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ABSTRACT P-450c21, a cytochrome P.450 enzyme
[steroid 21-monooxygenase (steroid 21-hydroxylase), EC
1.14.99.10], mediates the 21-hydroxylation of glucocorticoid
and mineralocorticoid hormones in the adrenal gland. The
complete sequence of a bovine P-450c21 gene shows it is 3447
base pairs long and contains 10 exons. The intron/exon
organization and encoded amino acid sequence indicate that
P-450c21 represents a unique family of genes in the P450 gene
superfamily. Primer extension and S1 nuclease protection
experiments identified several cap sites for initiation of tran-
scription; the principal cap site produces mRNA with a 5'
untranslated region only 11 bases long. S1 nuclease protection
experiments confirm that P-450c21 is actively expressed in the
adrenal and the testis, an organ not known to secrete 21-
hydroxylated steroids.

21-Hydroxylation is a key enzymatic step in the synthesis of
glucocorticoid and mineralocorticoid hormones. The 21-
hydroxylation of progesterone to desoxycorticosterone or of
17-hydroxyprogesterone to 11-desoxycortisol is mediated by
P-450c21, a cytochrome P-450 enzyme [steroid 21-monooxy-
genase (steroid 21-hydroxylase), EC 1.14.99.10] bound to
endoplasmic reticulum. 21-Hydroxylation was the first en-
zymatic activity ascribed to any cytochrome P-450 (1).
Cytochrome P-450s metabolize xenobiotic agents and endog-
enous steroid substrates. Although cytochrome P-450s are
related in size, sequence, and spectral characteristics, they
are encoded by several widely divergent families of genes
belonging to a large gene superfamily (2). P-450c21 is of great
medical interest as about 1 in 5000 persons has an autosomal
recessive disorder of P-450c21 causing congenital adrenal
hyperplasia, variously manifested by genital ambiguities,
virilization, cardiovascular collapse, and death (3). We re-
cently identified a bovine genomic DNA clone containing a
P-450c21 gene and showed that cattle have two copies of this
gene and synthesize two sizes of P-450c21 mRNA in the
adrenal cortex (4). We now report the sequence of >6.5
kilobases (kb) of bovine genomic DNA containing this gene.
Nuclease S1 protection experiments indicate this gene is
active in the bovine adrenal cortex and, surprisingly, in the
testis, which is not known to secrete 21-hydroxylated ste-
roids. Analysis of the structure of this gene indicates that this
P-450c21 gene is only distantly related to other P-450 gene
families and hence represents a novel member of the P-450
gene superfamily.

MATERIALS AND METHODS
DNA sequencing was done by the dideoxy method using
35S-labeled dNTPs and gradient gels (5).

The 27-base primer 3' GACGATCGACCGCGAGTG-
GACGATACC 5' complementary to bases 45-71 was me-
chanically synthesized, purified, and labeled (4). For primer
extension, 0.1 pmol of 32P-labeled primer and 10 pug ofbovine
adrenocortical poly(A) RNA were hybridized for 2 hr at 650C
in 10 ,ul of0.3 M NaCl/5mM EDTA/10mM Tris HCl, pH 8.3,
and then made to 50 A1l, having final concentrations of 1 mM
(each) dNTP, 10 mM Tris (pH 8.3), 10 mM dithiothreitol, 10
mM MgCl2, 640 units of human placental ribonuclease
inhibitor (Amersham) per ml, and 500 units of reverse
transcriptase (Life Sciences, St. Petersburg, FL) per ml.
After 30 min at 420C, the reaction was stopped with 4 1.l of
0.25 M EDTA.

S1 nuclease mapping was modified from Sudhof et al. (6).
One picomole of 31P-labeled 27-mer was used to initiate DNA
synthesis on an M13 clone of a 412-base HincII/Pst I
fragment of the P-450c21 gene corresponding to nucleotides
-275 to + 137 employing unlabeled dNTPs and the Klenow
fragment of DNA polymerase I. The reaction proceeded 30
min at 250C and then was heated to 650C for 10 min. After
BamHI digestion, the labeled, 359-base oligonucleotide-
initiated probe was gel-purified (4). About 104 cpm of 359-
base probe and 50 pug of total RNA in 20 p1 of80% deionized
formamide/0.4 M NaCl/l mM EDTA/40 mM Pipes, pH 6.4,
were denatured 10 min at 850C and then hybridized 3 hr at
480C. One hundred eighty microliters of 0.2 M NaCl, 30 mM
NaOAc (pH 5.5), 1 mM ZnSO4, 20 mg of denatured salmon
sperm DNA per ml, and 100-300 units of S1 nuclease
(Bethesda Research Laboratories) was added and incubated
1 hr at 370C.

RESULTS AND DISCUSSION
Structure of the P-450c21 Gene. We manually synthesized

23- and 30-base oligonucleotides (4) corresponding to differ-
ent regions of a 486-base bovine P-450c21 cDNA fragment (7)
and used these to screen a bovine genomic DNA library.
Clone XEll was shown to contain P-450c21 sequences by
initiating dideoxy sequencing directly on full-length double-
stranded phage without subcloning into M13 (4). The bovine
genomic DNA in XEll was mapped and subcloned into
pUC13 as a series ofoverlapping clones. These pUC13 clones
were mapped further and appropriate fragments were
subcloned into M13 for sequencing (Fig. 1). As we had no
cDNA probe, coding regions and intron/exon boundaries
were identified by maintenance of an open reading frame and
by comparison to canonical splice-junction site sequences
(8), since no exceptions to the canonical splicing rules have
been found in any P-450 gene (9-15). Comparison of our
sequence with the complete amino acid sequence of porcine

Abbreviations: kb, kilobase(s); bp, base pair(s).
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-3224GGTCTTTACGATCTATTCAAAGGATACGTCAGTTTCTCCTCCTTAAAACAACCATTGGT TA

-3103ATCCGGGATCCTTCCTACCCCAACCCCACCCCCTAGCCACCTCTTCCCTACAAATATTC CA

-2982TGCCACCTTTACAATACACC CACTCATATATACCATGGACCCCC CC2861~~~~~~~~~~~~~~~~~~~~CTCCTCCACCCCTTCC

-2135 CTCTATACTCTCCCAAT TCACACATCACCCCCGTCCCATCCCTCCCACATCAGGGCApproxiATelyTG 200AGbAACATTCAAes.CATAC CCACC

-18237 TAACAAAATCCACGACGAACAGTCCAGTCATAACTTTACATATATTTTTCAACTCCCTC
-226ATTTAACTCTA1771TTCTGCTCCTCCAACTGCCTAACCTACACTCGCTkCCCCACCCCATTC
-21650CTTCTTCACCAACAGCTAGCA prxmtl 0 ae .............C

-15929TCACTACACTTTGGCCGCTCCGTAACTGGTAGTGAAAAGTGGATCGACCGCTACCCTTAC
- 1408 ACCCTCACGCCGCCCCCCCCCCCCTTTCAGTCGTCGTCACTATCGTTTCAATTTACCTCCC
-1287 CCGCACCCTCTCATTAGACACTCATGTCCTTCTTCACACCATAACAAATACCCCCTTTCAT
-1166 TCCCCACATCGTCACTCCGTCTGATTCGCAATCCATGGGCATCTCCCTTTCACCTTCTACC
- 14045 TACGCCTACGACCCCCTAACCTCTCCATOACCCCTACCAACTCTAGCCTCCCTACCCTTC
-19247TACTCTCGCATTCACAGCGACTCTACCTAAGCTTGCTGCTGCCTTCCCATTACTAACGTT
-116CGCGACGCGAAGAC803CAAAAACCCCCATTCTCCTCTCTACACACTCATAAAAGCTCTCTG
-105CGGAACCTCGGACA682CGGGCCAGCCGCGATCAACCTACTATCTCACCAACCCCCCCACAA

468 ACACCTTCAAAC~CCCACATCCCTGCAACTCTACCACACCTATACTCATCCTCCCCCTCACCCCTTCCCTCTCCTCTCCAACCC TCCTCCAACTC CTCATCCC CTC CCTCGCCTC CTCCTGC

11 Thr Lsu Leu Ala Cly Ala His Lou Lou T rp Cly Arg Trp Lys Leu Arg Asn Lou His Leu Pro Pro Leu Val Pro ClyPh. Lsu His Lou
42 ACC CTC CTA CCT CCC CCT CA1C CTC CTAu TCC CCC CCC TCG AAC CTC AGA AAC CTC CAC CTC CCA CCT CTC CTC CCC CCC TTC CTC CAC CTC
41 Lou Clni Pro Asn Lou Pro Ile His Lou Lou Ser Lou Thr Clrn Lys Lou Cl yPro Val Tyr Arg Lou Ar g Lou Cly Lou Cln C

132 CTC CAC CCC AAC CTC CCC ATC CAT CTC CTC ACC CTC ACT CAC AAA CTC CCC CCT CTC TAC ACGC CTT CCC CTT CCC CTC CAA C CTCACCCTCTCC

68 lu Val Vol Val Lou Asn Sor Lys Ar q
* 226 CTCCTTCCTCCTCCACAACACTCACCACCCTTCCCCCTCTCCTTTCCTCCTCACTTCCTCCTTTTCCTACCACTCTCCCCCCCAC AC CTC CTC CTC CTC AAC, TCC JUC ACC

77 Thr Ile Clu Clu Ala Met Il.e Ar g Lys Trp Val Asp Ph. Ala Cly Arg Pro Clni Ile Pro Ser T
* 337 ACC ATT CAC CAC CCT ATC ATC ACC AAC TCC CTC CAC TTT CCC CCC ACA CCC CAC ATA CCA TCC T CTAACCCCTTCCTTCACCCCACAACCACCCCTTTCC

98 yr Lys Lou Vol Ser Cln Ar~ C s Cln Asp Ile Sor
437 CAACCACCCCACCTTCACCCCTCTCCCTTCCTTCCTCAACTCCACCCTCCCACCCCCAACCCCTACTCCCAC AC AAC CTC CTC TCT CAC CC TCC CAC CAC ATC TCT

110L~ Cl AspTyr Sor Leu Lou Trp Lys Ala His Lys Lys Lou Thr Ar~ Soer Al~a Lou Lou Lou Cl Thr Ar~ So~r Sor Not Clu Pro Trp
544 CTG CCC CAC TAC TCT CTC CTC TCC AAC GCCC CAC AAC AAA CTC ACC CCG TCA CCC TTC CTC CTC CC~ ACC CC~ ACC TCC ATC CAC CCC TCC

140 Vol As p Cln Lou Thr Cln Clu Pho Cysq Clu
*634 CTC CAC CAC CTC ACC CAC CAC TTC TC CAC CTCACCCTCCACTCCCACACTTACCCCACCTCACCTTCACCCTCCTCCAACCCCCTCTATTTTTTTTTCCCTTATATTACC

*735CAACTTGACATCCCCACACACTCCCCCATCACAAATCCCCCACCACAAAC GTCTCTTTCT T

150 Ar gMHt Ar g Vol Cln Ala ClT Al~a Pro Vol Thr Ii.e Clri L s Clu Ph. Sor Lou Lou Thr C s So~r Ile I1. Cys Tyr
856 CCTCTTTCTCTTCAC CCC AT C ACA CTC CAC CCC CC CCC CCC CTC ACC ATC CAC ACCAA TTC TCT CTC CTT ACC TC ACC ATC ATC TOCT TAC

176 Lou Thr Ph. Cl y Asn kLys*949 CTC ACT TTT CCA AAC AC CTCAACCCTCTCTTCCCCTCCCATATCCCTCCCCCCCTCCCCCCACCCCCCCCAACCCCTCCCTCATCCTCTCCTCCTTCTCCACTCAAACCATCTC

182 Clu Asp Thr Lou Vol His Ala Ph. His Asp Cys Vol Cln Asp Lou Met Lys Thr Trp Asp His Trp Ser I1. Cln Ile
.1064 CTTCCTTTCTCCCAC CAC CAC ACC TTA CTA CAT CCC TTT CAC CAC TCT CTT CAC CAC TTC ATC RIC ACC TCC CAC CAC TCC TCC ATC CAC ATT

208 Lou Asp Met Vol Pro Ph. Lou Arg
.1157 TTC CAC ATC CTT CCT TTT CTC ACGC CTCACCACCCCACCCCCCACATCCCTCCTCCTCCCACAAACCCTCCCCATCCCCAACACCCTTCCTTCCCACCACCTACACCTTCTTAC

216 Ph. Ph. Pro Asn Pro Cl y Lou Trp Arg L~eu Lys Cln Ala Ile Clu Asn Arg Asp His Mot Vol Clu Lys Cln Lou Thr Ar q
.1270 TCTCTCCCCCAC TTC TTC CCC AAC CCT CCC CTC TCC AC CC C AA CAC CCC ATA CAC AAC ACC CAC CAC ATC CTC CAC JUC CAC CTC ACC CCC

243 His Lys.1363 CAC AAC TGATGGGGACGCCTCCGTCACCCCCTCCCAACAGACTTCCACCCCTCCACACCCCC

245 Clu Sor Met Vol Ala Cl y Clrn Trp Ar g As~pMet Thr As Tyr Met Lou Cln
.1482 AAACACTCTCCCCAACCCACCCACTCACCCCACCTCCACCTCTCCTCCCCAC CAC ACC ATC CTC CCC CCC CAC TCC ACC CA ATC ACC CACE TAC ATC CTC CAC

262 Cly Vol Cl Ara Cln. Ar g Vol Clu Clu Cly Pro Cly Cln Lou Lou Clu Cly His Vol His Mot Sr Val Vol Asp Lou PhoI51. Cly Cly
.1585 CCC CTA CCCACC CAA ACA CA CAA CAC CC C CCC CCA CAC CTC CTC CAA CCA CAC CTC CAC ATC TCT CTC CTC CAC CTT TTC ATC CCC CCC

292 Thr Clu Thr Thr Ala Ser Thr Lou Soer Trp Ala Vol Ala Ph. Lou Lou His His Pro Clu
.1675 ACT CAA ACC, ACC CCC ACC ACC CTC TCC TCC CCT CTC CCC TTC CTA CTT CAC CAC CCC CAC CTATCCCCTCCACCACCCAAACCCATCCTTCCTCCCACCCT

312Il CnAr Ar

02149 ACACACACACACACACACACACACACATATACATACACACACACATCCTCCACCTTCCCACCTCCCCCCTCCCCACTCACACCATTCCCCCTCCATTTCCCAC ATT CAC CCC CCC

316 Lou Cln. Clu Clu Lou Asp Arg Clu Lou Cly Pro Cly Ala Ser Cy Sor Arg Vol Thr Tyr Lys Asp Arg Ala Arg Lou Pro Lou Lou Asn
+ 2354 CTT CAC CAC CAC TTC CAT CCC CAC CTC CCC CCC CCA CCC TCA TCC TCC CCA CTC ACT TAC AAC CAC CCC CCT CCC CTC CCT CTC CTC, AAC

346 Ala Thr Ile Ala Clu Vol Lou Ar g Lou Ar g Pro Voal Vol Pro Leu Al1a Lou Pro HiCs Ar qThr Thr Ar gPro Sor So
+2344 CCC ACC ATC CCC CAC CTC CTC CCC CT C C T T C TC CCC TTC CCT CAC CCC ACC ACC CCC CCT ACC AC TATCCCCTC

371 r Ile Ph. Cly Tyr Asp Ile Pro Clu Cly Not Vol Val I1. Pro Asn
.2440 CATCAACCCCCAACCCCCCACCCCCTCCCCCCCCTCTAACTTAACCCTAACCCTCAC C ATC TTC CCCTA CAC ATC CCT CAC CCC ATC CTC CTT ATC CCC AAC

387 Lou Clni Cly Ala His Lou Asp Clu Thr Vol Trp Clu Cln. Pro His Clu Ph. Arq Pro A
* 2543 CTC CAA CCT CCC CAC CTC CAC CAC ACC CTC TCC CAC CAC CCC CAC CAC TTC CCC CCC CCTCTCTCCCCCCCCCCTCCCCCCCATCCCTCC

406 op Arg Ph. Lou Clu Pro Cl y Al1a Asn Pro Sor Ala Lou Ala Ph. ClyCys Cly Al1a Ar q Vol Cy s Lou Cly Clu
.2653 TTCCCCCCCCCCCCAC AC CCC TTC CTC CAC CCC CCC CCC AAC CCC ACC CCC CTC CCA TTT CCC TC CCC CCC CCC CTC TCC CTC CCC CAC
431 Sor Lou Ala Ar g Lu Clu Lou Ph. Vol Vol Lou Lou Arg Lou Lou Clni Ala Ph. Thr Lou Lou Pro Pro Pro Vol Cl1 Ala Lou Pro Sor

+2723 TCC CTC CCC CCC CTC CAC CTC TTC CTC CTC CTC CTC CCA CTC CTC CAC CCC TTC ACC CTC CTC CCC CCC CCC CTC CCC CCC CTC CCC T C

461 Lou Cln Pro As~ Proc T r C s Cl Vol Asn Lou Lys Val Clni Pro Ph. Cln Vol Ara Lou Clni Pro Ar Cl Vo Clu Ala Cly Al~a Trp
.2813 CTC CAC CCTAC TC TMC CCT CTC AAC, CTC AAC CTC, CAC CCT TTC CAC CTC CC~ CTC CAC CC C CC CC AC CC CC CCTC

491 Clu Sor Ala Sor Ala Clni OP
.2903 CAC ACC CCC ACT CCC CAC TCA TCCCCCACCACTCCCTCCCACCACTCCCCCACTCACCTCCCTCCCTCTCTCCTTTTATTCCTCCCCTACAAACCCTTCCCCTCCCCCCTCTAA

.3017ACTCCTTAACCCTCCACTCCTCCCTACTACTCCCCCCTTTCCCACCCCCTCCCCTCC GC TG

+3138ACCTACGCCCCCCCTCCCGCCTCTCTCCCCTCTTCTAGCATAAACACCTCATGACGTAT CT

3 2 59 GGCCGGGCTTGTTCCGACAvCACTATTACACCTTCACCTCCCACCTCCCCTCCCCTCTCCCACATCCTTCCACAAATCAACCACCCATTCTCCCTCACTCCCCTTTTCCTTTTAAACCCTC

+3380 AACTCCAAACCACTCAACCACAATCCTCACCCCTCCCTTTACATCCAATAAATCATCTCCTCCTCAAC ATAACTTCCTCACATTCACATTCTTCCATTTCACACCCCACACCCCTCAACCC
+3501 CTCACCCATTCACTAACTTATCACACTCTCTATCACACACACCCACCCACCTCCACCCCCAACCACCCCCACCT

FIG. 1. (Figure continues on opposite page.)
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b TATAA TGA AATAAA
CAAGT ATG IG ATA

B B Hc Hc Ps Hc Pv PS Pv P B X Ss Hc X PSPso E E Pv Pv A A E PvSu Su Ss BSm Su AMAA A

200 bp

FIG. 1. (a) Sequence of the bovine P-450c21 gene. Base numbering (indicated with plus and minus signs) begins with the guanosine residue
(asterisk) representing the principal RNA transcriptional initiation site. Two minor transcriptional initiation sites at -35 and -72 are also
indicated by asterisks (see Fig. 2). Where two numbers appear in the left-hand margin, the upper number refers to the amino acid sequence.
Spaces between introns and exons and between codons are for clarity only and do not represent absent bases. The TATAA and CAAGTA regions
upstream from the principal transcriptional start site and the AATAAA sequence 22 bp from the poly(A) site are underlined. (b) Restriction map
of the bovine P-450c21 gene and sequencing strategy. The solid boxes represent exons, and the small open box represents a region of repeated
DNA (see text). Only the restriction sites used in sequencing are shown: A, Alu I; B, BamHI; E, EcoRI; Hc, HincII; K, Kpn I; Ps, Pst I; Pv,
Pvu II; Sa, Sal I; Sm, Sma I; Ss, Sst I; Su, Sau3A; X, Xba I. Arrows indicate the direction and extent of dideoxy sequencing. Arrows not
originating at restriction sites represent sequencing initiated by the two unique oligonucleotides (4) used to identify XE11 or by the 27-mer used
for primer extension. Each sequencing reaction was performed at least twice, generally on different clones of a given template. Rare areas of
ambiguity were resolved by Maxam-Gilbert sequencing. bp, Base pairs.

P-450c21 (John Shively, personal communication) confirms
our sequence.
Excluding the flanking DNA, the gene contains 3447 bp

divided into 10 exons; other sequenced P-450 genes are all
6-23 kb long and contain 7 or 9 exons. (9-15). Unlike other
P4SO genes, exon 1 encodes a 5' untranslated segment of
mRNA only 11 bases long; 5' untranslated regions of this size
are unusual but have been reported as short as 7 bases (17).
The nine introns, designated A through I, vary from 48 to 507
bp. Introns A and B contain perfect 12-bp inverted repeats at
loci 253-264 and 487-498. Intron I is very short (48 bp),
maintains an open reading frame, and lacks a consensus lariat
junction sequence (18) and hence resembles exonic DNA.
However, it has perfect splice sites, and no P-450 sequenced
to date, including porcine P-450c21 (John Shively, personal
communication), has amino acids corresponding to this
region; furthermore, a bovine P-450c21 cDNA fragment lacks
this region (Michael Waterman, personal communication):
hence, the sequence designated intron I appears to be an
intron. Intron G contains a 48-bp region of alternating
pyrimidines and purines, including the sequence (CA)20; this
region may be able to form Z-DNA (19) and might thus be
involved in the regulated expression of P-450c21. Hybridiza-
tion of labeled total bovine genomic DNA to restriction
fragments of the gene show that this intron is the only one
containing highly repetitive DNA (ref. 4 and other data not
shown). The rat P-450b and P-450e genes induced by phe-
nobarbital have similar (CA)" sequences in their 5' flanking
DNA but not in introns (13, 15), whereas rat methylcholan-
threne-inducible P-450c (9) and mouse dioxin-inducible
P1-450 (11) have similar structures in introns.

Analysis of the 5' flanking region showed no glucocorti-
coid-regulatory elements, indicating it is unlikely that the
P-450c21 gene is regulated by feedback of the glucocorticoid
hormones to whose synthesis it contributes. Similarly, by
comparison to the sequence of the murine cDNA (20), no
evidence was found for the 3' end of an adjacent C'4 gene
encoding the fourth component of complement, even though
the two human and mouse P-450c21 genes lie <4 kb 3' to the
C'4 genes (21, 22). Bases -444 to -415 are closely homol-
ogous (18 of 29 bases) to the putative cAMP regulatory site
of several eukaryotic genes (23), but the significance of this
is not clear, as cAMP regulation of P-450c21 is probable (24)
but not established.
The gene sequence predicts synthesis of a 496 amino acid

protein containing a leucine-rich hydrophobic amino-termi-
nal region reminiscent ofleader peptides of secreted proteins.
As P-450c21 is a membrane-bound enzyme (25), this region is

probably involved in affixing P-450c21 to the smooth
endoplasmic reticulum. Amino acids 1-16 and 30-47 are
hydrophobic regions lacking charged amino acids, each
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FIG. 2. Location of the transcriptional start site(s) by primer
extension and S1 nuclease protection. A 5% acrylamide/7 M urea
gel contains the following. Lanes 1 and 9, 32P-labeled Hpa II-cut
pBR322 size markers (indicated in bp). Lane 2, primer-extended
cDNA initiated from the 27-mer on a bovine adrenal RNA template.
Lanes G, A, T, and C, dideoxy sequencing ladder of the 5' end of the
gene initiated by the 27-mer on an M13 clone of the 412-base
HincIl/Pst I fragment. Lanes 3-8, S1 nuclease protection of the
32P-labeled transcript of this same M13 clone hybridized to bovine
RNA. Lanes 3-5, 50 ug of total bovine adrenal RNA and 500, 750,
and 1500 units of S1 nuclease per ml, respectively. Lanes 6 and 7, 50
,ug of total bovine testis and brain RNA, respectively, with 750 units
of S1 nuclease. Lane 8, the 359-base probe [corresponding to bases
71 (3' end of 27-mer) to -275, plus 13 bp of the M13 polylinker site]
mixed with 50 ,ug of tRNA and no S1 nuclease. All samples were
electrophoresed on a single gel; the photograph of lanes 7-9 is from
a longer autoradiographic exposure of the gel.
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bP450c21
rP45bb
rP450c mpsvyg
bP450scc mlarglplrsalvkacppilstvgegwghhrvgtgegagistktprpyseipspgdngwlnlyhfwrekgsqrihfrhienfqkygpiy

c21 MVALLL GAHL ---IK ILPPLVPGFL -- PIHILT---- V NSKR
b Meps i TITTIalLvgfllLLvrg---hpKsRgnf-PPgprplpllgn----LQldrggl~rLfmg*lreKyGdVftvhL~pr-pVVhrcgtd
c fpaftsAte LavttfclgfwvvrvtrtWvpkgLksPPgpwGlpfighvltlgknPhLsltkIS-----<yGdvlqiRiGst-pwVLsgiln
scc reklgnlesvyiihpedvAHLf---kfegsyperydiPPwlayhry------yqkPigvlfkkSgN-- --------kk-drVVUNtev

c21 TIEEAMI RKWVDFAGRPQIPS*--YKLVSQnCJISLGDYSLLWKVSSL-TRSALLLGrRS------ -SMEPVDQLT CE*RMQA-GA
b TIkEAlvgqaeDFsGI>tIav---iepifkey*-gvi fangerWKAlrrfslatmrdfgmg-----krSvEerVqeeaQclvElRksq*GA
c TIkqAlvkqgdDFkGRPdlyS---ftLiangqsmtfnpLsgpLWaArrrLaqnALksfsiasdptlasscylEehVskeaeylis-kfqklm-ae
scc mapEAiknfipllnpvsQdfvsllh-rikQqgsgkfvGDikedlfhfafesitnvmfGeRl-------nlEetVnpeaSkF------------
c21 PVrIQKEFSL--LTCSI ICYLTFGNK*ErLVIiAlICVQDIl4lW-DHWSIQI IMVFPR*FFP GWKIENRDBE7E LTRH*E
b PldptflFqc--iTanIlCtivFGer-fDytdrqFlrllelfyrTfsllsSfseq*vfeFfsgFlkyfPGahRqislnlqeildyighivekhra
c vghfdpfkyLvvsvanvICaicF~rr-yDtddqellsiVrnlsnefgevtgSgypaDfiPiLR-ylP-NssLdafKdlnkkfysfmkclikeHy-r
scc --------- -----iDavykmFHtsVplLnvppelyrlfrtktwrdhvaawd-------------------t

c21
b
c
scc

c21
b
c
scc

9S~~ MUAI I;V LFIUXPGQL -TASMLIIS-GMTA SWV-llfE-- *IQRLM-RLDFA
tldlp napFDfiDtYlLrnek*-eksnhhtefhhenlmiSllsLEfa---~TsstTLrygfllmLkyPhva*-ekvQkEi-DqviG--Shr
tfek*GhiRD~iTsliehoqdRrldEnanvQjsddkcVitiVfDLFga*gfdTiTITAiswSllnylvtnpr----IQ~kiQEE;*DtviG---rdr
ifnk-aekyteifvqdlxrKtefRnypGilycLlksekM1leDvkan--iTEmD.AggvnttsmtleqwmlyearslnvQEnLreevLnarrqae

RVrIsDqRIATLfRhfIaVviLPHs-TIRPSs*IFIGYDIPEk:MVIfv 4LqGwDqE-VWEQdPEFRP*DRFLE;AN------sP
lpnTldDRshretdvIhEiqRfsdlVPigvPHR-vTkdtrtm-frGYllPk*nteVyPirssAlhyp-qfdhdsnehF7dan~galkk-se
qprlsD~pqLPyl.eAfIlEtfRhssfVPftiPHs*TiRdtS-lnGfyIPkGhVfvtkqwqvnht*el~g~nFR-eRFLtssgtldkhlse
gdis~nlqmvPLLkAsIkEtlR~Pisvtlqr--- lpesdlvlqdlYl IPa-ktlVqvaiyamgrDp-affssPdk~dP-tRwrLskdkdl ihf---

c21 SAIAFGC-GARVCLGELARLELFVVLLRLLOAFTLLPPPVG---ALPSLQPDPYCGVNLKVQPF-QVRIQPJ
b afnpFst*GkRiCIGEgiARnEwlffttiIonsvsshlap---kdidLtke-sGigkiptyQicfsaE
c kvilFGI-CkRkCiGEtigRLEvFlfLaiLLqnefnvsPge---kvdntpayg1t1kharcehF-VWqmrss
scc rnlgFq-GvwCvGrriAetlfLihienFkvehiGdvdtifnLiltPdkpifLvfrPFhdppQa

sufficiently long to anchor the protein to the membrane (26).
Amino acids 35-52 are 50% identical to the membrane-
spanning region of the bovine (27) or human (28) low density
lipoprotein receptor; amino acids 35-91 are 32% identical to
amino acids 1324-1381 of human complement component
C3a (29); the significance of these similarities is unknown.
The overall sequence is 85% identical to that for porcine
P-450c21, determined by amino acid sequencing (John
Shively, personal communication). Of the 76 residues differ-
ing between the two species, 13 are at the carboxyl terminus,
which is poorly conserved among other closely related forms
of cytochrome P-450 (9-15).

Expression of P-450c21. Cattle (4), mice (22,30), and human
beings (21, 31) have two P-450c21 genes. The human and
murine genes lie in the major histocompatibility loci in tight
linkage to genes for the fourth component of complement. In
man the array is C4A-21A-C4B-21B (21), whereas in mice
the array is C4(Slp)-21A-C4-21B (30, 32), with all four genes
having a left-to-right transcriptional orientation in both spe-
cies. Deletion of the human P-450c21 B gene eliminates all
21-hydroxylase activity, suggesting the A gene is normally
nonfunctional (31); by contrast, gene-specific oligonucleotide
hybridizations indicate only the mouse A gene is functional
(32). As different members of the pair of P-450c21 genes
appear to be inactivated in mouse and man, such inactivation
must have occurred after mammalian speciation about 85
million years ago. Therefore, both P-450c21 genes might
remain functional in cattle; this might be consistent with
finding two 'distinct sizes of P-450c21 mRNA in bovine
adrenal cortex (4) but only a single size of P-450c21 mRNA
in mouse (22) and human (unpublished) adrenal cortex.
To determine if our bovine P-450c21 gene was transcrip-

rP450c 2 3

bP450c21 14

rP450b 1 2 3 5 5

FIG. 3. Relationship of P-450c21 to other
P-450 sequences. Amino acid sequences of
bovine P-450c21, rat P-450b (19), rat P-450c
(9), and bovine P-450scc (39) are aligned to
show regions of homology. The alignments
and insertions ofgaps were done manually as
described (40). Asterisks in the sequences
indicate the locations of intervening se-
quences; dashes indicate gaps.

tionally active and to locate the site(s) of transcriptional
initiation (cap site), we performed primer extension and
nuclease S1 protection experiments. The two experiments
are entirely consistent in identifying cap sites (Fig. 2). Most
P-450c21 mRNA molecules begin at onp of three guanosine
residues 10-12 bases 5' to the ATG initiation codon; some of
the mRNA begins at 46 or 83 bases 5' to the ATG, and rare
mRNA molecules may be initiated at other loci (Fig. 2 and
other gels at higher resolution). The sequence TATAA is
found 30 bases from the principal cap site, typical of most
eukaryotic genes. The sequence GCTCAAGTA is found 65
bp from the cap site and closely resembles the consensus
sequence 5' GGCCAATCT 3' found 65-90 bp 5' to the cap
site of many eukaryotic 'genes (33). The sequence GG-
GCAAGGA found 108 bp from the cap site resembles the
consensus "CAAT box" more distantly. These "CAAT"
sequences may function as weak-'promoters initiating tran-
scription of the minor P-450c21 mRNA species originating at
bases -35 and -72. Bovine adrenal RNA did not protect the
Sst I/HincII fragment from bases -275 to -623 from S1
nuclease digestion, demonstrating that the CAAT and
TATAA regions of -562 and -532 do not function as a
promoter.
21-Hydroxylase activity is found in a wide variety of

extraadrenal tissues (34), but the adult testis is not known to
synthesize 21-hydroxylated steroids (35). The nature of extra-
adrenal 21-hydroxylase is controversial; its activity appears
to remain when adrenal 21-hydroxylation is impaired by
congenital adrenal hyperplasia (36) and, unlike adrenal 21-
hydroxylase, it appears to be regulated by estrogen (34).
Furthermore, rabbit hepatic P-450 isozyme 1 readily 21-
hydroxylates progesterone (37) but is structurally no more

FIG. 4. Exon structures of selected P-450 genes. Exons of rat phenobarbital-inducible P-450b (15), rat 3-methylcholanthrene-inducible P-450c
(9), and bovine P-450c21 are drawn to scale, but the spaces between exons do not correlate with the lengths of the corresponding introns. Lines
connecting exons of different P-450 genes show homologous regions of exons. The stippled area represents the heme-binding site. The narrow
regions of the 3' terminal exons indicate the portion of that exon encoding the 3' untranslated regions of the corresponding mRNAs.
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related to P-450c21 than are other hepatic P-450s (38). To
determine if the P-450c21 gene is expressed in nonadrenal
tissues, we performed S1 nuclease protection experiments
with several bovine RNAs. The result with testicular RNA
(Fig. 2, lane 6) is indistinguishable from that obtained with
bovine adrenal RNA, indicating that this P-450c21 gene is
expressed in adrenal cortex and testis. By contrast, bovine
brain RNA (Fig. 2, lane 7) and liver, kidney, and ovary RNA
(not shown) did not protect the labeled P-450c21 gene
fragment from S1 nuclease digestion.

Evolution of the P-450c21 Gene. The P-450c21 gene has 10
exons spanning 3.5 kb, distinguishing it from rabbit and rat
P-450 genes induced by phenobarbital, which have 9 exons
spanning 14-23 kb (13-15), and the rat and mouse P-450 genes
induced by 3-methylcholanthrene or dioxin, which have 7
exons spanning 6-7 kb (9-12). To examine potential rela-
tionships among various P-450 sequences, we aligned (Fig. 3)
the amino acid sequences ofbovine P-450c21 with rat hepatic
P-450b (induced by phenobarbital) (15), rat hepatic P-450c
(induced by 3-methylcholanthrene) (9), and bovine adrenal
P-450scc (39), a mitochondrial P-450 also engaged in steroid
hormone synthesis (16). These amino acid alignments in turn
indicate homologies among the various exons of the three
genes (Fig. 4). Inspection ofthese exon domains suggests that
a precursor to these genes was divided into at least 12 exons.
Based upon similar analysis of dioxin-inducible mouse P450
genes and the rat P-450b and P-450e genes, Gonzales et al.
(11) concluded that an ancestral P-450 gene had a minimum
of 14 exons.
Of the 496 amino acids in P-450c21, 129 are identical in

P-450b and 139 are identical in P-450c, further emphasizing
that the families of P-450 genes induced by 3-methylcholan-
threne and phenobarbital are about equally distant in evolu-
tion from the P-450c21 gene. The sequence of P-450scc was
much less related, having only 88 identical amino acids,
including none in its first 115 residues. As P-450scc is a
mitochondrial enzyme, this great difference may reflect on
ancient evolutionary divergence between nuclear genes en-
coding mitochondrial and cytoplasmic P450s as well as the
presence of a 39 amino acid mitochondrial leader sequence in
P-450scc. Thus, gene structure and amino acid sequence
indicate that P-450c21 represents a separate family of P-450
genes, only distantly related to other members of the P-450
gene superfamily.
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