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ABSTRACT: Cytochrome P450IIB 1 isolated from rat liver microsomes was incorporated into phosphati- 
dylcholine/phosphatidylethanolamine/phosphatidylserine (10:5: 1 w/w) liposomes. Trypsinolysis of pro- 
teoliposomes and sequencing of the membrane-bound domains revealed that only one peptide, comprising 
amino acid residues 1-21, spans the membrane. Modification of the N-terminal methionine by mem- 
brane-impermeable fluorescein isothiocyanate occurred with the protein in solution but not in proteoliposomes. 
We conclude that in proteoliposomes cytochrome P-450 spans the membrane only with amino acid residues 
1-21, the N-terminal methionine facing the lumen. 

x e  microsomal monooxygenase system comprises several 
membrane-bound proteins. NADPH-cytochrome P-450 re- 
ductase is inserted in the membrane via a 6-kilodalton (kDa)' 
N-terminal peptide, which spans the bilayer twice. A 
water-soluble protein can be set free with protease, the protein 
being then unable to interact with cytochrome P-450 (P-450) 
(Gum & Strobel, 1981). Cytochrome b5 spans the membrane 

only once with its C-terminus, the localization of the last amino 
acid being unclear (Tennyson & Holloway, 1986; Arinc et al., 
1987). The membrane topology of P-450, the terminal and 
key enzyme of the microsomal monooxygenase system, is not 
known with certainty. Models in which a large part of the 
protein is imbedded in the bilayer were proposed on the basis 

I Abbreviations: DPH, diphenylhexatriene; FITC, fluorescein iso- 
thiocyanate; kDa, kilodalton(s); P-450, cytochrome P-450; PC, phos- 
phatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; 
9, steady-state fluorescence anisotropy; SDS, sodium dodecyl sulfate. 
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of hydrophobicity calculations when the amino acid sequence 
became known (Heinemann & Ozols, 1982; Tarr et al., 1983). 
More recent data suggested that the main mass is extramem- 
branous and directed toward the cytoplasm, and new models 
appeared with the protein spanning the membrane only once 
(De Lemos-Chiarandini et al., 1987; Sakaguchi et al., 1987; 
Monier et al., 1988) or twice (Nelson & Strobel, 1988). 

We report here the use of trypsinolysis and of site-specific 
modification with fluorescein isothiocyanate to analyze the 
topology of P-450 in proteoliposomes. We conclude that only 
the N-terminal peptide spans the membrane, the first amino 
acid residue facing the liposomal interior. 

MATERIALS AND METHODS 
Enzyme Purification. P45011B12 was purified from phe- 

nobarbital-induced male Sprague-Dawley rats (1 50 g, Ma- 
doerin AG, Fullinsdorf, Switzerland) in an active form by the 
method of Waxman and Walsh (1982) except that Emulgen 
was removed by detergent exchange while the cytochrome was 
bound to the hydroxylapatite column. The protein gave a 
single band on a sodium dodecyl sulfate-polyacrylamide 
(SDS-polyacrylamide) gel. The specific content was 14 nmol 
of P-450 heme/mg of protein. 

Preparation of Proteoliposomes. Reconstitution of P-450 
in phosphatidylcholine/phosphatidylserine/phosphatidyl- 
ethanolamine (PC/PE/PS) (1051) (w/w) vesicles was done 
by cholate dialysis (Kawato et al., 1982). The buffer was 50 
mM potassium phosphate, pH 7.4, 0.1 mM ethylenedi- 
aminetetraacetic acid, and 20% glycerol (standard buffer). 
The lipid to protein ratio was 5:l (w/w) unless indicated 
otherwise. 

Characterization of Proteoliposomes. Electron microscopy 
was carried out as described by Muller et al. (1980). Pro- 
teoliposomes and P-450 in solution were analyzed on Sepharose 
4B (43 X 2 cm) equilibrated at 4 OC with standard buffer plus 
100 mM KCl. The flow rate was 12 mL/h. Chromatography 
was followed at 220 nm. Phospholipids were detected with 
diphenylhexatriene (DPH, 2 pM) fluorescence intensity (Aex 
357 nm; bm 420 nm) (Kunz et al., 1985). Aliquots of 45-min 
fractions were analyzed on a 12% SDS-polyacrylamide gel 
and silver stained to follow the P-450 pattern. 

Proteolytic Digestion of P-450 Proteoliposomes. Peptides 
facing the outside of the vesicles were cleaved by trypsin 
(bovine pancreas) (1 pg/50 pg of P-450 at time zero and after 
2.5 h) at 37 OC overnight in standard buffer. The liberated 
peptides were separated from the vesicles on a Bio-Gel A 1.5-m 
column (29 X 2 cm) equilibrated with standard buffer plus 
100 mM KCl at room temperature. The flow rate was 12 
mL/h. Fifteen-minute fractions were analyzed for peptides 
and lipsomes (light scattering) at 220 nm. 

Characterization of Digested Proteoliposomes. To check 
the vesicles' quality after trypsin treatment, they were analyzed 
on Sepharose 4B as described above. The DPH fluorescence 
intensity pattern was compared with that of undigested pro- 
teoliposomes and of protein-free liposomes. The fractions 
containing vesicles were then pooled, and the steady-state 
fluorescence anisotropy (P) was measured at 22 OC according 
to Kunz et al. (1985). 

Analysis of Liposome-Associated Peptide(s). The liposomal 
pool obtained after exhaustive trypsin digestion and chroma- 
tography on Bio-Gel A- 1.5m was analyzed in two ways: 

(a) Vesicles were first dialyzed against 20% glycerol for 3 
h and against water for the next 4 h and then dried on a glass 
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filter at 50 OC with nitrogen. Phospholipids were removed by 
extensive washing with cyclohexane (3 X 5 mL). The effi- 
ciency was measured with proteoliposomes containing 1 pCi 
of [~holine-methyl-'~C]PC. The peptides remaining on the 
filter were sequenced with a gas-phase protein sequencer. 

(b) Vesicles were mixed at 0 OC with 100 pg of deoxy- 
cholate/mL and precipitated with ice-cold trichloroacetic acid 
(final concentration 10%). The pellet was dissolved in formic 
acid/ethanol (1:2.8 v/v) and applied to a Sephadex LH-60 
column (30 X 1 cm) equilibrated with the same solvent. The 
flow rate was 3 mL/h. Aliquots of the 30-min fractions were 
analyzed by Tricine-SDS-polyacrylamide gel electrophoresis 
(16.5%) according to Schagger and von Jagow (1987). The 
fractions containing peptide(s) were pooled and sequenced. 
Since in the presence of formic acid/ethanol sequence analysis 
stops at serine residues (see Discussion), the peptides were 
treated with methanol/HCl prior to sequencing. To avoid 
blocking of the N-terminus by lyophilization, all fractions to 
be sequenced were dried with nitrogen. 

To analyze partitioning of P-450 tryptic peptides between 
aqueous and membrane phases, P-450 was digested in solution 
under conditions as for proteoliposomes. The digest was mixed 
with protein-free liposomes and incubated at 37 OC for 2 h. 
The solution was then chromatographed on Bio-Gel A- 1.5m 
and Sephadex LH-60 and analyzed for peptides on an SDS- 
polyacrylamide gel as above. 

Modijkation with Fluorescein Isothiocyanate. Modification 
of the N-terminal methionine was done according to Bernhardt 
et al. (1983, 1984). P-450 ( 5  nmol/mL) in solution or in- 
corporated into liposomes [lipid to protein ratio of 30:l (w/w), 
7.8 mg of phospholipids/mL] was incubated with fluorescein 
isothiocyanate (FITC) for 2 h at 22 "C in standard buffer. 
The reaction was started by the addition of a 35-fold molar 
excess of FITC over P-450 (50 pL of a 3.5 mM stock solution). 
It was stopped with mercaptoethanol and acetic acid (final 
concentration 1% and 1 M, respectively). In control experi- 
ments, mercaptoethanol and acetic acid were added before 
FITC to test the efficiency of stopping the reaction. Samples 
were then dialyzed overnight at room temperature against 2 
L of water and lyophilized. To avoid a possible incomplete 
protein recovery after acid precipitation of the proteoliposomes, 
the sample was centrifuged, and the supernatant was dialyzed 
as above, mixed with the pellet, and lyophilized. The lyo- 
philizates were dissolved in 300 pL of formic acid/ethanol 
(1:2.8 v/v) and sonified when necessary. To free the protein 
of phospholipids and unreacted FITC, the solutions were 
chromatographed on Sephadex LH-60 by a modification of 
the microfuge desalting method (Helmerhorst & Stokes, 
1980). The columns were packed with a 2-mL bed volume 
of Sephadex LH-60 swollen in formic acid/ethanol. They were 
first centrifuged at lOOOg for 15 min, 2 mL of solvent was 
added, and the columns were centrifuged for 30 min to free 
the gel's top of solvent. The applied samples were then cen- 
trifuged for 15 min. The column eluates were dried with 
nitrogen and dissolved, aided by sonification, in SDS sample 
buffer for gel electrophoresis. Aliquots of the samples were 
analyzed on a 12% SDS-polyacrylamide gel. FITC was 
visualized by excitation at 355 nm, and the protein bands were 
then stained with Coomassie blue. 

To test whether FITC reacts with amino groups of phos- 
pholipids and/or dissolves into the lipid bilayer, liposomes were 
incubated with FITC as above and analyzed on Bio-Gel A- 
1 Sm. 

Materials. Trypsin (bovine pancreas) was obtained from 
Sigma (St. Louis, MO), fluorescein isothiocyanate and DPH 

* The nomenclature follows the recommendation of Nebert et al. 
(1987). 
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FIGURE 1 : Electron micrograph of freeze-fractured P-450 proteo- 
liposomes. Lipid to protein ratio was 5:l (w/w); protein concentration 
was 1 mg/mL. The bar represents 100 nm. 

were from Fluka (Buchs, CH), Sephadex LH-60 and Se- 
pharose 4B were from Pharmacia (Uppsala, Sweden), and 
Bio-Gel A- 1.5m was from Bio-Rad Laboratories (Richmond, 
CA). Egg PC, egg PE, and bovine spinal PS were purchased 
from Lipid Products (Nutfield, U.K.). Emulgen 91 1 was a 
kind gift from Kao Atlas Chemicals (Tokyo, Japan). [cho- 
line-methyl-14C] PC (50 mCi/mmol) was supplied from New 
England Nuclear. Sequencing was done with a 470A protein 
sequencer equipped with a 120A analyzer from Applied 
Biosystems Instruments (Foster City, CA). Fluorescence 
measurements were carried out with an Aminco SPF-500 
fluorometer equipped with a 54-950 1 polarization accessory 
(American Instrument Co., Silver Springs, MD). 

RESULTS 
Freeze-fracture microscopy (Figure I )  of P-450 proteoli- 

posomes reveals single-shelled vesicles with diameters between 
20 and 60 nm. Comparison between negatively stained 
electron micrographs (not shown) of P-450 liposomes and 
P-450 in solution showed a clear background for proteolipo- 
somes, and aggregates in the case of protein in solution, in- 
dicating incorporation of the protein into the bilayer. 

Figure 2 shows the elution pattern of 20 nmol of free and 
liposomal P-450 from the Sepharose 4B column. Two well- 
separated fractions comprising proteoliposomes (fractions 
7-1 0) and free P-450 (fractions 13-1 5 )  are distinguishable. 
With proteoliposomes, no free P-450 is detected. The non- 
symmetrical elution pattern of proteoliposomes is an indication 
of their heterogeneous size: one part of the vesicles elutes with 
the void volume of the column and the other part somewhat 
later. Since the exclusion diameter of Sepharose 4B is about 
60 nm (Schurtenberger & Hauser, 1984), this finding agrees 
very well with the vesicle size found in electron micrographs. 

A 
F420 

0 0  

- 100 

Oo4 t 1 *O 

1 5 10 15 

FRACTION 
FIGURE 2: Analysis of P-450 incorporation into liposomes. Sepharose 
4B gel filtration of free (m) and liposomal (0) P-450 was followed 
spectrophotometrically at 220 nm and fluorometrically (0.0) at 420 
nm with diphenylhexatriene. The insets above the peaks show 
SDS-polyacrylamide gels (silver-stained) of the corresponding 
fractions. 

After trypsin treatment of the proteoliposomes, the vesicles 
were separated from the digested peptides by chromatography 
on Bio-Gel A-1.5m (not shown). The void volume contained 
vesicles with associated membrane peptide(s), the main con- 
tribution to absorption coming from light scattering by lipo- 
somes. The end volume contained peptides liberated from 
proteoli posomes and trypsin. 

The elution pattern from the Sepharose 4B column was 
essentially the same for undigested and digested proteolipo- 
soma (not shown). The smaller, protein-free liposomes eluted 
one fraction after proteoliposomes with the peak just after the 
void volume. 

The membrane organization of the various liposomal pools 
eluting from the Sepharose 4B column was analyzed by DPH 
fluorescence anisotropy (P )  measurements at 22 OC. Pro- 
teoliposomes, digested proteoliposomes, and liposomes had P 
values of 0.1 16,0.116, and 0.103, respectively. They agree 
very well with those previously reported for proteoliposomes 
and liposomes (Kunz et al., 1985) and also showed that trypsin 
digestion leaves the organization of the phospholipid acyl 
chains unaltered. 

The liposomal pool of digested proteoliposomes (void volume 
of the Bio-Gel A- 1.5m column) was dried on a glass filter and 
subjected to amino acid sequencing. Only one P-450-derived 
peptide was found. It had the sequence Met-Glu-Pro-Ser- 
Ile-Leu-Leu-Leu-Leu-Ala-Leu-Leu-VaI-Gly-Phe-Leu-Leu- 
Leu-Leu-Val-Arg, which is that of the first 21 amino acids 
of P450IIB1. The overall yield of the peptide starting from 
purified P-450 was greater than 50%. Two peptides not de- 
rived from P-450 were also sequenced and could not be sorted 
out with 100% accuracy. They had a high degree of homology 
with a "trypsinogen-like proenzyme" peptide and were con- 
tributed by the commercially available trypsin preparation. 

The liposomal pool of digested proteoliposomes was also 
dissolved in formic acid/ethanol, applied to a Sephadex LH-60 
column, and analyzed on a 16.5% Tricine-SDS-polyacrylam- 
ide gel (Figure 3). Coomassie blue staining reveals a protein 
band, representing less than 5% of the starting material, in 
the high molecular weight region (void volume of the Sephadex 
LH-60 column). When analyzed on a 12% gel (not shown), 
this protein banded in the region of P-450. It may be inverted 
liposomal P-450 or another trypsin-insensitive protein. In the 
low molecular weight region, one peptide with an apparent 
molecular mass of about 4.7 kDa and two faint bands of 6.8 
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FIGURE 3: SDS-polyacrylamide gel electrophoresis of the membrane 
anchor of P-450. The fractions of the Bio-Gel A-l.5m column 
containing digested proteoliposomes were pooled, dialyzed, precipitated 
with trichloroacetic acid, dissolved in 600 pL of formic acid/ethanol 
(1:2.8 v/v), and separated on a Sephadex LH-60 column. The 30-min 
fractions were dried with nitrogen and analyzed on a 16.5% Tricine 
gel. Lanes 1-8 cover molecular masses ranging from 10 kDa (void 
volume) to ca. 2 kDa. Late fractions (not shown) contained phos- 
pholipids and were not stainable with Coomassie blue. Numbers to 
the right refer to molecular mass (in kDa) standards. 

and 3.5 kDa are seen. The various bands most probably reflect 
different aggregation states of a single peptide (see below). 
The mass of the major peptide was also estimated from its 
elution time on the LH-60 column to be 2.4 m a .  We interpret 
this apparent discrepancy to be due to the nonstatistical dis- 
tribution of amino acids in low molecular weight peptides and 
the resulting unusual binding of SDS. The pooled low mo- 
lecular weight peptides of the Sephadex column were se- 
quenced and found to be made up exclusively (>95%) of amino 
acid residues 1-21 of P450IIB1. Late fractions of the gel (not 
shown in Figure 3) contained phospholipids and were not 
Coomassie blue stainable. 

We excluded the possibility that peptides, originally present 
in the extramembranous domain of proteoliposomes, dissolve 
in the membrane after trypsin treatment as follows: we di- 
gested P-450 in solution and added the peptide mixture to 
protein-free liposomes. The membrane peptides were than 
analyzed as described under Materials and Methods. No 
peptide(s) could be found on the 16.5% Tricine gel. 

The localization of the N-terminus of P-450 in proteolipo- 
somes was analyzed by labeling with FITC (Bernhardt et al., 
1983, 1984). Figure 4 shows Coomassie blue staining and 
fluorescence of different P-450 bands on a 12% SDS-poly- 
acrylamide gel. P-450 in solution is labeled very efficiently 
with FITC (panel B, lane 2), whereas P-450 in vesicles (panel 
B, lane 3) is labeled as weakly as the control (panel B, lane 
1). Thus, the N-terminus is protected from reaction with 
FITC in proteoliposomes. 

Since the proteoliposomes have a 60-fold molar excess of 
amino groups over P-450, and since FITC may conceivably 
partition into the lipid bilayer, we had to exclude a possible 
competition for FITC between phospholipids and P-450. We 
therefore incubated FITC with protein-free liposomes and 
analyzed them on Bio-Gel A-l.5m (not shown). All FITC 
eluted in the end volume and not with liposomes, excluding 
the above possibilities. 

DISCUSSION 
The use of liposomes for reconstitution of biological func- 

tions and topological studies is well accepted (Eytan, 1982). 
If one of the tasks of the membrane is to facilitate the in- 
teraction of proteins, it is plausible that liposomes bind mem- 

FIGURE 4: Modification of P-450 with fluorescein isothiocvanate. 
Modification of the N-terminal methionine by FITC was aialyzed 
on a 12% SDS-polyacrylamide gel for P-450 in solution (lane 2) and 
for P-450 in proteoliposomes (lane 3). In a control experiment (lane 
l ) ,  mercaptoethanol and acetic acid were added to the protein in 
solution before FITC. Panel A shows Coomassie blue staining of the 
different protein samples. FITC was excited at 355 nm and its 
fluorescence photographed with a yellow filter (panel B). 

brane proteins in a native state, Le., in the correct topology. 
The preserved enzymatic activity of reconstituted P-450 has 
previously been documented (Gut et al., 1982). We therefore 
conclude that proteoliposomes are a valid model to investigate 
the membrane topology of P-450. 

Quality of Proteoliposomes. Sepharose 4B chromatography 
has been used by others to test the incorporation of P-450 into 
liposomes (Ingelman-Sundberg & Glaumann, 1980; Yama- 
kura et al., 1981). In our proteoliposome preparation, all 
protein is incorporated at a lipid to protein ratio of 5 to 1 
(w/w). At a ratio of 1 to 1, the protein was incorporated 
incompletely (not shown). The proteoliposomes elute partly 
with the void volume but also later, in agreement with the size 
distribution found in electron micrographs. The smaller 
proteoliposomes still elute prior to free P-450 which in solution 
forms hexameric aggregates (Dean & Gray, 1982). 

Trypsin can cause membrane disorder (Hu et al., 1986). 
The size distribution of vesicles after digestion was unchanged 
as seen by Sepharose 4B chromatography, excluding phe- 
nomena such as aggregation or multilayer formation. Inter- 
estingly, liposomes are smaller than digested proteoliposomes. 
This indicates that the increased diameter of our proteolipo- 
somes is not due to the protein extruding from the vesicles. 
Rather, the protein seems to cause the formation of larger 
liposomes during cholate dialysis. 

The order of the membrane lipid phase is affected by both 
lipid peroxidation and the presence of P-450 (Eichenberger 
et al., 1982; Kunz et al., 1985). Since trypsin can induce lipid 
peroxidation (Cooper et al., 1981) which in turn can make 
liposomes leaky (Richter, 1987), we analyzed the integrity of 
the lipid bilayer with DPH steady-state fluorescence polari- 
zation (P) measurements. The rS values were unchanged after 
trypsin treatment, excluding trypsin-induced lipid peroxidation 
and gross alterations of the interactions between phospholipid 
acyl chains and the protein’s membrane domains. 

Analysis of Membrane Peptides. The analysis of mem- 
brane-bound peptides after trypsinolysis requires techniques 
capable of dissolving and separating phospholipids from hy- 
drophobic peptides. Such techniques are not widespread, and 
we therefore discuss several aspects of methods used in the 
present investigation. 

Chromatography in conventional protein chemistry involves 
aqueous buffer or the use of detergents, both being unable to 
monomerize phospholipids. Sephadex LH-60 tolerates organic 
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Chiarandini et al., 1987) and since the N-terminus is inac- 
cessible to FITC in proteoliposomes, we propose that P-450 
spans the membrane only with the N-terminal peptide, the first 
amino acid residue facing the liposomal lumen (Figure 5). 
This topology is consistent with two other recent studies. In 
one, site-specific antibodies were directed against P450IIB 1 
in rat liver microsomes (De Lemos-Chiarandini et al., 1987). 
The antibodies recognized all domains of the enzyme except 
the N-terminal segment (amino acid residues 1-31) and 
possibly the domain formed by amino acid residues 168-185. 
In the other study, chimeric proteins were constructed to test 
the insertion of rabbit liver microsomal P-450 into the endo- 
plasmic reticulum (Sakaguchi et al., 1987). The N-terminal 
peptide containing residues 1-29 was found to function as an 
insertion signal and stoptransfer sequence. Neither of these 
studies determined the location of the N-terminal amino acid. 
Our proposal is also consistent with the data of Monier et al. 
(1 988), which demonstrate that the amino-terminal segment 
of P-450 has both insertion and halt-transfer functions and, 
in addition, localize the N-terminal methionine on the luminal 
side of the microsomal membrane. Our findings do not support 
the recently proposed hairpin model of Nelson and Strobe1 
(1 988) which is based mainly on hydrophobicity calculations 
and positioning of the N-terminus on the cytosolic side of the 
membrane. Indeed, the second putative membrane-spanning 
domain is not particularly hydrophobic, and no experimental 
evidence is available for its localization in the membrane. As 
to the localization of the N-terminus, the data of Bernhardt 
et al. (1983, 1984), which where used as an argument by 
Nelson and Stobel (1988), are certainly not in conflict with 
a positioning on the luminal side of the membrane. 

Obviously, only a small fraction of the hepatic microsomal 
protein’s mass is in contact with the hydrophobic core of the 
membrane. Nevertheless, P-450 rotates relatively slowly in 
liposomal and microsomal membranes, with an apparent ro- 
tamer diameter of about 4 nm (Kawato et al., 1982; Gut et 
al., 1982, 1983). From this, it appears that the rotamer 
comprises not only the membrane-spanning peptide, which, 
in the case of an a-helix, has a diameter of about 0.6 nm. The 
slow rotation may be due to electrostatic interaction of the 
main protein body with the bilayer surface, particularly the 
negative charges contributed by PS (Ingelman-Sundberg et 
al., 1980, 1981). The membrane topology of P-450 in adrenal 
cortex mitochondria may be significantly different as deduced 
from trypsinolysis studies in the natural membrane and pro- 
teoliposomes (Lombard0 et al., 1986) and from mobility 
measurements of P-450 in the natural membrane (Kawato et 
al., 1988). These studies suggest that this cytochrome may 
be deeply imbedded in the bilayer. 
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Exposure of the N-terminal peptide to the solvents during 
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peptide as determined by sequencing underlines the usefulness 
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Since FITC, under 
suitable conditions (pH 7 . 4 3 ,  modifies the N-terminus of 
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1983), and since membranes are impermeable to this reagent 
(Nilsson et al., 1973), we used it to analyze the orientation 
of the N-terminus in proteoliposomes. FITC did modify the 
N-terminal methionine of the protein in solution but not when 
incorporated into vesicles. Since FITC also does not dissolve 
in liposomes and does not react with phospholipid amino 
groups, we conclude that the N-terminus of P-450 faces the 
inside of the vesicles. 

Membrane Topology of P-450. In the past, different models 
for the topology of liver microsomal P-450 have been proposed. 
On the basis of hydrophobicity profiles, models were suggested 
in which P-450 spans the membrane 8-9 times (Heinemann 
& Ozols, 1982; Tarr et al., 1983). Recently, another model, 
also based mainly on hydrophobicity profiles, was published 
in which the protein spans the bilayer twice, the N-terminus 
being on the cytoplasmic side (Nelson & Stobel, 1988). Here 
we show that after exhaustive trypsinolysis of proteoliposomes 
only the first 21 amino acid residues are membrane-associated. 
Since the main mass of P-450, including the heme, is known 
to be on the cytoplasmic side (Kunz et al., 1985; De Lemos- 
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