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ABSTRACT Two 21-hydroxylase [P450(C21)] genes have
been isolated from a human genomic library using a bovine
P-450(C21) cDNA. The insert DNAs containing the P450(C21)
genes were also hybridized with the sequences of the 5' or 3' end
regions of human C4 cDNA, indicating a close linkage of the
P450(C21) gene to the C4 gene. Sequence analysis has revealed
that the two P450(C21) genes are both 3.4 kilobases long and
split into 10 exons. Comparing the two sequences, we found
that the two genes are highly homologous including their
introns and flanking sequences, but that three mutations
render one of the two P450(C21) genes nonfunctional-i base
insertion, an 8-base deletion, and a transition mutation-all of
which may cause premature termination of the translation.
Tandem arrangement of the highly homologous pseudo- and
genuine genes in close proximity could account for the high
incidence of P450(C21) gene deficiency by homologous gene
recombination.

The adrenal steroid 21-hydroxylase [P450(C21)] gene be-
longs to the cytochrome P-450 supergene family and plays a
crucial role in the synthesis of steroid hormones such as
cortisol and aldosterone (1). In humans, congenital adrenal
hyperplasia is observed in a rather high frequency (41 in 5000
births) and, thus, is one of the most common inborn errors of
metabolism. This disease results from a deficiency in one of
the enzymes involved in steroidogenesis. Approximately
95% of the affected cases have been reported to be due to a
defect only in the P-450(C21) enzyme with an autosomal
recessive trait closely linked to the HLA major histocom-
patibility complex (2).
Recent studies using gene cloning techniques have shown

that there are two P450(C21) genes, each located near the 3'
end of one of the two C4 genes in a relatively short stretch of
human chromosomal DNA (3, 4). White et al. have found that
deletion of one of the two P450(C21) genes was closely
associated with the P-450(C21) deficiency in the patients with
HLA-Bw47 haplotype, raising the possibility that the other
gene for P-450(C21) may be nonfunctional (5). Motivated by
interest in a high incidence of this genetic disease for the two
responsible genes in human chromosome as well as in an
evolutionary process of diversification of P-450 supergene
family, we have cloned the two human P450(C21) genes and
determined their complete nucleotide sequences. In the
present paper, we describe that the two genes for P-450(C21)
are highly homologous in nucleotide sequence, but that three
critical mutations were found in one of the two genes to
render the gene nonfunctional. An implication of these

observations in this genetic disorder and evolutionary aspect
of the P450(C21) gene are discussed.

MATERIALS AND METHODS
DNA Probes. Bovine P-450(C21) cDNAs, pcP-450C21-1

and -2, containing the entire coding sequence for bovine
P-450(C21) (unpublished results) were 32P-labeled by nick-
translation (.108 cpm/,g) for the hybridization probes.
For the examination of the linkage between the P450(C21)

and C4 genes, the two oligonucleotides, 5' GAACAAGAG-
CAACCTGGGCT 3' and 5' CTGGCACCCCTGAGTGC-
CAT 3', which are complementary to the 5'- and 3'-terminal
coding sequences of the human C4 cDNA (6), respectively,
were chemically synthesized and 32P-labeled (2 x 107 cpm/
,ug) for the hybridization probes.

Isolation of Genomic Clone for the P450(C21) Gene. A
human genomic library cloned in Charon 4A (7) was screened
with the bovine cDNA probes as described (8).
DNA Preparation and Blot Hybridization Experiments.

Purification of the plasmid and phage DNAs (9) and blot
hybridization analyses (10) were performed as described.
DNA Sequence Analysis. DNA sequencing was performed

by the chain-termination method (11).

RESULTS AND DISCUSSION
Cloning of the P450(C21) Gene and Its Linkage to the C4

Gene. A human genomic library (7) was screened with the
cloned cDNAs containing the entire coding sequence for
bovine P-450(C21). At least five of six different clones
obtained from 106 recombinant phages were finally classified
into two independent groups by restriction mapping analysis.
The remaining one (XC21C-1) seemed distinct from the two
groups but not yet fully characterized. The restriction cleav-
age maps of the two groups are shown in Fig. Vi. Inserts of
the two recombinant phages, XC21A-1 and XC21A-2, over-
lapping in part with each other, cover the sequence from 9
kilobases (kb) upstream to 12 kb downstream of one
P450(C21) gene. On the other hand, XC21B-1 and XC21B-2
also carried another P450(C21) gene accompanied by the
9-kb upstream and 4-kb downstream flanking sequence.

Previous genetic studies of P-450(C21) deficiency have
suggested a linkage of the P450(C21) gene to the HLA
complex region (2). Recently, close linkage between the
human complement C4 and P450(C21) genes has been
demonstrated by isolating several cosmid clones containing
both C4 and P450(C21) genes in their single inserts (3, 4). To
examine whether the isolated human P450(C21) genes were
linked to the C4 genes, Southern blot analyses were per-
formed with the cloned DNAs of the two groups by using the
synthetic oligonucleotides as probes.

Abbreviations: kb, kilobase(s); bp, base pair(s).

2841

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



2842 Biochemistry: Higashi et al.

XC21A-1XC21Ai2
1 2 3 4 5 1 2 3 4 5 (kb)

-2;3.0
-9.4
6.6

-4.3
-2.3
2.0

XC211
1 2 3

-0.6

._~~~~~~ a

l41 _6

--2.3

,% -0.6-

* -23.0 -
-9.4 _

# --6.6 -
-4.3 _

-2.3 _
2.0

(C 0.6 _

* -23.0 -
_l -9.4 -

-6.6 -
_0 __- 4 23 -

-2.3
d-20 _

& (d. -0.6 _

XC21A-1 XC21B
B.X~b Xq Bp %f ,B ;, 5kb XP !

X21A-2 XC
EllEv q E B XP Ri

5kb C4A C21A C4B C21B

FIG. 1. Close linkage between P-450(C21) and
Ethidium bromide staining of the recombinant DNAs di
various restriction enzymes in 0.8% agarose gel after el
sis: (a) XC21A-1 and XC21A-2; (e) XC21B-1. (a) Lanes
lanes 2, BamHI; lanes 3, HindIII; lanes 4, EcoRI and Ba
5, BamHI and HindIII. (e) Lane 1, EcoRI; lane 2, Bam
HindIII; lane 4, Kpn I; lane 5, EcoRI and Xho I; lane 6,
BEg II. The blotted DNAs from the respective gels desci
were hybridized with various 32P-labeled probe DNAs
bovine P-450(C21) cDNA probe; (c and g) 3'-terminal olig
probe of human C4 cDNA; (d and h) 5'-terminal probe o
cDNA. Numbers in between panels indicate the length of
DNA fragments (DNA digested with HindIII) in kb. (i)
enzyme cleavage maps for AC21A-1 and -2, and XC21B-1 e
arrows indicate the location and direction of the P-450(4
Hatched and open boxes show the hybridizing portiot
human C4 5'- and 3'-terminal oligonucleotide probes, re
The schematic representation for the tandemly arranj
P-450(C21) genes was taken from published data (5) and
the bottom. Restriction enzyme cleavage sites are iI
follows: E, EcoRI; B, BamHI; Bg, Bgl II; Xh, Xho I; Xb,
DNA transferred to filters was hybridized in 1 M Ne
EDTA/0.1% NaDodSO4/50 mM Tris HCl, pH 7.5, at 48
5'-terminal probe or at 52°C for the 3'-terminal probe
washed in 0.9 M NaCl/0.09 M Na citrate at the same
temperatures. Restriction maps were determined from
enzyme digestion experiments with the purified phage
Southern blot hybridization analysis using a bovine
cDNA probe.

B-i As shown in Fig. 1 a-d, XC21A-1 hybridized with the C4
4 5 6 3'-terminal probe, but not with the C4 5'-terminal probe,

while XC21A-2 hybridized only with the C4 5'-terminal probe.
* As for the second recombinant phage DNA group, XC21B-1

also hybridized only with the C4 3'-terminal probe as shown
in Fig. 1 e-h. These results, taken together with the restric-
tion mappings of the cloned DNAs, clearly show that the two
P450(C21) genes are closely associated with the C4 genes,

we) and at least one P450(C21) gene, which has been isolated in
XC21A-1, seems to be sandwiched between the two C4 genes.
From comparison ofthe restriction maps of our phage clones
with those of the cosmid clones reported recently (5), one

- _040 P450(C21) gene isolated in clone AC21A-1 corresponds to the
P450(C21) "A" gene and the second one in XC21B-1 is
equivalent to the P450(C21) "B" gene. The characteristic

(f) 3.2-kb and 3.7-kb Taq I fragments (5) are present in clone
XC21A-1 and XC21B-1, respectively (see Fig. 3). These two
P450(C21) genes alternate with two C4 genes in a relatively
short stretch of chromosomal DNA as shown in Fig. Vi.
Determination of the Complete Nucleotide Sequences of the

P450(C21) Genes. We determined the complete nucleotide
sequences of P-450(C21) A and B genes, which are shown in

(g) Fig. 3. The strategy for sequencing and the framework of
exon and intron are shown only for the B gene in Fig. 2. Those
for the A gene are essentially similar. The sequences for
exons and introns were assigned with the aid of homology to
the bovine P-450(C21) cDNA sequence (unpublished obser-
vations) and the GT-AG rule for exon-intron junction. All
the exon-intron junctions follow the canonical GT-AG rule

(h) in the P450(C21) A and B genes. The coding nucleotide
sequence and the deduced amino acid sequence are m83%
and -77% homologous, respectively, between the human

t-1 gene and the bovine cDNA.
S1 nuclease mapping analysis showed three protected

bands of different sizes with several faint bands (data not
'21B-2 shown), each corresponding to the transcription start site at
9 the -9th, -53rd, and -118th base position as shown in Fig.

3. Judging from the intensity of protected bands, the -9th
.3, position is a major transcription start site and is located 25

*_______ base pairs (bp) downstream from TATAA sequence at the
-38th to -34th position. The two others at the -53rd and
-118th positions are further upstream from the TATAA
sequence and are presumably minor start sites because of

C4 genes. lower intensity of the bands. Upstream from these positions,
igested with however, there is no apparent TATA sequence or its equiv-
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FIG. 2. Sequence strategy for human P-450(C21) gene and its
framework of exons and introns. The P-450(C21) B gene is repre-
sentatively taken up here for description of sequencing strategy and
exon-intron organization since the A gene is very similar to the B
gene except for a few points as described in Fig. 3 and the text. The
Bgl II/BamHI fragment of -5.5 kb in the XC21B-1 clone, which
contains the P-450(C21) B gene, was digested with several restriction
enzymes as shown (Lower). The resulting DNA fragments were
cloned into M13 mplO ormpll and sequenced by the M13 sequencing
method. Vertical lines indicate the restriction cleavage sites. Hori-
zontal arrows indicate the directions and lengths of DNA sequence
analyses. Closed boxes show the location of the exons for coding
sequence. Exons are numbered from 1 to 10. B, BamHI; Bg, Bgl II;
E, EcoRI; Xh, Xho I. The scale is shown above the gene structure.
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FIG. 3. Complete nucleotide sequence and deduced primary structure for the two human P-450(C2) genes. The complete nucleotide
sequence and the deduced primary structure for the P-4S0(C2) B gene, an intact gene, are shown. The sequence is shown from the upstream
BgI II site to the downstream Sau3A site nearest to the BamHI site (Fig. 2). Only nucleotide alterations in the A gene, a pseudogene, from the
B counterpart are indicated under the corresponding nucleotides in the B gene. Of these alterations, base substitutions causing putative amino
acid changes are marked by asterisks. Gaps, represented by bars, are introduced to minimize the differences presumably resulting from deletions
or insertions in the nucleotide sequence. The three deleterious mutations in the A gene appeared as a deletion of 8 bp, GAGACTAC in the third
exon, an insertion of 1 base (T) in the seventh exon, and a transition mutation ofC to T in the eighth exon. They are indicated by upward arrows.
In-phase termination codons resulting from frameshifts caused by such deleterious mutations are underlined. The transcription initiation sites
determined by the S1 nuclease mapping analysis are indicated by downward arrows. The typical TATAA sequence and the poly(A) addition
signal (AATAAA) are indicated by dotted lines. Amino acids identical for both human and bovine sequences are also enclosed in boxes.



2844 Biochemistry: Higashi et al.

alent for the transcription start site, analogous to the case
with HMG CoA reductase gene (12).
At the 486 bp downstream from the termination codon in

the two genes, there exists a typical poly(A) addition signal,
AATAAA. By analogy with bovine P-450(C21) cDNA se-
quence, this signal may function as such in the case of
humans. On the whole, the human P450(C21) gene seems to
be :3.4 kb long and contains 10 split exon sequences with
very short 9 introns.

Structural Comparison of the Two P450(C21) Genes. In the
sequence of the P450(C21) A gene (Fig. 3), we found several
critical nucleotide alterations from the bovine cDNA se-
quence, which could not be accounted for by the difference
in species. These alterations in the A gene are (i) an 8-bp
deletion in the third exon, (ii) a 1-bp insertion in the seventh
exon, and (iii) a transition (C-T) point mutation in the eighth
exon (Fig. 3, arrows). All these presumably render the gene
nonfunctional by generating premature terminations. On the
other hand, the B gene has no such nucleotide alterations. In
this gene, the 10 exon sequences assigned as described in the
previous section provide an open reading frame for 494 amino
acids, 2 amino acids less than the bovine counterpart. From
these observations, we concluded that the P450(C21) A gene
is a pseudogene, whereas the B gene is a genuine gene. This
conclusion was indeed substantiated by the RNA blot anal-
ysis of an adrenal total RNA preparation using specific
probes forA andB gene sequences (sequences of the 701st to
720th and 695th to 723rd with a deletion of 8 bp and 2 base
replacements for the B and A probes, respectively). Only a
probe specific for the B gene yielded a hybridization band at
=2.4 kb with the adrenalRNA preparation from a hormonally
normal individual (unpublished data).

Proc. Natl. Acad. Sci. USA 83 (1986)

These results provide the structural basis for the observa-
tions reported by White et al. (5). From the DNA blot
experiments of the Taq I-digested genomic DNAs derived
from the patients and hormonally normal individuals, they
suggested that the P450(C21) B gene is functional, while the
A gene is not.

Except for these critical base alterations, these two
P450(C21) genes show very extensive sequence homology
with each other even in their flanking and intron sequences.
In the region of =5.1 kb spanning from 1.5 kb upstream to 0.2
kb downstream of the P450(C21) gene, only 88 base alter-
ations were observed between the A and B genes, with an
overall sequence homology of 98% (Fig. 3).

Recently, White et al. have reported the presence of two
P450(C21) genes in the mouse genome, each located imme-
diately 3' to the C4 and Slp genes in the H-2 complex region
(13), and the same situation has also been suggested in the
bovine genome (14). It is reasonable, therefore, to infer that
the close association ofthe C4 and P450(C21) genes and their
duplication as a unit had occurred before the adaptive
radiation of mammals (:7 x 10. years ago). The extensive
homology observed between human P450(C21) A and B
genes could not be expected to have been maintained for such
an evolutionary time period involved if these genes evolved
independently under natural evolutionary pressure.
Independent evolution of the two intraspecies P450(C21)

genes would generate t20% sequence divergence between
them as observed interspecifically between human and bo-
vine coding sequences, although another possibility cannot
be rigotously eliminated-recent and independent duplica-
tion of a set of P450(C21) and C4 genes in human, murine,
and probably bovine genomes after the mammalian radiation.
It seems highly probable that sequence divergence between
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FIG. 4. Locations of introns in various forms of cytochrome P450 genes in relation to the primary structures. Primary structures of
P-450(C21), methylcholanthrene-inducible P-450d and phenobarbital-inducible P-450e, are represented by single-letter symbols. Gaps are
introduced to maximize homology among three species of P-450s. Sites of introns are indicated in the amino acids involved as follows: v, introns
localized immediately before the first nucleotide of the codon for the marked amino acids; v, introns localized between the first and second
nucleotide of the codons for the marked amino acids; v, introns localized between the second and third nucleotide of the codons for the marked
amino acids. The first intron of the P450d gene is localized 14 bp upstream from the initiation (18) and its location is indicated by V in front
of the initiation methionine. Amino acids common to all three P-450s are indicated by dotting between them.
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the two human genes has been rectified during this period of
time by a mechanism such as concerted evolution involving
gene conversion and/or unequal crossing-over, which has
been actually observed in class I genes of the major histo-
compatibility complex (15) or in the human fetal -t-globin
gene (16). An extensive sequence homology was also report-
ed between the C4 and SIp (C4 equivalent) genes in the
mouse genome (17). The presence of the duplicated and
highly homologous sets of the C4 and P450(C21) genes in a
short stretch of chromosomal DNA may allow for frequent
exchange of their DNA sequences by homologous recombi-
nation or unequal crossing-over during meiosis. It is notice-
able, from this viewpoint, that nearly half of the observed
base changes between the A and B genes are localized in the
second intron and the contiguous 5' part of the third exon
(Fig. 3). The presence of a hot spot in this limited region is
reminiscent of a recombination point as suggested with the
human fetal y-globin gene (16).

In these genetic situations, once one of the two P450(C21)
genes became a pseudogene, the gene conversion or unequal
crossing-over might have generated, more often than not,
various gene recombination products unfavorable to the host
animals. Some of them might have been fixed in the human
genome as the affected allelic variant forms of the P450(C21)
gene. Such molecular events presumably occurring in the
P450(C21) gene could in part explain why, of the deficiencies
in various steroidogenic P-450 enzymes, the P450(C21)
deficiency is the predominant cause of congenital adrenal
hyperplasia (2). Detailed analysis of DNA from P450(C21)-
deficient patients will be required for precise understanding
of the nature of this genetic disease.
Exon-Intron Organization in P450 Genes. So far, gene

structures for two types of P-450, phenobarbital- and
methylcholanthrene-inducible P-450s (P450b and -e and
P450c and -d, respectively), have been reported (18-23). In
spite of the fact that they are supposed from their sequence
homology to be originated by divergent evolution from a
common ancestor, their exon-intron organizations are gross-
ly different from each other (21). In Fig. 4, the locations of
nine introns in the human P450(C21) gene are represented in
relation to the amino acid sequence, together with those in
the two drug-inducible P450e and -d genes for comparison.
It is noticeable that no introns in the P450(C21) genes find
their exact counterpart in either of the two other P-450 genes
with regard to the relative position of intron insertion. If
possible shifts of intron locations due to deletion or insertion
of coding sequences as reported for a-fetoprotein and albu-
min genes (24) are taken into consideration, it appears that
the P450(C21) gene shares two sites of introns with each of
the two genes [the second and fifth introns in the P450(C21)
gene corresponding to the second and fourth ones in the
P450e gene, respectively, and the sixth and eighth introns in
the P4-50(C21) gene to the second and fourth ones in the
P450d gene, respectively]. Extensive alterations (deletion,
insertion, and replacement) in amino acid sequences of the
various P-450 molecules are likely to obscure the correspon-
dence of the intron locations among these three P-450 genes.
The finding that the P450(C21) gene has possible common
sites for introns with either of the two drug-inducible P-450
genes is consistent with the notion that the P450(C21) gene
is supposed to have separated from a common ancestor gene
before the generation of the two drug-inducible P-450 genes.
Although the convergent evolution of these P-450 genes from
different ancestors cannot be rigorously eliminated, the other
introns specific for each of the three genes might have been

generated by either their independent insertion or deletion
after the divergence of these genes from the ancestor gene
(25). Elucidation of the gene structures for other types of
P-450 may help us to understand the origin of the intron and
the evolutionary process of diversification in the P-450 genes.
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