, i.e. 57 kDa (fig.
2). The various deletion mutants migrated slightly faster
than the wild-type protein, in good agreement with the
cDNA constructs. The presence of dog pancreas micro-
somes during translation did not alter the elec-
trophoretic mobility of the translated proteins,
indicating that P450 3A1 does not contain a cleavable
signal sequence, similar to other forms of liver micro-
somal cytochrome P450 [17, 18]. Post-translational
treatment with proteinase K caused disappearance of
the in vitro synthesized proteins, regardless of the pres-
ence of microsomes in the translation mix, showing that
most of the protein is accessible to proteinase K. It has
long been shown that microsomes retain their closed
vesicular structure after protease treatment and remain
impermeable to macromolecules [15, 19, 20]. Therefore,
the complete disappearance of the P450 proteins ob-
served following proteinase K treatment indicates that
the in vitro synthesized proteins are exposed to the
extramicrosomal space [15, 20].

Association of the cytochrome P450 proteins to micro-
somal membranes was studied using alkaline carbonate
extraction [14]. This treatment removes all secretory
and peripheral proteins from the microsomes, yielding a
microsomal pellet containing the membrane-anchored
proteins and a supernatant containing all other
proteins. Figure 3 shows that no sedimentation of cy-
tochrome P-450 3A1l occurred when translation was
carried out in the absence of microsomes or when
microsomes were added post-translationally, indicating
that nonspecific sedimentation did not occur to any
significant extent. Translation in the presence of micro-

Figure 3. Membrane insertion of cytochrome P450 proteins.
RNAs encoding the various constructs were translated in the
presence or absence of microsomes (RM), or the membranes were
added after translation had been terminated (post). Association of
proteins to membranes was established by their resistance to
sodium carbonate extraction at pH = 11. S indicates the superna-
tant and P the pellet fraction. Analysis was performed by PAGE
(10%) gel. Molecular masses are indicated using Rainbow markers
(Amersham).

somes revealed that wild-type P450 3A1 and mutant
3A1A42-58 were membrane associated (fig. 3). Mu-
tants lacking the amino-terminal hydrophobic segment,
i.e. 3A1A7-26 and 3A1A7-35, did not integrate into
the membrane.

As shown in fig. 2, proteinase K digested the major part
of the cytochrome P450 protein. Since this enzyme
cannot penetrate the membrane, analysis of the peptides
produced by proteinase K treatment should reveal
membrane-protected segments. Figure 4 shows that di-
gestion of P450 3A1 yielded a membrane-protected pep-
tide with an apparent molecular mass of about 2 kDa,
which is similar to the expected size of a single mem-
brane-spanning segment. Alkaline extraction of
proteinase K-treated samples revealed that this peptide
from wild-type cytochrome P450 3A1 was recovered
predominantly in the pellet fraction (fig. 4), indicating
that it is membrane associated. In the presence of Tri-
ton X-100 no proteinase K-resistant peptides were ob-
served, confirming that protease resistance was
mediated by the microsomal membranes. Mutants
3A1A7-26 and 3A1A7-35, lacking the amino-terminal-
hydrophobic segment, did not produce a membrane-
protected peptide, while mutant 3A1A42-58 behaved in
a similar way to the wild-type protein (results not
shown). It should be noted that proteinase K treatment
yielded a second membrane-protected peptide (about 7
kDa). Since this peptide was recovered in the superna-
tant fraction after alkaline extraction, it probably repre-
sents an internal fragment protected from the protease
by its peripheral association with the membrane.

Discussion

The results obtained in this study, based on experiments
on membrane integration of the nascent wild-type apo-
protein and its N-terminal truncated forms, show that
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Figure 4. Proteinase K-resistant peptides from cytochrome P450
proteins. RNAs were translated as indicated before. Total transla-
tion products were subjected to proteinase K treatment, in the
presence or in the absence of 1% Triton X-100 as indicated.
Subsequently, membrane association was determined by the alka-
line extraction method. Proteins were analyzed by electrophoresis
on a 22% polyacrylamide/6 M urea gel. S indicates supernatant
and P the pellet fraction. Proteinase K-resistant membrane-associ-
indicated by an arrowhead.

cytochrome P450 3A1 is targeted to the ER membrane
through sequences located at the N-terminus. As de-
scribed for other hepatic forms of cytochrome P450
[6, 7], in P450 3A1 the short N-terminal signal-anchor
peptide is not cleaved.

Truncated P450 3A1 mutants lacking the amino-termi-
nal hydrophobic segment, i.c. 3A1A7-26 and 3A1A7-
35, did not integrate into the membranes and did not
give proteinase K-resistant membrane-protected pep-
tides. For 3A1A7-26 it might be argued that the poly-
cationic region preceding the second hydrophobic
stretch would prevent membrane integration. The re-
sults with mutant 3A1A7-35, which lacked both the
amino-terminal hydrophobic stretch and the contiguous
polycationic region, show that this was not the case and
that the second hydrophobic sequence, corresponding
to residues 36-58 in P450 3Al, cannot replace the
native signal-anchor peptide. Conversely, deletion of
most amino acid residues in the second apolar domain,
as in mutant 3A1A42-58, did not significantly impair in
vitro anchoring of the nascent peptide into the micro-
somes. Therefore, our results demonstrate a major role
for the first N-terminal hydrophobic segment of cy-
tochrome P450 3A1 in the integration of the nascent
protein into the ER membrane. This observation con-
firms the theoretical predictions of the membrane-span-
ning domain [10, 21}, indicating that residues 7-26 of
P450 3A1 constitute a single transmembrane segment.

Studies on the role of the N-terminus in membrane
integration of cytochrome P450 have led to two models;
either a single transmembrane peptide anchor situated
in the first N-terminal hydrophobic segment, or a
transmembrane hairpin loop containing the first two
N-terminal hydrophobic segments [8—10]. The latter
model has been supported by labelling studies with a
fluorescent probe [22]. On the other hand, results of
proteolysis studies could be fitted into both models [9].
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Recent studies have revealed that besides N-terminal
segments, other domains of the P450 proteins can be
involved in the structural interaction with the ER mem-
brane [23-25], a hypothesis not assessed in the present
study on the P450 3A1 form. The results presented in
this paper support the first topological model, i.e. mem-
brane integration being mainly mediated by the first
N-terminal hydrophobic segment. A similar conclusion
has been drawn for P450 members from different fam-
ilies, such as P450 2B1 [6, 26, 27] and P450 2B4 {28, 29],
in spite of the relatively low degree of structural homol-
ogy with P450 3A1. Thus, most evidence from various
P450s now favors a topological model where the protein
is inserted into the ER membrane by a single transmem-
brane peptide anchor localized at the N-terminus of the
protein. Whether this is a general feature of all liver
microsomal P450 forms, or whether some P450s can
have a membrane hairpin anchor, remains to be estab-
lished.

In conclusion, the results presented in this paper
demonstrate that P450 3A1 is targeted and anchored to
the microsomal membrane through the first native N-
terminal hydrophobic segment, which cannot be re-
placed in this function by an alternative hydrophobic
polypeptide region of the same protein.

Acknowledgements. This work was supported by a grant from
the Commission of the European Communities.

1 Gonzalez F. J. (1988) Molecular biology of cytochrome P450s.
Pharmacol. Rev. 40: 243288

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

3 Gum J. R. and Strobel H. W. (1981) Isolation of the membrane-
binding peptide of NADPH-cytochrome P-450 reductase: char-
acterization of the peptide and its role in the interaction of
reductase with cyochrome P-450. J. Biol. Chem. 256: 7478 -7486

4 Tennyson J. and Holloway P. W. (1986) Fluorescence studies of

cytochrome b5 topography: incorporation of cytochrome b5 into

brominated phosphatidylcholine vesicles by deoxycholate. J.

Biol. Chem. 261: 1419614200

Aring E., Rzepecki L. M. and Strittmatter P. (1987) Topography

of the C terminus of cytochrome b5 tightly bound to dimyris-

toylphosphatidylcholine vesicles. J. Biol. Chem. 262: 15563~

15567

De Lemos-Chiarandini C., Frey A. B., Sabatini D, D. and

Kreibich G. (1987) Determination of the membrane topology of

the phenobarbital-inducible rat liver cytochrome P450 isoen-

zyme PB-4 using site-specific antibodies. J. Cell Biol. 104:

209-219

Sakaguchi M., Mihara K. and Sato R. (1987) A short amino-ter-

minal segment of microsomal cytochrome P450 functions both

as an insertion signal and as a stop-transfer sequence. EMBO J 6:

2425-2431

8 Nelson D. R. and Strobel H. W. (1988) On the membrane.
topology of vertebrate cytochrome P450 proteins. J. Biol. Chem.
263: 6038 -6050

9 Brown C. A. and Black S. D. (1989) Membrane topology of
mammalian cytochromes P450 from liver endoplasmic reticu-
lum: determination by trypsinolysis of phenobarbital-treated
microsomes. J. Biol. Chem. 264: 44424449

10 Tretiakov V. E., Degtyarenko K. N., Uvarov V.Y. and Ar-
chakov A.L. (1989) Secondary structure and membrane topol-

w

=2}

~J



Research Articles

1

—

18

20

ogy of cytochrome P450s. Arch. Biochem. Biophys. 275: 429
439

Ribeiro V. and Lechner M. C. (1992) Cloning and characteri-
zation of a novel CYP3Al allelic variant: analysis of CYP3A1
and CYP3A2 sex hormone-dependent expression reveals that
the CYP3A2 gene is regulated by testosterone. Arch. Biochem.
Biophys. 293: 147-152

Jackson R. J. and Hunt T. (1983) Preparation and use of
nuclease-treated rabbit reticulocyte lysates for the translation
of eukaryotic mRNA. Meth, Enzym. 96: 50--74

Laemml U. K. (1970) Cleavage of structural proteins during
the assembly of the bacteriophage T4. Nature 227: 680—-685
Fujika Y., Hubbard A. L., Fowler S. and Lazarow P. B.
(1982) Isolation of intracellular membranes by means of
sodium carbonate treatment: application to the endoplasmic
reticulum. J. Cell Biol. 93: 97-102

Dobberstein B., Flint N., Haeuptle, M. T. Ibrahimi I., Lingel-
bach K., Lipp J., Marshallsay C. and Zwieb C. (1987) Expres-
sion in eukaryotic cell-free systems. In: Course Manual of the
EMBO Practical Course ‘Expression of Cloned DNA Se-
quences in vitro and in vivo’, pp. 31-68, EMBL, Heidelberg
Haeuptle M. T., Frank R. and Dobberstein B. (1986) Transla-
tion arrest by oligodeoxynucleotides complementary to mRNA
coding sequences yields polypeptides of predetermined length.
Nucl. Acids Res. 14: 14271448

Bar-Nunn S., Kreibich G., Adesnik M., Alterman L., Negishi
M. and Sabatini D. D. (1980) Synthesis and insertion of
cytochrome P450 into endoplasmic reticulum membranes.
Proc. Natl Acad. Sci. USA 77: 965-969

Sakaguchi M., Mihara K. and Sato R. (1984) Signal recogni-
tion particle is required for co-translational insertion of cy-
tochrome P450 into microsomal membranes. Proc. Natl Acad.
Sci. USA 81: 3361-3364

Blobel G. and Dobberstein B. (1975) Transfer of proteins
across membranes. 1. Presence of proteolytically processed and
unprocessed nascent immunoglobulin light chains on mem-
brane-bound ribosomes of murine myeloma. J. Cell Biol. 67:
835851

Bujard H., Gentz R., Lanzer M., Stueber D., Mueller M.,
Ibrahimi I.. Haeuptle M. T. and Dobberstein B. (1987) A T5

Experientia 52 (1996), Birkhauser Verlag, CH-4010 Basel/Switzerland

2

—_

22

23

24

2

w

26

27

28

29

855

promotor-based transcription-transiation system for the analy-
sis of proteins in vitro and in vivo. Meth. Enzym. 155:
416-433

Degli Esposti M., Crimi M. and Venturoli G. (1990) A critical
evaluation of the hydropathy profile of membrane proteins.
Eur. J. Biochem. 190: 207-219

Bernhardt R., Kraft R. and Ruckpaul K. (1988) A simple
determination of the sidedness of the NH2-terminus in the
membrane bound cytochrome P450 LM?2. Biochem. Int. 17:
1145-1150

Larson J. R., Coon M. J. and Porter T. D. (1991) Alcohol-
inducible cytochrome P-450 IIE! lacking the hydrophobic
NH2-terminal segment retains catalytic activity and is mem-
brane-bound when expressed in Escherichia coli. J. Biol. Chem.
266: 7321-7324

Cullin C. (1992) Two distinct sequences control the targeting
and anchoring of the mouse P450 1A1 into the yeast endoplas-
mic reticulum membrane. Biochem. Biophys. Res. Commun.
184: 1490-1495

Pernecky S. J., Larson J. R., Philpot R. M. and Coon M. J.
(1993) Expression of truncated forms of liver microsomal P450
cytochromes 2B4 and 2El in Escherichia coli: Influence of
NH,-terminal region on localization in cytosol and mem-
branes. Proc. Natl Acad. Sci. USA 90: 2651-2655

Monier S., Van Luc P., Kreibich G., Sabatini D. D. and
Adesnik M. (1988) Signals for the incorporation and orienta-
tion of cytochrome P450 in the endoplasmic reticulum mem-
brane. J. Cell Biol. 107: 457-470

Vergeres G., Winterhalter K. H. and Richter C. (1989) Iden-
tification of membrane anchor of microsomal rat liver cy-
tochrome P450. Biochemistry 28: 36503655

Black S. D., Martin S. T. and Smith C. A. {1994) Membrane
topology of liver microsomal cytochrome P450 2B4 deter-
mined via monoclonal antibodies directed to the halt-transfer
signal. Biochemistry 33: 69456951

Uvarov V. Y., Sotnichenko A. I, Vodovozova E. L.,
Molotkovsky J. G., Kolesanova E. F., Lyulkin Y. A, Stier A.,
Krueger V. and Archakov A. 1. (1994) Determination of
membrane-bound fragments of cytochrome P-450 2B4. Eur. J.
Biochem. 222: 483-489



