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ABSTRACT Proteins from eight eukaryotic families in the
cytochrome P-450 superfamily share one region of sequence
similarity. This region begins 275-310 amino acids from the
amino terminus of each P-450, continues for =170 residues,
and ends 35-50 amino acids before the carboxyl terminus. The
region can be divided into four domains of sequence similarity,
each possessing its own pattern of invariant, conserved, and
variable amino acids. The four domains are 56, 20, 59, and 28
residues long and are connected by three shorter segments of
limited sequence similarity. The number of residues in these
short segments varies with the P-450 protein but ranges from
0 to 20 residues. Consensus sequences based on these similar-
ities can be used to determine whether the sequence of an
unidentified peptide resembles that expected for a P-450.
Sequence similarities between proteins sometimes reflect con-
straints imposed by the requirements of a common function.
The fourth domain of the P-450s, for example, contains an
invariant cysteine that provides the axial thiolate ligand to the
heme iron. Other relationships between the four domains and
P-450 function can be examined by in vitro mutagenic proce-
dures that alter the conserved amino acids or modify the
distance between domains.

The P-450 cytochromes are components in monooxygenase
systems that catalyze a wide variety of oxidative reactions in
prokaryotes and eukaryotes. These reactions include steps in
the synthesis and degradation of such compounds as choles-
terol, steroid hormones, and prostaglandins. P-450 proteins
are also involved in the metabolism of drugs and in the
activation and inactivation of carcinogens. A recent analysis
of >60 P-450s from eukaryotes and one prokaryote led to the
organization of the known P-450s into 10 different families
with a total of 15 subfamilies. Amino acid sequences within
a P-450 family are >36% similar, while sequences within a
subfamily are :70% similar (1). Although sequence related-
ness between P-450 families is low, these families are still
grouped into one P-450 superfamily according to standard
criteria (2).
The eukaryotic branch of the cytochrome P-450 super-

family arose >1000 million years ago (1, 3) and sequence
similarities among these ancient families might identify con-
served domains of structure or function. Since complete
amino acid sequences had been published for proteins from
eight eukaryotic P-450 families, we used a representative
sequence from each family in a series of sequence compar-
isons. A multiple alignment of the eight sequences revealed
one region of similarity shared by all. Sequence similarities in
this region reside in four domains connected by short seg-
ments of variable length. The region will provide a focus for
experiments that probe the relationship of amino acid se-
quence to structure and function in the P-450 superfamily.

METHODS

Amino Acid Sequences. The source for each eukaryotic
P-450 sequence used in these comparisons was as follows:
LAw, rat liver (4); c, rat liver (5); 17a, bovine adrenal cortex
(6); scc, bovine adrenal cortex (7); pcnl, rat liver (8); C21,
bovine adrenal cortex (9); b, rat liver (10); 14DM, Saccha-
romyces cerevisiae (11). The bacterial P-450 sequence was
P-450cam from Pseudomonas putida (12). Each amino acid
sequence was derived from the corresponding nucleic acid
sequence with the N-terminal methionine counted as residue
1. Some analyses used amino acid sequences of the Protein
Identification Resource Protein Sequence Database.*

Construction of the Multiple Alignment. The multiple align-
ment was constructed after examination and manipulation of
a number of different pairwise alignments for the eight P-450
proteins. We generated these alignments by using the Wilbur
and Lipman algorithm (13) as implemented at Bionet in the
IFIND program. The parameters WORD-LENGTH, GAP-
PENALTY, WINDOW, DENSITY, and FAST were set at 1,
2, 30, LESS, and NO. The score for two aligned sequences
equals the number of matching residues minus the number of
gaps multiplied by the GAP-PENALTY. Similarities shared
by all eight sequences were apparent only in the carboxyl-
terminal portions of these proteins and only these portions
are displayed in the multiple alignment.
The construction of the multiple alignment was not

straightforward since different pairwise alignments some-
times yielded inconsistent results. One such case involved
the three pairwise alignments of P-450C21, P-450c, and
P-450pcnl. Although the alignment of P-450pcnl with P-
450C21 required one gap and the alignment of P-450c with
P-450C21 required two gaps, the alignment ofP-450pcnl with
P-450c did not require gaps. Such inconsistencies were
eliminated by manually sliding or removing gaps in each
pairwise alignment and then checking the multiple sequence
alignment to find a configuration that yielded consistent gap
placement and maximized the number of matching residues.
This process removed closely positioned gaps, yielding a
multiple alignment of eight sequences that contained only
three gaps. The success of this approach suggests that
pairwise alignment algorithms might be improved by incor-
porating an adjustable parameter that could be used to
penalize closely positioned gaps.

Consensus Sequences. Sequence similarities are summa-
rized by four tentative consensus sequences. To construct
these consensus sequences, we assumed that each amino acid
would appear an average of 1 time in 20 at any position in any
ofthe eight aligned amino acid sequences. We then calculated
(14) the expected frequency for every combination of eight
amino acids that could occur at a single position in the
multiple alignment. The 22 possible combinations range from
the case where all eight amino acids are identical to the case

*Protein Identification Resource (1987) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), Release 12.
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where all eight are different. The 6 most common patterns
and their expected frequencies are as follows: (i) no pairs of
identical amino acids, 0.198; (ii) one pair of identical amino
acids, 0.427; (iii) two pairs ofidentical amino acids, 0.229; (iv)
three pairs of identical amino acids, 0.031; (v) three identical
amino acids, 0.061; and (vi) three identical amino acids plus
one pair of identical amino acids, 0.041. When 1 of these
common patterns occurred, no consensus amino acid was
selected. Each of the remaining 16 patterns is expected to
occur at a frequency <1%. When 1 of these less common
patterns occurred, we selected the identical amino acids in
that pattern as the consensus amino acids at that position in
the multiple alignment. We expected that a typical eukaryotic
P-450 protein would match these consensus sequences at
many but not necessarily all of the consensus positions.
Comparisons of Consensus Sequences to Proteins. Using a

sliding window approach, each consensus sequence was
compared to a target protein or to a randomly permuted
version of the target protein. To accomplish this comparison,
the first position in the consensus sequence was placed above
the first amino acid in the sequence of the protein and the
number of positions at which both sequences shared an
identical amino acid was determined. The first position in the
consensus sequence was then placed above the second amino
acid in the protein and the number of matching residues was
again determined. The stepwise movement of the consensus
sequence was continued to the end ofthe protein. The highest
number of matching residues found during this process
became the score for that protein. When the target protein
was a P-450, the consensus sequence was also compared to
100 randomly permuted variants of this P450 protein. A
mean and standard deviation were then calculated for the
number of matching residues found during the steps in the
comparisons to the randomized P-450 sequences. Using this
mean and standard deviation, a z value could be calculated
that quantitated the difference between the score for an
unrandomized P-450 and the mean number of matching
residues occurring in random variants of the P-450:

z = (score - mean)/standard deviation.

An algorithm (15) was used to generate the random numbers
that were required to permute (16) the amino acid sequences.
Consensus sequences were also compared to the proteins

in the Protein Identification Resource database. The distri-
bution of scores was plotted and the mean and standard
deviation of these scores were determined.

RESULTS AND DISCUSSION
We performed pairwise alignments of eight eukaryotic cyto-
chrome P-450 sequences to examine sequence similarities at
the level of individual amino acid residues. Each of the eight
chosen sequences was from a different P-450 family since we
wished to find similarities common to all eukaryotic P-450s.
These pairwise alignments were manually adjusted as de-
scribed in Methods to construct a multiple sequence align-
ment.
The multiple alignment (Fig. 1) reveals the details of a

region of sequence similarity found in all eight sequences.
This shared region begins 275-310 amino acids from the
amino terminus of each P-450 and continues to within 35-50
amino acids of the carboxyl terminus. Sequence similarities
in this region reside in four domains that contain 56, 20, 59,
and 28 amino acid residues. These domains are joined by
short segments of dissimilar amino acid sequence that vary in
size among the individual P-450 sequences. The four domains
(A, B, C, and D in Fig. 1) define the region of sequence
similarity found in all eight eukaryotic P-450 families. The
boundaries of this region are marked by decreased sequence

similarity. No consensus amino acid occurs in the 30 posi-
tions immediately before the start of the region. The yeast
and mammalian sequences diverge at the end of the region.
Three of the four domains include elements described by

previous workers. In the A domain, residues A-11 through
A-27 correspond to a segment in the prokaryotic P-450cam
that was demonstrated by x-ray crystallography to span the
heme distal surface and to contain residues that contact the
substrate camphor (17). In addition, antibodies directed
against the dodecapeptide, which corresponds to residues
A-8 through A-19 of P-450b, were shown to cross-react with
P-450c (21). In the B domain, residues B-8 through B-20
correspond to a conserved tridecapeptide (18). The sequence
D-7 through D-27 is the conserved peptide (19) that contains
the thiolate ligand to the heme (22, 23). These previously
identified peptides contain a number of invariant or nearly
invariant residues; the multiple alignment has identified
additional highly conserved residues, which include those at
A-36, A-44, A-45, C-24, C-29, C-43, C-46, C-49, C-51, C-53,
and C-54.
Four consensus sequences were derived from the aligned

amino acid sequences and each contains its own pattern of
conserved and invariant amino acids. These characteristic
patterns do not arise merely because of some bias in the
amino acid composition of P-450s as is shown by the data in
Table 1. This table lists the scores obtained when the four
consensus sequences were compared to eight eukaryotic
P-450s and one bacterial P-450. For the eukaryotic P-450s,
each score was always more than 8 standard deviations above
the mean number of matching residues observed in random-
ized P450 sequences. On the other hand, scores for the
bacterial P-450cam were lower, especially the score of 5
obtained with the B consensus sequence. Results of the
randomization experiments indicated that an average ran-
domized variant of P-450cam contains about three segments
with five matches to the B consensus sequence. Further-
more, the segment in P-450cam that best matched the B
consensus sequence did not lie between the A and D
domains. The highest scoring segment between these two
domains had only four matches with the B consensus. This
number of matches is expected to occur =13 times in an
average "shuffled" P-450cam sequence. Thus, no segment in
P-450cam matches the B consensus sequence to a significant
extent.
The four consensus sequences were also tested for spec-

ificity by comparison against the proteins in the Protein
Identification Resource database. A bimodal distribution of
scores was observed (Fig. 2). Scores for all full-length
eukaryotic P-450s fell into the high group while non-P-450
scores did not. These results indicate that the consensus
sequences could be used to determine whether the sequence
of an unidentified peptide resembled that expected for a
eukaryotic P-450.

Scores for the bacterial P-450cam were not as easy to
categorize as those for the eukaryotic P-450s. Using the D
consensus sequence, the score for P-450cam was higher than
that for any non-P-450 protein. When either the A or C
consensus sequence was compared to P-450cam, the scores
were higher than the scores for all but a few of the non-P-450
proteins, and the sum of the A and C scores for P-450cam
exceeded the sum for any non-P-450 sequence. However, for
the B consensus sequence, almost 60% of the non-P-450
proteins had scores that equaled or exceeded that of P-
450cam. Consequently, as was also indicated by the results
of the shuffling experiments described above, P-450cam does
not contain a peptide that resembles the B consensus se-
quence to a significant degree.

All P450 proteins share some properties, while other
properties are specific to subsets of these proteins. For
example, they all bind heme in a manner that yields a
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FIG. 1. Sequence alignment of the carboxyl-terminal portion of nine P-450s. These partial P-450 sequences begin 200-300 amino acids from
the amino terminus of the parent P-450 but are otherwise complete from their beginning in the A domain on through the carboxyl terminus of
the parent protein. Square brackets enclose residues that lie between domains. A horizontal line, positioned beneath the consensus sequence,

spans each domain. A period in these consensus sequences identifies a position that lacks consensus amino acids. Boldface type indicates amino
acids that match the consensus sequence. Vertical lines on the horizontal lines mark every 10th amino acid within each domain. The horizontal
line that spans each domain thickens to mark previously reported regions of sequence similarity. These regions include a segment in P-450cam
that traverses the heme distal surface (17) in the A domain; a conserved tridecapeptide (18) in the B domain; and a conserved cysteinyl peptide
(19) in the D domain. The alignment for P-450cam was guided by the eukaryotic multiple alignment. The amino acid residue in each protein that
begins the A domain is as follows: C21, Leu-275; LAw, Leu-305; 17a, Leu-287; pcnl, Leu-291; c, Leu-306; b, Phe-283; SCC, Met-310; 14DM,
Met-299; and cam, Ile-234. The N-terminal methionine in the deduced amino acid sequence of each protein is residue 1 in this numbering system.

The standard single letter notation is used (20). The I helix in P-450cam corresponds to residues A-2 through A-35, the J helix corresponds to

residues A-36 through A-44, while the L helix starts at D-16 and continues for 20 residues (17). The highest percentage of invariant positions
among the P-450s occurs in the first half of the conserved cysteinyl peptide in the D domain. This high density of invariant residues allows the
peptide to be detected with relative ease in various P-450 sequences. Patterns for the A and C domains are less apparent since the density of
invariant and highly conserved residues is relatively low in these domains.

characteristic difference spectrum in the presence of carbon
monoxide and reducing agents (24). On the other hand,
mitochondrial P-450s receive electrons from an iron-sulfur
redoxin, while the microsomal P-450s receive electrons from
a P-450 reductase. The microsomal P-450 reductase from one

species can donate electrons to a P-450 from another species
both in vitro (25) and in vivo (26). These common properties
might be reflected in the sequence similarities identified in the
multiple alignment displayed in Fig. 1.
These sequence similarities can be altered in vitro to

examine the effects on structure and function. Highly con-

served residues, such as the phenylalanines at C-63 and D-7,
are attractive targets for site-directed mutagenesis. This
approach allowed Liang et al. (27) to show that the phylo-
genetically conserved Phe-87 in the yeast iso-1-cytochrome c

is involved in the transfer of electrons between hemopro-
teins.

Each of the four domains identified in the alignment might
play a specific role in P-450 structure or function. A series of
chimeric P-450 proteins could be constructed by swapping
DNA sequences that encode these domains between different
P-450 proteins. These constructs, when expressed in vivo,
might allow the mapping of specific functions to specific
domains and might also answer questions concerning the
functional independence of the domains. The joints that
connect the heterologous amino acid sequences in these
chimeras would lie between the domains. Since segments
between the domains vary in both size and sequence among
the P-450s, any perturbation in tertiary structure caused by
these joints is likely to be tolerated.

Furthermore, since the spacing between domains varies
from one P-450 to another, it seems likely that changes to this
spacing in a single P-450 would not severely disrupt at least
some of the characteristic P-450 properties. It would be
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Table 1. Scores from comparisons of the four consensus
sequences to nine P-450s

Gene Consensus sequence
family P450 A B C D

XXI C21 32 (14.1) 14 (10.6) 28 (14.6) 17 (11.1)
IV LAw 29 (13.3) 11 ( 8.7) 22 (11.4) 16 (10.9)
XVII 17a 28 (12.3) 13 (10.1) 26 (13.9) 20 (13.7)
III pcnl 31 (14.5) 10 ( 7.6) 24 (12.5) 15 (10.1)
I c 31 (14.2) 12 ( 9.5) 26 (13.9) 16 (10.9)
II b 26 (11.4) 12 ( 9.2) 27 (14.3) 18 (11.8)
XI SCC 25 (11.3) 11 ( 8.6) 25 (13.1) 15 (10.1)
LI 14DM 23 (10.3) 12 ( 9.6) 19 ( 9.7) 15 (10.4)
CI cam 13 ( 4.7) 5 ( 3.3) 12 ( 5.3) 12 ( 8.0)
The score and z value (in parentheses) were calculated as described.

Gene family designations are those of Nebert and Gonzalez (3).

informative to alter the distance between the domains and
determine the effects on heme binding, the difference spec-
trum, and the interaction with cytochrome P-450 reductase.
Even though large variations in the distance between the four
conserved domains might be tolerated for some P-450 prop-
erties, the three variable segments might have some func-
tional significance with respect to another property such as
substrate specificity and this could be tested.
The alignment may also aid in the design of synthetic

polypeptides for antibody production. Polyclonal antibodies
to a synthetic dodecapeptide in P-450b (corresponding to
residues A-8 through A-19) cross-reacted with both P-450b
and P-450c (21), although these two proteins share only five
identical amino acids in this segment. A small panel of
polyclonal antibodies that cross-reacts with many different
P-450s might be used, for example, to isolate additional P-450
genes from expression libraries.
As additional P-450 sequences become available, it will be

interesting to see how they further define the four linked
domains of sequence similarity that we have found in all eight
eukaryotic P-450 sequences. The prokaryotic P-450cam
shares three of these domains. Additional prokaryotic se-
quences should help decide whether or not the differences
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seen in P-450cam are specific to that P-450 or result from the
divergence between prokaryotic and eukaryotic P-450s. We
expect that sequence data from new eukaryotic P-450 families
may result in changes to the pattern. Such changes might
include (i) minor modifications in consensus amino acid
residues and (ii) resolution of the conserved domains into
subdomains. Indeed, a partial deduced amino acid sequence
for aromatase, the first known member of a newly discovered
P-450 family (28), suggests that the C domain can be divided
into two subdomains with the boundary occurring immedi-
ately after residue C-40.

Detailed information about the tertiary structure of the
P-450 proteins will aid in understanding structure and func-
tion for this diverse protein superfamily. Poulos and his
colleagues (17) have determined the crystal structure of
P-450cam and have shown that the heme in this bacterial
protein is sandwiched between two helices. Each helix
contains a segment exhibiting sequence similarity to similarly
positioned segments in mammalian P-450s. Poulos has sug-
gested that the crystal structure of P-450cam might be useful
in modeling the tertiary structure of eukaryotic P-450s. Such
modeling requires the correct alignment of the two sequences
(29) since incorrect alignments can lead to flawed three-di-
mensional structures (30). The multiple alignment presented
in this work may be useful in this context even though
P-450cam lacks a segment that resembles the B consensus
sequence.

In their work on P-450 evolution and membrane topology,
Nelson and Strobel (31, 32) recently presented an alignment
of P-450 sequences that included the bacterial P-450cam and
members from seven of the eight eukaryotic P-450 families
that we have analyzed. They included a large number of
sequences from the P-4501 and P-450II families in their
alignment, and the resultant intrafamily similarities tend to
obscure similarities common to all P-450 families. Because
their alignment was not characterized by using randomiza-
tions or consensus sequences, specific differences with our
alignment are hard to evaluate. In any event, their alignment
contains gaps and insertions in the carboxyl-terminal portion
of the P-450 sequences that are not necessary by our analysis.
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Furthermore, we detect sequence similarity common to all
eight eukaryotic P-450 families only in the carboxyl-terminal
portion.
One proposed mechanism for gene evolution suggests that

exons encode functional domains that assort to form new
genes via recombination within flanking introns (33). These
domains are short amino acid segments that carry out a
limited function, such as the binding of heme by the peptide
encoded in the central exon of the 0-globin gene (34).
Although the pattern of exon organization varies from one
P-450 gene family to another (23), there are examples of
introns interrupting each of the four domains. At least two of
these introns interrupt eukaryotic P-450 genes in regions that
correspond to known functional domains in the bacterial
P-45Qcam. One intron splice position interrupts the codon for
residue A-17 in members of the P-450I family (35). In
P-450cam, this residue is thought to be one of the two
residues in the oxygen binding site that contacts molecular
oxygen (36). Another intron splice position interrupts the
codon for residue D-10 in members of the P-45011B subfamily
(37). In P-450cam, this codon lies between residues D-7 and
D-15, which provide hydrophobic contacts to the heme
proximal surface (17).
A segmented pattern of sequence similarity also occurs in

the globin superfamily. Bashford et al. (38) aligned and
analyzed all known globin sequences. The 226 sequences
included not only the hemoglobins and myoglobins of higher
animals but also globins from insects, invertebrates, and
plants. Sequence similarities in these globins can be found in
six domains that are 16-21 residues long. Thus, in both the
P-450 and globin superfamilies, evolution has conserved
short domains that contain specific patterns of invariant,
conserved, and variable amino acid residues. The absence of
smaller domains in these superfamilies may imply that there
is a lower size limit for heritable elements of protein structure
or function.
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