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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 P-450 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 §'
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).
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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 3?P-labeled primer and 10 ug of bovine
adrenocortical poly(A) RNA were hybridized for 2 hr at 65°C
in 10 ul of 0.3 M NaCl/5 mM EDTA/10 mM Tris*HCI, pH 8.3,
and then made to 50 ul, having final concentrations of 1 mM
(each) dNTP, 10 mM Tris (pH 8.3), 10 mM dithiothreitol, 10
mM MgCl,, 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 42°C, the reaction was stopped with 4 ul of
0.25 M EDTA.

S1 nuclease ma?ping was modified from Sudhof ez al. (6).
One picomole of 32P-labeled 27-mer was used to initiate DNA
synthesis on an M13 clone of a 412-base HincIl/Pst 1
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 25°C and then was heated to 65°C for 10 min. After
BamHI digestion, the labeled, 359-base oligonucleotide-
initiated probe was gel-purified (4). About 10* cpm of 359-
base probe and 50 ug of total RNA in 20 ul of 80% deionized
formamide/0.4 M NaCl/1 mM EDTA/40 mM Pipes, pH 6.4,
were denatured 10 min at 85°C and then hybridized 3 hr at
48°C. One hundred eighty microliters of 0.2 M NaCl, 30 mM
NaOAc (pH 5.5), 1 mM ZnSO,, 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 37°C.

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 AE11 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 AE11 was mapped and subcloned into
pUCI13 as a series of overlapping clones. These pUC13 clones
were mapped further and appropriate fragments were
subcloned into M13 for sequencing (Fig. 1). As we had no
c¢DNA 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).
*To whom reprint requests should be addressed at: Department of
Pediatrics, S-677, University of California, San Francisco, CA

94143.



4244

a

Biochemistry: Chung et al. Proc. Natl. Acad. Sci. USA 83 (1986)

-3224
-3103
-2982
-2861
-2740
-2619
-2498
-23717
-2256
-2135
-1892
-1771
-1650
-1529
-1408
-1287
-1166
-1045
- 924
- 803
- 682
- 561
- 440
- 319
- 198
1

- 68
11

+ 42
41

+ 132
68

+ 226
77

-+ 337
98

+ 437
110

- 544

140
+ 634

+ 735

150
- 856

176
- 949

182
+1064

208
<1157

216
1270

243
-1363
245
+1482
262
+158%

292
+1675

+1776
+1897
+2018
312
+2149
316
+2254
346

+2344

371
+2440

387
+2543
406
+2653
431
+2723

461
+2813

491
+2903

+3017
+3138
+3259
+3380
+3501

GGAT?CCTTTATCA?CAGTATTAC?TAACTTTCC?ACAAATCTG?ACTCATCAC?TCCCATCAT?TCTTCATCCQGATACTCAT?TCAAACAGA?CAAAAGGCC?ACTTTGGTG?TTCTTA
ATA?TCTGAGCCAQCTGCTCTTCTCCGGCTTAA?CCTCCCCACQTGCCTGCCTQGCTCTCCCC?ATTATGCCA?CACCTCTTG?ATCTTCAGG?CTAACCTACQAATTCACTC?AGACGAA
TG?CCCAACGTCQTTTTTCACC?AAACTCACC?AACTCAGCA?CCTCCCATT?ACTCATTCAQCACGAATTC?CCACCTCTCQCTCCACGCCQTCCCCTCCTQCACGTCCCCQTCTICTGT
G’ATGGTGTGA?GTCACGGAC?TCCATGCTT?TGTGGCCCC?CTGACCACT?TCCCTCCAT?TCACAACTC?GCTCCCGAC&TCACCTCTA{GTTGCACTC?GCAGCCTCA{AAGTCAAGC
QAACGCACTA?CAGTACATGQCCCTATTTGQCCCAGAAGA&ACAACATAAQACCCCCCAA?GCTGCACGCQACACAGCAT?CTTCGGCGCQTTCCATATCQTTTATCTTG?TTCGGAATTQ
CGATTTGcAgGTGCTCTAC?ACAGAGGAC?TCCAAGTAC&CGTCTCCACQACCAGGTCA?CACGTCCAC?TCACTCTCCeTTCGCAACA?AGTCCCCTC?CATTCCATG&AACTCTGAC?A
GTTCTCAC?TGGCAATTT?CTCGTCGCC?AGTGGCTAT?ACTTTCTGC?ACCAATACAQCCGCTCCAG?TTCATCCCT?CTCACCCAA?TAATTCCTA?ATCCCACAA&TAAGAGCCT?AA
CTGAAAA?CAAAAAAAA?CCTGCATCT?CAACTCCACQTCTAACATT?CCAATGCTC?AACTAAGAT?ATGTGTAAT?AAATAACTTQATATTTTTTTACAAAAGCG?TCTGACCTT?CTC
ACTCTT?CACAGCCTT?TTACCCCTA?TCTCTACAT?CCCTCCTCA?TCCCCATAA?ATCTCTCCTgAAATCTCCT?AGCATGCTC?TCGCATAAA?CCACGTACGQCAGTCAAAT?TTCA
GCTAT&CTTCTCCCA&GACAACATCTACGCCCTCA?GTCCAC ......................... approximately 200 bases .......................... CAGC
TG?CATCTTGAC?CACCCTCTC?CCTCCCACA?TCTTGCTCT?ATTAAACCT?TCACCTCAG?TCCCACACA&AGCATGCCG?ATTCCCCCA?GTCTCCGCT?AGGTCAGCT?TAACCCCT
CQCCCCACCTC?TAGCTCCCC?ACCCTCCCA?CCACTCCTG?CACCCCTCT?TACCATCCTQCTCCTACTCgTCCTAACTCQCTTCACTTG?CTCCCACAC?CTGTGACCC?ATACACACT
QCCCTGCCTA?CCCCCATCC?TCCCATTAT?ACGCAACAA?ATTGCACTC?TTTCCCATT?CCTTCTCCA%TGCACGACA?TCAAAACCA{AAACTCAAC?CGCTCACTT?TGTCCAACT?
TTACTCACC?CATGGACTC?ACCTACCAC?CTCCTCTCT?CATCGCATT?TCCACGCAA?ACTACTGCA?TCGCGTCCC&TTCCCTTCTgCCCTCTTTA?CATCACCTC?CCTTTAACT?C
TTCAACTC?CCCCTCACC?CCAACACTC?CCCCTCATA?CCCTACTTA?TCCACTCGCQCCCCACCCC?CATCGCAATQCCTCCCTGA&GAGCCCTCGQCCCCTCATC?CAOCTGTGG?TA
TCAACTT?CTTCCTCAG?ACTTTCCAA?CCATCGGCG?ATGTTTGAT?ACCCCATTA?AGCCTTTTTgTCCTGGCGC?AGACCCGTA?TCTCTCCAG?CTAACCTTGQAACCACTTC?GTC
CCCCCT?CACCTGCCA?CACAACCAC?TTCACTCCA?ACACACACGQCGGACCCGA?TTCCCTCGT?CTCCATTCG?TAACAATCCQCCTGCCAAT?AAAAAAAGG?GTTGGATCC?TCGT
CTGGGQAGATCACAT?CCGTCAACCéACCACCCCT?TCCCCCCCCéCCACTGACC?CGAGTTCTA?AGCCCATGA?CCTCAATTG?TCCAACCCCQCATGCCTGG?TCTCACAAC?TAGAC
AGTA?CCTCTGCTC?CCGCAACTTQGACAAAGCG?AGGCCATGCQAATACACGC?CACTGCACCQAACATTAATQAACAAACGA#AGAGGAGGAQCGAAGACTGQGGAAGCAGC?ATGTCT
CTA?CGCTCTTTA?TTCACAATC?CTCACTTTC?AAGCCCAACQACGTCCCTT?TACTTGCCT?CTCTCGATT?TGTGAGATA?CCCTCTATT?GTAGAACAA?TCTTACTTT?GGCTCGA
AA?TAGCTCAAG?CCCTCTCTC?TCATTGCAA?CAAAGATCC?CAGGTAGAG?TAAGAGCTC9CCCAAAACT?CGGAAACAT?TAATTCCTCQTCTTCAACT?TTGAGAATAQAAAGAGGC
AQTATTACTCA?GACACTTCGQCTATACGTA?AAACTCGGA?AACACATCC@AACCGGCAC#TGTCGTTCC?CTATCTCTAQCTTAAAAGA{AAACACACA?ATCATTCTCQTCTCATTTT
QTCCTTCAAA?GCCATCTGG?ACGGCATATTAGCCCTGCG?TGTCATTCT?CTCTCTCAG’CAAACCCGT9CCAGGAACC?CCTCCAAGG?CGTGGTGCC?CTCGCATCC?GTGGAGGTG?

GAGAGGGCTCATGGACACG?TTTCCTCAA?GCTTGACCTCACAAAACCTqATTCTCCCTCTTGAACAAGCTCAubuAAheullxublllgulxluxlulebATAGATCAQTGGGAAfAC?C
v v v v
CTGCTCTT?CATATTGGA?TTTCCAAGC?CAAGACATTgcATGCCATTQCACGAATCTﬁcTCTTTTGT?GCCGGGACA?TCCGCAAGCQCCTCACCCTQCGAGTCGAG?CAGCCTTCA?A

* * Met Val Leu Ala Gly Leu Leu Leu Leu Leu
ACACCTCAAClACCCACA?GCCTCAAGC?GTCGACACCTATAACTGGC?GCCCCCCCC?CTCTCCCTC CGTCTCCAC?C ATG CTC CT? GCA GGG CTG QTG CTG CTC C?C

Thr Leu Leu Ala Cly Ala His Leu Leu Trg Gly Arg Trp kx- Leu Arg Asn Leu His Leu Pro Pro Leu Val Pro CGly Phe Leu His Leu
ACC CTGC CTQ GCT CGC CCT GAC CTG CTA TGG GGC CG ch G CTC AG. QAC CTC CAC C?C CCA CCT CT? GTC CCC GGt ?TC CTG CAC C?G

Leu Cln Pro Asn Leu Pro Ile His Leu Leu Ser Leu Thr Gln Lys Leu clz Pro Val Tyr Arg Leu Arg Leu Cly Leu Gln G
CTG CAG CC? AAC CTC cCcCC QTC CAT CTG C?C AGC CTG AC? CAG AXA CTC QC CCT GTC TéC AGG CTT CC. CTT GGG CTC ?AA [ CTCAGG?TCTCC

lu Val Val Val Leu Asn Ser Lys Ar
CTCC?TCCTCCTCCQCAACACTCA?CAGCCTTGG?CCTCTCCTT?CCTGCTCAC?TCCTCCTTT?CCTACCACT?TCCCCCCCA? AG GTG GTGC CTG CTG AAC TC? AXG AG

Thr Ile Glu Glu Ala Met Ile Ar kxs Trp Val Asp Phe Ala GIX Arg Pro Gln Ile Pro Ser T
ACC QTT GAG GAG G?T ATG ATC AG‘ G TGG GTG qAC TTT GCC Gg ACA cCC CA? ATA CCA TCC ? CTAACCCCT?CCTTCAGCC?ACAACCACCCCTTTCG
v

Xr kxs Leu Val Ser Cln Ar an Gln Asp Ile Ser
GAA?CAGCGCACG?TCAGGCCTC?GCCTTCCTT?GTCAACTCC’CCCTCCCAC?CCCAACCCC?ACTCCCAG ? G CTG GTG ?CT CAG CG T'C CAG GA( AT? TCT

Leu Clg Asp Tyr Ser Leu Leu Trp kxs Ala His kxs LXI Leu Thr Arg Ser Ala Leu Leu Leu Gly Thr Arg Ser Ser Met Glu Pro Tr
CTG GG qAC TAC TCT C?G CTC TGG ] GCC CAC G CTC ACC Cg TCA GCC TT? CTG CTG GG QCC CGC AGC T?C ATG GAG CCC TG
v

Val A:E Cln Leu Thr Gln Glu Phe Cys Glu
GTG GA ?AG CTG ACC CQG GAG TTC T ? GAGC GTCACC?TGCACTCCC*CACTTAGCC?AGGTCACCTTCACCCTCCT?GAAGGCCCT?TATTTTTTTTTCGCTTATATTACC
' v

CAAAG?ATGTGGCAT?TAGTTCCCT?ACCAACGAT?GAACCTCCC?CCCCTGCATTACCAGGCACQGAATTCAGC?TCTCCACCA?CACCCACATQCCACGTCCC?CCCTATTTA?TTCAT

Arg Met Arg Val Gln Ala Gly Ala Pro Val Thr Ile Gln kxs Glu Phe Ser Leu Leu Thr CXI Ser Ile Ile Cys Tyr
GCTC?TTCTCTTCA? CGC ATG AG gTC CAG GCC Cg GCC ccC CT? ACC ATC CAG G GAA TTC T?T CTG CTT AC? TGC AGC ATC éTC TCT TAC

Leu Thr Phe Gly Asn Lys
CTC ACT TTT GC. AAC G GTCQAGCCTCTCTTGCCCTCCCA?ATGCCTCCCQCCCTCCCCC?ACCCCCCCCAACCCCTCCC?GATCCTCTC?TGCTTCTCCACTCAAAGGATGTC
v ‘ v 0 g

Glu Asp Thr Leu Val His Ala Phe His Asp CES Val Cln Asp Leu Met kxs Thr Trg Asp His Trp Ser Ile Cln Ile
CTTCCT?TCTGCCAC CQG GAC ACC TTQ GTA CAT GCC ?TT CAC GAC T‘T GTT CAG CA? TTG ATGC G QCC TGG GCAC CQC TGG TCC AT? CAG ATT

Leu Asp Met Val Pro Phe Leu Arg
TTG qAC ATG GTT CgT TTT CTC AG. CTGACGACC?CACCCCCGA?ATCCCTGCT?CTCGGACAAQCCGTCCGGA?GCCGAACACCCTTCCTTCC?ACCAGCTACACCTTCTTAC

Phe Phe Pro Asn Pro Cl£ Leu Trp Arg Leu kxs Cln Ala Ile Glu Asn Arg Asp His Met Val Glu Lys Gln Leu Thr Ar
?CTCTGCCCCQC TTC TTC CC? AAC CCT GG ?TC TGG AG C?C G CAG GCC ATA GAG AAC QC GAC CAC A?C GTG CAG AX? CAG CTG ACG CG
v v

His Lys
CAC AXG GTGCCAATTGT?CGTGCACCC?CCTCCTCCT9CCTTGCCAG?GCTGACCCG?ACTCCCCACQCCCAGCCACCTTCTGCGCCQTCCCTGCGCTCCTGCACCCATGGCACCCTCT
h v v v v

Glu Ser Met Val Ala Clz Gln Trp Arg Asp Met Thr Asp Tyr Met Leu Gln
AAACACTC?CCCCAACCCQGGCACTCAC?CCAGCTCGA?CTCTCCTCC?CAC GAG AGC QTC GTG GCC G? CAG TGG AC' GAT ATG ACG GAC TAC ATG CTC CAGC
v g

Gly Val Gly Arg Gln Arg Val Glu Glu Glz Pro Cly Gln Leu Leu Glu Gly His Val His Met Ser Val Val Asp Leu Phe Ile Cly Cl
CGE GT& GGG AGG CAA eC GTA GAA CQG GGC CCG CG. CAG CTC CTG GAA GGA CAC C?C CAC ATG TC? GTG GTG GAC CTT TTC ATC G z GG
v v v

Thr Glu Thr Thr Ala Ser Thr Leu Ser Trg Ala Val Ala Phe Leu Leu His His Pro Glu
ACT CAQ ACC ACC GCG ¢CC ACC CTC T?C TGG GCT GT? GCG TTC CTA ?TT CAC CAC C?C GAG GTATGGCCTGCAGCAGGCAAACCGATCCTTCCTCCCACCCT
v v v

GCCCAGCGTCGCCC?AACCTAGCT?ACTGCTCGC9ATGCACCCT?TGTTGTGGG?TGTAGCACT?GGTGGATCA?TCGCGTTTCCCTGGGTTCTTCTACTCGGCACATAGTTTCATGTGAG
O v 0 " .

TTC?TCCAGGCAA?CGTGCAAGT?TGCGCTTCC9TAGTCGCTCQCATGCTAAA?CATCTGCCT?TAATGCACGQGACCTACCTTCGACCCCTGGCTGCGAAAGATCCCCTGAAGAAGAGAA
g v v v
TG?CAACCCATT9TAGTACTCT?GCCTCGCGAQTTCCATCGA?ACAGCAGTC?CGAGGGTTA?AGTCCATCA?TTTGCAAACQGTCGCACATGACTGAGTCACTGACTCACACACACACAC

v v v

Ile Cln A A
A?ACACACACA?ACACACACA?ACACATATA?ATAGACACA?ACATCCTCC&GGTTCGCAC?TGGGGGCTG?CCACTGACACCATTGGGCCTCCATTTCCCAG AT; CAE CE CE
v v v v

Leu Gln Glu Glu Leu Asp Arg Glu Leu Gly Pro Gly Ala Ser Cys Ser Arg Val Thr Tyr L A
CTT CAG QAG GAG TTGC Cég CGC CAG CT? GGC ccC GG. QCC TCA TGC TCC CGA GTC ACT TXC AXE G:
v v

Ala Thr Ile Ala Glu Val Leu Arg Leu Arg Pro Val Val P L A
ALa ot QTC oea Sau C?C Lo ch a a ro Leu Ala Leu Pro His Arg Thr Thr

Arg Ala Arg Leu Pro Leu Leu Asn
gc GCT CGi C?C CCT CTG CT? AAC

Arg Pro Ser Se
CT? CGG CCG GTC QTC CCC CTC G?C TTG CCT CA? CGC ACC ACG gc CCT AGC AG GTGACTTCGGAGGCCTAGCGC
v v

r Ile Phe Cly Tyr Asp Ile P Glu Gly M v V.
QATGAACGCC?AAGCCCCCAGCCGCTCGCG?CCCTCTAACTTAACCCTAA?CCTCAG C ATC TTC GG TXC GAE ATE CE; GAE GG A;é C;é G;% 1%3 ZEE ::2
v v v O v .

Leu Gln Cly Ala His Leu Asp Glu Thr Val Trp Glu GCln Pro His Glu Phe Arg Pro A
CTC CAA Gq GCC CAC CT? GAC GAG AC ?TC TGG GAG C#C CCG CAC GA? TTC CGG CCC 90TGTGTGGC?CGCGGGTGCCCGCGATCGGTCC
v .

éég Phe Leu Glu Pro Gly Ala Asn Pro Ser Ala Leu Ala Phe Ala Arg Val Cys Leu Gly Glu

sp Cly Cys Gl
TTCCGCC?GCCCGCAG A? TTC CTG ?AG CCG GG C?C AAC ccC AC? GCG CTG GCA TTT GG TEC GGG GCG cGC GTG TEC CTG GGC GAG
v v . v

Ser Leu Ala Arg Leu Glu Leu Phe Val Val Leu Leu Arg Leu Leu Cln Ala Phe Thr Leu Leu Pro P P Val Cly Ala L.
TCG CTC C?G CGC CTG CA? CTC TTC GTC ?TC CTC CTGC C? CTG CTG CA? GCC TTC ACG CTG CTG CCG CEE Cég G;G GG CCE C;g EEE gEE
v v v .

Leu Cln Pro Asp Pro Tyr Cys Gly Val Asn Leu Lys Val Gln Pro Phe Cln Val Arg Leu Gln P
CTG CAG C?G GAT CCC TX? TEC GGT GTC QAC CTC AX e G cce

Glu Ser Ala Ser Ala Gln OP
GAG AGC GCC AGT GCC CAG TGA TGGGGGAGGAGTGGGTGGGAGGACTCGGCCAGTCACGTCCCTCCGTGTCTCCTTTTATTGCTCCCGTACAAACCCTTCGCCCTCCCCCCTCTAA

ACA{uuLuLLuAuQGAALuLbbufuuAGAAuub*1LCCCTGCT?GCTTGATCCTCAAGCTGCC?CCTCCCTCT?CTCTCCGCC?AACCCCTCA?TGCTCGCCA?TCATGGTGG?GCGCTGG
AC?GCTGAGCCG?CGCTCAGCC?CCCCTGCCCQGGCGCCGGTecCTTCTTCc?CTCAGCTTCQTTTCCCTGAQCGGCACTGA?AAATCGAAC?CCTTCCAGTQCTACCAGCT?ACTCCCTC
G?AAGGGGGTT?TTGCGAGACQCTATTAGAC?TTCAGCTCC?ACCTGCCCTgCCCTCTGCGQGATCGTTCCQGAAATCAACQACCCATTCT?CCTGACTCC?CTTTTCCTT?TAAACCCTC
QACTGCAAAG?ACTCAAGCA?AATCCTGAGQCGTCCCTTTéCATCCAATAAATCATCTCC?CCTCAAG ATQACTTGCTCA?ATTGACATTQTTCCATTTCQCAGGCOAGA?CCCTGAAGC?
CTGAGCCAT?CAGTAACTTQTCACACTGT9TATCACAGAQACCCAGGCA?CTGCACCCC?AAGCACCCC?AGCT

Arg Cly Val GClu Ala Cly Ala Tr
(e} G?C CAG CCT TT? CAG GTG CGG CTG CAG CCC CGG GGG GTG GAG GCC ccz GCC TG
v .

FiG. 1. (Figure continues on opposite page.)
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F16.1. (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, Hincll; K, Kpn I; Ps, Pst I; Pv,
Pvu 11; Sa, Sal I; Sm, Sma I; Ss, Sst I; Su, Sau3A; X, Xba 1. 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 AE11 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
P-450 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); 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-450¢ 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
P;-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 of leader 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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F1G. 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
Hincll/Pst 1 fragment. Lanes 3-8, S1 nuclease protection of the
32p.Jabeled 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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Proc. Natl. Acad. Sci. USA 83 (1986)

Fi1G. 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 of gaps were done manually as
described (40). Asterisks in the sequences
indicate the locations of intervening se-
quences; dashes indicate gaps.

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-

rPa50c [1] |

bP450c21| 1

rP450b

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 one 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’ GG%CAATCT 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/Hincll 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

F1G.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. Thé 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 ghe 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 of bovine 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 of these exon domains suggests that
a precursor to these genes was divided into at least 12 exons.
Based upon similar analysis of dioxin-inducible mouse P-450
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 P-450s as well as the
presence of a 39 amino acid mitochondrial leader sequence in
P-450scc. Thus, gene structure and amiino 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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