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Hydropathy profiles of 34 aligned cytochrome P-450
sequences were compared to identify potential trans-
membrane segments. Eleven regions with the potential
to cross a membrane in at least some P-450 sequences
were detected. The known sidedness of several resi-
dues and peptides was used to eliminate some of these
regions from consideration. Further arguments based
on the location and orientation of the heme relative to
the membrane excluded others. This process of elimi-
nation was continued until only two regions remained.
These two segments, present in the first 66 amino acids
of the P-450 NH; termini, are proposed as the only
transmembrane peptides of vertebrate microsomal P-
450s. Mitochondrial P-450s may have a different
membrane association. The three-dimensional struc-
ture of cytochrome P-450.,. was examined for the
location of conserved charged residues. These residues
occurred mainly on the opposite surface from the sub-
strate-binding site and along the edges of the flat tri-
angular P-450..... A model is proposed for vertebrate
microsomal P-450s that is similar to P-450...,. The
substrate-binding site faces the membrane, the heme is
parallel to the membrane surface, and two NH,-ter-
minal transmembrane segments anchor the protein to
the bilayer.

Cytochrome P-450 is a superfamily of monooxygenase pro-
teins present in all the kingdoms of living organisms. The
most studied forms come from mammals and bacteria. In
bacteria, the known P-450 proteins are soluble, while in
vertebrates they are membrane bound. One bacterial P-450
has been crystallized, and the three-dimensional structure is
known to 1.6-A resolution (2, 3). No three-dimensional struc-
tures are known for the membrane-bound forms, however,
more than 40 distinct vertebrate P-450 sequences have been
determined. These sequences contain information that can be
used to predict the membrane topology of cytochrome P-450.

The present understanding of protein structure dictates
that a protein segment in a lipid bilayer must assume a
secondary structure for thermodynamic reasons. There are
only two structural possibilities, helix and 3-sheet. Cogent
arguments have been presented in a recent review, that g-
structure is likely in a membrane only when it forms part of
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an aqueous pore (4), as in matrix porin. Integral membrane
proteins surrounded entirely by lipid are not candidates for
transmembrane S-structure. These proteins (including cyto-
chrome P-450) most likely have their transmembrane seg-
ments in the form of helices. An accurate prediction of the
membrane-spanning helices of cytochrome P-450 proteins
would be a valuable step toward understanding P-450 struc-
ture. With this in mind we have aligned 33 vertebrate P-450
sequences and the bacterial P450CIA1" (P-450...,) sequence
by the method of Needleman and Wunsch (5} as modified by
Gotoh (6). In a previous study, the phylogenetic relationships
and the evolution of these cytochrome P-450s were reported
(7). Here, the sequence alignment is analyzed for structural
information relevant to the membrane topology of vertebrate
P-450 proteins. A model that has only two transmembrane
segments at the P-450 NH; terminus is proposed. Analysis of
the conservation of amino acids in six sets of cytochrome P-
450s suggests several regions that may be involved in inter-
action with NADPH-cytochrome P-450 reductase. One of
these regions contains a very highly conserved tryptophan
that could participate in electron transfer between these two
proteins.

MATERIALS AND METHODS

Alignment of P-450 Sequences—The cytochrome P-450 proteins
used and the methods of aligning them are described in detail else-
where (7). The alignment is shown as Fig. 1.

Identification of Potential Transmembrane Regions in Cytochrome
P-450—Cytochrome P-450 amino acid sequences were converted to
sequences of numbers corresponding to the hydrophobicity scales of
Engelman et al. (4) or Kyte and Doolittle (8), as listed in Table I.
Gaps were given the value 0. During the conversion the sequence was
scanned for complementary charges with 2 or 3 residues between
them. Such residues would appear on the same side of an «-helix and
could form charge pairs. Because paired charges could more easily be
accommodated in a membrane, the numeric values of these amino
acids were reduced by half. For each position in the sequence, a
window varying from 15 to 24 amino acids (exclusive of gaps) was
summed to obtain the hydropathic index. Of these 10 sums, only the
lowest value was saved. A printout was made of the window starting
position, window width, and hydropathic index at the minimum value.
Sequential files with extension .prn were used to store this informa-
tion for each sequence. Lotus 1-2-3 was used to import these files and
make the graphs in Fig. 2. Potential transmembrane segments were
identified by comparing these graphs for negative valleys that oc-
curred with some regularity in several or many of the P-450s.

Conservation of Amino Acids in Cytochrome P-450 Sequences—
The sequence alignment shown in Fig. 1 was analyzed by computer
to determine the maximum number of identical amino acids at each
position along the length of the alignment. The resulting data were
depicted as histograms, with tall bars representing highly conserved
positions and low bars representing poorly conserved positions and/

! A new nomenclature has been adopted for use in the cytochrome
P-450 field. The reader is referred to Reference 1 for a detailed
account.
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TABLE I
Hydropathic index scales of Goldman, Engelman, and Steitz (GES)
and Kyte and Doolittle (KD)
GES KD
Phe (F) -3.7 -2.8
Met (M) -34 -19
Ile (I) -3.1 —4.5
Leu (L) —-2.8 -38
Val (V) —-2.6 —4.2
Cys (C) -2.0 -2.5
Trp (W) -19 0.9
Ala (A) -1.6 -18
Thr (T) -1.2 0.7
Gly (G) -1.0 0.4
Ser (S) -0.6 0.8
Pro (P) 0.2 1.6
Tyr (Y) 0.7 13
His (H) 3.0 3.2
Gln (Q) 41 35
Asn (N) 48 3.5
Glu (E) 8.2 3.5
Lys (K) 8.8 3.9
Asp (D) 9.2 35
Arg (R) 12.3 4.5

or gaps in the alignment (Fig. 3). Six different sets of aligned P-450
sequences were examined in this manner: all 34 sequences, all verte-
brate sequences (numbers 1-33 in Fig. 1), all sequences of P-450s
found in the endoplasmic recticulum (numbers 1-31 in Fig. 1), and
P-4508 of the methylcholanthrene (P450I) and phenobarbital
(P45011) families taken together (numbers 1-23 in Fig. 1) or as
separate groups (numbers 15-23 and I-14 in Fig. 1, respectively).
The appearance of these plots is reminiscent of a city skyline, and
therefore we call them skyline plots.

RESULTS AND DISCUSSION

Cytochrome P-450 Membrane Topology—Models proposed
for vertebrate cytochrome P-450 structure generally contain
6-10 transmembrane segments (9-12), although recently two
models were proposed with only one membrane segment (13,
14). These segments are assumed to be a-helical or a mixture
of 30 helix and a-helix. The recent availability of many P-
450 sequences and better methods for predicting membrane
helices prompted a closer examination of this model. T'o begin,
34 cytochrome P-450 sequences from eight protein families
were aligned (7), as shown in Fig. 1. Next, hydropathic index
plots were made for each sequence. These plots were computed
using a variable window width and compensation was made
for charge pairs. Because these plots were made from aligned
sequences, with the gaps included, the resulting graphs were
all of the same length and could be compared directly (Fig.
2). By inspecting the graphs 11 regions were identified with
negative valleys (hydrophobic sequences) in several or many
P-450 sequences. These regions are shaded in Fig. 1. The
exact boundaries and each segment’s hydropathic index (both
Engelman, Steitz, and Goldman’s scale (4) and Kyte and
Doolittle’s scale (8) were used) are given in Table II. The
hydropathy scales and the one-letter amino acid code are
given in Table I. The regions between the shaded areas in
Fig. 1 contain many charged residues (printed in bold type).
Consequently, these zones are poor candidates for transmem-
brane segments.

The 11 shaded regions were considered as potential trans-
membrane segments. All true membrane-spanning segments
were assumed to be among these 11, however, it was not
assumed that all 11 would span the membrane. Each segment
was considered along with additional information bearing on
its location relative to the membrane. Finally, by a process of
elimination based on logic and a synthesis of findings from
electron paramagnetic resonance (EPR) spectroscopy, x-ray
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crystallography, quantitative peptide antibody binding stud-
ies, chemical modifications, fusion protein experiments, and
secondary structure prediction, only 2 of the 11 regions were
predicted to be transmembrane segments.

The first segment is clearly the strongest candidate for a
membrane-spanning segment. The Goldman, Engelman, and
Steitz values for all sequences except P-450,,, and the two
mitochondrial P-450,.. sequences range from —25 to —50 with
an average value of —39 (see Table II, segment 1). The
suggested cutoff value for considering a segment to be a
potential transmembrane segment is ~20 (4). All models of
P-450 topology predict this region is a transmembrane seg-
ment (9-14). We concur. As discussed later, the mitochondrial
sequences may have a different membrane topology.

Chemical modification studies on rabbit P450IIB1 (LM2)
have shown that the NH,-terminal methionine and Lys®*
(alignment position 466) were labeled by fluorescein isothio-
cyanate (FITC)? from the cytoplasmic surface of rabbit liver
microsomes (15-17). The interaction with NADPH-cyto-
chrome P-450 reductase was inhibited when either of these
residues was modified. Since the interaction between these
two proteins is a cytoplasmic phenomenon and since FITC
has two negative charges, making it unlikely to penetrate the
microsomal membrane (18), these two residues were identified
as cytoplasmic. Therefore, rabbit P450IIB1 and probably all
microsomal P-450s, if a common topology is assumed, have
their NH,-terminal residues on the cytoplasmic face of the
endoplasmic reticulum (ER). If the first hydrophobic segment
(S1 in Fig. 1) is a transmembrane segment as we propose,
then at least a portion of the P-450 molecule following S1 will
be present in the ER lumen.

Additional studies on this same P-450 indicate that Ser'®
(alignment position 168) can be phosphorylated by the puri-
fied catalytic subunit of cCAMP-dependent protein kinase in
vitro (19). Phosphorylation of rabbit liver microsomes by this
kinase labels a protein with electrophoretic mobility equiva-
lent to phosphorylated P-450; .. Peptide maps (and the cor-
responding autoradiograms) of the phosphorylated microso-
mal protein and purified P-450;, were the same after treat-
ment with trypsin, Vg-protease or CNBr (20). These results
strongly suggest that the labeled microsomal protein was P-
450.m: and that phosphorylation occurred at the same site in
the purified and microsomal forms. In fact, the sequence of
P-450.m, has only one site specific for cAMP-dependent
protein kinase (Arg-Arg-X-Ser-X, where X represents an
hydrophobic amino acid). This recognition sequence is pres-
ent in 10 of 13 members of the P450I1 family (numbers 1-14
of Fig. 1). An eight-amino acid insertion appears to have
interrupted this site in the P4501 family (numbers 15-23 in
Fig. 1). This recognition site includes Ser'?®. The established
fact that microsomes form with their cytoplasmic surface
facing out (21) and they are impermeable to proteins and
small charged molecules (18) indicates that Ser'? in P-450.y.
is a cytoplasmic residue.

Evidence has been presented that the NH,-terminal Met,
Ser'®, and Lys®* of P-450.,, are cytoplasmic. Furthermore,
the first hydrophobic segment (S7 in Fig. 1) is the most
hydrophobic region in the P-450 sequence (see Table II). This
region in P-450.y is more hydrophobic than any of the seven
transmembrane segments of bacteriorhodopsin, or the 11
transmembrane segments of the light reaction center of Rho-
dopseudomonas capsulata, or the transmembrane segment of
glycophorin (4). Since P-450.p. is a membrane protein, it is

?The abbreviations used are: FITC, fluorescein isothiocyanate;
ER, endoplasmic reticulum.
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Fic. 1. Alignment of 34 cytochrome P-450 sequences. Shaded regions (S1-S11) represent potentlal
transmembrane segments. Charged amino acids are shown in bold type. The column following the organism
indicates the class of inducer. Numbers on the far right are the number of amino acids up to that position. The
abbreviations used are: PB, phenobarbital; CON., constitutive; MC, 3-methylcholanthrene; GLU., glucocorticoids;
PCN, pregnenolone-16a-carbonitrile.
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Fic. 2. Hydropathy plots of cytochrome P-450 sequences computed as described under “Materials
and Methods.” The dark boxes numbered 1-11 above and below each column of plots represent the approximate
location of the 11 potential transmembrane segments shown in Fig. 1.
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TaBLE II
Possible transmembrane segments and their hydropathic indices
The position of the first amino acid is given under pos. The number of amino acids in each segment is given in
parentheses under win (for window width). The values of the hydropathic indices were calculated as described
under “Materials and Methods,” using either the Goldman, Engelman, and Steitz (GES) scale or the Kyte and
Doolittle (KD) scale. (See Table I for the two scales.)
Segment 1 Segment 2 Segment 3
pos (win) GES KD pos (win) GES KD pos (win) GES KD
1 PBcl 54 (19) —18.8 —15.3 86 (18) -19.8 -22.1
2 PBc2 54 (17) —-13.9 -10.2 86 (18) -19.3 -21.8
3 1 3(18) —-40.4 —49.2 54 (17) -15.0 -11.9 86 (18) -18.9 -19.7
4 f 3 (18) —40.5 —41.4 54 (17) —14.7 -11.2 86 (18) -20.7 —14.1
5 PB1 3 (18) —44.1 —49.1 54 (17) —16.6 -16.4 86 (18) -18.9 -17.7
6 3b 3(18) —42.2 —50.6 54 (17) -12.5 -10.9 87 (17) -19.7 -194
7 3a 3(21) -50.0 —51.7 54 (17) —16.0 —15.0 87 (17) —4.3 —20.0
8 jrat 3 (21) —47.8 -53.0 54 (17) -16.9 —14.0 87 (17) —2.7 —18.0
9 jhuman 3(21) —47.3 —47.8 54 (17) -16.9 —14.0 87 (17) -13.9 —16.8
10 Chicken 3(21) —46.9 —51.3 55 (17) -6.9 —4.3 87 (20) —4.9 —-124
11 e 3 (18) —43.0 —52.7 54 (17) -0.3 -5.3 90 (17) -13.8 —18.5
12 b 3 (18) —43.0 -52.7 54 (17) -0.3 -5.3 90 (17) -13.8 —18.5
13 LM2 3 (18) —46.7 -52.6 54 (17) -12.7 -85 90 (17) -16.1 —23.5
14 Human
15 ¢ 9 (22) —37.0 -35.7 54 (18) -21.7 —-9.3 90 (17) -12.8 —245
16 P1 mouse 9 (22) —-39.8 —-45.5 54 (18) —22.9 -7.5 90 (17) —-12.8 —-24.5
17 P1 human 9 (22) —41.9 -46.4 54 (18) —15.3 -0.6 90 (17) —-12.8 —-24.5
18 6 90 (17) —-13.4 —22.8
19 4 human 9 (20) -36.3 —41.5 54 (18) —14.5 -3.6 90 (17) -12.6 —-23.7
20 4 rabbit
21 LM4 9 (20) —-35.7 —45.0 55 (17) —-22.2 -10.7 90 (17) —-13.4 —22.8
22 d 7 (21) -37.7 —46.2 54 (18) —22.5 -7.0 90 (17) -12.8 —-24.5
23 P3 7(21) -38.3 —44.3 54 (18) —16.9 —-4.7 90 (17) -12.8 —-24.5
24 17ab 19 (17 —-36.9 —34.6 54 (18) -9.1 -94 87 (18) -2.6 -4.9
25 17ah 19 (17) —25.0 —28.3 54 (18) —15.6 —15.4 87 (18) -19 —6.8
26 C21h 3 (18) —25.4 —37.6 54 (21) —-13.8 —-19.6 87 (17) 1.7 -16.7
27 C21b 3 (20) -38.5 —41.6 54 (21) -16.9 —-20.1 87 (17) 11.4 -16.1
28 C21m 3 (20) -27.9 —-33.8 54 (21) -7.0 -15.7 87 (17) 1.7 -16.5
29 HLp 13 (20) —29.3 —35.4 52 (18) —-19.6 -13.1 87 (18) 5.3 0.1
30 p 13 (20) -32.7 —40.1 53 (22) —16.2 -8.0 87 (18) =13 -9.3
31 LAw 12 (22) —41.4 —43.3 47 (19) —10.5 -1.5 86 (19) -5.9 —6.5
32 scch 6 (20) -74 -17.9 49 (19) 6.8 8.5 87 (18) 24.5 0.7
33 scch 6 (19) 3.2 -3.3 49 (19) 7.8 7.5 87 (18) 25.2 0.6
34 cam 16 (18) 6.7 4.3 58 (18) ~0.3 =35 89 (19) 9.3 -1.5
Segment 4 Segment 5 Segment 6
pos (win) GES KD pos (win) GES KD pos (win) GES KD
1 PBcl 124 (18) —6.8 -16.6 212 (17) —29.7 -329 264 (17) -10.2 —13.6
2 PBc2 124 (18) 3.7 -11.8 212 (17) —29.7 -32.9 264 (17) -17.9 —18.8
31 124 (18) -9.6 -16.8 212 (17) —30.1 —33.6 264 (17) -10.5 -11.0
4 f 124 (18) —13.4 -11.3 212 (17) —214 —26.5 264 (17) -19.1 —-11.8
5 PB1 124 (18) -39 —13.7 212 (17) —30.6 —33.9 264 (17) -27.9 —21.0
6 3b 124 (18) —-11.2 —21.3 212 (17) —33.5 —38.5 264 (17) —-22.0 —20.8
7 3a 124 (17) 17.3 -2.7 212 (17) —21.6 —27.6 259 (19) -4.7 -2.3
8 jrat 124 (17) 19.8 2.0 212 (17) —20.1 —29.8 259 (16) -8.9 -6.2
9 j human 124 (17) 26.3 3.0 212 (17) —24.7 -31.5 264 (17) -10.9 -6.4
10 Chicken 124 (18) -12.5 -19.3 212 (18) -19.0 —-29.7 264 (17) 7.3 -1.9
11 e 124 (18) —13.8 —24.0 212 (18) —29.6 -31.6 259 (19) —25.5 -20.2
12 b 124 (18) -13.8 —24.0 212 (18) —29.6 -31.6 259 (19) —25.5 —20.2
13 LM2 124 (18) =77 —-20.3 212 (18) —-27.4 —-27.0 259 (19) —24.1 —21.1
14 Human 212 (18) —-19.3 -25.7 264 (24) —21.7 —26.0
15 ¢ 126 (17) -11.1 —4.6 212 (18) —25.7 -35.9 258 (17) —6.9 -10.2
16 P1 mouse 126 (17) -6.0 -1.7 212 (18) -21.3 =31.7 258 (17) —6.4 -9.9
17 P1 human 126 (17) —15.5 —4.7 212 (18) -12.8 —-27.1 258 (17) -4.2 -12.9
18 6 126 (17) —-15.0 —94 212 (18) —-20.4 —26.9 258 (17) -16.6 —20.7
19 4 human 126 (17) -10.0 -4.1 212 (18) —16.6 -229 258 (17) —8.9 -11.8
20 4 rabbit 126 (17) -99 -0.1 212 (18) —-13.7 -21.8 258 (17) —14.1 -15.0
21 LM4 126 (17) -9.9 —0.1 212 (18) -13.7 —21.8 258 (17) —-14.1 -15.0
22 d 126 (17) —6.0 -1.7 212 (18) —9.1 -20.7 258 (17) -5.6 —-15.1
23 P3 126 (17) —6.0 -1.7 212 (18) —-14.5 —-234 258 (17) -5.6 —15.1
24 17ab 126 (17) 1.4 -12.9 212 (18) -29.3 -30.7 258 (18) -7.2 —-29.9
25 17ah 126 (17) 14.6 -39 212 (18) —23.7 —28.2 258 (18) 5.7 —13.9
26 C21h 126 (17) 7.2 0.2 219 (15) —29.9 —26.3 258 (19) -11.7 —18.7
27 C21b 126 (17) 9.5 -2.7 219 (15) —29.9 —26.3 258 (19) -7.8 —-12.5
28 C21m 126 (13) 2.4 —6.7 219 (15) —28.2 —21.4 258 (19) -174 —-20.2
29 HLp 128 (15) —16.8 -14.8 218 (17) —-19.6 -17.0 266 (19) -33.6 —-37.1
30 p 128 (15) -6.6 —14.4 218 (17) -19.6 -17.0 266 (19) —29.3 -31.0
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TABLE II—continued
Segment 4 Segment 5 Segment 6
pos (win) GES KD pos (win) GES KD pos (win) GES KD
31 LAw 130 (17) —-15.1 —22.5 218 (15) —20.0 —20.5 266 (18) 4.8 3.3
32 scch 126 (19) 8.3 —0.3 215 (15) -20.7 —18.7 256 (23) -10.6 -12.6
33 scch 124 (21) -1.8 —-8.7 215 (15) —15.8 —20.6 256 (23) —-16.1 -17.3
34 cam 126 (17) 5.7 -2.7 190 (18) —-0.7 -6.7 249 (18) 0.9 —18.5
Segment 7 Segment 8 Segment 9
pos (win) GES KD pos (win) GES KD pos (win) GES KD
1 PBcl 368 (21) -13.7 —14.9 433 (18) 11.3 —-2.7 461 (18) —18.9 -16.6
2 PBc2 368 (21) -16.1 -17.2 433 (18) 11.3 —-2.7 461 (18) -10.0 —13.8
3 1 368 (21) —-12.9 -16.0 433 (18) -1.2 —-15.8 461 (18) -12.3 -13.9
4 f 368 (21) —-16.1 —21.0 433 (18) -1.9 -10.5 461 (18) -2.0 -9.8
5 PB1 368 (21) -13.9 —18.7 433 (18) 15.5 -2.1 461 (18) -12.2 -13.9
6 3b 368 (21) —14.2 —20.5 433 (18) -1.8 —-11.6 461 (18) -15.8 -17.1
7 3a 368 (21) -16.9 -184 433 (18) 0.2 —-15.5 461 (18) -8.3 ~18.1
8 jrat 368 (21) -16.9 -18.4 433 (18) 0.4 -13.7 461 (18) -8.3 -18.1
9 j human 368 (21) -16.9 -18.4 433 (18) —5.6 -16.5 461 (18) -7.8 —-17.8
10 Chicken 368 (21) —24.6 —24.4 433 (18) -35 -19.4 462 (17) -11.0 -174
11 e 368 (21) -17.3 -17.0 433 (18) —6.2 —-19.1 461 (18) -6.8 -10.0
12 b 368 (21) -16.9 —16.6 433 (18) —6.0 ~-19.3 461 (18) —6.8 -10.0
13 LM2 368 (21) -17.5 —-16.7 433 (18) —6.6 -19.3 461 (18) -10.8 —14.9
14 Human 368 (21) -174 —23.7 433 (18) —9.2 —-15.3 462 (17) —-18.6 -16.8
15 ¢ 368 (21) -30.0 —-25.5 433 (18) —19.4 —18.3 461 (18) 6.3 0.5
16 P1 mouse 368 (21) —29.5 —25.2 433 (18) —19.5 —18.3 461 (18) 1.3 -5.2
17 P1 human 368 (22) —-32.9 —27.1 433 (18) —-19.5 -18.3 461 (18) 15.1 1.5
18 6 368 (21) —29.5 —25.2 433 (18) —-19.8 -17.5 461 (18) 23.0 9.5
19 4 human 368 (21) —29.8 —25.9 433 (18) —19.6 -17.9 461 (18) 11.1 -1.7
20 4 rabbit 368 (21) -30.0 -25.5 433 (18) —-21.7 —22.9 461 (18) 5.7 —4.5
21 LM4 368 (21) —30.0 —25.5 433 (18) —21.7 —22.9 461 (18) 5.7 —4.5
22 d 368 (21) —-37.1 —-37.2 433 (18) —18.4 —-19.7 461 (18) 6.2 —4.2
23 P3 368 (21) —33.6 —-33.7 433 (18) —18.4 —-19.7 461 (18) 24.9 7.0
24 17ab 368 (21) —-20.0 —26.8 433 (18) 3.6 —16.2 459 (19) 1.9 -17.5
25 17ah 368 (21) —22.2 —25.0 433 (18) 1.7 —18.1 459 (19) -14 —-19.3
26 C21h 368 (21) —25.5 —26.0 433 (18) —4.9 —23.7 459 (19) 3.2 —6.6
27 C21b 368 (21) -30.8 -25.3 433 (18) -4.9 —-23.7 459 (19) -1.6 -12.5
28 C21m 368 (21) -31.4 -25.4 432 (19) —8.3 —25.6 459 (19) 2.5 -10.1
29 HLp 365 (21) —30.1 —-27.0 430 (17) —4.9 -18.1 459 (19) -19.2 —19.7
30 p 365 (20) —26.9 -24.1 430 (17) 8.2 -6.0 459 (19) -17.4 -19.5
31 LAw 367 (22) —15.4 -11.3 433 (17) —4.6 —-16.8 463 (15) ~7.8 -11.2
32 scch 368 (21) -17.3 —-8.7 430 (19) 3.1 —14.4 462 (17) -12.9 -19.6
33 scch 368 (21) —-12.9 —8.7 430 (19) 3.1 —14.4 462 (17) —-12.9 —19.6
34 cam 363 (21) —29.4 -33.1 415 (18) 3.7 —-16.5 461 (19) 3.6 -7.9
Segment 10 Segment 11
pos (win) GES KD pos (win) GES KD

1 PBcl 521 (20) —24.7 —41.1 559 (20) -11.1 -13.0

2 PBc2 521 (20) -23.7 —-38.7 560 (19) 0.7 -15.0

3 1 521 (20) —-22.9 —-31.6 559 (20) ~23.8 -25.3

4 f 521 (20) -25.7 -31.6 559 (20) -22.3 -16.2

5 PB1 521 (20) ~22.4 -29.3 559 (20) -19.4 -16.1

6 3b 521 (20) —20.8 —-32.6 559 (20) -3.3 -7.8

7 3a 521 (20) —21.6 —-37.4 569 (20) 17.0 -9.8

8 jrat 521 (20) —21.6 -37.4 559 (20) -19.9 —22.0

9 j human 521 (20) —-21.9 —38.3 559 (20) —5.5 —-18.3

10 Chicken 521 (20) —21.8 -32.5 559 (20) -13.2 -15.8

11 e 521 (20) —16.3 —28.2 559 (21) —6.6 -7.7

12 b 521 (20) -16.3 —28.2 559 (21) 1.8 -1.6

13 LM2 521 (20) —22.3 -31.0 559 (21) 13.2 14

14 Human 522 (19) —22.2 —25.2 569 (20) 12.2 4.0

15 ¢ 522 (19) -21.7 -37.7 559 (17) 9.3 1.3

16 P1 mouse 522 (19) —-19.5 -33.1 559 (17) 9.7 3.8

17 P1 human 522 (19) -20.9 —34.8 559 (17) -7.1 —6.6

18 6 522 (19) —20.4 -34.7 559 (17) 7.2 0.5

19 4 human 522 (19) —-24.7 —-39.9 559 (17) 8.9 —-2.8

20 4 rabbit 522 (19) —23.0 —39.7 569 (17) 10.7 0.6

21 LM4 522 (19) -21.1 —34.4 569 (17) 12.6 58

22 d 522 (19) —-21.7 —34.5 569 (17) 4.3 2.7

23 P3 522 (19) —21.7 —-345 559 (17) 6.7 5.3

24 17ab 521 (20) -1.8 —19.4 556 (17) 0.1 —-9.2

25 17ah 521 (20) —16.6 -30.2 556 (17) —-15.9 —23.8

26 C21h 521 (20) —6.0 -31.6 555 (20) —-8.0 -10.8

27 C21b 521 (20) —8.4 —36.9 553 (22) 6.4 -39
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TABLE I1—continued

Segment 10 Segment 11
pos (win) GES KD pos (win) GES KD
28 C2lm 521 (20) —-6.4 —-34.1 554 (21) ~-8.8 -1.3
29 HLp 521 (20) 29 -22.7 556 (19) 2.8 —14.5
30 p 521 (20) 1.3 -18.1 556 (19) 12.6 —-6.5
31 LAw 521 (21) -~3.6 -21.3 557 (20) 9.7 -12.0
32 sccb 521 (20) -5.8 —26.0 560 (17) -10.6 —-22.0
33 scch 521 (20) -3.3 —21.8 557 (20) —13.8 -12.8
34 cam 521 (16) 14.1 —-12.4 558 (20) ~3.6 -10.3

highly probable that this first segment is a transmembrane
segment.

Experimental evidence has recently appeared to support
this contention. A fusion protein composed of the first 29
amino acids of rabbit P-450 6 (P450IA1) and interleukin 2
minus its signal peptide is correctly targeted to the ER mem-
brane. The targeting is dependent on the presence of signal
recognition particle. When only 20 amino acids of P450 6 are
used the fusion protein is not targeted to the membrane (14).
These results suggest that the first 29 amino acids of P450 6
act as a signal sequence. The transmembrane nature of signal
sequences is an essential feature of the signal sequence hy-
pothesis.

The consequence of a cytoplasmic NH,-terminal, a cyto-
plasmic residue at alignment position 168, and a transmem-
brane orientation for S1 in Fig. 1 is the need for a second
transmembrane segment between S1 and position 168. Evi-
dence for a second transmembrane segment in this region is
lacking, but the geometric argument that requires the exist-
ence of such a segment follows naturally from the experimen-
tal evidence described above. Referring to Fig. 1, there are
three transmembrane candidates for this second transmem-
brane segment. Two of these can be eliminated with certainty
by reference to a study (13) in which site-specific antibodies
were used to identify the sideness of regions in rat P450I1B1
(P-450b6). In this study 15 synthetic peptides were used to
raise polyclonal antibodies, then the antibody binding to
microsomes was assessed. Four peptides were clearly cyto-
plasmic by two different methods *I-IgG binding and im-
munocytochemistry with colloidal gold antibody. These four
peptides correspond to alignment position 86-97, 133-146,
154-171, and 481-491 in sequence 12. The first two of these
segments occur in the third and fourth shaded region of Fig.
1. Therefore, S2 is the only candidate remaining. Based on
experimental evidence and geometric arguments, we conclude
that a transmembrane segment is very probably in the region
between S1 and position 168 and that S2 is the most likely
candidate for this transmembrane segment.

Before continuing, it is necessary to establish that the heme
groups of all membrane-bound P-450s are parallel to the
membrane and outside the lipid bilayer on the cytoplasmic
side. Then, by making an analogy to the crystal structure of
cytochrome P-450.,,, regions S7 and S10 in Fig. 1 will be
eliminated as potential transmembrane segments. The ori-
entation of the heme relative to the membrane surface has
been studied by EPR spectroscopy. Membrane preparations
(submitochondrial particles) containing P450XIA1 (P-450,..)
and P450XIB1 (P-450,,5) were sedimented against a mylar
sheet and partially dehydrated under controlled humidity
conditions. The result was an oriented multilayer with the
plane of the membranes being parallel to the plane of the
mylar sheet. The angle dependence of the P-450 EPR signals
indicated that the heme plane was within 10 ° of being parallel
to the mylar sheet (22, 23). When similar experiments were
done with purified reconstituted P-450,.. or P-450,,5 or with

adrenal microsomes similar results were obtained (23, 24). In
contrast, the heme of cytochrome ¢ oxidase was perpendicular
to the membrane (25) and cytochrome bs;, which is only
tethered to the membrane and is free to sway, showed no
angle dependence (24). These counter examples argue for the
validity of the results. Important for our discussion, the
microsomal P-450s appear to have the same heme orientation
as the mitochondrial ones, parallel to the membrane.

The most highly conserved region in the P-450 molecules
is the heme-binding site. In bacterial P450CIA1l (P-450.,,)
the heme is sandwiched between two nearly parallel a-helices
T and L (2). The sequences in Fig. 1 show a high degree of
conservation at alignment positions 371, 372, 374, and 375,
indicating a conserved structure. In P-450.,, this regions lies
in the middle of helix I (positions 356-390) at the site of
oxygen binding to heme. Oxygen actually contacts Thr®? in
P-450.., (alignment position 375), requiring a distortion in
the I-helix. Poulos et al. (3) give a detailed description of the
similarity in this region between P-450.,,, and all other known
P-450 sequences. These authors conclude that a very similar
structure (a distal helix with a local helical distortion) is a
feature common to all P-450 species (3). Furthermore, modi-
fication of rat P-450 in vivo with suicide substrates (26) has
shown the heme pyrrole ring B is sterically blocked from
reaction and a lipophilic pocket (suitable for substrates) exists
over pyrrole ring C. In P-450,,, ring B is sandwiched between
helices T and L, and the substrate camphor sits above ring C.
The heme orientation and topology appears to be the same in
rat liver P-450 and P-450,,, (the two papers use different
nomenclature for the rings).

The L-helix also appears to be conserved based on sequence
similarity and secondary structure prediction. The region
between alignment positions 515 and 546 brackets the L-helix
(P-450.. positions 524-543). This region contains four of the
ten 100% conserved amino acids and is the most conserved
region in the whole alignment (Fig. 3F). Secondary structure
prediction of all P-450 sequences in the alignment between
positions 524 and 543 (method of Garnier et al. (27)) predicts
over 90% of the residues will adopt a helical conformation.?
A similar prediction in the helix I region (alignment positions
356-390) predicts helical structure at the start and finish of
this region. Since the I-helix is known to contain a distortion
in the middle, the failure to predict helix in the middle of this
region is not unexpected. In the L-helix region, Gly at position
524 is conserved in 33 of 34 sequences, with Ala in the one
remaining sequence. This glycine is at the end of the L-helix
in P-450.., and it makes a very close approach to the heme
(2). The extreme conservation of this glycine suggests a sim-
ilar function in all P-450s. This and other conserved features
described in detail by Poulos et al. (2 and 3) argue strongly
for a conserved helix-heme-helix sandwich structure in all P-
450s. Because EPR spectral evidence supports mitochondrial
and microsomal P-450 hemes being parallel to the membrane
surface, the helices that are predicted to sandwich the heme

3D. R. Nelson and H. W. Strobel, submitted.
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also should be parallel to the membrane. Such helices cannot
be transmembrane segments as these must be nearly perpen-
dicular to the membrane. Arguments for transmembrane hel-
ices being nearly perpendicular are very well presented by
Engelman et al. (4). This implies that the heme is not buried
in the membrane but lies outside of it.

Evidence to support this view is available from other EPR
experiments. By introducing paramagnetic ions near a heme
in a protein, a line broadening of the heme EPR signal occurs
due to magnetic dipole interactions (for a discussion of this
effect see Case and Leigh (28)). When dysprosium complexed
with EDTA was added to a solution containing P-450,., line
broadening of the EPR signal for the heme was observed (23).
The extent of line broadening was similar whether the P-450
was in native membranes, reconstituted phospholipid vesicles,
or in pure form with detergent. The line broadening effect
and hence the access of the dysprosium-EDTA complex to
the heme was not affected by the environment of the mem-
brane portion of the molecule. Furthermore, adrenodoxin, the
soluble electron donor protein for P-450,.., partially relieved
the line broadening effect by displacing some of the dyspro-
sium. The extent of line broadening was comparable to that
seen with metalloproteins four to five times smaller than P-
450,.., implying that the heme must have been as close to the
surface in P-450,,. as it was in these smaller proteins. Together
these results strongly suggest that dysprosium-EDTA inter-
acts with the P-450 heme through a hydrophilic domain and
the heme is fairly close to the aqueous surface of this domain.
Further studies using dysprosium have restricted the distance
between the heme and the paramagnetic ions to less than 20
A (24). For adrenodoxin to approach within 20 A of the heme,
the heme would have to be on the same side of the membrane
as the adrenodoxin. In microsomal P-450s this would corre-
spond to the cytoplasmic side.

An additional argument that favors a cytoplasmic location
of the proposed helices S7 and $10 involves Lys®* (position
466) of P450.m2. Since evidence presented above suggested
Lys®®* was cytoplasmic, the shaded region S9 (positions 461-
478 in Fig. 1) is unlikely to be a transmembrane segment.
Because S7 and S10 are postulated to be on the same side of
the membrane, sandwiching the heme, S8 is also unlikely to
cross the membrane. If S8 were to cross, S7 and S10 would
be on opposite sides. Therefore, it seems very probable that
S7-S10 are all on the same side of the membrane. Because
Lys®* is strongly suggested to be cytoplasmic, all four of these
segments S7-S10 are also very probably on the cytoplasmic
side of the membrane.

The status of the last shaded region (S11 in Fig. 1) will
determine the sideness of the COOH-terminal amino acid.
Assuming the previous arguments hold, and S7-S10 are cy-
toplasmic, then if S11 crosses the membrane, the COOH-
terminal will be on the lumen side of the ER. A recent study
suggests that this is not the case. A fusion protein was made
containing at the NH,-terminal the rat P450IA1 (P-450c)
protein except the last five amino acids and at the COOH-
terminal, the NADPH-cytochrome P-450 reductase minus the
first 56 amino acids. This hybrid protein expressed in yeast,
functioned four times better than the separate proteins (29).
Trypsin treatment showed the reductase portion of the mol-
ecule was on the cytoplasmic side of microsomal membranes.
Since the reductase minus its first 56 amino acids does not
contain any transmembrane segments, the COOH terminus
of the P-450 was concluded to have been on the cytoplasmic
side of the membrane. Presumably this is true in the unfused
P-450 protein. Additional experimental support comes from
Sakaguchi et al. (14) who found that only the NH,-terminal
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29 amino acids were required to target rabbit P-450 6 to rough
microsomes. These authors concluded that only this short
amino terminal segment is inserted in the membrane with the
remainder of the molecule, including the COOH-terminal,
being cytoplasmic. However, they did not determine the si-
deness of the NH;- or COOH-terminals.

Evidence and arguments have been presented above that
regions S5 and S6 in Fig. 1 are surrounded on both sides by
cytoplasmic portions of the P-450 molecule. Position 168
contains a phosphorylatable serine which must be accessible
to ATP and cAMP-dependent protein kinase on the outer
cytoplasmic surface of microsomes (19, 20). This region (po-
sitions 154-171) is also bound by antibodies from the cyto-
plasmic surface {13). Positions 368-388 contain invariant Gly
and Thr residues as well as other conserved residues which
are highly suggestive of an identical role in P-450 function,
namely, the role played by the distal helix I of P-450..., in
oxygen binding to the heme. Oxygen binding is a function
shared by all P-450s even though these proteins use many
different substrates and produce different products. The distal
helix is most probably cytoplasmic for reasons already given.
To allow both of these regions (positions 168 and S7) to be
on the cytoplasmic surface, geometry requires that both S5
and S6 cross or neither may do so. There are four reasons
why these two segments are unlikely to cross the membrane.
First, the structural model we have developed so far has only
8-12 residues on the ER lumen side of the membrane (posi-
tions 38-53). If $5 and S6 cross, this would add another 19-
23 residues (positions 237-260). Clearly, the functional part
of the molecule is on the cytoplasmic side, a fact also dem-
onstrated by monoclonal antibody inhibition of P-450 activity
(30). If the two segments S5 and S6 cross, then Phe?® will be
at the lumen surface. This Phe is 100% conserved in the 34
sequences, only 1 of 10 residues so highly conserved (see Fig.
3F). It is improbable that this highly conserved residue would
appear on the lumen side of the ER membrane when the
functional part of the molecule is most probably cytoplasmic.
Second, the site-directed antibody study mentioned earlier
(13) also found that antibodies against alignment position
238-246 of sequence 12 (P-450b) bound on the cytoplasmic
surface. The result was not as clear as with the four other
peptide-directed antibodies discussed previously, but the au-
thors were convinced of its correctness. This area is between
regions S5 and S6. A cytoplasmic location for this region
would preclude S5 and S6 from being transmembrane seg-
ments. The third argument against S5 and S6 crossing is the
shortness of possible transmembrane segments in the C21
hydroxylase sequences (26-28 in Fig. 1), the scc sequences
(32 and 33 in Fig. 1), and the LA, sequence (31 in Fig. 1).
These proteins only have potential transmembrane segments
of 15 amino acids. This is too short to cross a lipid bilayer.
Finally, secondary structure prediction of 44 P-450 sequences
has revealed that 10 of 13 helical regions in P-450.,, are
detected in the membrane-bound P-450s and 6 of 7 §-sheet
segments are also detected. This makes it very likely that the
overall three-dimensional structure of membrane bound P-
450s is quite similar to P-450..,.> One of the helices detected
in this manner was helix E of P-450..,. This helical region
spans alignment positions 245-260 which lie just between S5
and S6. Again, we would argue that the functional part of the
molecule is cytoplasmic, including the helical region corre-
sponding to helix E in P-450.,,. Although none of these
arguments is compelling, overall they are very suggestive that
S5 and S6 are cytoplasmic segments and do not serve as
transmembrane segments in membrane bound P-450s.

The final conclusion is that cytochrome P-450 is held in
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the ER membrane by an NH,-terminal hairpin loop. Only
two transmembrane segments are present in the molecule.
Production of a deletion mutant missing the first 44-66
residues, depending on the sequence, should result in a soluble
protein or an extrinsic membrane protein that can be removed
from the membrane without detergent. The second possibility
is more likely because the EPR data shows a molecule with a
restricted orientation, not freely swaying with respect to the
membrane (24).

There are three problems which seem to conflict with this
model. First, the peptide-directed antibody study (13) found,
in addition to the five segments already mentioned, that
antibodies against alignment position 48-62 in P-450b were
bound to the cytoplasmic side of microsomes. This would
preclude region two of Fig. 1 from being a transmembrane
segment. Further, it would require that the first region’s
orientation be reversed so the NH,-terminal was in the lumen.
This seemed improbable, and upon examining the sequence
of rat P450b a string of five amino acids was found that could
explain this result. GPRPL occurs in the peptide used to
make the antibodies in question (alignment position 57-61).
GPRPYV occurs at position 96-100. Region 86-97 was clearly
shown to be cytoplasmic by antibody labeling (13). Therefore,
the cytoplasmic location of segment 96-100 is highly probable.
Polyclonal antibodies to peptide 48-62 of P-450b (containing
GPRPL) are very likely to cross-react with the GPRPV
epitope at the cytoplasmic surface, causing the misinterpre-
tation that the original peptide used to make the antibodies
(48-62) is cytoplasmic. The possibility of an antibody to a
five-amino-acid segment cross-reacting with a second five-
amino-acid sequence with one amino acid difference is illus-
trated by the following example. Antibodies to Met-enkeph-
alin (YGGFM) cross-react with Leu-enkephalin (YGGFL).
The reverse is also true and both antibodies cross-react with
dynorphin, an opioid peptide that contains the Leu-enkeph-
alin sequence at its NH,-terminal (31).

The second problem is that only the first 29 amino acids of
P-450 6 are required to target interleukin 2 to microsomes
(14). A second transmembrane segment does not appear to be
required. What was not shown in this paper was the sideness
of the NH,-terminal. The NH;-terminal was assumed to be
on the lumen side. We feel this is unlikely. The data are
compatible with a model where the NH,-terminal is on the
cytoplasmic side, and a second transmembrane segment is
donated by the interleukin 2 sequence. The sequence of inter-
leukin 2 which immediately follows the P-450 leader sequence
has a 31-amino-acid stretch with only one charged amino acid
(32). This could serve as a substitute for the proposed second
transmembrane segment of P-450.

The third problem is with the mitochondrial side chain
cleavage P-450 sequences {sequences 32 and 33). The hydrop-
athy plots of these sequences show no hydrophobic sequence
in either the first or second potential transmembrane regions
(Fig. 2, scch and scch in the third column of graphs). This
suggests that the mitochondrial P-450s may be held to the
membrane in a different manner. Since these sequences have
a processed leader sequence and they must undergo a different
targeting procedure, a different membrane topology is possi-
ble. These mitochondrial sequences may have no permanent
transmembrane segments.

Conservation of Amino Acids and Interaction with P-450
Reductase—Fig. 3 shows the maximum number of identical
amino acids as a function of sequence alignment position for
gix different sets of P-450s. These “skyline plots” show align-
ment positions with amino acid conservation as tall spikes.
Gaps in the alignment appear as valleys. The sets of P-450s
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shown represent, from bottom to top, more and more closely
related P-450s. By progressing from bottom to top, the amino
acids that are important in the smaller subsets emerge. Ini-
tially, in all 34 sequences, there are 10 amino acids that are
100% conserved (marked with an asterisk in Fig. 3F). Only
two of these are charged residues. In addition, positions 157
and 495 have 100% conserved positive charges. Position 520
has 33 positive charges and one proline.

Fig. 3E shows the plot when P-450.,, has been deleted.
Three additional residues emerge as 100% conserved in these
33 vertebrate sequences. Presumably, similar functions were
accomplished in P-450.., by alternative amino acids. The
tryptophan at position 153 is of interest because tryptophan
is the least common of the amino acids. The high conservation
of this residue suggests an important function. Four residues
away, position 157 has a 100% conserved positive charge. In
P-450,.., this Arg is known to interact with a heme propionate
group (2). Therefore, the tryptophan at position 153 is rela-
tively close to the heme if the eukaryotic P-450s have a similar
structure. The aromatic nature of the tryptophan and its
nearness to the heme suggest it may act in electron transfer
between NADPH-cytochrome P-450 reductase and the P-450
heme. Phe® is also highly conserved (100%), and it actually
contacts the heme proximal surface in the bacterial enzyme
(2). This Phe may also be important in electron transfer.

In Fig. 3D only 1 additional 100% conserved residue appears
as the set of proteins now excludes the mitochondrial se-
quences. All the P-450s in Fig. 3D use the flavoprotein
NADPH-cytochrome P-450 reductase as a source of electrons.
The mitochondrial and bacterial P-450s used an iron sulfur
protein instead. Since all the microsomal P-450s use the same
reductase, and the mitochondrial and bacterial P-450s do not,
one would anticipate the emergence of at least a few 100%
conserved residues in Fig. 3D. These would attest to different
interactions occurring between mitochondrial/bacterial P-
450s and their iron sulfur redox proteins and the microsomal
P-450s and their flavoprotein reductase. The absence of these
residues suggests that the interaction between the two types
of electron donor proteins and their P-450s is not very differ-
ent. It is known in bacteria that ferredoxins (iron sulfur
proteins) may substitute for flavodoxins (flavoproteins) in
some electron transfer reactions (33). This ability indicates a
high degree of similarity in their interactions. The suggestion
has been made that bacterial iron sulfur proteins and flavo-
doxins share a common evolutionary ancestor (34). More
recently, the cytochrome P-450 reductase has been sequenced,
and it appears to have a common ancestry with bacterial
flavodoxins (35). These observations, coupled with the ab-
sence of any new 100% conserved charged residues in Fig. 3D,
imply that all P-450s, bacterial, mitochondrial, and microso-
mal, interact with their electron donor proteins via similar
charged residues on their surfaces.

Fig. 3C is limited to P-450s in the drug-metabolizing fami-
lies P450I and P450I1. This is a much more homogeneous
group than Fig. 3D. An additional 37 residues emerge that are
100% conserved. Thirteen are charged amino acids. Charged
amino acids are thought to play a significant role in the
interaction between the P-450s and the reductase (16, 36).
This is also suggested for other pairs of electron transfer
donors and recipients such as bacterial flavodoxin and cyto-
chrome ¢ (37, 38), cytochrome ¢ and cytochrome ¢ peroxidase
(39), cytochrome ¢ and cytochrome bs (40), and cytochrome
bs and hemoglobin (41). Studying the location of conserved
charged amino acids in the aligned P-450..., sequence and the
corresponding three-dimensional structure may suggest how
P-450s interact with the reductase.
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The three-dimensional structure of P-450.,., is approxi-
mately triangular with the heme lying in the plane of the
triangle. Since EPR spectroscopy has indicated that mem-
brane-bound P-450s have their heme parallel to the mem-
brane, one may envision a membrane P-450 molecule as a
thick triangle lying flat on the membrane surface. The lipid-
soluble substrates enter the P-450 active site from the mem-
brane (42) and, therefore, the active site and the putative
access channel should be below the heme and facing the
membrane. The thiolate anion from cysteine (position 522)
should be above the heme plane, away from the membrane.

Most charged residues that are labeled in Fig. 3C are
clustered in two regions (alignments positions 157-199 and
400-466). The region 184-199 is highly conserved between P-
450... and P450IIB1 and 2 (rat b and e). There are 10
identities in 16 amino acids suggesting a conserved structure
at this location in these proteins. Five of the 10 identical
amino acids are charged. This region corresponds to the D-
helix of P-450..., (2). The two arginines at 157-158 are located
in the alignment at a position that corresponds to the C-helix
of P-450.., (2). As mentioned above, Arg’®’ (Arg'® in P-
450.,,) interacts with a heme propionate. The second Arg,
although it is not present in P-450..., may be available to
interact with P-450 reductase. Arg or Lys is present at position
158 in 29 of 31 microsomal P-450s.

The second region (400-466) contains nine conserved
charges (400, 403, 404, 414, 420, 437, 440, 456, and 466). The
sequence from 400 to 417 has eight identities and one con-
servative replacement in 14 amino acids between human
P450IIE1 (P-450;) and the bacterial sequence. Again, this
suggests a conserved structure. Seven charges, including the
two 100% conserved charged amino acids in Fig. 3F, are
present in a segment corresponding to the J- and K-helices
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of P-450,,,. The two remaining conserved charges (456 and
466) are found at positions equivalent to the two connecting
strands between 3 and f4 (2) in P-450.,,. One of these
charges (Lys**) is the Lys labeled by FITC and is shown to
be involved in the interaction between rabbit P4501IB1 (LM2)
and its reductase (15, 16).

Two other areas may also be involved in charge pairing
between the reductase and P-450. These areas contain six
charges. Segment 481-484 has four charges in P-450...,, and
these charges are exactly matched in P4501IC2 and 3 (P-450s
PBc2 and 3b). All other sequences show at least some conser-
vation of these charges. In P-450.,, these amino acids are
behind helix A as depicted in Fig. 2 of Ref. 2. The other region
(109-112) is identical between P4501IB1 (LM2) and P-450,..,,
and it is partially conserved in many other P-450s. This region
in P-450,.., corresponds to the middle of helix B.

All of the charged residues so far discussed are accessible
from the edges or back surface of P-450..,, (the surface hidden
from view in Fig. 2 of Ref. 2). Conservation of sequence
implies a conserved structure for the D-, J-, and K-helices.
The structure around the heme has been postulated to be very
similar to all P-450s (2). This would include the F-, I-, and L-
helices. If membrane-bound P-450s are anchored by an NH,-
terminal hairpin loop as we propose, then the cytoplasmic
portion of these molecules would be approximately the same
size as the bacterial P-450. Since much of the helical structure
of P-450,., appears to be conserved in microsomal P-450s, it
is not difficult to imagine that the membrane-bound P-450s
are very similar in their three dimensional structure to the
bacterial enzyme. One may anticipate that the conserved
charged residues will be located in very similar positions in
the bacterial- and membrane-bound P-450s.

The interaction between the reductase and the P-450 mol-

FiG. 4. A model of microsomal cytochrome P-450 structure.
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ecules is probably dependent on multiple complementary
charge pairs between the proteins (16, 36). More than half of
the charges discussed are found in the D-, J-, and K-helix
regions. This is certainly an attractive site to consider for
interaction with the reductase. However, Lys**® has been
implicated in this interaction, and it is at the opposite end of
the molecule. For both regions to be involved would require
that much of the exposed surface of the P-450 be in contact
with the reductase. It is too soon to offer any more detailed
speculation on the nature of this interaction.

A model that is consonant with existing evidence and the
inferences made here is shown in Fig. 4. The P-450 is anchored
to the membrane by two NH.-terminal transmembrane hel-
ices. The heme is parallel to the membrane surface with the
back side (proximal surface) of the molecule exposed.
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