Proc. Natl. Acad. Sci. USA
Vol. 85, pp. 7104-7108, October 1988
Biochemistry

Human adrenodoxin reductase: Two mRNAs encoded by a
single gene on chromosome 17cen—q25 are expressed in

steroidogenic tissues

SHARYN B. SoLisH*, JAMES PiIcCADO-LEONARD*, YVES MOREL*, ROBERT W. KUHNT, T. K. MOHANDASE,

IsRaEL HANUKOGLUS, AND WALTER L. MILLER*T

*Department of Pediatrics and the Metabolic Research Unit, and tDepartment of Obstetrics, Gynecology and Reproductive Sciences, University of California,
San Francisco, CA 94143; ¥Division of Medical Genetics, Harbor Medical Center, University of California, Los Angeles, CA 90509; and $Department of

Hormone Research, Weizmann Institute of Science, Rehovot, 76100, Israel

Communicated by Seymour Lieberman, June 8, 1988

ABSTRACT  Adrenodoxin reductase is a mitochondrial
flavoprotein that receives electrons from NADPH, thus initi-
ating the electron-transport chain serving mitochondrial cyto-
chromes P450. We have cloned and sequenced two human
adrenodoxin reductase cDNAs that differ by the presence of six
additional codons in the middle of one clone. The sequence in
this region indicates that these six extra codons arise by
alternative splicing of the pre-mRNA. Southern blot hybrid-
ization patterns of human genomic DNA cut with four restric-
tion enzymes indicate that the human genome has only one gene
for adrenodoxin reductase. Analysis of a panel of mouse-
human somatic cell hybrids localized this gene to chromosome
17cen—>q25. The alternatively spliced mRNA containing the six
extra codons represents 10-20% of all adrenodoxin reductase
mRNA. The expression of the adrenodoxin reductase gene may
be stimulated by pituitary tropic hormones acting through
cAMP, but its response is quantitatively much less than the
responses of P450scc and adrenodoxin.

The first and rate-limiting step in the synthesis of all steroid
hormones is the conversion of cholesterol to pregnenolone by
a mitochondrial cytochrome termed P450scc. This cyto-
chrome binds cholesterol and mediates three separate reac-
tions on a single active site: 20-hydroxylation, 22-hydroxyl-
ation, and scission of the cholesterol side chain. Each of these
reactions requires a pair of electrons. The electrons are
transferred from NADPH to the flavoprotein adrenodoxin
reductase and thence to the iron-sulfur protein adrenodoxin,
which then donates them to the P450scc (1). This same
electron-transport system donates electrons to another ste-
roidogenic enzyme, P450cll (2), to renal vitamin D la-
hydroxylase (3), and to hepatic 26-hydroxylase (4). The
microsomal steroidogenic enzymes P450c17 (17a-hydroxyl-
ase/17,20-lyase) (5, 6), P450c21 (21-hydroxylase) (7, 8), and
P450aro (aromatase) (9) employ a different flavoprotein to
transfer electrons from NADPH.

Despite this intimate functional organization, the genes
encoding these three components differ greatly in structure,
location, and regulation. Human P450scc is encoded by a
single gene on chromosome 15 (10), and its mRNA readily
accumulates in human fetal adrenal cells stimulated with
cAMP or corticotropin (11, 12) or in human testicular or
ovarian granulosa cells stimulated with cAMP or gonadotro-
pins (12-14). Adrenodoxin is encoded by a single functional
gene on chromosome 11q13—qter (15) that encodes several
mRNAs differing in the lengths of their 3’ untranslated
regions (16). This mRNA also accumulates in steroidogenic
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tissues stimulated with cAMP or tropic hormones (17).
However, unlike P450scc mRNA, the half-life of adrenodox-
in mRNA appears to be regulated posttranscriptionally (16,
18). The structure of these and other steroidogenic genes and
their disease-causing lesions have been reviewed recently
19, 20).

Much less is known about adrenodoxin reductase. The
recent cloning of partial-length bovine adrenodoxin reduc-
tase CDNA (21) has now permitted us to clone the full-length
human cDNA! so that all three components of the P450scc
system may be studied. Adrenodoxin reductase is encoded
by a single gene on the long arm of chromosome 17. This gene
encodes two species of mRNA that apparently arise by
alternative processing of the primary transcript. The accu-
mulation of neither of these mRNAs is greatly stimulated by
gonadotropins or CAMP in cultured human granulosa cells.

MATERIALS AND METHODS

The human adrenal and testicular cDNA libraries (5) were
screened with the 1.6-kilobase (kb) bovine adrenodoxin
reductase cDNA fragment isolated from plasmid pAR (21) by
EcoRI cleavage and gel electrophoresis. The DNA was
labeled to >108 cpm/ug by random-primer labeling (15) and
used to screen the libraries under low-stringency conditions
[5x SCC(1x SCC = 0.15 M NaCl/0.015 M sodium citrate)/
20% (vol/vol) formamide/denatured salmon sperm DNA
(100 pg/ml)/0.1% polyvinylpyrrolidone/0.1% Ficoll/0.1%
bovine serum albumin at 37°C] as described (5). Clones
positive on duplicate screening were purified on DEAE-cel-
lulose (22) and sequenced in phage M13 vectors as described
(5, 10, 16) or by supercoiled DNA sequencing in pUC
plasmids (23). The 30-base oligodeoxynucleotide 3'-GACC-
TCCGGGAGGAAAACACGGTCTCTTGC-5' complemen-
tary to the codons for amino acids 202-211, including the
alternatively spliced region of the mRNA, was prepared on a
commercial DNA synthesizer, end-labeled by use of [y->2P]-
ATP, and used to probe the primary screening of both
libraries in 6 X SCC at 37°C as described (7).

DNA was isolated from human lymphocytes and from
mouse-human somatic cell hybrids, cleaved with restriction
endonucleases, and analyzed as described (10, 15).

Human granulosa cells were prepared and cultured with or
without hormonal stimuli (13) and used as a source of RNA
for gel-transfer hybridization analysis (11, 12).
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RESULTS

Identification of Human Adrenal and Testicular Adreno-
doxin Reductase cDNA Clones. Hybridization of the bovine
adrenodoxin reductase cDNA to our human adrenal cDNA
library yielded 49 positively hybridizing plaques. These were
pooled in groups of 3 without plaque purification, and the
DNA was cleaved with EcoRlI, electrophoresed through
agarose, and analyzed by Southern blot (24) hybridization
with the bovine probe, thus identifying the pool containing
the longest adrenodoxin reductase cDNA insert (5). These
three clones were then analyzed in the same fashion individ-
ually, and the one containing the longest insert, AhaAR-1,
was plaque-purified. Sequencing of this cDNA in phage M13
showed that it was about 1600 base pairs long, lacking about
200 bases from the 5’ end (Fig. 1). We therefore cloned the
272-base fragment from the 5’ EcoRI cloning linker to a Sma
I site and used this to screen a human testis cDNA library,
identifying 97 clones. These were screened by identifying the
one bearing the longest EcoRI-Sma I fragment that hybrid-
ized to the adrenal 272-base EcoRI-Sma 1 fragment. The
longest fragment detected was slightly less than 500 bases and
was included in a 1.8-kb cDNA. This clone, designated
AhtAR-1, appeared to be full-length and was sequenced in its
entirety by supercoil and M13 sequencing.

Sequence of Human Adrenodoxin Reductase cDNA Clones.
The nucleotide sequence and encoded amino acid sequence
of the adrenal clone AhaAR-1 corresponded very well with
the sequence of the bovine adrenal clone pAR used as the
initial probe (I.H. and T. Gutfinger, unpublished data). This
nucleotide sequence also corresponded well with a prelimi-
nary report of a full-length bovine adrenodoxin reductase
cDNA (25). The sequence of our adrenal clone AhaAR-1 was
confirmed by the sequence of the testicular clone AhtAR-1.
That testicular cDNA corresponds to the complete coding
sequence, the complete 3’ untranslated sequence, and 20
bases of the 5’ untranslated region, a total of 1829 bases
excluding the poly(A) region (Fig. 2).

The most notable feature of the AhtAR-1 sequence is the
presence of 18 additional nucleotides encoding 6 amino acids
not found in the human adrenal clone. This extra region,
encoding amino acids 204-209 in Fig. 2, contains an abun-
dance of pyrimidines and ends with CAG (encoding GIn-209).
Since pyrimidine-rich sequences ending with CAG constitute
the canonical 3’ splice donor sites of eukaryotic introns (26),
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FiG. 1. Schematic diagram of the two human adrenodoxin
reductase cDNAs. The upper diagram shows the protein-coding
regions of the clones as boxes; the open region corresponds to the
mitochondrial leader peptide, the hatched regions correspond to
mature adrenodoxin reductase, and the solid region indicates the six
additional amino acids resulting from alternative splicing of the
mRNA precursor. The 5’ and 3’ untranslated sequences are indicated
with a solid line. AhaAR, partial-length human adrenal cDNA;
AhtAR, full-length human testicular cDNA. Only the restriction
endonuclease sites mentioned in the text and used in the sequencing
strategy are shown. Bg, Bgl II; Bc, Bcl I1; Bm, BamHI; He, Hincll;
Hd, HindIlI; N, Nae I; P, PstI; R, Rsa 1; S, Sma 1. The sequencing
strategies are shown by arrows representing lengths of subclones and
direction of sequencing.
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we propose that the presence or absence of these 18 extra
nucleotides is based on the alternative use of potential 3’
donor sites during the splicing of intronic RNA in this region.

Frequency of Alternative Splicing in Human Adrenodoxin
Reductase. We sequenced one cDNA from adrenal and one
from testis and found two alternatively spliced sequences. To
determine whether this splicing might be tissue-specific, we
synthesized a 30-base oligonucleotide corresponding to the
complement of the mRNA in this region and used this to
reprobe the plaque ‘‘lifts’’ from the primary screenings of
both the adrenal and testis cDNA libraries. The adrenal
library contained 2 clones that hybridized to the 30-mer,
whereas the testicular library contained 18. Thus, both
tissues contained this alternatively spliced form of adreno-
doxin reductase mRNA.

To determine the frequency with which this alternative
splicing event occurs, we needed to know the number of
adrenodoxin reductase cDNA clones lacking this 18-base
region. Since the region is about 1150 bases from the
poly(A)-addition site, and since the libraries might contain
partial-length cDNA clones not extending to this region, we
could not compare the number hybridizing to the 30-mer to
the total number of positives initially identified with pAR.
Therefore, we reprobed the plaque lifts from the primary
screening with a 188-base-pair Rsa I-Rsa I fragment encom-
passing the 18-base region (extending from codon 160 to
codon 220, Figs. 1 and 2). This probe identified 23 adrenal
clones and 77 testicular clones. Therefore, 2 of 23 adrenal
clones (9%) and 18 of 77 testicular clones (23%) contain this
18-base region.

Number of Adrenodoxin Reductase Genes. An alternative
explanation for the presence of these two types of adreno-
doxin reductase mRNAs might be that they are encoded by
two different genes. To determine the number of adrenodoxin
reductase genes in the human genome, we digested human
leukocyte DNA with four different restriction enzymes and
probed Southern blots of this DNA with AhaAR-1 (Fig. 3).
DNA digested with Kpn I and Xba I produced single hybrid-
izing bands indicating the presence of a single gene, as
previously reported (21). Digestion with HindIII produced two
bands of 5.8 and 6.4 kb, whereas digestion with Pst I produced
four bands of 2.8, 1.8, 0.8 and 0.6 kb, thus totaling about 6 kb.
As the cDNA is about 2 kb long and contains a single HindIII
site, this hybridization pattern indicates that the single adre-
nodoxin reductase gene is fairly small, between 6 and 12 kb.

Chromosomal Location of the Human Adrenodoxin Reduc-
tase Gene. To determine the location of this unique gene, we
probed HindIll- or Pst I-digested DNA from a panel of
mouse-human somatic cell hybrids having karyotypically
determined complements of human chromosomes. Correla-
tion of the hybridization pattern and the karyotypic data
(Table 1) indicated that the human adrenodoxin reductase
gene lies on chromosome 17. We then examined additional
hybrids of human cells with partial deletions of chromosome
17, localizing the adrenodoxin reductase gene to 17cen—q25
(Fig. 4).

Hormonal Regulation of Adrenodoxin Reductase. Human
granulosa cells, if cultured in vitro for 8-12 days and then
stimulated with gonadotropins or cAMP, will accumulate
mRNAs for both P450scc and adrenodoxin (12-14, 16, 17).
Transfer blots of human granulosa cell RNA probed with
AhaAR-1, however, showed that the same protocol of culture
and hormonal stimulation has little effect on the abundance
of adrenodoxin reductase mRNA (Fig. 5). Thus, the regula-
tion of expression of the adrenodoxin reductase gene in this
tissue differs greatly from the temporal pattern of P450scc
and adrenodoxin regulation.
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1 10 20
Met Ala Ser Arg Cys Trp Arg Trp Trp Gly Trp Ser Ala Trp Pro Arg Thr Arg Leu Pro Pro Ala Gly
GGGGGTTGCTGCTCCCAGCC ATG GCT TCG CGC TGC TGG CGC TGG TGG GGC TGG TCG GCG TGG CCT CGG ACC CGG CTG CCT CCC GCC GGG

30 v 40 50
Ser Thr Pro Ser Phe Cys His His Phe Ser Thr Gln Glu Lys Thr Pro Gln Ile Cys Val Val CGly Ser Gly Pro Ala Gly Phe Tyr Thr
AGC ACC CCG AGC TTC TGC CAC CAT TTC TCC ACA CAG GAG AAG ACC CCC CAG ATC TGT GTG GTG GGC AGT GGC CCA GCT GGC TTC TAC ACG

60 70 80
Ala Gln His Leu Leu Lys His Pro Gln Ala His Val Asp Ile Tyr Glu Lys Gln Pro Val Pro Phe Gly Leu Val Arg Phe Cly Val Ala
GCC CAA CAC CTG CTA AAG CAC CCC CAG GCC CAC GTG GAC ATC TAC GAG AAA CAG CCT GTG CCC TTT GGC CTG GTG CGC TTT GGT GTG GCG

90 100 110
Pro Asp His Pro Glu Val Lys Asn Val Ile Asn Thr Phe Thr Gln Thr Ala His Ser CGly Arg Cys Ala Phe Trp Cly Asn Val Glu Val
CCT GAT CAC CCC GAG GTG AAG AAT GTC ATC AAC ACA TTT ACC CAG ACG GCC CAT TCT GGC CGC TGT GCC TTC TGG GGC AAC GTG GAG GTC

120 Arg 130 140
Gly Arg Asp Val Thr Val Pro Glu Leu Gln Glu Ala Tyr His Ala Val Val Leu Ser Tyr Gly Ala Glu Asp His Arg Ala Leu Glu Ile
GGC AGG GAC GTG ACG GTG CCG GAG CTG CAG GAG GCC TAC CAC GCT GTG GTG CTG AGC TAC GGG GCA GAG GAC CAT CGG GCC CTG GAA ATT
[+
150 160 170
Pro Gly Glu Glu Leu Pro Gly Val Cys Ser Ala Arg Ala Phe Val CGly Trp Tyr Asn Cly Leu Pro Glu Asn Gln Glu Leu Clu Pro Asp
CCT GGT GAG GAG CTG CCA GGT GTG TGC TCC GCC CGG GCC TTC GTG GGC TGG TAC AAC GGG CTT CCT GAG AAC CAG GAG CTC CAG CCA GAC

180 190 200
Leu Ser Cys Asp Thr Ala Val Ile Leu Gly Gln Gly Asn Val Ala Leu Asp Val Ala Arg Ile Leu Leu Thr Pro Pro Glu His Leu Clu
CTG AGC TGT GAC ACA GCC GTG ATT CTG GGG CAG GGG AAC GTG GCT CIG GAC GTG GCC CGC ATC CTA CTG ACC CCA CCT GAG CAC CTG GAC

210 220 230
Ala Leu Leu Leu Cys Gln Arg Thr Asp Ile Thr Lys Ala Ala Leu Gly Val Leu Arg Gln Ser Arg Val Lys Thr Val Trp Leu Val Gly
GCC CTC CTT TTG TGC CAG AGA ACG GAC ATC ACG AAG GCA GCC CTG GGT GTA CTG AGG CAG AGT CGA GTG AAG ACA GTG TGG CTA CTG GGC

240 250 260
Arg Arg Gly Pro Leu Gln Val Ala Phe Thr Ile Lys Glu Leu Arg Glu Met Ile Cln Leu Pro Gly Ala Arg Pro Ile Leu Asp Pro Val
CGG CGT GGA CCC CTG CAA GTG GCC TTC ACC ATT AAG GAG CTT CGG GAG ATG ATT CAG TTA CCG GGA GCC CGG CCC ATT TTG GAT CCT GTG

270 280 290
Asp Phe Leu Gly Leu Gln Asp Lys Ile Lys Glu Val Pro Arg Pro Arg Lys Arg Leu Thr Glu Leu Leu Leu Arg Thr Ala Thr CGlu Lys
GAT TTC TTG GGT CTC CAG GAC AAG ATC AAG GAG GTC CCC CGC CCG AGG AAG CGG CTG ACG GAA CTG CTG CTT CGA ACG GCC ACA GAG AAG

300 310 320
Pro Gly Pro Ala Glu Ala Ala Arg Gln Ala Ser Ala Ser Arg Ala Trp Cly Leu Arg Phe Phe Arg Ser Pro Gln Gln Val Leu Pro Ser
CCA GGG CCG GCG GAA GCT GCC CGC CAG GCA TCG GCC TCC CGT GCC TGG GGC CTC CGC TTT TTC CGA AGC CCC CAG CAG GTG CTG CCC TCA

330 340 350
Pro Asp Cly Arg Arg Ala Ala Gly Val Arg Leu Ala Val Thr Arg Leu Glu Gly Val Asp Glu Ala Thr Arg Ala Val Pro Thr Gly Asp
CCA GAT GGG CGG CGG GCA GCA GGT GTC CGC CTA GCA GTC ACT AGA CTG GAG GGT GTC GAT GAG GCC ACC CGT GCA GTG CCC ACC GGA GAC
A

360 370 380
Met Glu Asp Leu Pro Cys Gly Leu Val Leu Ser Ser Ile Gly Tyr Lys Ser Arg Pro Val Asp Pro Ser Val Pro Phe Asp Ser Lys Leu
ATG GAA CAC CTC CCT TGT GGG CTG GTG CTC AGC AGC ATT GGG TAT AAG AGC CGC CCT GTC GAC CCA AGC GTG CCC TTT GAC TCC AAG CTT

390 400 410
Gly Val Ile Pro Asn Val Glu Gly Arg Val Met Asp Val Pro Cly Leu Tyr Cys Ser Cly Trp Val Lys Arg Gly Pro Thr GCly Val Ile
GGG GTC ATC CCC AAT GTG GAG GGC CGG GTT ATG GAT GTG CCA GGC CTC TAC TGC AGC GGC TGG GTG AAG AGA GGA CCT ACA GGT GTC ATA

420 430 440
Ala Thr Thr Met Thr Asp Ser Phe Leu Thr CGly Gln Met Leu Leu Gln Asp Leu Lys Ala Cly Leu Leu Pro Ser Cly Pro Arg Pro Cly
GCC ACA ACC ATG ACT GAC AGC TTC CTC ACC GGC CAG ATG CTG CTG CAG GAC CTG AAG GCT GGG TTG CTC CCC TCT GGC CCC AGG CCT GGC

450 460 470
Tyr Ala Ala Ile Gln Ala Leu Leu Ser Ser Arg Gly Val Arg Pro Val Ser Phe Ser Asp Trp Clu Lys Leu Asp Ala Clu Clu Val Ala
TAC GCA GCC ATC CAG GCC CTG CTC AGC AGC CGA GGG GTC CGG CCA GTC TCT TTC TCA GAC TGG GAG AAG CTG GAT GCC GAG GAG GTG GCC

480 490 497
Arg Gly Gln CGly Thr Gly Lys Pro Arg Glu Lys Leu Val Asp Pro Gln Glu Met Leu Arg Leu Leu Gly His OP
CGG GGC CAG GGC ACG GGG AAG CCC AGG GAG AAG CTG GTG GAT CCT CAG GAG ATG CTG CGC CTC CTG GGC CAC TGA GCCCAGCCCCAGCCCCGGCCC

CCAGCAGGGAAGGGATGAGTGTTGGGAGGGGAAGCGCTGGGTCCCTCTGAGTGGGACTTTGCACCTCTGCTGATCCCGGCCGGCCCTGGCTTGGAGCGCTTGGCTGCTCTTCCAGCGTCTC
TCCTCCCTCCTGGCCAAGGCTCGCCCTTGCGCGCAAGGTTTTAGCTTTCAGCAACTGAGGTAACCTTAGGGACAGGTGGAGGTGTGGGCCGATCTAACCCCTTACCCATCTCTCTACTGCT

GGACTGTGCGAGGGTCACCAGGTTGCGAACATCCTGGAAATAAAACAGCTGCACCCAAAAAAAAAAAAAAAAAA
A
Translated Mol. Weight = 54459.32

FIG. 2. Sequence of AhtAR-1 cDNA. The downward-pointing arrowhead between amino acids 32 and 33 indicates the cleavage site of the
enzyme precursor as it traverses the mitochondrial membrane. The upward pointing arrowhead between the second and third bases of chon
65 (Val) indicates the 5’ limit of AhaAR-1 cDNA. Three nucleotide differences between AhtAR-1 and AhaAR-1 are indicated below the sequence,
a C-to-A transversion near the end of the 3’ untranslated region, a G-to-A transition in codon 327, and an A-to-G transition in codon 123, changing
Glu to Arg. The presence of this allelic variation was proven experimentally; AhtAR-1 could be cleaved with Pst I at this location but AhaAR-1
could not, since the A-to-G transition eliminates this site.

DISCUSSION doxin (15), and now, adrenodoxin reductase. Despite this

genetic simplicity, the P450scc system is differentially regu-

The cloning of human adrenodoxin reductase cDNA now lated in the adrenal by corticotropin, .acting through cAMP,
completes our genetic knowledge of the human cholesterol and angiotensin I, acting through calcium (27). Furthermore,
side-chain-cleavage system. There is only one functional kinetic studies indicate different enzymologic parameters for

gene for each of the three components, P450scc (10), adreno- various lipoidal derivatives of cholesterol (28). Thus, there
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FiG. 3. Southern blot of human genomic DNA probed with
AhaAR-1. The enzymes used to digest the DNA from one individual
are shown above the corresponding lanes. Size markers (in kb) show
positions of fragments produced by HindIIl digestion of bacterio-
phage A DNA.

appear to be multiple additional layers of control of the
cholesterol side-chain-cleavage system, in addition to tran-
scriptional control. Such variations in the behavior of a single
enzyme often reflect posttranslational modification (glyco-
sylation, phosphorylation, etc.) or the presence of small
molecules acting as competitors or facilitators. The finding of
alternative splicing of adrenodoxin reductase mRNA sug-

Proc. Natl. Acad. Sci. USA 85 (1988) 7107

FiG. 4. Southern blot of Pst I-cut genomic DNA from mouse—
human somatic cell hybrids probed with AhaAR-1. Lane 1: DNA
from cell line CF 11-4, which lacks human chromosome 17 (third cell
line from right in Table 1). Lane 2: DNA from cell line CF 80-8, which
contains human chromosome 17pter—q25. Lane 3: same as lane 2.
Lane 4: DNA from cell line CF 17-24/7, which contains the entire
long arm of chromosome 17. Lane 5: DNA from cell line CF 84-11/5,
which contains human chromosome 17 but no other human chro-
mosomes (last cell line on right in Table 1).

gests the possibility of yet another level of control of the
cholesterol side-chain-cleavage system.

Both alternatively spliced forms of adrenodoxin reductase
mRNA were found in the testis, which has only a single
steroidogenic mitochondrial P450 enzyme, P450scc. Thus, it

Table 1 Correlation of human chromosomes in hybrid cell lines and hybridization patterns
Cell line
Discordant,
2 7 21 25 20 26 4 34 27 39 3 5 37 30 116 11 35 11 no.
- — = = = — = = = = = = - - = = - = (Pst 1
Chromosome 4 4 4 4 4 8 4 5 3 8 3 4 8 7 4 4 4 5 bands)

1 L T T S T 13

2 + - - =+ -+ - S+ o+ - -+ == 11

3 T T T + + -+ o+ -+ - 8

4 + + -+ o+ o+ o+ o+ - + -+ o+ o+ -+ - 6

5 + - - + (# + - - + - - + + (# + - - - 9

6 + O+ -+ -+ o+ o+ o+ -+ (+) o+ o+ -+ - 5

7 + () + - + 4+ + + -+ + - o+ - - - 4+ - 6

8 + (#) -+ o+ o+ o+ o+ o+ o+ o+ o+ (® - - 4

9 T 17
10 S T € B S R A T 9

11 ) + - + + - - 4+ o+ - - -+ - - - - - 10
12 + (4 + + + o+ - -+ -, - - 4 (#) + - + - 7
13 S T S T S T S (5 R S S B 10
14 + + + -+ o+ o+ S . S T I S T 4

15 + - - ) + + - + + + + - - + - + - 9

16 O S & o R T R S T SR S B 14
17 + + + + + o+ o+ o+ o+ 4+ o+ o+ o+ o+ - -+ o+ 0
18 L T T S S S S S S S 9
19 L G o T S S o T S B 9
20 + 0+ o+ -+ (+) + o+ 4+ + -+ () o+ - - - 7
21 - -+ o+ o+ o+ - -+ - -+ o+ - 9
22 T S S ¢ B S S S S 10

X S T T T + - -+ o+ - - 16

Y E N € I T R T T 14

Presence of human chromosomes in mouse-human somatic cell lines is scored as follows: present in >30% of analyzed
cells, +; 10-30%, (+); 5-9%, (—); not detected, —. Number of discordances with the Pst I (or HindIII) hybridization
pattern detected on Southern blots probed with AhaAR-1 cDNA appears at right.
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F1G. 5. Transfer blot of RNA from cultured human granulosa
cells. Molecular size (kb) markers were HindIII fragments of phage
PM-2. Each lane contained 30 ug of total RNA. Control: cells
cultured 12 days without hormonal stimulus. FSH: Duplicate cells
grown 10 days without treatment and 2 days with human follicle-
stimulating hormone (100 ug/ml). hCG: Duplicate cells grown 10
days without treatment and 2 days with human choriogonadotropin
(100 pug/ml). cAMP: Duplicate cells grown 10 days without treatment
and 2 days with 8-bromo-cAMP (1 mM).

is clear that the two different forms of adrenodoxin reductase
are not specific for various mitochondrial P450s such as
P450scc and P450c11. Since the three-dimensional structure
of adrenodoxin reductase is unknown, we cannot predict
whether the alternative splicing event alters the molecule
significantly. The six additional amino acids could conceiv-
ably alter the binding of NADPH to take up electrons or the
binding of adrenodoxin to give them up. The alternatively
spliced form of adrenodoxin reductase contains an additional
cysteine residue (no. 208) that, in the reducing environment
of the mitochondrial matrix, should exist in the free sulfhy-
dryl form, thus changing the redox properties of the protein.
It will be of considerable interest to compare the redox
properties of the two forms of adrenodoxin reductase pre-
pared by bacterial expression of the cDNAs.

The regulation of adrenal steroidogenesis is complex. Two
different tropic hormones, corticotropin and angiotensin II,
act through different intracellular second messengers. Both
appear to activate cholesterol side-chain cleavage activity
acutely, possibly by phosphorylation of cholesterol esterase,
and both stimulate steroidogenesis chronically, by stimulat-
ing transcription of the P450scc and adrenodoxin genes (29).
In addition to these two mechanisms, evidence is accumu-
lating rapidly that the abundance of adrenodoxin mRNA is
regulated posttranscriptionally by changes in mRNA half-life
(16, 18). Our finding of alternative splicing of the mRNA
encoding adrenodoxin reductase suggests that yet another
class of regulation is involved in this crucial biological
system.
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