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Secondary Structure Prediction of 52 Membrane-Bound Cytochromes P450 Shows 
a Strong Structural Similarity to P45OCamt 
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ABSTRACT: The secondary structure of 52 aligned cytochrome P450 sequences, all of which are membrane 
bound, is predicted and collectively compared with the crystal structure of the soluble cytochrome P450,,. 
Ten of 13 helical regions, 6 of 7 @-pair regions, and 0-structure corresponding to a known 0-bulge near the 
active site of P45OC,, are predicted to exist in the membrane-bound P450s. Three turns associated with 
@-structure in the soluble enzyme are also predicted for the membrane-bound forms. A strong structural 
similarity is evident between membrane P450s and the soluble P450,. Consequently, a multitransmembrane 
structure involving much of P450 seems highly unlikely. A structure with two N-terminal transmembrane 
segments is compatible with these observations. 

Cy tochrome  P450 designates a diverse class of b-type cy- 
tochromes that activate molecular oxygen. The activated 
oxygen then reacts in situ with many lipophilic substrates 
(Ortiz de Montellano, 1986; Black & Coon, 1987). There is 
considerable interest in the structure and function of these 
enzymes. Since 1982, over 100 P450 sequences have been 
published, representing at least 53 unique P450 proteins and 
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many variants (Nebert et al., 1987, 1989). It is estimated that 
a single mammalian species may have from 50 to 200 cyto- 
chrome P450 genes (Nebert et al., 1987; Nelson & Strobel, 
1987; Marx, 1985). These genes are organized in multigene 
familes on many different chromosomes (Nebert et al., 1987, 
1989). Some P450 genes are polymorphic and are implicated 
in disease (Guengerich et al., 1987). 

Sequence similarity around a 100% conserved cysteine 
suggests a common ancestral gene for all P450s. However, 
bacterial P450s are soluble, while eukaryotic P450s are 
membrane bound. Recently, the crystal structure of cyto- 
chrome P45OC,, from Pseudomonas putida was determined 
(Poulos et al., 1987). These authors proposed that mem- 
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Membrane-Bound Cytochromes P450 Resemble P45OCa, 

brane-bound P450s should resemble the bacterial enzyme on 
the basis of sequence similarities and structure/function 
constraints. In support of this suggestion, the secondary 
structure prediction of cytochrome P4506 fits reasonably well 
with the structure of P450,, (Poulos et al., 1987; Gotoh et 
al., 1983). Though appealing, the proposed similarity in 
structure is difficult to reconcile with models of P450 that 
usually contain 6-10 transmembrane segments (Black & Coon, 
1987; Tarr et al., 1983; Heinemann & Ozols, 1982; Ozols et 
al., 1985; Haniu et al., 1986). Recently, we have proposed 
a structure with only transmembrane segments at the extreme 
N-terminal (Nelson & Strobel, 1988). This model is com- 
patible with bacterial and eukaryotic P450s sharing similar 
three-dimensional structures, except for the N-terminal 50-60 
amino acids of the membrane-bound P450s. To offer further 
support for this model, we predicted the secondary structure 
of 52 aligned P450 sequences and compared the collective 
results with the structure of cytochrome P450,,. There ap- 
pears to be a marked similarity between the eukaryotic and 
prokaryotic enzymes. The method used should be applicable 
to other protein families. 

MATERIALS AND METHODS 
Sequence Alignment. The alignment of cytochrome P450 

sequences used here is an extension of our previously published 
alignment of 34 P450 sequences (Nelson & Strobel, 1987, 
1988). Thirteen new sequences were added to the P450II 
family: pHP3 (Imai, 1987); 1-88 (Johnson et al., 1987; Zhao 
et al., 1987); b32-3 (Imai et al., 1988); 1 human (Kimura et 
al., 1987; Okino et al., 1987); mp (Umbenhauer et al., 1987; 
Yasumori et al., 1987; Kimura et al., 1987; Meehan et al., 
1988); h (Yoshioka et al., 1987); IIB3 (LabbE et al. , 1988); 
15a mouse (Squires & Negishi, 1988); a (Nagata et al., 1987); 
16a mouse (Wong et al., 1988); rat dbl and db2 (Gonzalez 
et al., 1987); and dbl human (Gonzalez et al., 1988). A 
porcine sequence was added to the C21 family [P45OXXI] 
(Haniu et al., 1987). Two sequences were added to the PCN 
family [P45OIII]: PCN2 (Gonzalez et al., 1986); and rabbit 
3c (Dalet et al., 1988). One sequence was added to the LAW 
family [P45OIV]: p 2  (Matsubara et al., 1987). One sequence 
was added to the mitochondrial family [P45OXI]: bovine 1 I@ 
(Morohashi et al., 1987; Chua et al., 1987). Two new families 
were added: aromatase [P45OXIX] (Simpson et al., 1987; 
Chen et al., 1988); and yeast lanosterol l4a-demethylase 
[P45OLI] (Kalb et al., 1987). All sequences except aromatase, 
1 ID, and 14DM were aligned visually because they had obvious 
similarity with other sequences. These three sequences were 
aligned by methods described previously (Nelson & Strobel, 
1987). The alignment will be supplied with reprints of this 
paper or as supplementary material. All sequences were 
proofread against original sources. When sequences had been 
done by more than one group, amino acid sequence differences 
have been noted and care has been taken to choose the most 
appropriate amino acid. Some of these differences are given 
in an appendix to Nelson and Strobel (1987). A 16-page 
summary of 21 2 differences between closely related P450 
sequences is available from the authors upon request. 

Secondary Structure Prediction. Secondary structure was 
predicted by the method of Garnier et al. (1978). Decision 
constants were selected by assuming the helix content was 
between 20 and 50% and @-structure was greater than 20% 
on the basis of the results of Chiang and Coon (1979). Each 
amino acid in the alignment is replaced by a code for its 
predicted secondary structure. The number of amino acids 
in a given conformation is summed for each position in the 
alignment, and a histogram is made for each type of structure. 
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The location of gaps in the alignment are also plotted. The 
results are shown in Figure 1. The Garnier et al. algorithm 
is based on the crystal structures of soluble proteins. Its use 
is justified for membrane-bound P450s by our earlier work, 
which requires a cytosolic location for all but the extreme 
N-terminal of these proteins (Nelson & Strobel, 198). 

RESULTS AND DISCUSSION 
The crystal structure of cytochrome P450,, has 13 helices 

with alignment positions indicated by the shaded areas in 
Figure 1A. With a 77% cutoff imposed (40 or more of the 
52 sequences), helical structure is predicted at 10 locations 
in the alignment. Nine peaks occur within the shaded areas 
corresponding to helices B, C, D, E, G, I, J, K, and L. The 
10th peak straddles one edge of the helix H region. 

Examination of the alignment in the helix H region shows 
this area is very poorly conserved. In our alignment, there is 
a gap of seven residues in the P45OC,, sequence between 
positions 364 and 372 [339 and 347 in Nelson and Strobel 
(1987, 1988)]. Due to poor conservation in this region, the 
exact location of this gap is arbitrary. If the P450,, segment 
from positions 355 to 364 [amino acids 219-228 or positions 
330-339 in Nelson and Strobel (1987, 1988)] were shifted to 
the right seven positions, then the helix H region in Figure 1A 
would be shifted to include the peak that presently lies just 
to its right. Such a revision of the alignment may be indicated 
by these results. 

The helix A region of P450,, is predicted to be helical in 
one-third to half of the aligned sequences. This helix is in the 
helix-poor part of the P45OCa, structure, and it may not be 
helical in all P450s. Helix B’ is a short helix not detected in 
the 2.6-A structure of P450,, but seen in the 1.63-A refined 
structure (Poulos et al., 1987). This helix is near the active 
site with one residue contributing a hydrogen bond to the 
substrate. This region’s structure will probably vary depending 
on each enzyme’s substrate specificity. 

The Garnier et al. algorithm failed to predict helix F. This 
helix lies above the middle of helix I in the helix-rich portion 
of P45OCa,. This region has been suggested to be structurally 
conserved in all P450s (Poulos et al., 1987). The failure to 
predict helix F is unexpected. When the alignment is exam- 
ined, two conserved prolines are seen at positions 303 (40153 
residues) and 3 10 (46/52 residues). These prolines correspond 
to alignment positions 278 and 286 in Nelson and Strobel 
(1 987, 1988). Proline is considered to disrupt helices, which 
may explain the failure of the algorithm to predict a helix in 
this region. The bias in this algorithm against prolines oc- 
curring in the helices may be overweighted, because prolines 
are seen in helices. The E helix in P45OCa, has two internal 
prolines. The C, F, G, and K helices also contain internal 
prolines. We suspect that the F region of membrane-bound 
P450s really is helical, but this is not predicted due to an 
algorithm bias. 

P45OCa, helices C, E, I, and K occupy regions in the 
alignment that are wider than the peaks that appear in Figure 
1A. Helices C ,  E, and K have gaps in the alignment of 
P45OCa, with the eukaryotic sequences. These gaps account 
for the wide shaded areas of regions C, E, and K. Helix I is 
a special case. This is a 34 amino acid helix with a distortion 
at the center to allow for oxygen binding (Poulos et al., 1987). 
In this central area there is a conserved cluster of Ala, Gly, 
Thr, and Ser residues that will thwart prediction of helical 
structure. The algorithm predicted the central residues would 
have a coil conformation, while the adjacent residues would 
have a p-structure. The outermost residues on either side were 
predicted to be helical. A similar prediction was made for the 
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FIGURE 1: Collective secondary structure prediction of 52 aligned cytochrome P450 protein sequences. These histograms represent the number 
of amino acids predicted to be in (A) helical, (B) @-sheet, (C) turn and (D) coil structure at each position in the sequence alignment. (E) 
shows the location of aam in the alinnment. Shaded regions in (A) and (B) corresoond to the location of helices A-L and h a i r  seements 

, 1  

@l-PS, respectively, inthe aligned %O,, sequence. <ate that.03 and I% kcur  i i  two regions separated from each other in the se{uence. 
A 0-bulge in P450,. is labeled as 0 in panel B. 

P450,, sequence alone. The algorithm's failure to predict 
this helix in P450,, and its similar prediction for the euka- 
ryotic enzymes suggest that the structures are equivalent in 
the prokaryotic and eukaryotic proteins. 

Figure 1B shows the prediction of &structure. The shaded 
regions indicate &pair segments seen in P450,,. Six of the 
seven shaded regions coincide with significant prediction of 

(3-structure. (32, a short segment in an external loop of P450,,, 
is not predicted. There may be no conservation of this feature 
in eukaryotic P450s. Significant ,%structure is predicted in 
the F and I helix regions. We feel these regions are incorrectly 
predicted by the algorithm due to the presence of Pro, Gly, 
Thr, and Ser residues. The prominent &peak near helix L 
(pin Figure 1B) corresponds to the @-bulge noted in the crystal 
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Table I: Location of Helices and /%Structure in P450,, and Figure 1' 
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helix 
A 
B 
B' 
C 
D 
E 

F 
G 
H 
I 
J 
K 
L 

cam numbering 
37-46 
67-77 
89-96 

106-126 
127-145 
149-169 

173-185 
192-214 
2 18-225 
234-267 
267-276 

359-378 
280-292 

alignment position 
94-104 ( 1 )  

127-137 (0) 
150-1 57 (0) 
175-206 (11) 
207-226 (1) 
249-296 (27) 

301-314 (1) 
321-347 (4) 
351-361 (3) 
381-415 (1) 
415-427 (3) 
438-466 (16) 
566-585 (0) 

8-structure cam numbering 
81 52-66 
85 146-150 
82 226-233 
83 295-301 
84 305-312 
83 3 15-323 
@-bulge 3 50-357 
P5 382-405 

alignment position 
110-126 (2) 
227-257 (26) 
362-376 (7) 
469-476 (1) 
481-492 (4) 
495-503 (0) 
557-564 (0) 
589-619 (7) 

@Helices and ,!?-structure positions are taken from Poulos et al. (1987). Numbers in parentheses after alignment position indicate the number of 
aaD Dositions in the P450,., seauence in this region of the alignment. 

structure of P450,, (Poulos et al., 1987). This peak is 
maximal at Cys 564 [357 in P450,,, position 522 in Nelson 
and Strobel (1987, 1988)]. There is a hairpin turn associated 
with this @-bulge (Poulos et al., 1987) that is initiated by a 
100% conserved Gly [560 in our alignment, 518 in Nelson and 
Strobel (1987, 1988), 353 in P450,,]. The predicted turn 
structure in Figure 1C is maximal at this position. The two 
@-peaks near helix B' actually represent one region of @- 
structure split by a gap in the alignment (see Figure 1E). This 
peak may represent @-structure present in eukaryotic P450s 
but not in P450,,,. 

Membrane-bound P450s also have a membrane anchor that 
P450,, is missing. We have proposed that only the N-ter- 
minal of eukaryotic P450s is involved in transmembrane 
binding (Nelson & Strobel, 1988). Two transmembrane 
helical segments are proposed to occur in the same positions 
predicted by others (Black & Coon, 1987; Ozols et al., 1985). 
These segments correspond to the first predicted helical region 
in Figure 1A [alignment positions 42-57, positions 19-38 in 
Nelson and Strobel (1987, 1988)] and the first predicted 
@-structure in Figure 1B [alignment positions 78-92, positions 
59-71 in Nelson and Strobel (1987, 1988)]. Again, the 
prediction of @-structure rather than helix is probably influ- 
enced by a proline-rich region in this second transmembrane 
segment. This region has been predicted by others to be a 
polyproline helical segment (Black & Coon, 1987). 

Our model requires a turn between the first and second 
transmembrane segments. Figure 1C shows a very strong turn 
prediction in just this area. The strongest turn prediction (43 
of 52 sequences) occurs at position 494 [466 in Nelson and 
Strobel (1987, 1988)], a highly conserved Lys residue. In 
P450,,, this amino acid lies between @3 and @4 and has been 
implicated in electron transfer between rabbit cytochrome 
P450 LM2 [P450IIB4] and NADPH cytochrome P450 re- 
ductase (Bernhardt et al., 1984). Two other locations have 
turns predicted in 34 sequences. One is at position 11 8 [96 
in Nelson and Strobel (1987, 1988)], a highly conserved Gly 
between the two strands of @l .  The other is at position 518 
[489 in Nelson and Strobel (1987, 1988)l. The function of 
a turn at this location is not obvious. The turns at positions 
118, 494, and 560 [96, 466, and 518 in Nelson and Strobel, 
(1987, 1988)] occur where turns are expected according to 
the crystal structure of P450,, and the alignment. 

Figure 2 shows the secondary structure prediction of P450- 
compared with the known structure as given in Table 2 of 
Poulos et al. (1987). Of the known helical segments in 
P450,,, 60% of the amino acids in these segments were 
predicted to be in a helical conformation. Only 25% of the 
remaining amino acids were predicted to be helical, and 10 

r ,  ~ ~ I ~ ~ ~ ~ I ~ ~ ' ~ I ~ ~ ~ ~ I ~ ~ ' ~ I ~ ~ ~ ' I ~ ' ~ ' I ~ ~ ~ ~ I ~ ~  
10 50 100 150 200 250 300 350 400 

P450,, AMINO ACID POSITION 

FIGURE 2: Secondary structure prediction of P450,, (upper line) 
compared to the known secondary structure from Table 2 of Poulos 
et al. (1987) (lower line): (0) helix; (M) 8-structure; (+) turns. The 
first nine amino acids are not included, since they were not visible 
in the crystal structure. Labels are the same as Figure 1 .  

of 50 were extensions of known helices. Prediction of @- 
structure was slightly better, yielding 64% correct prediction 
for known @-pair segments. Only 28% of the non-@-structure 
was incorrectly predicted to be in a @-conformation. These 
values are close to the reported accuracy of the Garnier et al. 
algorithm of about 60-63%. 

Qualitatively, every helix in P450,, with the exception of 
helix H was at least partially predicted. Helices A, B', J, and 
K were the most accurately predicted with 40 of 41 residues 
being correctly assigned. Four helical segments of less than 
8 amino acids and one of 17 amino acids were predicted where 
no helices existed in P450,,. Two of these occurred in @4 and 
@5. Most of the @-structure was predicted except for @4 and 
the N-terminal region of @5, where short helices were predicted 
instead. Other @-structure was predicted in helical areas 
including small parts of helices B, C, D, E, F, G, and L and 
all of helix H. A large central portion of helix I was predicted 
to be @-structure. This also occurred in the membrane-bound 
P450s as discussed above. Six segments of less than five amino 
acids were predicted as @, where no helix or @-structure was 
seen in P450,,,. 

The similarity in secondary structure between eukaryotic 
and prokaryotic P450 proteins is compelling. Ten of 13 helical 
segments, 6 of 7 @-segments, a @-bulge, and 3 significant turns 
centered at positions 118,494, and 560 are correctly predicted. 
A fourth predicted turn supports the proposal of two N-ter- 
minal transmembrane segments in the molecule. We are 
aware of one other structure prediction based on aligned se- 
quences as we describe here. Crawford et al. (1987) predicted 
an 8-fold a/@-barrel for the tertiary structure of the a-subunit 
of tryptophan synthase based on 10 aligned sequences. Their 
model was subsequently confirmed by X-ray crystallography 
and lauded as possibly the best effort yet at predicting a 
protein's three-dimensional structure from its sequence 
(Chothia, 1988). We hope a membrane cytochrome P450 can 
be crystallized and its structure determined. Until that hap- 
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pens, the present analysis strongly suggests that P450,, can 
be used as a model structure for membrane-bound cytochrome 
P450. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Alignment of 53 P450s used for this analysis and a table 

listing the location of a-helices and @-structure in P450,, and 
their corresponding alignment positions in the 53 sequence 
alignment (3 pages). Ordering information is given on any 
current masthead page. 

Registry No. P450, 9035-51-2. 
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