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Summary

The CYP21 gene codes for the enzyme cytochrome P450c21 (21-hydroxylase), which is critically involved
in the synthesis of glucocorticoids and mineralocorticoids. Standard human haplotypes contain two copies
of CYP21 —a functional gene and a pseudogene. Inactivation of the functional gene leads to congenital adrenal
hyperplasia (CAH). The pseudogene has three main defects: an 8-bp deletion in exon 3, a T insertion in
exon 7, and a stop codon in exon 8. To determine the origin of these defects and to shed light on the evolution
of the CYP21 gene, we sequenced relevant segments of 10 primate CYP21 genes —three from a chimpanzee,
another three from a gorilla, and four from an orangutan. We could show that the 8-bp deletion is present
in the chimpanzee and humans, while the other two defects are restricted to humans only. In the gorilla
and the orangutan, however, extra CYP21 copies are inactivated by other defects so that the number of
functional copies is reduced in each species. Comparison of the sequences has revealed evidence for intraspe-
cific homogenization (concerted evolution) of the CYP21 genes, presumably through an expansion-contraction
process effected by relatively frequent unequal but homologous crossing-over.

Introduction

The conversion of cholesterol to aldosterone or corti-
sol in the cortex of the human adrenal gland proceeds
via a series of intermediate reactions catalyzed by six
different enzymes, four of which have the cytochrome
P450 characteristics (Miller 1988). A defect in any of
these enzymes could theoretically lead to congenital
adrenal hyperplasia (CAH) with or without salt-
wasting syndrome (New and Levine 1984; Speiser and
New 1985; White et al., 1987). Yet, when CAH is
diagnosed in humans, in more than 90% of the cases
it is caused by a defect of one particular enzyme, the
cytochrome P450c21 (CYP21), or 21-hydroxylase.
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Moreover, CAH caused by defective CYP21 is rather
common, occurring with a frequency of 1/5,000-
1/20,000 persons, depending on the clinical criteria
used for diagnosis, the population examined, and the
type of survey procedure used (Speiser et al. 1985;
Wallace et al. 1986). The reason for the high incidence
of defective CYP21 seems to lie in the organization of
the CYP21 genes on chromosome 6, in the middle of
the HLA, the human major histocompatibility com-
plex (Mhc; Dupont et al. 1977; Levine et al. 1978).
The two genes are arranged in tandem, with two C4
genes coding for the fourth complement component,
an arrangement that presumably arose by duplication
of a 35-kb chromosomal segment carrying one C4 and
one CYP21 gene (Carroll et al. 19854; White et al.
1985; Dunham et al. 1987). One of the two CYP21
elements (CYP21P, also referred to as CYP21A) is a
pseudogene, and the other CYP21 (CYP21B) is the
functional gene. Since the two genes display high se-
quence similarity, they apparently misalign frequently
and are subject to unequal crossing-over (Raum et al.
1984; Carroll et al., 1985a, 1985b; Donohoue et al.
1986; Rodrigues et al. 1987; Sinnott et al. 1990); they
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may also exchange segments by a gene conversion—
like mechanism, although this point has not been es-
tablished unambiguously (Donohoue et al. 1986; Har-
ada et al. 1987; Jospe et al. 1987; Matteson et al.
1987; Amor et al. 1988; Higashi et al. 19884). When
these exchanges delete the functional gene or render it
defective by a transfer of the deficient sequence from
the pseudogene, the person becomes a carrier for
CAH.

Three main defects render the CYP21P element a
pseudogene: an 8-bp deletion in exon 3, a 1-bp substi-
tution in codon 318 of exon 8, and a single-nucleotide
(T) insertion in exon 7 (the CYP21 gene has 10 exons;
Higashi et al. 1986; White et al. 1986; Rodrigues et
al. 1987). Both the deletion and the insertion destroy
the correct reading frame, while the substitution pro-
duces a termination signal in the middle of the se-
quence. Transfer of any of these three defects from
CYP21P to CYP21 can cause CAH (Globerman et
al. 1988; Higashi et al. 1988b; Urabe et al. 1990),
although CAH can also result from deletions in the
CYP21 gene itself (White et al. 1988; Collier et al.
1989; Donohoue et al. 1989; Morel et al. 1989; Mor-
net et al. 1991). In addition to the three mutations
and the deletions, which completely prevent protein
synthesis, there are other deleterious mutations in the
human CYP21P gene which adversely affect mRNA
processing or enzymatic activity and cause CAH
(Amor et al. 1988; Higashi et al. 19885, 1991; Speiser
etal. 1988; Chiou et al. 1990; Tusie-Luna et al. 1990,
1991). For example, a C-G nucleotide substitution at
position 1655 in intron 2 leads to aberrant mRNA
splicing (Higashi et al. 1988b), while three missense
T-A mutations at positions 1380, 1383, and 1389 in
exon 6 (Higashi et al. 1988b) and a G-T substitution
at position 1683 in exon 7 (Speiser et al. 1988) impair
enzyme activity.

It is not uninteresting to inquire how a situation
leading to such a high frequency of congenital defects
has arisen. We have therefore set out to answer ques-
tions concerning the emergence of three CYP21P-
inactivating mutations and the origin of the two hu-
man CYP21 genes, by studying the CYP21 region in
the nearest relatives of Homo sapiens, the great apes.
In earlier publications (Kawaguchi et al. 1991; Kawa-
guchi and Klein, in press), we established that the over-
all organization of the C4-CYP21 region in the chim-
panzee and the gorilla is similar to that found in
humans, with the genes arranged in the order C4-
CYP21-C4-CYP21 (fig. 1). In the orang-utan, on the
other hand, we found three C4 and three CYP21 genes
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arranged in the order C4-CYP21-C4-CYP21-C4-
CYP21 (fig. 1). To determine the point at which the
three main defects characterizing the human CYP21P
gene emerged in the evolution of the three great apes
and humans, we isolated all the CYP2 1 genes we could
detect in the chimpanzee, gorilla, and orangutan and
sequenced the regions of the genes in which these de-
fects are located. We sequenced enough DNA of each
gene to reveal, by standard statistical methods of phy-
logenetic analysis, how the individual genes in the
three ape species are related to each other and to the
human CYP21 genes.

Material and Methods

Source of DNA

Genomic DNA was isolated from the western low-
land gorilla (Gorilla gorilla), the chimpanzee (Pan
troglodytes), and the orangutan (Pongo pygmaeus).
The source of the gorilla DNA was a fibroblast cell
line, Sylvia, established from a skin biopsy sample by
Dr. Kirby D. Smith (The Johns Hopkins University
School of Medicine, Baltimore). The source of the
chimpanzee DNA was the Epstein-Barr virus (EBV)-
transformed B-cell line Hugo established from an ani-
mal maintained at the Dutch Primate Center at Rijs-
wijk, The Netherlands (Mayer et al. 1988). The
orangutan DNA was isolated from the cell line CP81,
which was established from monocytic leukemia cells
of a 13-year old female born in the wild but housed
for 10 years at the Los Angeles Zoological Garden
(Rasheed et al. 1977). The cell line was maintained at
the Primate Center at Seattle and was supplied to us by
Dr. Lakshmi Gaur (Wake Forest University, Bowman
Gray School of Medicine, Winston-Salem).

Probes

The 2.0-kb BamHI fragment specific for the human
CYP21 gene was purchased from Appligene (Illkirch,
France). The 5" GAGCAGAGCCCAACGACAGG 3’
oligonucleotide was complementary to the sequence
flanking the 8-bp deletion in the human CYP21 gene
(Higashi et al. 1986). The CYP21 probe was labeled
using o*?P-CTP (Pharmacia oligolabeling kit, Upp-
sala, Sweden). Oligonucleotides were labeled using
y3*P-ATP and T4 polynucleotide kinase (Conner et al.
1983).

Construction and Screening of Cosmid Library

Genomic DNA was isolated from the indicated cell
lines, according to the method of Maniatis et al.
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Figure | Organization and restriction maps of C4-CYP21 regions in (A) chimpanzee (Patr) and (B) gorilla (Gogo) and orangutan
(Popy). Restriction endonucleases are listed on the left, and their cutting sites are indicated by vertical lines. Of the second orangutan
chromosome only one part is shown; the restriction map of the rest of this chromosome is apparently identical with that of the first
chromosome. The segments designated C62, C52, C65, G4, G14, G12, 0-2, and 0-8 indicate the cosmid clones that were subcloned;
the fragments of these subclones used for sequencing are Kpnl fragments, indicated single asterisks (*), or Tagl fragments, indicated
by double asterisks (**). The maps were constructed from sets of overlapping cosmids. The scale is in kilobases. For details, see Kawaguchi
et al. (1990) and Kawaguchi and Klein (in press).
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(1982). Cosmid libraries were constructed and
screened according to a method described by Stein-
metz et al. (1985). Chimpanzee, gorilla, and orang-
utan libraries contained 1.5 x 10%, 4.1 x 10, and
8.7 x 10° independent clones, respectively. A full de-
scription of the libraries is given elsewhere (Kawa-
guchi et al. 1990; Kawaguchi and Klein, in press).
After hybridization, filters were washed with 0.1 x
SSC, 0.1% SDS at 60°C.

Isolation and Analysis of Cosmid Clones

DNA wasisolated from bacterial colonies according
to the method of Maniatis et al. (1982) and was di-
gested with restriction enzymes. Fragments were
separated on agarose gel and were transferred to
Hybond-N membranes (Amersham, Braunschweig,
Germany). Some of the fragments were subcloned into
pUC8 or pUC19 plasmid vectors according to the
method of Davis et al. (1986).

Subcloning and Sequencing

DNA fragments obtained after digestion with ap-
propriate restriction endonucleases were ligated to the
pUCS8 plasmid vector according to the procedure de-
scribed by Davis et al. (1986). Either cosmid clone
fragments or pUC8 subclones were ligated to the
M13mp18 or M13mp19 phage vectors. The recombi-
nant phage clones were picked up by the colony-
hybridization method (Davis et al., 1986), and single-
stranded DN A was prepared according to the protocol
provided by Boehringer-Mannheim (Mannheim).
One microgram of single-stranded DNA and the
Sequenase version 2.0 kit (United States Biochemicals,
Cleveland) were used for sequencing by the dideoxy
chain-termination method (Sanger et al. 1977). Most
fragments were sequenced on both strands and at least
three times to eliminate or resolve possible sequencing
errors and ambiguities.

Construction of Dendrograms

Both maximum-parsimony (Felsenstein 1988) and
genetic distance (Saitou and Nei 1987) methods were
used for evaluating evolutionary relationships be-
tween nucleotide sequences. Genetic distances were
calculated by Kimura’s two-parameier method (Ki-
mura 1980) for intron sequences and by the Li-Wu-
Luo method (Li et al. 1985) for exons. The estimated
distances were used to draw trees by using the Saitou
and Nei (1987) neighbor-joining method.
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Results

To characterize the CYP21 genes of the chimpanzee
(cell line Hugo), the gorilla (cell line Sylvia), and the
orangutan (cell line CP81), cosmid clones carrying
these genes were isolated from the corresponding ge-
nomic libraries (see Kawaguchi and Klein, in press).
The clones chosen for further characterization, as well
as their restriction maps, are shown in figure 1. The
cosmids were digested with either Kpnl or Tagl endo-
nucleases, and fragments carrying CYP21 genes were
isolated (in fig. 1, the selected Kp#nl and Tagql frag-
ments are marked by a single asterisk (*) and double
asterisks (* *), respectively). The fragments were sub-
cloned into the pUCS8 vector, and the plasmids were
then digested with Sau3A, Pstl, or EcoRI endonucle-
ases. Fragments carrying the regions of interest were
subcloned into the M13 vector and were sequenced.
The position of these fragments is given in figure 2,
which also lists the fragments sequenced in the individ-
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Figure 2  Strategy for sequencing primate CYP21 genes.

The exon-intron organization of a Hosa-CYP21/H gene (Hi-
gashi et al. (1986) is shown. Exons are indicated by blackened
rectangles and numbers, introns by connecting lines. Vertical
lines indicate restriction sites of the enzymes listed on the left-
hand side; the arrows indicate the sequenced fragments and the
direction of sequencing. The cloning sites are those of the Patr-
CYP21*01 gene (but similar sites were found in other genes as
well), with the exception of the Pstl site marked by a single aster-
isk (*), which was limited to the Popy-CYP2-3*01 gene only.
Selected fragments were digested with the indicated enzymes and
subcloned into M13mp18 or 19. The scale is in kilobases. The
fragments used for sequencing of the individual genes were as
follows: (numbers 1-13 refer to the arrows): Patr-1*01—2-
5,7,8,10,and 11; Patr-1*02—3,7,8,and 10-12; Patr-2*01 —
3 and 7-11; Gogo-1*01—1, 3, and 9-12; Gogo1*02—1, 3, 9,
and 10; Gogo-2*01—2, 4, and 9-11; Popy-1-*01—2-4 and
8-12; Popy-1*02—2—4 and 8-11; Popy-2*01—2-4 and 8-11;
Popy-3*01—3, 5,8-11, and 13 (for simplicity, the CYP21 desig-
nation is here omitted from the gene symbols). Segment 6 was
sequenced but not included in the analysis, because of poor qual-
ity of the data.
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Origin of CYP21 Mutations

ual genes. The choice of the regions for sequencing was
dictated by the distribution of the three main defects
in the human CYP21P gene. Enough sequence was
generated for meaningful statistical comparisons of
the individual genes; further sequencing would not
have increased significantly the amount of informa-
tion we were interested in and hence was deemed un-
necessary.

The nucleotide sequence, obtained together with
previously published sequences of human CYP21
genes, is given in figure 3; a summary of amino acid
differences deduced from the nucleotide sequence ap-
pears in figure 4. The nucleotide sequence covers most
of intron 2, complete exons 3, 4, and 7-9, and com-
plete introns 3, 4, and 7-9, though (for technical rea-
sons) not for all the fragments. Where homologous
chromosomes were shown to carry different alleles,
these were sequenced, too. Altogether, we partially
sequenced three chimpanzee, three gorilla, and four
orangutan genes. The longest stretch sequenced from
a single gene encompassed 1,421 sites.

To differentiate the sequences, we adopt here the
nomenclature used for primate class I and class Il MAc
genes (Klein et al. 1990). The loci are designated by
the CYP21 symbol prefixed by the first two letters
of the scientific genus and species names. Hence the
chimpanzee, gorilla, and orangutan loci are desig-
nated Patr-CYP21 (for Pan troglodytes), Gogo-
CYP21 (for Gorilla gorilla), and Popy-CYP21 (for
Pongo pygmaeus), respectively. These symbols are fol-
lowed, after a hyphen, by the serial locus number and,
after an asterisk, by the serial allele number (by “serial”
we mean that the loci or alleles are designated in
the order of their description). The designations for
the 10 partially sequenced genes are as follows:
Patr-CYP21-1%01, Patr-CYP21-1*02, Patr-CYP21-

102 110-2 129 154-5 159 172
Hosa-CYP21/H K GDY L PG A I
Hosa-CYP21/R R GDY L PG A I
Hosa-CYP21/W K GDY L PG A I
Hosa-CYP21P/H K heollad L PG A N
Hosa-CYP21P/R K el L PG A N
Hosa-CYP21P/W K *hk L PG A N
Patr-CYpP21-1*01 K L L PG s I
Patr-CYP21-1*02 K hded L PG S .
Patr-CYpP21-2*01 K GDY L PG A .
Gogo-CYP21-1*01 K GDY L .. . .
Gogo-CYP21-1*02 K GDY Q .o . o
Gogo-CYP21-2%01 K GDY L PG A I
Popy-CYP21-1*01 K GDY L AG A I
Popy-CYP21-1*02 K GDY L AG A I
Popy-CYP21-2*01 K GDY L AG A I
Popy-CYP21-3*%01 K GDY L AG G .

Figure 4
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2%01, Gogo-CYP21-1*01, Gogo-CYP21-1%02, Gogo-
CYP21-2*01, Popy-CYP21-1*01, Popy-CYP21-1%02,
Popy- CYP21-2*01, and Popy-CYP21-3*01. We des-
ignate the two human loci Hosa-CYP21P and Hosa-
CYP21 (for Homo sapiens), which is the nomencla-
ture recommended by the Human Genomic Mapping
Conferences (McAlpine et al. 1990), rather than
CYP21A and CYP21B, respectively, which is a no-
menclature frequently used by other authors. The hu-
man sequences reported by different investigators are
distinguished by added letters referring to the author’s
name. The decision as to which of the genes are allelic
is based on the consideration of both the locus they
occupy and the genetic distance between them.

The relationships among the sequenced genes were
evaluated by dendrogram analysis. There are two
widely used methods—the distance-matrix and the
maximum-parsimony methods (Nei 1987)—of con-
structing phylogenetic trees (dendrograms) which pre-
sumably reflect the evolution of the genes under study.
In the neighbor-joining variant of the distance-matrix
method (Saitou and Nei 1987), the number of nucleo-
tide substitutions per nucleotide site (genetic distance)
is calculated for each pair of compared sequences, and
the pairs are then grouped so as to minimize the total
length of the tree. The principal of the maximum-
parsimony methods is to infer the sequences of the
ancestral genes and choose a tree that requires the
minimum number of substitutions.

The application of the maximum-parsimony
method to our sequence data resulted in 20 most parsi-
monious trees in all of which the four orangutan se-
quences formed one cluster, the three chimpanzee se-
quences a second cluster, and the gorilla and human
sequences a third cluster, with the trees differing in
the topologies within the clusters, particularly in the

265-7 280-1 285 312 318 333 354-6 387
AQP **HV A E Q R RLR N
AQP **HV A E Q R RLR N
AQP **HV A E Q R RLR N
AQP **H], A E 1 R RLW N
AQL **HV A E ! R RLR N
AQP **HI, A E 1 R RLW N
AQP ARHV v E Q R RPR N
PQP ARHV v E Q R RPR N
cee PN A E Q R RLR N

. A E Q R RLR N

. . . E Q . .o .
. . . ! Q R RLR K
s e A E Q Q RLR K
. e A E Q Q RLR K

. A E Q Q RLR N

. A E Q R **R N

Amino acid sequence of CYP21 proteins that is deduced fron nucleotide sequences in fig. 2. Only positions at which

differences in the listed sequences were found are given. A dot (.) indictes unavailability of sequence information; an asterisk (*) indicates
a gap in the sequence; and an exlamation mark (!) indicates an in-frame stop codon. Where deletions destroy the reading frame of the
nucleotide sequence, the amino acid residues given are those that would appear were the sequence read in the correct reading frame.
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gorilla-human cluster (data not shown). As we were
unable to choose among these dendrograms, we re-
sorted to genetic-distance analysis and constructed a
dendrogram by the neighbor-joining method (fig. 5).

Of the 10 partially sequenced genes, only two of the
chimpanzee genes (Patr-CYP21-1*01 and *02) con-
tained the 8-bp deletion characterizing the human
CYP21 pseudogene; none of the sequences had either
of the two other Hosa-CYP21P defects— the T inser-
tion in exon 7 and the stop codon in exon 8. The C-G
substitution in intron 2, which in the human CYP21P
gene leads to a splicing defect (Higashi et al., 1988b),
is present in the gorilla gene (Gogo-CYP21-1*02.
Hence this gene, too, is presumably inactive. None of
the other defects characterizing the human CYP21P
gene were found in the ape sequences.

The Patr-CYP21-1*01 and *02 genes are appar-
ently alleles, because they occupy corresponding posi-
tions on homologous chromosomes, they are closely
related in their sequence, and they share the 8-bp dele-

Kawaguchi et al.

tion. Since the Hosa-CYP21P and the Patr-CYP21-1
genes differ on average at 25 of the 1,160 sequenced
sites, the pseudogene accumulates mutations at a rate
of 1.7/site/10° years, so that the two Patr-CYP21-1
alleles presumably diverged less than 1 million years
(Myr) ago. This estimate is, however, based on the
assumption that no homogenization of sequences via
unequal crossing-over or some other, similar mecha-
nism has occurred, which may not be the case (for
discussion, see Kawaguchi et al. 1991). The third
chimpanzee gene, Patr-CYP21-2%01, has no obvious
defect in the sequenced part and is presumably func-
tional. Its counterpart on the homologous chromo-
some is indistinguishable from it, at least by
restriction-enzyme analysis (Kawaguchi et al. 1990).
Because of its position, the Patr-CYP21-2*01 gene
could have been expected to show more sequence simi-
larity to Hosa-CYP21 than to Patr-CYP21-1, but in
fact the opposite is true.

The Gogo-CYP21-2*01 has a stop codon in exon

.003 =—Popy-CYP21-1*%01
Popy-CYP21-1%*02

Popy-CYP21-2%01

.013 Popy-CYP21-3%01

— Hosa-CYP21/H

o Hosa-CYP21/R

Hosa-CYP21/U

Gogo-CYP21-1*01

.002 = Hosa-CYP21P/H
o
.003 = Hosa-CYP21P/R

.009 Hosa-CYP21P/U

r‘ Patr-CYP21-1*01

r— 005
.01
.006
—. 004
—.002
006
. .004 —|_
Gogo-CYP21-2%01
004
.006
.002—
.006
-, 002
.005

L Patpr-CYP21-1%02

= .002— Patr-CYP21-2%01

Figure 5

,011 Gogo-CYP21-1%02

Dendrogram depicting presumed phylogenetic relationships among primate CYP21 genes for which sequences are given

in fig. 3. The tree is based on genetic distances (numbers on individual lines) calculated as indicated in the Material and Methods section
and was constructed by the neighbor-joining method. Abbreviations and references are as in fig. 3.
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7 at position 312, and we assume therefore that it is
a pseudogene. The substitution generating this stop
codon is not found in any of the other known CYP21
sequences and hence represents a new way of silencing
one of the cytochrome P450c21 genes. The Gogo-
CYP21-1%02 gene has, as already mentioned, a splic-
ing defect in intron 2, and hence it, too, is presumably
nonfunctional. Although the Gogo-CYP21-1*01 and
*02 are alleles by their position, the former sequence
is in fact more similar to Gogo-CYP21-2*01 than to
Gogo-CYP21-1%02. Furthermore, the Gogo-CYP21-
1*01 and 2%01 genes cluster with the human func-
tional genes, whereas the Gogo-CYP21*02 gene clus-
ters with the human and chimpanzee pseudogenes.
These relationships are particularly evident in intron
2, where Gogo-CYP21-1*02 shares several substitu-
tions (some of them clustered) with the Hosa-CYP21P
genes. Hence the order of the functional and nonfunc-
tional genes is reversed in one gorilla haplotype, in
comparison with the order in the standard human hap-
lotype. The unusually high variability of intron 2 in
comparison with the rest of the determined sequence
remains unexplained.

Of the four partially sequenced orangutan CYP21
genes, two (Popy-CYP21-1*01 and 1*02) are classi-
fied here as alleles, by virtue of their occupying what
appears to be the same locus (Kawaguchi and Klein,
in press). The differences between the Popy-CYP21
genes are quite small, with the exception of Popy-
CYP21-3*01, which is genetically somewhat more
distant from the remaining three genes. The four Popy
genes are, however, quite distant from the Hosa, Patr,
and Gogo genes. This fact is reflected both in their
forming a separate cluster in the dendrogram (fig. )
and in the existence of several species-specific substitu-
tions scattered along the entire Popy sequences.

Discussion

The primary purpose of this study has been to deter-
mine the evolutionary origins of the three defects char-
acterizing the human CYP21P gene. The study shows
that the 8-bp deletion in exon 3 is present in the chim-
panzee but not in the gorilla or orangutan genes,
whereas the T insertion in exon 7 and the substitution
generating the stop codon in exon 8 are restricted to
human genes. These findings indicate that the 8-bp
deletion was first of the three defects to occur. The
chimpanzee, gorilla, and human evolutionary lineages
are believed to have separated from each other ap-
proximately 6 Myr ago (Martin 1990). Although the
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manner of separation of the three lineages is still being
debated by the experts (Holmes et al. 1989), the ma-
jority seems to believe that the gorilla lineage sepa-
rated first and that subsequently the chimpanzee and
human lineages separated from each other. The sepa-
ration of all three lineages, however, occurred within
a relatively short time, probably within less than 0.5
Myr. Our results are consistent with this scenario:
the 8-bp deletion apparently occurred after the gorilla
lineage split off but before the chimpanzee and human
lineages separated from each other. We can thus date
the occurrence of the 8-bp deletion rather precisely
within a relatively short period of some 6 Myr ago.
The deletion was followed, in the human lineage, by
the two other defective mutations. We cannot entirely
exclude the possibility that the 8-bp deletion will even-
tually be found in the gorilla as well, when more ani-
mals have been tested. We have used, however, oligo-
nucleotide probes specific for the deletion, to test
additional DNA samples, and we have obtained evi-
dence for the presence of the deletion in other chim-
panzees but not in any of the gorillas or orangutans
tested (Kawaguchi et al. 1990; Kawaguchi and Klein,
in press). The 8-bp deletion may, however, not have
been the first defect inactivating the ancestral CYP21P
gene. The presence of the splicing defect in intron 2 of
one of the gorilla genes suggests that this mutation
occurred before the gorilla lineage diverged from the
ancestral human-chimpanzee lineage. If so, this defect
should also be present in some of the chimpanzee
genes, and the sequence of events in the ancestral
CYP21P gene could have been this: splicing defect by
substitution in intron 2 more than 6 Myr ago, 8-bp
deletion in exon 3 approximately 6 Myr ago, and T
insertion in exon 7, as well as stop codon-generating
mutation in exon 8, less than 6 Myr ago. All these
events presumably occurred in the branch of the tree
marked by the Hosa-CYP21P gene (fig. 5).

In this context, one might ask how representative
are the data generated by the study of a single cell line
from each primate species. We have addressed this
issue in detail elsewhere (Kawaguchi and Klein, in
press); here it suffices to say that genomic DNA iso-
lated from peripheral blood lymphocytes of multiple
individuals of each of the three species displays the
same or similar RFLP as that isolated from the cell
lines. Itis therefore likely that no gross rearrangements
occurred in the C4-CYP21 regions of the cell lines used
and that the gene organization found in these lines is
representative of each of the studied species.

At least some of the relationships among the studied
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primate CYP21 genes can be explained by postulating
expansion and contraction of the C4-CYP21 region.
Thus, although the Gogo-CYP21-1%01 and *02 genes
occupy corresponding positions on the homologous
chromosomes, the former is genetically more closely
related to Gogo-CYP21-2%01 (which occupies a
different locus) than to Gogo-CYP21-1%02. We sug-
gest, therefore, that Gogo-CYP21-2*01 arose from
Gogo-CYP21-1*01 by recent duplication and that the
Gogo-CYP21-1*01 and 1*02 genes diverged before
this event. Similarly, the fact that all the orangutan
sequences group together on a single branch of the
phylogenetic tree probably means that the genes ex-
panded after contraction to a single locus and that the
event occurred after the orangutan lineage separated
from the common ancestor of humans, chimpanzee,
and gorilla. As argued elsewhere (Kawaguchi et al.
1991), de novo duplication (in contrast to expansion
of contracted genes) is an unlikely explanation for the
outgrouping of the Popy sequences.

Frequent contraction and expansion of the C4-
CYP21 region is also indicated by the fact that the
haplotypes with one or three pairs of C4 and CYP21
genes are quite common in human populations, espe-
cially in some ethnic groups (reviewed by Collier et al.
1989). Similarly, the fact that the two CYP21 (C4)
genes commonly found in the mouse (Chaplin et al.
1986) are genetically equidistant to the two human
CYP21 (C4) genes most likely means that in both spe-
cies the number of CYP21 (C4) genes in a single haplo-
type contracted, at some stage of evolution, to one
and then expanded to two again. The consequence of
the contraction and expansion is that the genes in each
species are homogenized; that is to say, they resemble
each other more closely than any one of them resem-
bles any particular gene in another species (=con-
certed evolution). The most likely mechanism respon-
sible for the contraction and expansion is unequal
crossing-over.
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