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Steroid 170-hydroxylase/C17,20 lyase: cDNA and genomic cloning,
structure/function analysis and hormonal regulation

Steroid hormones are synthesized from cholesterol through a
complex pathway involving relatively few enzymes. This
biochemical economy is achieved because most of the enzymes
possess multiple substrate specificities and multiple enzymatic
activities. The microsomal enzyme P450c.17 mediates 170
hydroxylase and C17,20 lyase activities, using either pregnenolone or
progesterone as the initial substrate. The relative penetrance of
these activities varies in different steroidogenic tissues. Thus, the
enzymatic profile of P450c17 differs in the adrenal and gonads. We
speculated that tissue-specific isozymes might account for this
difference. However, cloning adrenal and testicular cDNAs and S1
nuclease protection analysis indicated that a single gene expresses
identical mRNA products in both tissues. We characterized the
functional human P450c.17 gene. Its intron/exon structure is
remarkably similar to the gene encoding microsomal P450c21 (21
hydroxylase), but is not similar to genes encoding mitochondrial
steroidogenic enzymes. This preferential similarity is reflected at the
amino acid level, but is exceptionally striking with regard to
secondary structure. The region of greatest similarity between
P450c.17 and P450c21 also has significant homology with sequences
in steroid hormone receptors and steroid-binding proteins,
suggesting it functions as a steroid-binding site.

We analyzed cell-specific and hormonal regulation of the human
P450c.17 gene by transfecting P450c.17/CAT reporter plasmids into
steroidogenic cell lines. The region between -640 and -240 (relative
to the cap site) appeared to be important for transcriptional
inhibition by glucocorticoids, while the proximal 99 bp of 5'-flanking
DNA was sufficient to permit camP-responsive and cell-specific
expression.

We also focused on the electron transport components of
mitochondrial steroidogenesis, adrenodoxin and adrenodoxin
reductase. Cloning of adrenal adrenodoxin cDNAs revealed that
multiple adrenodoxin mRNAs arise from the use of multiple
polyadenylation signals. Adrenodoxin mRNA levels were
significantly stimulated by cAMP, an effect augmented by
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cycloheximide. Thus, a rapidly turning over factor may regulate
adrenodoxin mRNA levels by decreasing its stability.
Adrenodoxin reductase, on the other hand, may be regulated by
alternate splicing. Two forms of adrenodoxin reductase are peresent
in adrenal and testis, arising from the use of alternate 3'-splice
acceptor sites that determine the presence or absence of 6 residues
in the protein.
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INTRODUCTION

Steroid hormones are ubiquitous physiologic regulators that function

by modulating gene expression. Several categories of steroid

hormones are produced in mammalian adrenals, gonads and placenta

by a complex pathway involving several unique cytochrome P450

enzymes (DNA 6:439, fig. 1) (for reviews, see Miller and Levine,

1987; Miller, 1988). Mineralocorticoids promote retention of

intracellular and extracellular sodium, primarily through action on

the renal tubules and collecting duct. Glucocorticoids stimulate

carbohydrate mobilization in response to various stimuli, and have

many other effects as well. Estrogens induce female secondary

sexual characteristics and promote follicular development and the

preovulatory surge of luteinizing hormone. Progestins are essential

for the maintenance of the corpus luteum, preparation of the

endometrium for implantation and maintenance of pregnancy.

Androgens induce male secondary sexual characteristics and

spermatogenesis. These classes of steroid hormones are structurally

similar and achieve functional specificity through their interaction

with one or more steroid hormone receptors. Hormone/receptor

complexes transcriptionally regulate genes by binding to specified

cis-elements and interacting with other transcription factors in ways

that are just now beginning to be understood.

All steroid hormones are synthesized from cholesterol or its esters.

Steroidogenic tissues may synthesize cholesterol de novo from

acetate (Hechter et al., 1953), but human steroidogenic cells derive



most of their cholesterol from plasma low density lipoproteins (LDL)

(Brown et al., 1979). Rat steroidogenic tissues receive cholesterol

primarily from high density lipoprotein (Andersen and Dietschy,

1978; Gwynne and Strauss, 1982). LDL cholesterol esters enter the

cell by receptor-mediated endocytosis (Brown et al., 1979), after

which they may be stored in lipid droplets or converted to free

cholesterol for use in steroid hormone synthesis. One means by

which tropic hormones stimulate steroidogenesis is through

stimulation of cholesterol esterase, thereby increasing the

availability of free cholesterol.

CYTOCHROME P450

Most of the enzymes involved in the transformation of cholesterol to

steroid hormones are members of the cytochrome P450 group of

oxidases (Nebert and Gonzalez, 1987). A small number of

cytochromes P450 function in steroid hormone synthesis,

hydroxylation of vitamin D, and prostaglandin synthesis, while most
mediate hepatic metabolism of xenobiotics. P450 enzymes are all

heme-containing enzymes that reduce atmospheric O2 with electrons

from NADPH according to the reaction:

P450

NADPH + H+ + O2 + RH → ROH + H2O + NADP+



The electrons from NADPH are passed to the P450 via one or more

electron transfer intermediates, depending on its subcellular location.

Mitochondrial P450 enzymes are located in the inner membrane,

facing the matrix. Electrons from NADPH are accepted by a

flavoprotein, termed adrenodoxin reductase (or ferredoxin

reductase), that is loosely associated with the inner membrane

(Omura et al., 1965). Adrenodoxin reductase transfers the electrons

to an iron-sulfur protein, termed adrenodoxin (or ferredoxin), found
in solution within the matrix. Adrenodoxin then shuttles the

electrons to the P450. Adrenodoxin forms a 1:1 complex with

adrenodoxin reductase, then dissociates, then subsequently forms a

1:1 complex with P450scc or P450c11, thus functioning as an

indiscriminate diffusable electron shuttle mechanism (Lambeth et al.,

1979; Lambeth and Pember, 1983). The selectivity of the reaction(s)

performed appears to be mediated by the presence of substrate on

the P450 moiety, as P450scc complexed with cholesterol binds

(charged) adrenodoxin more avidly than does P450scc lacking

substrate (Lambeth and Pember, 1983).

Cattle apparently have two forms of adrenodoxin differing in their

amino termini, as indicated by some variant cDNA fragments

(Okamura et al., 1987). This may be due to an exon-switching event,

such as is seen with calcitonin and calcitonin gene-related peptide

(Evans et al., 1982). The human adrenodoxin gene contains an

upstream "exon" homologous to the variant bovine cDNAs, but

canonical splice donor sequences are not present at the borders of

the homologous region (B. Chung, personal communication). Thus



alternate first exons may be employed in cattle, but such an event is

not likely to occur in humans.

Microsomal P450 enzymes employ a somewhat different electron

transfer strategy. Electrons from NADPH are passed to a membrane

bound flavoprotein termed P450 reductase , which is different from

mitochondrial adrenodoxin reductase. P450 reductase then transfers

the electrons one at a time to the P450 (Oprian and Coon, 1982). The

second electron may alternately be donated by cytochrome b5

(Tamburini and Gibson, 1983). Microsomal P450s apparently possess

one or two transmembrane regions at the extreme N-terminus, with

most of the protein oriented in the cytoplasm (Nelson and Strobel,

1988).

The functional hallmarks of P450 enzymes are multiple substrate

specificity and multiple enzymatic activities. This permits about 200

species of P450 enzymes to mediate the metabolism of thousands of

xenobiotics and hormone intermediates (Nebert and Gonzalez, 1987;

Black and Coon, 1987). This is clearly demonstrated in adrenal

steroidogenesis (DNA 6:439, fig. 1). For instance, the first and rate

limiting step in the synthesis of all steroid hormones is the

conversion of cholesterol to pregnenolone by mitochondrial P450scc.
This conversion involves three distinct chemical reactions (200

hydroxylation, 22 hydroxylation and cleavage of the bond between

carbon atoms 20 and 22), all on a single active site (Duque et al,

1978). Furthermore, P450c11, also found in mitochondria, mediates

11-hydroxylase, 18-hydroxylase and 18-methyl oxidase activities,



and the first of these utilizes either 11-deoxycorticosterone or 11

deoxycortisol as substrate. P450c.17, located in the endoplasmic

reticulum, mediates both 170-hydroxylase and 17,20 lyase activities,

and either pregnenolone or progesterone can be used as the initial

substrate. Microsomal P450c21 mediates 21-hydroxylation of both

glucocorticoids and mineralocorticoids.

P450C 17

P450c.17 is a crucial enzyme in steroidogenesis because the relative

expression of its activities determines the functional quality of the

steroidal product. If neither activity is present in the human

adrenal, mineralocorticoids (aldosterone) are formed; if only 170

hydroxylation occurs, the glucocorticoid cortisol is formed; if both

activities occur, precursors to sex steroids are formed. These

activities can be distinguished genetically, for example in patients
with 17,20 lyase deficiency but normal 170-hydroxylase activity.

Moreover, they can be regulated independently, as in the

prepubertal suppression of 17,20 lyase and its induction during

adrenarche. Hence, they were traditionally regarded as separate

enzymes. However, purification of P450c17 from porcine testis

(Nakajin and Hall, 1981; Nakajin et al., 1981), porcine adrenal

(Nakajin et al., 1983) and ginea pig adrenal (Kominami et al., 1982)

and reconstitution of enzymatic activity (Nakajin et al., 1981; Nakajin

et al., 1984) clearly showed that both activities reside in a single

protein. This was established unequivocally by expressing a bovine



cDNA in nonsteroidogenic COS cells, which conferred upon them both

170-hydroxylase and 17,20 lyase activities (Zuber et al., 1986b).

Interestingly purified pig adrenal and testicular P450c.17 appeared

to differ slightly in their N-terminal sequences, amino acid

composition and molecular weight (Nakajin et al., 1984). Thus, there

may be tissue-specific isozymes of P450c.17 in the pig. While this is
consistent with the observed differences in relative 170

hydroxylase/17,20 lyase activities in these tissues, the ratio of these

activities becomes increasingly similar at each step of the

purification process (Nakajin et al., 1984). Thus, post-translational

modifications or interactions may direct these tissue-specific
functional differences. It remained unclear whether or not adrenal

and testicular P450c.17 are the same.

Expression of P450c.17 is regulated hormonally, developmentally and

in a tissue-specific manner (Miller, 1988). Human P450c.17 mRNA is

found in the adenal cortex, testis, and ovarian thecal cells, but not in

ovarian granulosa cells or placenta (Voutilainen et al., 1986;

Voutilainen and Miller, 1986). P450c.17 mRNA is abundant in the

human fetal testis early in gestation, when testosterone production is

high, then diminishes greatly by midgestation; by contrast, little

mRNA is found in the human fetal ovaries at the same gestational
ages (Voutilainen and Miller, 1986). P450c.17 mRNA accumulates in

human fetal adrenal cells in response to cAMP (DiBlasio et al., 1987).

This is presumably a transcriptional effect, since cAMP-stimulated

transcription of several genes for steroidogenic enzymes has been



observed in bovine adrenocortical cells (John et al., 1986).

Luteinizing hormone stimulates the accumulation of P450c17 protein

in cultured mouse leydig cells, also in a cAMP-dependent fashion

(Anakwe and Payne, 1987).

P450c.17 expression is also regulated by steroid hormones. In

cultured rat leydig cells, small increases in pulsatile LH stimulation

induce steroidogenic enzymes (Catt et al., 1979), but sustained

stimulation elicits a number of responses, all of which serve to

inhibit androgen formation (Tsuruhara et al., 1977). This includes an

estrogen-mediated inhibition of P450c.17 activities (Nozu et al,

1981a), that requires the synthesis of a specific 27 kDa protein.

Estrogen reduces P450c.17 mRNA levels by 70% in cultured fetal rat

leydig cells (Nishihara et al., 1988).

Estrogen may also negatively regulate P450c.17 activities in the

ovary (Erickson et al., 1985; Richards et al., 1987). Luteinizing

hormone dramatically reduces P450c.17 mRNA levels in thecal cells

from luteinizing follicles in rat ovaries (Hedin et al., 1987), possibly

the result of increased estrogen levels within mature follicles

(Magoffin and Erickson, 1982). It is not known whether the effects

of estrogen on P450c.17 are mediated pre- or post-transcriptionally.

Glucocorticoid excess is known to disturb testicular function in man,

including testosterone synthesis (McKenna et al., 1979). This is at

least partly due to a direct effect on testicular steroidogenesis
(Bambino and Hsueh, 1981), resulting from decreased 170



hydroxylase activity (Welsh et al., 1982). Since glucocorticoids such
as cortisol do not competitively inhibit P450c.17 (Couch et al., 1986),

it is possible that they are acting at the transcriptional level.

Androgens may also regulate P450c.17, as camp-induced de novo

synthesis of P450c17 protein is inhibited by testosterone (acting

through the androgen receptor) in cultured mouse leydig cells (Hales

et al., 1987).

In my thesis work, I have employed a molecular approach to address

regulatory and structure/function aspects of human P450c17. To

this end I have set out to accomplish the following specific aims.

1) Isolate and sequence human adrenal and testicular P450c.17

cDNAs. This permits a comparison of primary structure and

predicted secondary structures with other steroidogenic and

nonsteroidogenic P450 enzymes. In concert with other known data,

we can then begin to deduce the structural aspects of P450c.17 that

may confer certain functional properties on this protein. cDNA

isolation also permits us to address unequivocally the issue of tissue

specific P450c.17 isozymes. Finally, the availability of P450c17 cDNA

allows us to assess regulatory aspects of P450c.17 at the level of

mRNA accumulation. 2) Isolate and sequence the human gene(s) for

P450c17. In conjunction with other P450 gene sequences, this

permits analysis of the evolution of the genes for the P450

superfamily. Perhaps most importantly, it allows direct analysis of



the regulation of P450c.17 at the transcriptional level. 3) Determine

regions within the P450c17 gene that direct its tissue-specific and

hormonally regulated expression.

I have also been interested in molecular aspects of mitochondrial

steroidogenesis. Others in our lab have cloned P450scc cDNA (Chung

et al., 1986a) in order to study its regulation in steroidogenic tissues.

However, a complete understanding of the regulation of cholesterol

side-chain cleavage requires knowledge of all components of this

system. For this purpose I have set out to accomplish these specific

aims: 1) Isolate and sequence adrenodoxin and adrenodoxin

reductase cDNAs. 2) Assess the regulated expression of adrenodoxin

and adrenodoxin reductase mRNAs in steroidogenic tissues, and

compare this with the expression of P450scc. What does the

(non)coordinated regulation of these components have to say about

the overall regulation of cholesterol side-chain cleavage?

Thus, the thesis is divided into two parts, in addition to an appendix.

The appendix contains reprints of the publications in which the data

appear, plus figures of any unpublished data referred to in the text.

Whenever data are cited, the reader will be referred to the relevant

publication and figure number (e.g. DNA 6:439, fig. 1). If the data

are unpublished, this will be so indicated, along with its assigned

figure number (e.g. unpublished, fig. 1).
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METHODS

ification P4 NA cl

In collaboration with John Shively and Peter Hall, purified porcine

adrenal P450c.17 (Nakajin et al., 1983) was S-carboxymethylated,

digested with trypsin or S. aureas V8 protease, and sequenced to

near completion (83%). One proteolytic fragment contained a

sequence similar to the presumptive heme-binding region of all

sequenced cytochromes P450 (Black and Coon, 1987). This sequence
was used to deduce potential DNA coding sequences and synthesize

the 128-fold degenerate probe 17-base probe 3'-AC(C/G)CAXCXCT

(A/T)TAC(T/A)A-5' by phosphoramidate chemistry. The probe was

end-labeled with [Y-32P]dATP and used to screen a porcine adrenal

cDNA library in pBR327.

The human adrenal cDNA library, cloned in Agt 10, has been

described (Matteson et al., 1986); the human testis cDNA library was

from Clontech (Palo Alto, CA). A 350-bp porcine adrenal P450c.17

cDNA, corresponding to the extreme 3' end of the mRNA, was nick

translated (>108 cpm/ug) and used to screen the human adrenal

cDNA library under conditions of low stringency: 5X SSC (1X SSC =

0.15M NaCl, 0.015M sodium citrate pH7), 20% (v/v) formamide, 100

Hg/ml denatured salmon sperm DNA, 0.2% polyvinylpyrrolidone,

0.2% ficoll, 0.2% bovine serum albumin at 37°C. High stringency

screening was done at 42°C. in the same solution containing 50%

(v/v) formamide. Cloned cDNA was cleaved from Agt!0 or Agt 11,
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cloned into puC18, and appropriate fragments were subcloned into

M13mp11, mp.18, or mpl9 for dideoxy sequencing (Biggin et al.,

1983).

Identificati 4

A human genomic DNA library (Lawn et al., 1978) was propagated in

E. Coli DP50 and plated on NZYDT agar at 4x104 pfu/15 cm plate.
Plaque screening was done under conditions of high stringency as

above, using isolated, 32P-labeled full-length human P450c17 cDNA

from Ahac17–3 (see Results). Plaque-purified phage DNA was

prepared by DEAE-cellulose chromatography (Helms et al., 1985) and

mapped by restriction endonuclease cleavage, Southern blotting, and

probing with 32P-labeled cDNA by standard methods as described
(Chung et al., 1985). Genomic DNA fragments hybridizing to cDNA

were subcloned into puC18 or puC19. Dideoxy sequencing was done

on supercoiled DNA (Chen and Seeburg, 1985), or after subcloning

DNA fragments into M13 mp 18 or mpl9 as described above.

S1 nuclease mapping

S1 nuclease mapping was done as described (Chung et al., 1986). For

comparison of the 5’- and 3'-ends of adrenal and testis mRNA, M13

probes were synthesized. The 498-base 5'-probe contains the first

461 bp of the full-length adrenal cDNA (Ahac17-3) plus 27 bp of M13

and 10 bp of the Eco RI linker used in cloning. The 377-base 3'-

probe contains the terminal 297 bp of Ahac17-3 plus the 10 bp Eco

RI linker and 70 bp of M13 to the Pvu II site at base 6356 of M13.

1 2



For determination of the cap site, the 27 base oligonucleotide 3'-

CGGACGGCCGTGGGTCGGTGGTACACC-5' was synthesized and used to

prime the transcription of a 175-base 32P-labeled probe. The
template was an M13 clone of the 175-base Sst I fragment of the

P450XVIIAI gene corresponding to nucleotides -104 to +70. The

same oligonucleotide was used to initiate dideoxy sequencing from

the above M13 clone. Thus, the cap site could be determined by

direct comparison of the protected fragment to the sequencing
ladder.

Il mber and ch 1 ion

We prepared DNA from lymphocytes (Matteson et al., 1986) and from

a panel of mouse/human somatic cell lines (Yen et al., 1984;

Mohandas et al., 1986). At least 30 G-banded metaphases from each

of the mouse/human somatic cell lines were analyzed karyotypically
at the time the cells were harvested for DNA extraction. DNA

samples were digested with restriction endonucleases, displayed by

electrophoresis and transferred to nitrocellulose. A 650-bp human

adrenal P450c17 cDNA, corresponding to the 3'-end of the mRNA,

was nick-translated (>108 cpm/ug) and used to probe the transfer

blots under conditions of high or low stringency, as described above.

Sequence analysis

Alignment of the human P450c.17 and P450c:21 amino acid

sequences was done by the published method of Miller et al (1981).

Hydropathy analysis was done by the method of Kyte and Doolittle

(1982) and conformational predictions were made by the method of

1 3



Chou and Fasman (1978), both using programs prepared by Hugo

Martinez (University of California, San Francisco).

Identification of other proteins with sequences similar to P450c.17

was done by searching two databases: (1) the Protein Sequence

Database (PSD) of the Protein Identification Resource (National

Biomedical Research Foundation, Washington, D.C.), Release 15.0

(Barker et al., 1987), and (2) a minidatabase we assembled from

perusing the literature; this contained 53 sequences in a

multisequence file, including those for all steroidogenic enzymes,

steroid hormone receptors and steroid-binding proteins available in

the PSD. We also manually entered all sequences of these types of

proteins available in the literature through May 31, 1988, but not

found in the PSD. In addition to the sequences shown in figures 1

and 2 (Mol Endocrinol 2:1145), the minidatabase included 31

nonhuman P450 and 4 human non-P450 proteins that bind or

metabolize steroids or cholesterol esters. The databases were

searched using an algorithm developed by Lipman and Pearson

(1985) that gives high scores to conservative amino acid

replacements (homologies) as well as to amino acid identities. The

databases were searched with 1) the 508 amino acid sequence of

human P450c17, 2) residues 346-366 of human P450c17, and 3) a

simplified version of the steroid-binding consensus site (see Results)

LXLLXXXXXEXLRLXPV, where X can be any amino acid. Sequences

detected by these searches were then aligned manually.

14



Plasmids used for transfection of cell lines

RSV-CAT and RSV-3gal were gifts from Synthia Mellon (San

Francisco, CA). pHM17-5.9 contains 2518 bp of 5'-flanking DNA and

2822 bp of P450c17 genomic DNA, through the middle of the third

intron, cloned in the Eco RI site of puC18. pUC13CAT, containing the

coding region of the bacterial enzyme chloramphenicol

acetyltransferase and the eukaryotic poly(A) addition signal of SV40

T antigen, was a gift from Brian West (San Francisco, CA). The

plasmid p17-2518/CAT was made as follows. pHM17-5.9 was

digested with Sma I and Nae I (partial) and religated to produce

pNSm-1, which contains 2518 bp of 5'-flanking DNA and 41 bp of 5'-

untranslated DNA. The 1650 bp Bam HI/B gl II fragment containing

the entire puC13CAT insert was then cloned into the Bam HI site of

pNSm-1, placing it 3' to the P450c17 sequence and yielding pl?-

2518/CAT. The plasmids p17-670/CAT, p.17-230/CAT and p17

107/CAT (where the characteristic number indicates the extent of 5'-

flanking DNA) were made by using convenient restriction enzyme

sites to delete various amounts of flanking DNA from pl?-2518/CAT.

The plasmid pa 17-2518/CAT was made as follows. The 150-bp Hind

II/Eco RI fragment of puC13CAT, containing the SV40 poly(A)

addition signal, was cloned into Nde I (blunted)/Eco RI-digested

pNSm-1, placing 5' to the P450c.17 flanking DNA. The 1650 bp Bam

HI/Bgl II fragment containing the puC13CAT insert was then cloned

into the Bam HI site of the resulting plasmid, yielding pa 17

2518/CAT. The plasmids pal 7-770/CAT, pal 7-230/CAT and pal 7
107/CAT were made by using convenient restriction sites, as above.

15



The plasmid pa-CAT was made by cloning the 150 bp Hind II/Eco RI

fragment of puC13CAT into Nde I (blunted)/Eco RI-digested puC18,

then inserting the 1650 bp Bam HI/B gl II fragment of puC13CAT

into the Bam HI site of the resulting plasmid.

Cell lines

MA-10 cells were grown in Waymouth's medium containing 15%

horse serum (heat inactivated), 25 mM HEPES buffer, and 40pg/ml

gentamycin. Y-1 cells, kindly provided by Bernard Schimmer

(Toronto, Canada), were grown in 50% Ham's F-12/50% DME H-16

medium containing 15% horse serum (heat inactivated), 2.5% fetal

calf serum, and 40 pig■ ml gentamycin. L cells and JEG-3 cells, both

from the UCSF cell culture facility, were grown in Dulbecco's modified

Eagle's medium (DME H21) containing 10% fetal calf serum and

40 pg/ml gentamycin. In all cases, cells were fed every 2-3 days and

passaged approximately every 7 days.

Transient assays

Tranfection was by the method of calcium phosphate precipitation

(Gorman et al., 1982). Cells (106/100 mm plate) were overlayed with
10 pig of CAT plasmid plus 2 pig of RSV-3gal, incubated for 16 hr, then

shocked with 15% glycerol for 3 minutes (2 minutes for JEG-3 cells).

Cells were treated with 10-7M dexamethasone or 1 mM 8-Br-cAMP

for various lengths of time and harvested 36 hours after glycerol

shock. Cells were harvested in 5 ml of cold PBS, centrifuged , and
resuspended in 100ml 0.25M Tris pH 7.6. Cell lysates were prepared

by 3 cycles of freeze/thaw followed by centrifugation at 4°C. Lysate

1 6



volumes containing equivalent 3-galactosidase activity were assayed

for CAT activity by incubation with 1.0 puCi [14C]chloramphenicol and

0.2m M acetyl-CoA in 150mM Tris pH 7.6 for 2 hr at 37°C. (45

minutes for JEG-3 cells, 5 hours for L cells). CAT activity was

analyzed by thin-layer chromatography as described (Gorman et al,

1982).

1 7



RESULTS

ificati 1 P450C1 A

Approximately one million plaques from our human adrenal cDNA

library were screened with the porcine P450c.17 cDNA fragment,

identifying about 300 positive clones. Two were chosen at random,

subcloned and sequenced. One clone contained 650 bp, the other

contained 950 bp. Both had identical restriction maps and sequences

in their corresponding regions, including the entire 3'-untranslated

region of both clones. The 5'-end of the longer clone was subcloned

and used to reprobe the library, yielding about 150 positives. 64 of

these were picked and grown in pools of 8 without phage

purification, cleaved with Eco RI, electrophoresed and examined by

Southern blotting. The clones from the pool containing the largest

observed hybridizing band were then analyzed individually. The

longest clone, Ahac17-3, was sequenced by the strategy shown in

figure 2 (PNAS 84:407). The cDNA contains 1754 bp plus the Eco RI

linkers used in constructing the library. The cDNA encodes 41 bp of

5'-untranslated sequence, the 508 amino acid protein, the complete

171 bp 3'-untranslated region, and part of the poly(A) tail (PNAS

84:407, fig. 1). The predicted molecular weight of human P450c.17 is

57,379.82.

ri f Il icular P4

The report of tissue-specific P450c.17 isozymes in the pig describes

very minor differences in the amino acid sequence and composition
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of these two forms (Nakajin et al., 1984). To determine if similar

P450c.17 mRNAs are found in the human adrenal and testis, we used

stringent conditions to probe an RNA gel blot of human adrenal and
testicular RNA with the adrenal P450c17 cDNA clone. Bands of

similar size and intensity are seen in both tissues (PNAS 84:407, fig.

3), suggesting that the RNA from each tissue is very similar.

To determine if human adrenal and testicular P450c.17 are identical,

the 950-bp adrenal P450c.17 cDNA was used to screen a human

testicular cDNA library under high stringency conditions. Three

clones were identified out of 150,000 screened, and one was

sequenced, showing it contained 1303 bp encoding amino acid 100

through the 76th base of the 3'-untranslated region (PNAS 84:407,

fig. 2). All 1303 bp in the testicular clone are identical to the

corresponding bases in the adrenal clone. Rescreening the same

plaque lifts under low stringency conditions did not identify

additional hybridizing clones.

To examine the homology between human adrenal and testicular

P450c.17 mRNAs in the regions not found in the testicular cDNA, we

performed S1 nuclease protection experiments. A 5'-fragment of the

adrenal cDNAencoding the first 461 bases and a 3'-fragment

encompassing the last 297 bases of the cDNA were labeled and used

as probes. Both human adrenal and testis RNA protect identical

fragments of both probes from digestion with S1 (PNAS 84:407, fig.
4). Thus the uncloned regions of the testicular cDNA are

indistinguishable from the adrenal cDNA.
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To investigate the evolutionary and structure/function relationships

among human steroidogenic cytochromes P450, we first compared

their amino acid sequences. The microsomal proteins P450c.17 and

P450c:21 are most similar to each other (28.9%), while the

mitochondrial proteins P450scc (Chung et al., 1986b) and P450c.11

(Chua et al., 1987) likewise exhibit greatest similarity with each other

(40.1%). Only 36 amino acids (6.9%) are identical in P450scc,

P450c.17 and P450c21, the three human proteins for which the

entire sequence is available (PNAS 84:407, fig. 5). Somewhat

surprisingly, the region of greatest similarity between P450c.17 and

P450c21 is not the heme-binding site at residues 433-453 (13/21),

but lies within residues 346-366 (17-21). While some regions of the

P450c.17 and P450c21 proteins are very similar, the overall identity

of 28.9% is relatively low. To determine if regions having very

different primary structures (sequences) nevertheless possess

similar secondary conformations, we analyzed the sequences for

human P450c.17, P450c21 and P450scc by the procedure of Chou and

Fasman (1978). There is considerable similarity in the array of
regions predicted to form o-helices or 3-sheets in P450c.17 and

P450c:21; by contrast, P450scc has a very different array of

predicted secondary conformations when compared to the

microsomal P450s (DNA 6:439, fig. 6). Despite the differences, all

four have an helical structure in the region of the presumed

substrate-binding site (near residue #350) and also immediately C
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terminal to the thiolate cysteine of the heme-binding site near
residue #450.

Hydropathy analysis (Kite and Doolittle, 1982) is entirely consistent

with this predicted secondary structure. P450c.17 and P450c21 have

similar hydropathy profiles, characterized by five hydrophilic peaks

near residues 170, 220, 300, 370 and 440. The pattern for P450scc

is only vaguely similar, having three less pronounced carboxy

terminal hydrophilic regions but lacking the first two hydrophilic

peaks (DNA 6:439, fig. 7). Furthermore, the presumptive steroid

substrate-binding site of P450c17 (around residue 350; see below)

lies within a deeply hydrophobic cleft, while the heme-binding site is

in a hydrophilic peak, consistent with their functional roles.

ni
-

h 4 Il

Approximately 1.5 x 106 phage clones were screened, identifying six
that hybridized to the Ahac17-3 cDNA. The plaque purified clones

were characterized by restriction endonuclease mapping and

hybridization to fragments of the cDNA. The pattern of hybridizing

fragments indicated that two overlapping phage clones contained the

entire human P450c.17 gene. Positively hybridizing fragments from

phage DNA cleaved with Eco RI, Sst I, and Hind III were cloned into

pUC18 for more detailed mapping and various fragments were

subcloned into M13 for dideoxy sequencing. The coding regions are

divided into 8 exons, spanning 6.6 kb (DNA 6:439, fig. 2). The

sequence of the exons agrees perfectly with the adrenal and

testicular cDNA sequences; the lack of even a single base change
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indicates that the cloned DNA represents the transcriptionally active

gene expressed in both the adrenal and testis. 9200 bp of DNA was

sequenced, including 2518 bp of the 5'-flanking region (1778 bp of

5'-flanking DNA are shown in DNA 6:439, fig. 3). All exons and

introns were sequenced on both strands.

Four classes of characteristic sequences were found in this gene.

Regions highly homologous to a complete Alu repeat are found in the

first, fourth and sixth introns. Another region similar to the 3'-half of

an Alu repeat is found at bases -453 to -381 of the 5'-flanking region

(DNA 6:439, fig. 3). Second, the 5'-flanking DNA contains four highly

similar copies of a 50- to 55-base sequence arranged tandemly,

ending in TGTGATCTTTGTTGGA (DNA 6:439, fig. 3). This sequence

closely resembles the TGTACACTTTGT sequence potentially involved

in glucocorticoid regulation of the rat tyrosine hydroxylase gene

(Lewis et al., 1987) and generally resembles the consensus

glucocorticoid regulatory element GGTACANNNTGTTCT (Jantzen et al,

1987). Similar sequences are also found farther upstream in the 5'-

flanking DNA and in the third intron (DNA 6:439, fig. 5). Third, the

sequence TGGAGTCA, similar to the TGACGTCA consensus sequence

imparting cAMP regulability to genes (Montminy et al., 1986), is

found at bases -251 to -244. Finally, the sequences GGCTGGGC (-100

to -93) and CACAAGGC (-76 to -69) closely match the consensus

AP-2 motif, also implicated in cAMP regulation (Roesler et al., 1988).
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Location of the cap site

No canonical TATAA or CAAT sequences were identified by

inspection of the 5' flanking region, so the location of the cap site was

not clearly apparent. To identify the cap site(s), we did S1 nuclease

protection experiments. Human adrenal and testicular mRNA protect

identical fragments of a single-stranded probe corresponding to the

172-bp Sst I fragment spanning the 5'-flanking region past the ATG

initiation codon (DNA 6:439, fig. 4). The fragment actually does not

correspond to the G residue indicated by the closed arrowhead in

figure 3 (DNA 6:439), but rather a T residue located four bases 3' to

the G residue. The sequence TTTAAA, located 23–28 bases upstream

from the cap site, closely resembles the TATAA box associated with

most eukaryotic promoters. Moreover, this motif is identical to the

promoters for several cAMP inducible genes, including those

encoding rat tyrosine hydroxylase (Lewis et al., 1987), human

intestinal alkaline phosphatase (Henthorn et al., 1988) and rat

somatostatin (Montminy et al., 1984). The GGAGAATCT sequence at

bases -88 to -80 resembles the consensus CAAT box sequence

GG(C/T)CAATCT fairly well. Thus, we propose that these two regions

serve the principle promoter functions for this gene.

mparison h Il P4 nd P450C21

Alignment of the human P450c17 and P450c:21 amino acid

sequences reveals discrete regions of higher and lower homology

(see above). The location of introns along these sequences reveals

two striking observations. First, the intron/exon organization of the

genes for P450c.17 and P450c21 (Chung et al., 1986; Higashi et al,

2 3



1986) is highly similar. Of the seven introns in P450c17, five

interrupt the sequence at precisely the same location as P450c21

introns, while the other two introns are displaced only 7 and 29

bases relative to their homologs in P450c21. Thus, the structure of

the P450c17 gene is virtually identical to that of the P450c21 genes,

except that the first and fourth introns in P450c21 are not found in

P450c.17 (DNA 6:439, fig. 5). Second, the boundaries of discrete

regions of amino acid homology generally correlate well with the

location of intron/exon boundaries. The two regions of highest

similarity, corresponding to amino acids 346-366 and 434-454 in

P450c.17, fall clearly within exons 6 and 8, respectively. Conversely,

the N-terminal half of these genes, where amino acid similarity is

lowest, exhibits less conservation of intron location and number.

ificati In SCII roid-bindi In

The function of the most homologous region in P450c.17 and P450c21

(residues 346-366 in P450c17) is unknown. One possibility is a role

in the binding of steroid hormone substrates, since both of these

P450 enzymes metabolize progesterone. Furthermore, the

corresponding regions of rat liver P450c and P450d are within the

portion of those enzymes that determine substrate specificity (Sakaki
et al., 1987).

We initially searched the NBRF protein sequence database (see

Methods) with the entire P450c.17 amino acid sequence and found no

significant homologies with non-P450 proteins. However, low overall

homology may mask small regions of significant similarity.
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Furthermore, many of the recently published sequences for P450

enzymes, binding proteins and hormone receptors were not yet

included in the NBRF protein sequence database. Therefore, we

constructed a minidatabase containing these additional sequences.

We then searched both databases with only the presumptive steroid

binding site of P450c17 (residues 346-366). All steroidogenic

enzymes have a strikingly conserved amino acid sequence in the

region (Mol Endocrinol 2:1145, fig. 1). Similar sequences are found in

all other P450 enzymes, including hepatic P450s. This region, often

termed the "Ozols peptide," has previously been described as a highly

conserved feature of P450 enzymes, but its function has remained

unknown (Ozols et al., 1981; Black and Coon, 1987).

Others have suggested a different region for steroid-binding in

bovine mitochondrial P450scc and P450c11, corresponding to

residues 210 to 211 in P450s.cc (Morohashi et al., 1987). However,

microsomal steroidogenic P450s exhibit no exceptional homology in

this region (Morohashi et al., 1987). To determine whether steroid

hormone receptors and binding proteins contained sequences similar

to this region, we searched both databases with this sequence

(residues 210 to 221 in P450scc). With the exception of the reported

homology between P450scc and P450c11, we found low homology

with other steroidogenic P450s and no homology with steroid

hormone receptors and binding proteins.

One concern in searching databases with a small portion of a
sequence is that other similarities may be missed. To address this
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issue, we searched both databases with the amino acids encoded by

exon 6 of P450c.17 (residues 324 to 379), which contains the 21

amino acid presumptive binding site. This search detected all of the

sequences shown in figure 1 (Mol Endocrinol 2:1145). Since exon 6 is

of average size for the P450c.17 gene, we searched the databases

with each of its other exons. Except for exon 8, which contains the

heme-binding site, no other exons detected significant similarity with

other proteins in either database.

In addition to the observed similarity with other steroidogenic

P450s, amino acids 346-366 of P450c.17 also identified regions of

significant homology in the sequences for the human glucocorticoid

receptor, mineralocorticoid receptor, progesterone receptor, estrogen

receptor, androgen receptor and sex steroid-binding globulin (Mol

Endocrinol 2:1145, fig. 1). Although the amino acid identity in this

region of these proteins was less than that among the steroidogenic

enzymes, the homology remained great, as most of the amino acid

replacements were highly conservative. From these alignments, we

propose the sequence L(P/L)LL+000(K/R)(D/E)0L(K/R)L+PV for a

consensus steroid-binding site. In this designation, + refers to any

charged amino acid, and 0 refers to any uncharged amino acid.

Among the 11 proteins compared, this 17 residue sequence totals

187 potential loci. Of these 187, 147 fit our consensus sequence.

The consensus sequence was derived only from human sequences so

that no sequence would be represented more than once. However,

the human consensus sequence fits the available nonhuman

26



sequences extremely well. The 13 available sequences (Mol

Endocrinol 2:1145, fig. 2) correspond closely with the available

human sequences (Mol Endocrinol 2:1145, fig. 1). The overall fit for

the nonhuman sequences is 178 of 221 loci (80.5%). Among these

nonhuman sequences, only those for P450c.17 fit the consensus less

well than the corresponding human sequences. Even the avian

progesterone and estrogen receptors, from a species diverging from

the human lineage over 400 million years ago, fit the consensus

sequence as well as the corresponding human receptors do. These

observations strongly support the proposal that the shape of the

steroids, which obviously do not change with evolution, limit and

dictate the sequence of amino acids in the steroid-binding region.

While the 21 amino acid presumptive steroid-binding site of

P450c.17 was highly successful in its search of the databases, some

steroid-binding proteins were not detected. Human steroid sulfatase

(Yen et al., 1987), cholesterol ester transfer protein (Drayna et al,

1987), lecithin-cholesterol acyltransferase (McLean et al., 1986) and

corticosteroid binding protein (Hammond et al., 1987) have no

regions of similarity to P450c.17 or the consensus steroid-binding
motif.

Human P450c.17 gene copy number

To determine the number of P450c17 genes in the human genome,

we prepared a Southern blot of genomic DNA from one person,

cleaved with eight restriction endonucleases. We first probed this

blot with a 650 base adrenal cDNA under low stringency conditions
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(see Methods). At least two hybridizing bands were observed in

each digest (JCEM 66:789, fig. 1), suggesting the human genome has

two (or more) P450c17 genes.

It is formally possible that the observed complex pattern is due to

the presence of two distinctly different alleles of a single gene.

Therefore we examined Pvu II-digested DNA from eight persons of

widely differing ethnic backgrounds. Low stringency hybridization

to a blot of these DNAs revealed an identical pattern in all eight

individuals (not shown), indicating that the haploid human genome

almost certainly contains at least two P450c.17 genes.

When the blot in figure 1 (JCEM 63:789) was reprobed under high

stringency conditions, only one band was seen in each lane (not

shown). Thus the two-plus genes are significantly different in the

region hybridizing to our probe.

T 1
-

i In for P450c.1

To determine the chromosomal location of the gene encoding human

adrenal and testicular P450c17, we probed a Southern blot of Eco RI

cleaved genomic DNA from a panel of mouse/human somatic cell

hybrids. The pattern of hybridizing bands under high stringency

conditions permitted an unambiguous assignment of the functional

gene for human P450c17 to chromosome 10 (JCEM 63:789, fig. 2).

When the blot was reprobed under low stringency conditions,

background hybridization to mouse DNA was too great to permit

chromosomal localization of the other P450c17-like gene(s).
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ll- ific an In One T -
ments in the P450c1 In

To identify regions in the P450c.17 gene conferring its cell-specific

and cAMP-inducible expression, we transfected various steroidogenic

cell lines with P450c.17/CAT fusion genes containing 2518, 640, 230,

107 or 0 bp of 5'-flanking DNA from the human P450c.17 gene.

Mouse Leydig MA-10 cells transfected with 10 pig of 2518-CAT, 640

CAT, 230-CAT or 107-CAT all exhibited significant CAT activity,

which was stimulated 3-5 fold when cells were incubated for 12 hr

with 1 mM 8-Br-cAMP (unpublished, fig. 1). 0-CAT also allowed the

expression of significant CAT activity, which was unresponsive to

cAMP. pKSV-CAT, containing the ubiquitously functional promoter

from the long terminal repeat of Rous Sarcoma Virus, drove the

expression of abundant CAT activity, which also was unresponsive to

cAMP (unpublished, fig. 1). Thus, 107 bp of 5'-flanking DNA is

sufficient for cAMP-responsiveness in MA-10 cells.

Our results in MA-10 cells are summarized in figure 2 (unpublished).

Autoradiographs were scanned by laser densitometry, basal CAT

activity in p17-2518/CAT-transfected cells was set to 1, and all other

values are expressed relative to this. Values represent the averaged

results of at least two experiments done in duplicate. In cells

transfected with any construct except puC13CAT, cAMP induced at

least a 3-fold increase in CAT activity, as was seen in figure 1

(unpublished). Also, basal activity increased significantly upon

deletion of the region from -640 to -230, resing about 4-fold. Also,

note that the basal activity in 0-CAT transfected cells is similar to
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those transfected with -2518/CAT or -640/CAT. Hence, it is

impossible to determine from these results the location of elements

conferring cell-specificity, since additional, spuriously active

elements apparently reside in the vector.

Exposure of transfected MA-10 cells to 1plM dexamethasone for 24 hr

results in a greater than 50% decrease in CAT activity when 2518

CAT or 640-CAT is used, but not when 230-CAT or 107-CAT are used

(unpublished, fig. 2). Dexamethasone slightly stimulates activity in

0-CAT-transfected cells; thus the small increase seen with 107-CAT

may result from actions on elements in the vector, underscoring the

complications that arise from high "background" activity.

We also transfected these constructs into mouse adrenocortical Y-1

cells. As with MA-10 cells, cAMP treatment increased CAT activity

in all P450c17 fusion constructs, although to a lesser degree (1.7- to

2.3-fold) (unpublished, fig. 3). Again, cells transfected with 0-CAT

have significant basal activity which is unresponsive to cAMP.

Dexamethasone treatment in Y-1 cells imparted a 60-80% decrease in

CAT activity in 2518-CAT- or 640/CAT-transfected cells, but not in

cells transfected with the other constructs (unpublished, fig. 3).

In similar experiments with human trophoblastic JEG-3 cells,

RSV/CAT-transfected cells have abundant CAT activity, indicating

that the cells take up plasmid effectively and can drive transcription

from episomal DNA (not shown). However, cells transfected with any

of the P450c 17-containing constructs have no basal or cAMP
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stimulated activity (not shown). These data are consistent with the

absence of P450c.17 activity or mRNA in human placenta

(Voutilainen et al., 1986; Voutilainen and Miller, 1986).

In order to reduce spurious activity from elements in the vector, we

placed the poly(A) addition signal from SV40 large T antigen

upstream of the 5'-flanking DNA of P450c.17 in our constructs. Thus,

transcripts arising from within the puC sequence will be cleaved for

polyadenylation in their 5'-noncoding region, resulting in a loss of

the 5' cap. Uncapped mRNAs undergo rapid degradation and

therefore are poorly translated. Essentially the same constructs were

made, except that A-770-CAT replaced 640-CAT (where the "A"

indicates the inclusion of the poly(A) signal).

Surprisingly, transfected MA-10 cells displayed a pattern of basal

and cAMP-stimulated CAT activity that differed markedly from that

for the "poly(A)-" plasmids. Basal activity was highest for A

2518/CAT, diminishing progressively upon further deletion of 5'-

flanking DNA; A-107/CAT exhibited extremely low CAT activity.

Cells transfected with A-0/CAT had no basal activity. Moreover,

none of these constructs displayed cAMP responsiveness in MA-10

cells, in contrast with the "poly(A)-" constructs, and in contrast with
in vivo observations.

DISCUSSION
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Adrenal and testicular P450c.17

Studies of P450c.17 enzymology, amino acid composition and N

terminal amino acid sequences suggested that pigs have two similar

but distinct tissue-specific isozymes of P450c.17. While our data

show that humans have at least two P450c17-like genes, one of these

genes is clearly expressed in both the adrenal and testis. Testicular

steroidogenic leydig cells and adrenocortical cells share a common

embryologic origin (Dahl and Bahn, 1962) and adrenal "rest" cells are

often found in the testis (Dahl and Bahn, 1962; Wilkins et al., 1940).

Thus, the expression of the "adrenal" form of P450c.17 in the testis is

not surprising and does not rule out the possibility of a second

P450XVII gene encoding a testis-specific isozyme. Although it is

possible that one of the additional genes detected by low-stringency

hybridization to Southern blots may encode another isozyme of

P450c.17, no additional testicular clones were identified under these

conditions. The equivalent size and intensities of the bands of the

"adrenal" probe protected from S1 digestion by adrenal and

testicular RNA indicate that this is a major, if not the only, form of
P450c17 mRNA in the human testis. The function of the other

P450c17-like gene(s), if any, is unknown. They may encode an

ovary-specific isozyme of P450c.17; encode a structurally related, but

functionally distinct, protein; or be pseudogenes.

rison of roi nic P4 ZVII]
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The sequence identity between the human and available porcine

amino acid sequences is 66.7% (282/423). The human and bovine

(Zuber et al., 1986) sequences share 70.5% identity (358/508). The

corresponding bovine and porcine sequences are 74.2% identical. In

general, the amino acid differences are scattered throughout the

sequences, but two observations merit comment. First, the region

between amino acids 160 and 268 contains 50 differences in the

human and bovine sequences (53.7% identity), while 47 of the 80

known residues in the corresponding porcine sequence differ from

the human sequence (41.3% identity). Thus, residues 160-268 are a

hypervariable region in the P450c17 sequence. Although the

function of this region is not known, it is unlikely to be related to the

170-hydroxylase and 17,20 lyase activities common to the P450c.17

of all three species.

P450c.17 bears much more amino acid similarity to P450c21 (28.9%)

than to either P450s.cc (12.3%) or P450c11 (13.2%). Interestingly,

there are discrete regions of higher and lower homology. For

instance, when residues 160-268 in P450c.17 are compared to their

corresponding regions in other steroidogenic enzymes, far less

homology is found. The P450c.17 and P450c21 sequences match in

only 23 positions (13.6%) in this region. A recent comparison of 34

P450 enzymes (Nelson and Strobel, 1988) revealed that this is the

most hypervariable region in all P450 amino acid sequences

examined to date. This suggests that this region may dictate

substrate specificity in P450 enzymes. In support of this, the region
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encompassed by residues 180-386 in rat liver P450c and P450d

determines their functional specificity (Sakaki et al., 1987).

re/f
-

ionships: h indi

There are two regions of exceptional amino acid similarity between
P450c.17 and P450c21. Amino acids 433-453 in P450c.17 are 61.9%

(13/21) identcal to the corresponding region in P450c21. This

represents the heme-binding region that is highly conserved in all

cytochromes P450. A number of studies in the 1960s and 1970s

suggested that the proximal coordination site of the heme iron was

ligated to a thiolate sulfur atom, provided by a cysteine residue in

the apoenzyme (see Black and Coon, 1987). This has been confirmed

recently by X-ray cryastallographic studies on bacterial P450cam

(Poulus et al., 1985). The only cysteine residue conserved in all

sequenced P450 enzymes corresponds to Cys-442 in human

P450c.17; furthermore the region surrounding this residue is

universally conserved in P450 enzymes (Black and Coon, 1987;

Nelson and Strobel, 1988); thus it is highly likely that residues 433

453 in human P450c.17 are intimately involved in heme binding, and

that the thiolate cysteine residue at position 442 occupies the

proximal coordination site of the heme iron.

The second and most striking region of similarity between P450c.17

and P450c21 corresponds to residues 346-366 in P450c17, where 17

of 21 amino acids are identical. As figures 1 and 2 (Mol Endocrinol

2:1145) indicate, this exceptional homology extends to: 1) other
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steroidogenic enzymes; 2) the progesterone, glucocorticoid,

mineralocorticoid, estrogen and androgen receptors; and 3) sex

steroid binding globulin. Since steroidogenic enzymes, hormone

receptors and serum hormone binding proteins bind steroids of
similar structure and are otherwise dissimilar in their amino acid

sequences and functions, this localized sequence similarity suggests

that these regions form an intimate part of the steroid-binding site.

Nearly identical homologies are found across species as divergent as

man and chicken, strongly supporting this hypothesis.

A number of observations concerning the functional domains of

steroid hormone receptors also support our hypothesis. Deletion

analysis (Hollenberg et al., 1987; Danielsen et al., 1987) and linker

insertion analysis (Giguere et al., 1986) of the domain structure for

the glucocorticoid receptor indicate that a large (>200 amino acids)

domain at the carboxy-terminus is essential for hormone binding.

The receptor sequence homologous to the steroid-binding consensus

lies well within this region. Similar analyses with the chicken

progesterone receptor (Gronemeyer et al., 1987; Carlson et al., 1987)

and the human and chicken estrogen receptors (Maxwell et al., 1987;

Green and Chambon, 1987) have localized their hormone-binding

domains to broad C-terminal regions, which also contain the

sequences identified by our search.

Cross-linking studies with derivatized steroids identify amino acids

622, 656 and 754 of the rat glucocorticoid receptor as interacting
with the steroid (Simons et al., 1987; Carlstedt-Duke et al., 1988). The
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consensus-like region in the rat is residues 683-706, in the middle of

the larger domain defined by these cross-linking studies. This

suggests, not surprisingly, that sequences outside our consensus are

also involved in steroid binding. Thus, several elements within the

large steroid-binding domain may participate directly in binding

hormone, by interacting with different regions of the steroid.

Indirect evidence suggests that the steroid-binding consensus may

ineract with the A ring of steroids. Lecithin-cholesterol

acyltransferase, cholesterol ester transfer protein, and steroid

sulfatase lack regions similar to our consensus sequence. All these

proteins interact with steroids bearing modified A rings. Moreover,

P450aro, the only steroidogenic P450 that acts on the A ring, has the

poorest similarity to the consensus sequence. Thus the consensus

region of steroid-modifying proteins may function by anchoring the

A ring. Enzymes that modify the A ring should be less conserved in

this region, as shown by P450aro.

Mapping the functional regions in steroidogenic enzymes has not

been reported. However, the amino acid sequences of rat liver P450c

and P450d that correspond to our putative steroid-binding motif lie

within the regions of those proteins that bind substrate (Sakaki et al,

1987). P450 enzymes appear to have evolved from a common

ancestral gene (Nebert and Gonzalez, 1987), and all have their heme

binding domains located near the carboxy-terminus (see above).

Therefore, their substrate-binding domains may also occupy

analogous positions. The region we suggest as a substrate-binding
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motif in steroidogenic P450 enzymes contains considerable homology

among a wide variety of P450 enzymes (Ozols et al., 1981; Black and

Coon, 1987). Black and Coon (1987) suggested that this region

participates in P450 interaction with the flavoprotein during electron

transfer. However, mitochondrial and microsomal steroidogenic

enzymes employ different flavoproteins of negligible sequence

similarity during electron transfer, and yet display remarkable

homology in this region. The finding of similar sequences in steroid

hormone receptors and binding proteins, neither of which receive

electrons like P450 enzymes, instead strongly suggests that the

region is involved in binding substrate. We therefore propose that

the region of steroidogenic enzymes corresponding to our consensus,

including residues 346-366 in P450c17, participates in substrate

binding, possibly by anchoring the steroidal intermediate at the A

ring.

T re/functi lationships: r

The nonrandom conservation of homology between P450c17 and

P450c21 suggests that there is greater selective pressure to maintain

amino acid similarity in certain regions (such as those above), while

others are subject to relatively little selection beyond that needed to
maintain secondary structures such as o.-helices and B-sheets. This

hypothesis is consistent with computer-generated predictions of the

secondary structures of these proteins. The regions of P450c.17 and

P450c21 predicted to contain o-helical or 3-pleated regions are very

similar, while the profile for P450scc differs markedly (DNA 6:439,

fig. 6). The same is true for the hydropathy profiles of these proteins
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(DNA 6:439, fig. 7). This remarkable similarity between P450c.17

and P450c21 at the level of secondary structure, in spite of their low

overall amino acid similarity, suggests that most of the regions of

these proteins may serve as a scaffolding for the domains that bind

heme and substrate in the appropriate orientation to each other. The

heme- and substrate-binding domains, on the other hand, exhibit

sequence conservation because of their direct involvement in P450
function.

P4 nd P450c2

The hypervariable region in the alignment of P450c.17 and P450c21

(residues 160-268 in P450c.17) corresponds closely to the boundaries

of exons 4, 5, and 6 of the P450XXI gene (Chung et al., 1986a; Higashi

et al., 1986; White et al., 1986). By contrast, the amino acid sequence

encoded by exon 8 of the P450XXI gene is 50.8% homologous to the

corresponding region of the P450c17 cDNA. Thus we initially

speculated that the P450XVII gene would be structurally unique

compared to other P450 genes, but that some exons might closely

resemble corresponding P450XXI exons. As figure 5 (DNA 6:439)

shows, the last five exons have precisely identical intron/exon

junctions. Furthermore, the introns that separate exons 1-3 in

P450c.17 are displaced only a few nucleotides from the

corresponding introns in P450c21. Thus the conservation of

secondary structure in these two proteins is reflected in their gene

structure. Furthermore, certain features of secondary structure are

discretely contained within exons. For example, exon 5 in P450c.17

clearly contains the hydrophilic region characterized by a peak at
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about residue 300; exon 6 contains the hydrophobic peak at about

residue 330 and the broad hydrophilic peak ranging from amino

acids 350-390; exon 7 contains the hydrophobic trough at about

residue 400; and exon 8 contains the hydrophilic peak at residue

440. Exon 3 in P450c.17 contains two hydrophilic peaks at about

residues 180 and 215, separated by a sharp "valley"; in P450c21, this

region is encoded by exons 4 and 5, with the intron interrupting the

coding sequence precisely at the location of the "valley". Also, the

presumptive steroid-binding and heme-binding sites lie well within

the boundaries of exons 6 and 8, respectively, in P450c17. These

observations suggest that P450c.17 and P450c21 contain very similar

structural and functional domains that are discretely contained

within exons.

voluti 4

The diverse array of cytochrome P450 enzymes are encoded by a

superfamily of genes that has recently been divided into nine

distinct eukaryotic families and one prokaryotic family, based on

amino acid homologies (Nebert et al., 1987). To date, genes

representative of four of these families have been sequenced. The

genes encoding rat 3-methylcholanthrene-inducible P450c

(P450IA1) and P450d (P450IA2) are typical of genes in family I,

having seven exons with exon 2 encoding about half the protein

(Sogawa et al., 1984; Sogawa et al., 1985). The genes encoding rat

phenobarbital-inducible P450b (P450IIB1) and P450e (P450IIB2)

are typical of genes in family II, having nine exons of very similar

sizes (Suwa et al., 1985; Mizukami et al., 1983). These bear little
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resemblance to the structure of genes encoding P450c21 (P450XXI),

which have 10 exons of various sizes (Chung et al., 1986a; Higashi et

al, 1986). The gene encoding P450s.cc apparently belongs to family

XI and has 9 exons whose organization differs widely from genes in

families I, II, and XXI (Morohashi et al., 1987). Thus, these four

families of P450 genes have characteristic and essentially unrelated

intron-exon organizations. While the low degree of amino acid

homology between P450c.17 and P450c21 (28.9%) dictates that the

P450XVII gene corresponds to a fifth family (Nebert et al., 1987),

their remarkably similar gene structures indicate that these two

families are more closely related to each other than to other P450

families. Therefore, the divergence between the genes encoding

P450c.17 and P450c21 probably substantially postdated the

divergence of these genes from those of hepatic families I and II.

Interestingly, the amino acid similarity between P450c.17 and

hepatic P450c (27.9%) does not differ significantly from the

similarity between P450c.17 and P450c21. This observation

underscores the unreliability of amino acid sequence identities alone

as indicators of evolutionary relationships between proteins.

- 1 1 In

P450c.17 is regulated primarily by tissue-specific tropic hormones,

apparently acting via cAMP to increase gene transcription (Miller,

1988). Human fetal adrenals have abundant P450c17 mRNA under

ACTH regulation via cAMP (DiBlasio et al., 1987). The primary

glucocoricoid in the rat is the 17-deoxysteroid corticosterone; the rat

adrenal has no detectable P450c17 (Voutilainen et al., 1986; Mellon
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and Vaisse, 1988). In the testis steroidogenesis is restricted to

Leydig cells. Luteininzing hormone and cAMP stimulate synthesis of

P450c17 protein and mRNA in primary cultures of fetal rat Leydig

cells (Nishihara et al., 1988). Human fetal testis also have abundant

P450c.17 mRNA under gonadotropin control via cAMP (Voutilainen

and Miller, 1988). In rats, continued exposure to gonadotropins

leads to greatly diminished steroidogenesis, a phenomenon termed

desensitization (Hsueh et al., 1977; Tsuruhara et al., 1977). This

appears to be due to a selective loss of P450c.17 activity via an

estradiol-mediated mechanism (Nozu et al., 1981a; Nozu et al., 1981b).

Having isolated the gene encoding human P450c17, we have

approached the issues of hormonal regulation and tissue-specificity

of P450c17 gene transcription directly. Transfection of mouse MA

10 Leydig tumor cells or mouse Y-1 adrenocortical cells with

P450c.17/CAT fusion plasmids clearly suggests that 107 bp of 5'-

flanking DNA of the human P450XVII gene is sufficient to confer

cAMP responsiveness on bacterial CAT. Interestingly, loss of the

CRE-like sequence at bases -251 to -244 is not correlated with loss of

cAMP-mediated induction of transcription. Perhaps this is to be

expected, as the motif beginning at base -251 (TGGAGTCA) lacks the

sequence CGTCA, which apparently constitutes the minimal required

sequence for CRE function (Marc Montminy, personal

communication). By contrast, the AP-2-like elements beginning at
bases -100 and -76 are retained in p17-107/CAT, which is caMP

responsive. Thus, based on these data, we suggest that nuclear factor
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AP-2 may be responsible for cAMP induction of P450XVII

transcription in MA-10 and Y-1 cells.

Figure 4 (unpublished) shows the location of CRE- and AP-2-like

sequences in four steroidogenic P450 genes. The CRE and AP-2

sequences in P450c21 and P450c.11 lie within regions of those genes

known to be important for their transcriptional function (Parker et

al, 1986; Mouw et al., 1989). The AP-2 and CRE sites in these two

genes are only about 10 bases apart. The furthest upstream. CRE and

AP-2 sites in P450s.cc are also about 10 bases apart; the "CRE" at

about base -60 in P450c.17 matches the consensus only at 5 of 8

positions, but is does contain an intact half-site and is about 10 bases

from the nearest AP-2 sequence. Since the periodicity of the helical

turn in DNA is about 10 bases/turn, these sites are "in phase"; the

possibility that the transcription factors recognizing AP-2 and CRE

may interact with each other is very intriguing. However, definitive

assignment of the cis-elements through which camP acts will require

more detailed analysis of the nearby 5'-flanking DNA.

The ability of dexamethasone to inhibit CAT activity in p17

640/CAT-transfected cells but not in p17-230/CAT-transfected cells

suggests that a glucocorticoid inhibitory element lies between bases -

640 and -230 in the human P450c17 gene. Thus, the GRE-like

elements in the tandem repeats beginning at about -1 kb do not

appear to be necessary for glucocorticoid inhibition. However, these

data do not rule the possibility that they may be sufficient to do so

also. Only by transfecting cells with plasmids that contain these
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repeats and lack the region from -640 to -230 can this issue of

sufficiency be resolved.

Dexamethasone inhibition of P450c.17 gene transcription is consistent

with observed suppression of testicular androgen biosynthesis in

vitro (Bambino and Hsueh, 1981). Testosterone production is

decreased 50-60%, apparently due to decreased 170-hydroxylase

activity. CAT activity was similarly inhibited in p17-2518/CAT- and

p17-640/CAT-transfected MA-10 cells. Thus it is likely that the

compromised testicular activity seen in Cushing's disease (McKenna

et al., 1979) is due in large part to glucocorticoid-mediated inhibition

of P450c.17 gene transcription.

The inability of the P450c.17 constructs to produce CAT activity in

JEG-3 cells suggests that the expression seen in mouse leydig MA-10

cells and mouse adrenal Y-1 cells is conferred by cell-specific

transcription factors. These factors may recognize sequences within

the nearest 107 bp of 5'-flanking DNA; however, establishing the

transcription initiation site(s) of the transfected genes will be

necessary to clarify this issue. Also, it is noteworthy that, unlike in

humans, the mouse adrenal normally does not express P450c17.

There are a number of explanations as to why the P450c17/CAT

plasmids are active in Y-1 cells. For example, P450c17 expression

may be specifically repressed in the mouse adrenal, and our

constructs lack the repressor element; the transformation process

may have turned on the expression of a factor required for P450c.17

expression; or there may be differences in the flanking sequences of
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the human and mouse genes that permit the human gene, but not the

mouse gene, to be recognized and transactivated by existing factors.

While cells transfected with 0/CAT did not have cAMP induction of

CAT activity, the basal levels were rather high. Since it was unclear

to what extent spurious promoter activity was contributing to CAT

expression in each of the constructs, we inserted the SV40 large T

antigen poly(A) addition signal 5' to the P450c.17 sequences in an

attempt to limit vector-driven activity. In preliminary experiments,

MA-10 cells transfected with these plasmids exhibited a dramatically

different pattern of CAT activity from cells transfected with plasmids

lacking the poly(A) addition signal. Cells transfected with the

"poly(A)-" constructs exhibit about a 4-fold increase in basal

expression upon deletion of 5'-flanking DNA from -640 to -230, with

significant activity remaining upon further deletion to -107. By

contrast, cells transfected with the "poly(A)--" plasmids exhibit

progressively decreased basal activity as the 5'-flanking DNA is

deleted from -2518 to -770, to -230, and further deletion to -107

results in extremely low basal activity. Interestingly, while MA-10

cells transfected with "poly(A)-" 0/CAT have significant basal

activity, cells transfected with "poly(A)--" 0/CAT have no detectable

CAT activity. Several alternatives can be considered to explain these

discrepancies.

First, the pattern of basal expression obtained with the "poly(A)-"

constructs might be the result of promoter activity from both the

bona fide P450c17 promoter and nonspecific promoters within the
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pUC vector, with the latter being suppressed in the "poly(A)--"

constructs. The increased basal activity seen upon deletion to -230

could then be explained as a result of the puC promoter(s) being

brought sufficiently close to the CAT gene to contribute to its

expression. However, simply adding the basal activities obtained
with -251.8/CAT and 0/CAT is insufficient to account for the basal

activity obtained with -230/CAT. Furthermore, this hypothesis does

not explain the loss of cAMP inducibility in the "poly(A)--" plasmids,

because 0/CAT is not cAMP-responsive. In fact, this hypothesis

would suggest that more dramatic responses to cAMP should be seen

upon suppression of spurious, nonregulated promoter activity.

Second, the observed discrepancies could be explained by a change in

the cells themselves. No experiments were done with both sets of

plasmids using the same passage of cells; all experiments with the

"poly(A)--" plasmids were performed at least two months subsequent

to the experiments with "poly(A)-" plasmids, using freshly plated

cells from a frozen ampule. Moreover, these cells were maintained in

DME H21 medium, while cells used in the "poly(A)-" experiments had

been maintained in Waymouth's medium (transfection experiments

were always performed using DME H21). There were no obvious

differences in cell morphology between these sets of cells, and both

responded similarly to cAMP stimulation by rounding up. However,

the differentiated functions of MA-10 cells are extremely sensitive to

culture conditions (Synthia Mellon, personal communication). This is

also true for Y-1 cells (Yasamura et al., 1966; Kowal, 1970). Thus the

two sets of experiments may have been performed with cells
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containing different sets of functioning transcription factors. Others

in our laboratory are currently evaluating the effect of different

medium conditions on both sets of constructs. RNase protection

experiments are also being done to determine if the regulated

expression seen in the "poly(A)-" plasmids is due to transcription at

the bona fide P450c17 cap site.

Third, the upstream poly(A) addition signal may be fortuitously

modulating transcription from these plasmids. This same signal is

present at the end of the CAT gene; thus the "poly(A)-" plasmids

contain one copy, while the "poly(A)--" plasmids contain two copies.

Therefore this hypothesis can be true only if such modulation is

position- or copy number-dependent. Since upstream insertion of

poly(A) addition signals is a commonly employed strategy to reduce

spurious promoter activity, this hypothesis seems unlikely.

Nevertheless, it remains a formal possibility.

Concluding remarks

There are considerable differences in the hormonal and tissue

specific expression of P450c.17, as well as most steroidogenic

enzymes. However, human P450c17, P450scc., P450c21 and P450c.11

are each encoded by a single functional gene. Furthermore, P450c.17

and P450scc (Inoue et al., 1988; Chung et al, submitted) employ a

single promoter, through which this diverse regulation occurs. On

the other hand, there is considerable overlap in the tissue-specificity

and modes of regulation of these various steroidogenic enzymes.

With the human genes for P450c17, P450c21 and P450s.cc now
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available, we can begin to understand how cis-elements orchestrate

the transcriptional activation of these genes through various common

or unique nuclear factors. The divergent results shown here indicate

that great care will be required to bring these ambitions to fruition.
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PART II

ADRENODOXIN
AND

ADRENODOXIN REDUCTASE
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METHODS

Il renodoxin r NA cl

Human adrenodoxin cDNA clones were identified by screening our

human adrenal cDNA library (Matteson et al., 1986) under low

stringency conditions (see Methods, Part I), using the nick-translated

bovine adrenodoxin clone pbadk-1, provided by Dr. M. Waterman

(Dallas, Texas) (Okamura et al., 1985). Human adrenal adrenodoxin

reductase clones were identified in the same manner, using the

random primer-labeled bovine adrenodoxin reductase clone par,

provided by Dr. Israel Hanukoglu (Rehovot, Israel) (Hanukoglu et al,

1987). Human testicular adrenodoxin reductase cDNA clones were

identified by screening a human testicular library (Clontech, Palo

Alto, CA) under high stringency conditions (see Methods, Part I),

using a 5'-Sma I/Eco RI fragment from the longest human adrenal

clone (haAR-1). Subcloning into puC18/19 and M13 vectors for

sequencing was done as described in Methods, Part I.

r/chromosom ion

DNA was isolated from human lymphocytes as described (Morel et al.,

1989) and from a panel of mouse/human somatic cell hybrids

(Mohandas et al., 1986) (see Methods, Part I). DNA was also isolated

from cell lines bearing deletions of portions of chrmosome 11 or

chromosome 20 (Mohandas et al., 1980). DNA samples were digested,
transfered to nylon membranes, and screened under high stringency
conditions. For adrenodoxin reductase, the 1650-base insert from
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phaAR-1 was labeled to 109 cpm/ug by oligonucleotide-primed

labeling (Feinberg and Vogelstein, 1983) for use as a probe. For

adrenodoxin, the 1250-base probe padz-7 was similarly labeled.

These and other probes used to distinguish various human

adrenodoxin genes and pseudogenes are described in Results.

Al licing i r in

The 30-base oligodeoxynucleotide 3'-GACCTCCGGGAGGAAAACACGGT

CTCTTGC-5' complementary to codons 202-211, including the

alternately spliced region of mRNA, was prepared on a commercial

synthesizer (Biomolecular Resource Center, UCSF), end-labeled using
[Y-32P]ATP, and used to reprobe the primary screens of the human

adrenal and testicular libraries in 6XSCC at 37°C. as described (Chung

et al., 1985).

R
-

ression ren

JEG-3 cells (Kohler et al., 1971) were grown to confluency in DMEM

plus 25m M. glucose, 25m M HEPES, 4mm L-glutamine, 50 pig/ml

glutamycin, and 20% (v/v) heat-inactivated fetal bovine serum in 5%

CO2, 95% air, changing the medium every 48 hours. Human

granulosa cells were obtained from the UCSF in vitro fertilization

program; the cells were cultured and RNA was extracted exactly as

described previously (Voutilainen et al., 1986). Human fetal

adrenals, testes and ovaries were obtained under approved protocols

after elective cervical dilatation and evacuation; gestational ages

were estimated by fetal foot length (Streeter, 1920). Human fetal
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adrenal and testicular cells were cultured and RNA prepared exactly

as described (Voutilainen and Miller, 1986).

Treatment of JEG-3 cells with 1.5 mM 8-Br-cAMP and/or 20 plg/ml

cycloheximide (Sigma) was done as indicated in Results. Cellular RNA

was extracted in 4 M guanidine thiocyanate, electrophoresed,

transfered to nylon membranes and probed with oligo

deoxynucleotide-primed, ■ o-32P]dCTP-labeled phadz-6, hSCC-71

(Chung et al., 1986b), or pfos-1 (Curran et al., 1982).
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RESULTS

Il n adrenodoxin cDNA

Approximately 200,000 pfu from our human adrenal cDNA library

were screened with a 520 bp Pst I/Xba I 5'-fragment of pbAdx-1,

yielding 7 positively hybridizing plaques. These were plaque

purified, and their inserts were subcloned into puC19 for further

analysis. The cloned cDNAs in hadk-2, -6, and -7 were

approximately 1200, 900, and 1250 bp, respectively, all longer than

the full-length 800 bp bovine cDNA (Okamura et al., 1985). Despite

their divergent restriction endonuclease patterns, all possessed an

Xba I site, as did the bovine cDNA; therefore we sequenced all three

clones. All three clones (J Biol Chem 263:3240, fig. 1) encode full

length, mature adrenodoxin, although hAdx-2 lacks the region

encoding most of the prepeptide. The varying lengths of the three

clones are due to the use of alternate polyadenylation signals found

20-26 bases upstream from poly(A) stretches in each clone. Only

hadz-7 contains the AATAAA consensus polyadenylation sequence

(Proudfoot and Brownlee, 1976); the apparent signal used in hadk-2

is ATAAA, while that used in hadk-6 is ATTAAA. A fourth potential

polyadenylation signal, ATTAAA, found 66 bases downstream from

the stop codon, is used in bovine adrenodoxin mRNA (Okamura et al,

1985). However, we found no clones using this site, and RNA

transfer blots cannot determine the presence or absence of mRNA

species of this length. Thus it remains unclear whether or not this

polyadenylation signal is utilized in human adrenals.
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Human adrenal an icular adrenodoxin r DNA

Approximately 500,000 plaques from our human adrenal cDNA

library were screened with the insert from bovine par-1, identifying

49 positive clones. These were pooled in groups of three without

plaque-purification; phage DNA was purified on DEAE-cellulose

columns (Helms et al., 1986), cleaved with Eco RI, run through a 0.7%

agarose gel, transferred to a nylon membrane, and probed with par

1, thus identifying the pool containing the longest adrenodoxin

reductase insert. These three clones were individually analyzed in

the same fashion, and the one containing the longest insert, Aha AR-1,

was chosen for subcloning and sequencing. The cDNA is 1600 bases

in length, and lacks about 200 bases from the 5'-end (PNAS 85:7104,

fig. 1). We therefore used the extreme 5' 272-base Eco RI/Sma I

fragment to screen a human testis cDNA library. Of the 500,000

plaques screened, 97 were positive. DNA from 12 of these clones

was digested with Eco RI and Sma I, probed with the adrenal 272

base Eco RI/Sma I fragment, and the clone containing the largest

hybridizing fragment (about 500 bases) was chosen for analysis.
This clone, designated Aht/AR-1, contained a 1.8 kb insert and was

sequenced in its entirety.

The nucleotide sequence and deduced amino acid sequence of
adrenal Aha AR-1 matched well with the sequence of bovine par-1

used as the initial probe (Hanukoglu and Gutfinger, 1988), as well as

with a preliminary report of full-length bovine adrenodoxin

reductase cDNA (Sagara et al., 1987). The sequence of AhaAR-1 was
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confirmed by the sequence of the testicular clone Aht/AR-1. The

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 (PNAS 85:7104, fig. 2).

The most notable feature of the Aht/AR-1 sequence is the presence of

18 additional nucleotides not found in the human adrenal clone. This

extra region, encoding amino acids 204-209 in figure 2 (PNAS

85:7104), is pyrimidine-rich and ends in CAG. Thus it is highly likely

that the presence or absence of these 18 additional nucleotides is

based on alternative selection of potential 3' donor sites during the

splicing of intronic DNA.

I■ lan xin r Il In Ulm UCT

It is formally possible that the two types of adrenodoxin reductase

mRNA are encoded by two different genes. Thus we determined the

number of human adrenodoxin reductase genes by Southern analysis

of leukocyte DNA digested with various restriction enzymes, using

WhaAR-1 as a probe (PNAS 85:7104, fig. 3). DNA digested with Kpn I

and Xba I had single hybridizing bands, indicating the presence of a

single gene, as previously reported (Hanukoglu et al., 1987). Hind III

digests had two bands of 5.8 and 6.4 kb, while Pst I digests had four

bands of 2.8, 1.8, 0.8 and 0.6 kb, totaling about 6 kb. The 2 kb clNA

contains a single Hind III restriction site, hence this hybridization

pattern indicates the presence of a single adrenodoxin reductase

gene of 6 to 12 kb in length.
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hromosomal ion Il oxin r In

We determined the location of the human adrenodoxin reductase

gene by probing Hind III- or Pst I-digested DNA from a panel of

mouse/human somatic cell hybrids. Correlation of the hybridization

pattern and the karyotypic data (PNAS 85:7104, Table 1) placed this

gene on chromosome 17. We then examined hybrids of human cells

with partial deletions of chromosome 17, localizing the adrenodoxin

reductase gene to 17cen— q25 (PNAS 85:7104, fig. 4).

Adr xi In C. COOV Ill InDCT

Genomic DNA from several unrelated individuals was digested with a

number of restriction enzymes and analyzed by Southern blotting

Wh/Adx-7 (Am J Hum Genet 43:52, fig. 1). A complex pattern was

observed for each digest, suggesting the presence of multiple

adrenodoxin genes or pseudogenes. These patterns were

reproducible in four unrelated individuals, for instance with Hind

III- or Pst I-cleaved DNA (Am J Hum Genet 43:52, fig. 2). Our

suspicion that there are multiple adrenodoxin gene-like sequences

was confirmed by the independent approaches of determining

chromosomal location and cloning and sequencing human

adrenodoxin genomic DNA fragments (see below).

r l
-

f renodoxin

We chose to analyze the panel of mouse/human somatic cell hybrids

with Pst I and Hind III. Pst I-digested human DNA yields strongly

hybridizing bands of 16 and 3.8 kb and weakly hybridizing bands of
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3.2 and 2.4 kb. Hind III-digested human DNA yields strongly

hybridizing bands of 12.5, 10, and 8.3 kb and weakly hybridizing

bands of 9 and 2 kb. When Pst I-digested DNA from the

mouse/human hybrids was analyzed by Southern blotting and

hybridization to Ah/AdX-7 cDNA, the two prominent bands of 16 and

3.8 kb were readily identified. However, the fainter 3.2 and 2.4 kb

bands were not detected, presumably due to dilution with the large

excess of mouse DNA. Also, endogenous mouse adrenodoxin

fragments were not detected under these hybridizing conditions.

Some cell lines contained both the 16- and 3.8-kb fragments, but

others contained only one or the other of these (Am J Hum Genet

43:52, fig. 3A). By comparing these hybridization patterns to the

karyotypic data, we assign the 16 kb Pst I fragment to chromosome

11 and the 3.8 Pst I fragment to chromosome 20 (Am J Hum Genet

43:52, Table 1). The 3.8 kb band seen in the Chinese

hamster/human cell line 11/4 (Mohandas et al., 1979) is most likely

hybridization to endogenous Chinese-hamster DNA, since an

indistinguishable band is detected in Chinese-hamster nonhybrid

control DNA (Am J Hum Genet 43:52, fig. 4) and chromosome 20 is

not present in cell line 11/4.

The highly stringent hybridization and washing conditions used

indicate that the adrenodoxin gene sequences on chromosomes 11

and 20 must be quite homologous. To confirm that adrenodoxin

genomic sequences exist on two chromosomes, DNA from 9 of the 17

cell lines was digested with Hind III and probed with Ah/Adx-7 cDNA.

The 10-kb Hind III band cosegregates with the 3.8-kb Pst I band
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(chromosome 20), while the 12.5- and 8.3-kb bands cosegregate with

the 16-kb Pst I band (chromosome 11) (Am J Hum Genet 43:52, fig.

3B). Thus, two restriction digests independently confirm the

assignments to chromosomes 11 and 20.

To localize these adrenodoxin genes further, we prepared DNA from

mouse/human hybrids bearing deletions of portions of chromosome

11 (Mohandas et al., 1980) or of chromosome 20 (Mohandas et al.,

1984), and probed the Pst I-digested DNA with Ah/Adx-7 cDNA (Am J

Hum Genet 43:52, fig. 5). The 3.2 kb Pst I fragment seen in total

human DNA (Am J Hum Genet 43:52, figs. 1 and 2) could not be

detected in the hybrids in figure 3 but was easily detected in figure

4, permitting its assignment to chromosome 11. The 3.2 and 16 kb

Pst I bands are found in all cell lines containing chromosome 11,

including CF37 (Am J Hum Genet 43:52, fig. 5, lane 9). CF37 bears

only a portion of chromosome 11, q13— qter; thus, this adrenodoxin

genomic DNA is assigned to 11q13— qter.

Similarly, cell lines having the long arm of chromosome 20 retain the

3.8 kb Pst I fragment, while those lacking this region do not (Am J

Hum Genet 43:52, fig. 5, lanes 4 and 5). Cell lines with only
q13.1 – qter of chromosome 20 also lack the 3.8 kb Pst I band (Am J

Hum Genet 43:52, fig. 5, lanes 7, 8). Therefore, this adrenodoxin

genomic DNA is assigned to 20cen— q13.1.
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ignment of i Il In

The adrenodoxin sequences on chromosome 11 are apparently

spread over a much larger distance than those on chromosome 20.

The Pst I bands assigned to chromosome 11 total more than 19 kb,

those to chromosome 20 only 3.8 kb, and the 2.4-kb band was too

faint to be seen. Moreover, there are no Hind III sites in the cDNA

and Hind III appears to cut the gene on chromosome 11 but not the

gene(s) on chromosome 20. These observations suggest that the

authentic gene lies on chromosome 11 and that intronless

pseudogene-like sequences lie on chromosome 20.

To investigate this hypothesis further, we probed a human genomic

DNA library with Ah/Adx-7 cDNA and isolated four unique,

nonoverlapping phage clones. AhadzG-1 contains genomic fragments

with 100% identity to the cDNA sequence and canonical intron/exon

boundaries (Chung et al., 1988). It therefore appears to contain part

of an authentic gene encoding adrenodoxin mRNA. This phage has an

8.2 kb Hind III fragment containing a 130-bp exon; this probably

corresponds to the 8.3-kb fragment seen in total genomic DNA (Am J

Hum Genet 43:52, figs. 1, 2). The other exon in this phage clone lies

on a Hind III fragment interrupted by an Eco RI cloning site.

To determine unequivocally the chromosomal location of the genomic
DNA fragment in AhadzG-1, we used an intronic 500-bp Alu I

fragment to probe DNA from the mouse/human hybrids. This

fragment was chosen because it hybridized to a single 4.4-kb

fragment of Hind III-digested human genomic DNA, indicating that it
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lacked repetitive sequences and exonic DNA. When DNA from the

mouse/human hybrids was analyzed with "0.5 Alu", the 4.4-kb band

assigned to chromosome 11 (not shown). Thus, chromosome 11

bears a large adrenodoxin gene transcribed into adrenodoxin mRNA.

Two other nonoverlapping phage clones, AhadzG-2 and AhadxG-3,

contained processed pseudogenes. These phage have significantly

different restriction maps, and the pseudogenes have numerous

sequence differences with each other and with the cDNA (Chung et al,

1988). Phage AhadzG-2 contains a 9-kb Hind III fragment and a 2.4-

kb Pst I fragment, apparently corresponding to the similar-sized

bands seen in figures 1 and 2 (Am J Hum Genet 43:52). The

chromosomal assignment of these pseudogenes could not be

determined directly, as the DNA flanking both pseudogenes was

repetitive and thus could not be used for a probe. Since adrenodoxin

sequences clearly lie on chromosome 20, however, this seems to be

their likely location.

Ti istribution and size of adr in mRNA

Human adrenal, testis and placenta all synthesize steroid hormones

and contain P450scc mRNA (Voutilainen and Miller, 1986; 1987).

Hence these tissues are expected to be rich sources of adrenodoxin

mRNA. An RNA gel transfer blot (J Biol Chem 263:3240, fig. 3) shows
that adrenodoxin mRNA is most abundant in the testis and adrenal

but that appreciable quantities are found in the placenta.
Furthermore, some adrenodoxin mRNA is also found in each of the

other six tissues examined. While some steroidogenic activity has
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been ascribed to these tissues, especially in the fetus (Casey and

McDonald, 1982), no P450scc mRNA was detected in similar RNA gel

transfer experiments (Voutilainen and Miller, 1986). Thus it is

unlikely that adrenodoxin in these nonsteroidogenic tissues serves to

transfer electrons to P450scc. The mRNA detected by our hadk-6

cDNA may encode adrenodoxin, or alternatively a structurally related

iron-sulfur protein. Since the RNA transfer blot was probed and

washed under highly stringent conditions, it is likely that all these
tissues contain the same adrenodoxin mRNA.

All tissues contained the same pattern of adrenodoxin mRNAs

ranging from 1.0 to 1.7 kb. Three species of RNA are poorly

distinguished in the blot in figure 3 (J Biol Chem 263:3240), since

large amounts of RNA were loaded, and some degradation of RNA

often occurs in fetal tissues before they are frozen. However, three

bands are seen in RNA from JEG-3 cells (J Biol Chem 263:3240, figs. 4,

5) and also from primary cultures of human granulosa cells (Golos et

al, 1987), and from primary cultures of human fetal adrenal or

testicular cells (see below). An additional band of about 3.8 kb is

also seen in most blots. It may represent an unprocessed nuclear

precursor or a processed mRNA with a very long 3'-untranslated

region. However, it does not arise from another related gene, since

there is only one functional human adrenodoxin gene (see above).

Regulation of expression of adrenodoxin in JEG-3 cells

Steroid hormone synthesis is stimulated primarily by ACTH in the

adrenal and by gonadotropins in the testis and ovary. The tropic
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hormone binds cell-sufrace receptors, leading to increased cAMP

levels and ultimately increased transcription of steroidogenic P450

enzymes (John et al., 1986). Cyclic AMP also stimulates

steroidogenesis and accumulation of P450scc mRNA in the placenta

(Chung et al., 1986; Casey and McDonald, 1982; Feinman et al., 1986).

We examined the hormonal regulation of adrenodoxin and P450scc

mRNAs in the transformed cytotrophoblastic cell line JEG-3.

JEG-3 cells accumulate mRNA for both P450s.cc and adrenodoxin for

up to 48 hr while in the presence of 1.5 mM 8-Br-cAMP. By contrast,

c-fos mRNA accumulates very rapidly, reaching maximal levels

within 30 minutes and then diminishing steadily thereafter (J Biol

Chem 263:3240, fig. 4), a time course similar to that seen in activated

fibroblasts (Greenberg and Ziff, 1984). However, densitometric scans

show that c-fos mRNA levels after 6 hr of stimulation are still 5-fold

greater than control. Incubation with 201g/ml cycloheximide for 30

minutes before adding 8-Br-cAMP altered the accumulation of mRNA

(6 hr later) for P450scc, adrenodoxin and c-fos in different ways (J

Biol Chem 263:3240, fig. 5). Cycloheximide quickly reduced basal
P450s.cc mRNA to undetected amounts and reduced cAMP-stimulated

levels to less-than-baseline amounts. By contrast, either

cycloheximide or cAMP alone stimulated adrenodoxin mRNA

accumulation; when administered together, these effects were

approximately additive, as shown by laser densitometric quantitation

of the data in figure 5 (J Biol Chem 263:3240). Either cycloheximide
or cAMP alone also stimulated c-fos mRNA accumulation, but in

combination had a multiplicative effect. Thus, cycloheximide and 8
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Br-cAMP apparently exert at least three classes of effects on JEG-3
cell mRNA. The effects on adrenodoxin and P450s.cc could be

duplicated by incubating the cells with 2001M puromycin for 30

minutes before adding 8-Br-cAMP. By contrast, a 30 minute

pretreatment with 2 pig/ml actinomycin D blocked the increases in

adrenodoxin and P450scc (not shown). Thus, two drugs that inhibit

protein synthesis by different mechanisms stimulate accumulation of

adrenodoxin mRNA, while inhibiting accumulation of P450scc mRNA.

V l ex i In i RN

We prepared human gonadal RNA from 25 male and 13 female

fetuses. Two-microgram aliquots from each fetus were dotted to a

single nylon filter, probed with Ah/Adx-7 cDNA, and the data were

scanned by laser densitometry (JCEM 66:383, fig. 1). The relative

abundance of testicular adrenodoxin mRNA decreased significantly as

a function of gestational age, while ovarian adrenodoxin mRNA did

not change as a function of gestational age. Actin mRNA in the

samples did not vary as a function of gestational age (not shown).

As a first-order approximation, we applied linear regression analysis

to these data. The gestation-dependent decrease in testicular

adrenodoxin mRNA (r=-0.42) was less rapid than that for P450scc

(r=-0.67) (Voutilainen and Miller, 1986). We then correlated the

values for P450scc and adrenodoxin in the 19 testicular RNA samples
that both measurements had been made. The adrenodoxin and

P450scc mRNAs in these samples correlated well (r=0.64; P-30.005),

indicating that they decrease in parallel during development.
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Regulation renodoxi RNA: cultured hum ranul 11

The abundance of adrenodoxin mRNA varied as granulosa cell

cultures aged (JCEM 66:383, fig. 2). Without hormonal stimulation,

abundance was greatest after 3 days of culture and diminished

rapidly thereafter. The responsiveness to hCG and dbcAMP was

greatest after 6-12 days of culture, whereas responsiveness to FSH

was absent by day 12. Incubation with 2 mM butyric acid had no

effect. This pattern of results is identical to that seen with P450scc

mRNA (Voutilainen and Miller, 1987). Therefore, all granulosa cell

culture experiments were done by stimulating the cells on day 10

and harvesting them on day 12, as in previous studies (Voutilainen

et al., 1986; Voutilainen and Miller, 1987).

Northern blot analysis showed that a variety of hormonal agents
stimulate the accumulation of adrenodoxin mRNA in cultured human

granulosa cells (JCEM 66:383, fig. 3). Densitometric scanning of this

blot indicates that 100 ng/ml hCG and 1 mM db.cAMP stimulated a

4.7- and 18-fold increase, respectively, in the abundance of

adrenodoxin mRNA. By contrast, 100 ng/ml FSH induced only a 1.6-
fold increase.

The observed stimulation of adrenodoxin mRNA occurs in a dose

dependent fashion. hCG induced half-maximal and maximal

stimulation at about 10 ng/ml and 30 ng/ml, respectively (JCEM
66:383, fig. 4; P30.001). This is similar to the observed dose

response of P450scc mRNA (Voutilainen et al., 1986; Voutilainen and
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Miller, 1987). Cholera toxin also stimulated accumulation of

adrenodoxin mRNA in a dose-dependent fashion (JCEM 66:383, Table

1; P-30.025).

Regulation of adrenodoxin mRNA: cultured human 1 nal cells

Adrenodoxin mRNA accumulated in hormonally stimulated primary

cultures of human fetal adrenal cells. ACTH (10-8M) was added after

four days of culture, then readded with each change of medium at

24-hour intervals. Adrenodoxin mRNA reached maximal levels 36 hr

after initial exposure to ACTH and remained relatively constant

thereafter; a similar pattern was seen for P450s.cc mRNA (JCEM

66:383, Table 2). A transfer blot of RNA from fetal adrenal cells

cultured for 8 days without stimuli and then for 2 days with 10-7M
ACTH and 1 mM db.cAMP shows that both stimuli induced increases

in adrenodoxin mRNA (JCEM 66:383, fig. 5).

lation renodoxin mRNA: cultur 1 cell

Primary culture of the total dispersed cells from a 20.4-week

gestation fetus contained adrenodoxin mRNA, whose abundance

increased significantly in response to both 30 ng/ml hCG and 0.5 mM

dbcAMP. A similar response was seen for P450scc mRNA, but actin

mRNA did not change (JCEM 66:383, Table 3).

Similar experiments with human fetal ovaries have not been

possible. However, in cells from a 156-day old fetal rhesus monkey
ovary (provided by Cynthia Voytec, UCSF), both 30 ng/ml hCG and
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0.5 mM dbcAMP stimulated accumulation of adrenodoxin mRNA

(JCEM 66:383, Table 4).

Fr f altern icing in human adrenodoxin r

To determine the frequency of alternately spliced mRNA species in

adrenal and testis, we synthesized a 30-base oligonucleotide .*

complementary to the mRNA of this region. The oligonucleotide,

which should identify only those clones that contain the additional

18 nucleotides, was used to reprobe the plaque lifts from the

primary screenings of both the adrenal and testicular libraries. We

also reprobed these lifts with a 188-bp Rsa I fragment encompassing

the 18-base region (PNAS 85:7104, fig. 1), which should identify all

adrenodoxin reductase clones and eliminate bias from partial-length -y

cDNA clones not extending into this region. In the adrenal library, 2
-

clones hybridized to the 30-mer, while 23 clones hybridized to the

Rsa I fragment. In the testicular library, 18 clones hybridized to the

30-mer, while 77 clones hybridized to the Rsa I fragment. Thus,

both tissues contain both alternately spliced forms of adrenodoxin

reductase mRNA. Furthermore, the species lacking the 18-base

region predominates in both tissues, since only 2 of 23 adrenal clones

(9%) and 18 of 77 testicular clones (23%) contain this region.

Hormonal regulation of adrenodoxin reductase }

When human granulosa cells are cultured in vitro for 8-12 days and

then stimulated with gonadotropins or cAMP, mRNAs for both

P450scc and adrenodoxin increase substantially (Voutilainen and *
Miller, 1987; see also above). When we probed these same transfer

i
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blots of granulosa cell RNA with AhaAR-1, however, only a small

increase in adrenodoxin reductase mRNA is observed, about 3-fold *-

(PNAS 85:7104, fig. 5). Thus, in human granulosa cells, different

modes of transcriptional regulation are employed for adrenodoxin

reductase vis-a-vis P450s.cc and adrenodoxin.

e

\
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DISCUSSION

The cloning of human adrenodoxin and adrenodoxin reductase cDNAs

now permits molecular analysis of all components of the human

cholesterol side-chain cleavage system. There is only one functional

gene for each of the three components, P450scc (Chung et al., 1986b),

adrenodoxin, and adrenodoxin reductase, on chromosomes 15, 11,

and 17, respectively. While it is not yet known to what extent

pretranscriptional regulation occurs in a coordinate fashion, our

results indicate that the different components of the system may

employ varied means of posttranscriptional regulation.

P450scc is subject to both acute and chronic effects in response to

adrenal stimulation by ACTH. ACTH promotes the binding of

cholesterol to P450scc (Simpson et al., 1978) and the release of newly

synthesized pregnenolone (Herrera et al., 1980), and both of these

effects occur within minutes. The long-term effects are mediated

primarily at the level of the gene. ACTH and cAMP stimulate

steroidogenesis and the accumulation of P450scc mRNA in bovine

adrenal cells (John et al., 1984; Simonian et al., 1979; DiBartolomeis

and Jefcoate, 1984) and the accumulation of P450scc mRNA in

human fetal adrenal cells (DiBlasio et al., 1987; see also Results). This

apparently occurs via a cAMP-mediated stimulation of gene

transcription, as seen in polymerase run-on assays (John et al., 1986)

and expression of P450scc/CAT genes in mouse adrenal Y-1 cells

(Inoue et al., 1988) and human trophoblastic JEG-3 cells (C. Moore
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and W.L. Miller, unpublished observation). P450scc is similarly

regulated by gonadotropins via cAMP in gonadal tissue. FSH

increases the conversion of cholesterol to pregnenolone in cultured

granulosa cells from the rat (Jones and Hsueh, 1982; Jones et al,

1983), pig (Toaff et al., 1983), and cow (Funkenstein et al., 1984). In

primary cultures of human granulosa cells, db.cAMP and

physiological concentrations of FSH and hCG stimulate P450scc mRNA

accumulation and progesterone secretion in a dose-dependent

fashion (Voutilainen et al., 1986; Voutilainen and Miller, 1987).

The hormonal regulation of adrenodoxin mRNA generally parallels

that of P450scc. The observed stimulation of adrenodoxin mRNA by

dbcAMP and ACTH in cultured fetal adrenal cells, h(SG, dbcAMP, and

cholera toxin in cultured granulosa cells, and hCG and db.cAMP in

cultured fetal testicular cells, all were accompanied by similar

increases in P450s.cc mRNA (JCEM 66:383, figs. 2-5 and Tables 1-3;

Voutilainen et al., 1986). These increases in adrenodoxin mRNA may

also be due at least in part to increased gene transcription, as is seen

in cultured bovine adrenocortical cells (John et al., 1986) and in

mouse leydig MA-10 cells (Mellon et al., 1988).

The developmental pattern of fetal testicular adrenodoxin mRNA is

also generally similar to that of P450scc (Voutilainen and Miller,

1986), with maximal levels at 14-16 weeks of gestation and

diminishing steadily thereafter. While the data (JCEM 66:383, fig.
1A) might also be interpreted as showing a sigmoidal curve with a

peak at 18 weeks gestation, we fitted a straight line to the data

- **
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because the patterns of testicular testosterone content, synthesis and

secretion (Grumbach and Conte, 1985) and of P450scc and P450c.17

mRNAs (Voutilainen and Miller, 1986) correlate well, with maxima at

14-16 weeks gestation, diminishing thereafter. Furthermore, the
correlation between P450s.cc and adrenodoxin mRNAs in the 19

testicular samples in which both were measured was very high

(r=0.64; P-30.005). This finding is entirely consistent with the

developmental pattern of steroidogenesis, in which early gestational

production of testosterone is required for masculinization of the

external genitalia.

However, there is also a variety of ways in which the regulated

expression of adrenodoxin and P450s.cc differ, including tissue

specificity. RNA transfer blots indicate that P450scc mRNA is

confined to the adrenals, gonads and placenta (Voutilainen and

Miller, 1986), which are the predominant steroidogenic tissues.

Although some steroidogenic activity occurs in virtually all fetal

tissues, much of the "ectopic" activity apparently derives from

enzymes other than those functioning in the adrenal, as the mRNAs

for P450s.cc, P450c.17, and P450c21 could not be detected in transfer

blots of RNA from human fetal ovary, kidney, muscle, liver, intestine,

or spleen (Voutilainen and Miller, 1986). However, detecting

adrenodoxin mRNA in these tissues was not unexpected, as the

protein sequence of bovine liver ferredoxin is identical to bovine

adrenodoxin, indicating that there is only one generic iron-sulfur

protein functioning as an electron transport intermediate for all

mitochondrial forms of cytochrome P450 including those involved in
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steroidogenesis, hepatic vitamin D 25-hydroxylase (Bjorkhem et al,

1980) and cholesterol 26-hydroxylase (Pederson et al., 1979), renal

vitamin D 10-hydroxylase (Ghazarian et al., 1974; Hiwatashi et al,

1982), and renal and intestinal 25-hydroxyvitamin D 24 -

hydroxylase (Knutsen and DeLuca, 1974). The same probe used to
determine the tissue distribution of adrenodoxin was also used to

determine that a single functional gene on chromosome 11 encodes

adrenodoxin, further supporting this hypothesis. Moreover, in

reconstitution experiments with renal P450D1o, renodoxin and

renodoxin reductase can be interchanged with adrenodoxin and

adrenodoxin reductase or with hepatodoxin and hepatodoxin

reductase, with little loss of activity (Hiwatashi et al., 1982). Taken

together, these data almost certainly indicate that a single ferredoxin

is responsible for electron transfer to mitochondrial P450 moieties in

all tissues.

Adrenodoxin and P450scc are hormonally regulated by similar

mechanisms in some cell systems. In primary cultures of bovine

adrenocortical cells, the mRNAs for adrenodoxin and P450scc (as well

as for the microsomal steroidogenic enzymes P450c.17 and P450c21)

always respond in parallel: ACTH and cAMP stimulate these mRNAs,

and cycloheximide ablates that stimulation (Okamura et al., 1985;

John et al., 1986). These observations suggested the presence of a
rapidly turning-over cycloheximide-sensitive "steroid hormone

inducing protein" (Waterman and Simpson, 1987). However, the

parallel stimulation of P450scc and adrenodoxin mRNAs is clearly not
a generalized phenomenon among steroidogenic tissues. In primary
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cultures of human granulosa cells stimulated with 8-Br-cAMP,

cycloheximide has no effect on the accumulation of P450scc and

adrenodoxin mRNAs (Golos et al., 1987). In our experiments with

human JEG-3 choriocarcinoma cells, P450Scc and adrenodoxin mRNAs

had divergent responses to cycloheximide. As with the bovine

adrenocortical cells, cycloheximide inhibits accumulation of P450scc

mRNA in response to cAMP. However, both basal and cAMP

stimulated levels of adrenodoxin mRNA are augmented in JEG-3 cells

treated with cycloheximide, with cAMP and cycloheximide acting in

an additive fashion. The varied cell-specific responses of

adrenodoxin and P450scc occur for unknown reasons, but could

involve factors related to species, the transformed phenotype, tissue

specificity, and hormonal pretreatment (i.e. in the women from

whom the granulosa cells were obtained). One possible mechanism

for cycloheximide-mediated stimulation of adrenodoxin mRNA levels

in JEG-3 cells might involve a rapidly turning over cycloheximide

sensitive nuclease specific for AU-rich regions. AU-rich sequences

increase mRNA turnover when incorporated into the 3'-untranslated
region of otherwise stable 3-globin mRNA in transformed cells, and

cycloheximide treatment of such cells increases accumulation of

these modified mRNAs (Shaw and Kamen, 1986). The 3'-

untranslated region of adrenodoxin mRNA is 72% AU and contains 13

UAAA motifs arranged in clusters, as do many transiently expressed
genes that undergo superinduction upon treatment with

cycloheximide (Shaw and Kamen, 1986). In cultured human

granulosa cells, cycloheximide similarly stimulates levels of LDL

receptor mRNA, which also has an AU-rich 3'-untranslated region

71



(Golos and Strauss, 1987). These observations suggest that

regulation of mRNA stability may be important in the regulated

expression of adrenodoxin in some tissues.

The finding of alternative splicing of adrenodoxin reductase mRNA

suggests the possibility of yet another level of control of the

cholesterol side-chain cleavage system. Both spliced forms were

found in the testis, which has only a single steroidogenic

mitochondrial P450 enzyme, P450s.cc. Thus, it is clear that the two

forms of adrenodoxin reductase are not specific for various
mitochondrial P450s such as P450s.cc and P450c11. Since the three

dimensional structure of adrenodoxin reductase is not known, we

cannot predict whether the alternative splicing event alters the

molecule significantly. The six additional amino acids at codons 204

209 could conceivably alter the binding of NADPH or adrenodoxin,

and thus effect the kinetics of electron transport by adrenodoxin

reductase. This form has a cysteine residue at codon 208 that, in the

reducing environment of the mitochondrial matrix, probably exists in

the free sulfhydryl form, thus changing the redox properties of the

protein. It will be of great interest to compare the redox and

functional properties of the two forms of adrenodoxin reductase in

expression and reconstitution systems.

The regulation of adrenal steroidogenesis is complex. The P450scc

System is regulated in the fasciculata-reticularis by ACTH, acting

through cAMP, and in the glomerulosa by angiotensin II, acting
through calcium (Kramer et al., 1980). Both hormones appear to
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activate cholesterol side-chain cleavage activity acutely, possibly by

phosphorylation of cholesterol esterase, and both stimulate

steroidogenesis chronically, by stimulating transcription of the

P450scc and adrenodoxin genes (John et al., 1986; Inoue et al., 1988;

Mellon et al., 1988). Our data in JEG-3 cells indicate that adrenodoxin º
mRNA may also be regulated by changes in mRNA stability.

Alternative splicing of adrenodoxin reductase mRNA may represent

yet another level of regulation in this crucial biological system.

*
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ABSTRACT P450cl 7 is the single enzyme mediating both 17a-hydroxylase and 17, 20 lyase activities.
tified several human P450cl 7 cowa clones in a human adrenal cDNA library we constructed in Agtlo.

We iden
a short

clone containing the 3'-terminal 650 bases of the full-length sequence was used to examine Southern blots of
DNA from normal persons and from a panel of mouse/human somatic cell hybrid lines. The pattern of hybridiza
tion of this cDNA to normal human DNA cut with 8 restriction endonucleases suggests the human genome has two
(or more, P450c.17 genes. The pattern of hybridization to the somatic cell hybrid cell lines, each containing
a limited, known number of human chromosomes, indicates the human adrenal P450cl 7 gene lies on chromosome 10.
The chromosomal locations of the other P450c.17 genes could not be determined.

while steroid 170-hydroxylase and 17, 20 lyase
activities can be readily distinguished by examina
tion of steroidal products, recent studies show
that both activities reside in a single protein,
P450cl 7 (1,2). Like steroid 21-hydroxylase
(P450c:21), P450cl 7 is bound to the smooth endoplas
mic reticulum and accepts electrons from NADPH via
a flavoprotein (3,4). In the pig, two isozymes of
P450c.17 are found in the adrenal and testis. These
distinct, organ-specific isozymes can be distin
guished by molecular weight, amino acid composition
and amino acid sequence, but are immunologically
and enzymologically indistinguishable (5). To ini
tiate studies of the human enzyme at the molecular
level, we have cloned cDNA for human adrenal
P450cl 7. In this report we show the existence of
at least two human P450cl 7 genes. The gene
encoding adrenal P450c.17 lies on chromosome 10.

METHODS
A 580 base porcine adrenal P450cl 7 cDNA fragment,

cloned by M. Bienkowski and J.E. Shively, was used
to identify a series of human P450cl 7 cons clones
from a human agrenal cDNA library we constructed in
Agt 10. The construction and characteristics of
this library have been described (6); the sequences
and detailed characteristics of the human P450cl 7
cDNA clones will be described elsewhere. The 650bp
insert from the first P450cl 7 clone we identified

º :::::::: into puclb and nick-translated witha 22-JacTP to >10°Com/ug using DNA polymerase I and
standard protocols (7). Human lymphocyte DNA was
prepared as described (6). DNA was also isolated
(8) from a panel of 14 mouse/human somatic cell
hybrid lines (9). At least 30 G-banded metaphases
were photographed and analyzed for karyotype from
each of the 14 cell lines at the time the cells
were harvested for DNA extraction. DNA samples
were digested with restriction endonucleases,
displayed by agarose gel electrophoresis, Southern
transferred to nitrocellulose, probed, washed, and
autoradiographed, as described (6). "High
stringency" hybridization conditions were 42°C in
buffer containing 0.75 M NaCl, 75 mM Na citrate,
and 50% formamide, as described previously (6).
"Low stringency" hybridization conditions were 37°C
in the same buffer containing 20% formamide. "High
stringency" conditions will detect sequences more
than 88-90% homologous. "Low stringency" con
ditions will detect sequences having as little as
65% nucleotide homology.
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RESULTS
Genomic DNA was prepared from the lymphocytes of

one person, cleaved with eight restriction endo
nucleases, electrophoresed through agarose gel and
blotted to nitrocellulose by Southern transfer (6).
when this blot was probed with the 650 base human
adrenal P450cl 7 cond under "low stringency" condi
tions two or more hybriding bands were seen in each
sample of digested DNA (Fig. 1). This indicates
the human genome has at least two distinct regions
of DNA hybridizing to the probe, suggesting the
human genome has two (or more) P450cl 7 genes.

To determine if the complex pattern seen in Fig.
1 was due to hybridization of two distinctly dif
ferent alleles of a single gene, we examined DNA
from 8 persons. When examined under "low stringen
cy" conditions, this blot of DNA digested with

A B C D E. F. G. H. J K L

-

Fig. 1 Southern 3. of DNA from a single individual probed with 24 P-labeled human adrenal P450cl 7
cDNA under "low stringency" conditions. Lanes a
and L contain bacteriophage, PM2 DNA cut with Hind
III and end-labeled with for molecular size
markers, as indicated (in kilobases). Lane E con
tains bacteriophage lambda DNA cut with Hind III
and end-labeled with **P; the band sizes are 23.1,
9.4, 6.6, 4.4, 2.3, and 2.0 kb. Other lanes con
tain human DNA cut with: lane B, Pyu II; lane C,
Eco RI; lane D., Pst I; lane F, Bam HI; lane G, Bal
II; lane H, HindTIII, lane I, Hºf I; lane J, Ken
I; lane K, Xba I.



RAPID COMMUNICATIONS

Pyu II (the enzyme giving the most complex pattern
TFig. 1) showed the same pattern of hybridizing
bands in the DNA from all 8 individuals. Since
these individuals were of widely differing ethnic
backgrounds it is extremely unlikely that all would
have an identical pattern of allelic polymorphism
at this locus. Therefore, the haploid human genome
contains more than one gene sequence hybridizing to
the P450cl 7 cDNA. When the blot used in Fig. 1 was
re-examined under "high stringency" conditions,
only one band was seen in each lane (not shown).
This indicates that the two genes are significantly
different in the region hybridizing to our probe.

To determine the chromosomal location of the gene
encoding the adrenal P450cl 7 cDNA we cloned, we

2 38 25 37 35 39 34 21 27 5
8 8 9 5 8 85 5 5 5

hybridized the 32P-labeled cDNA to a Southern blot
of Eco RI-cleaved genomic DNA prepared from a panel
of mouse/hºman somatic cell hybrids. Using "high
stringency" conditions, bands were found in five
samples of the hybrid cell DNAs (Fig. 2). The
identities of the cell lines containing the hybrid
izing DNA correlate exactly with the cell lines
containing chromosome #10. All other possible
chromosomal assignments are excluded by the pres–
ence of two or more discordances in the hybridiza
tion pattern. When the blot in Fig. 2 was reprobed
under "low stringency" conditions, the background
hybridization was too great to permit chromosomal
location of the other P450cl 7 gene(s).

5

- --------º
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12 + + + + + - - + + -
(+) + - - 8

15 + + - - + + - - + + -
(-) + -

8
17 + + + + + + + + + + + + + - 8
21 - - - + - - - - + + - - -

8
3 - + - - + + - - - + + + + - 9

Fig.- 2 Upper Panel: Southern blot
[3 El-labeled human adrenal P450cl 7 cDNA.
to normal human genomic DNA.
from Hind III – cleaved bacteriophage lambda.

of DNA from 14 mouse/human somatic cell hybrid lines probed with
The name of each cell line is indicated in each lane; lane N refers

All DNA samples were cut with Eco R.I.
-

Lower Panel:
each hybrid cell line with the hybridization pattern seen in the upper panel.
absence of the human chromosomes listed in the left-hand column within each cell line.

Molecular weight markers at right are
Correlation of the human chromosomes present in

The table shows the presence or
The number of discor

dances between the pattern seen in Figure 2 and the pattern for each human chromosome is shown in the right
hand column; note that chromosome 10 is perfectly concordant.

(-) 5–9%; - not detected.30% of analyzed cells; (+) 10-20%;
+ indicates presence of a human chromosome in >

Hybrid clone GL8 selectively and exclusively
retains the translocation chromosome xqter-Xq12::9p24-9qter.
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DISCUSSION
SELETEST of P450cl 7 enzymology, amino acid com

position and amino acid sequence indicate that pigs
nave two similar but distinct organ-specific isozy
mes of P450cl 7 (5). Our data indicated that human
beings have two (or more) P450c.17 genes, and that
the gene expressed in the adrenal is on chromosome
10. These data do not tell us whether or not both
genes are expressed, or whether or not human adre
nal and testicular P450cl 7 are identical. It is
attractive to hypothesize that these two genes en
code two tissue-specific isozymes of P450cl 7, as in
the pig. Our 650 base human adrenal P450cl 7 cDNA
hybridizes effectively with human testicular
P450cl 7 mRNA (10), thus it is likely the second
gene we are detecting encodes the testicular iso
zyme. Resolution of these questions will require
the preparation of probes which can distinguish be
tween the presumptive mRNAs encoded by each gene.

The number of distinct P450 genes in the numan
genome is unknown but appears to be about 50 to 290
( 11). The structures of the rat genes for P450’s
induced by phenobarbital and by 3-methylcholan
threne (3-MC) and of the bovine gene for steroid
21-hydroxylase (P450c2l) are all quite different,
indicating that the various P450 genes are very
distantly related in evolution (7). Not surpris
ingly, the corresponding human genes are dispersed
among many chromosomes, with the human genes for
3-MC-inducible P1450 and P3450 lying on chromosome
15 (12) and the phenobarbital-induced P450pb gene
on chromosome 19 (13). It is perhaps more surpris
ing that the human genes for the steroidogenic
P450s are also widely dispersed, with P450c2l
(21-hydroxylase) lying on chromosome 6 (14, 15),
P450soc (the single cholesterol side-chain cleavage
enzyme, 20, 22, desmolase) on chromosome 15 (16),
and P450cl 7 on chromosome 10.
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Cytochrome P450c17 (steroid 17a-hydroxylase/17,20 lyase):
Cloning of human adrenal and testis clºnAs indicates
the same gene is expressed in both tissues
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ABSTRACT P450c.17 is the single enzyme mediating both
17a-hydroxylase (steroid 17a-monooxygenase, EC 1.14.99.9)
and 17.20 lyase activities in the synthesis of steroid hormones.
It has been suggested that different P450c.17 isozymes mediate
these activities in the adrenal gland and testis. We sequenced
423 of the 509 amino acids (83%) of the porcine adrenal
enzyme; based on this partial sequence, a 128-fold degenerate
17-mer was synthesized and used to screen a porcine adrenal
cDNA library. This yielded a 380-base cloned cDNA, which in
turn was used to isolate several human adrenal conAs. The
longest of these, Ahaci'7-2, is 1754 base pairs long and includes
the full-length coding region, the complete 3'-untranslated
region, and 41 bases of the 5'-untranslated region. This cDNA
encodes a protein of 508 amino acids having a predicted
molecular weight of 57,379.82. High-stringency screening of a
human testicular cDNA library yielded a partial clone contain
ing 1303 identical bases. RNA gel blots and nuclease S1
protection experiments confirm that the adrenal and testicular
P450c17 mRNAs are indistinguishable. These data indicate
that the testis possesses a P450c17 identical to that in the
adrenal. The human amino acid sequence is 66.7% homologous
to the corresponding regions of the porcine sequence, and the
human cDNA and amino acid sequences are 80.1 and 70.3%
homologous, respectively, to bovine adrenal P450c.17 cDNA.
Both comparisons indicate that a central region comprising
amino acid residues 160–268 is hypervariable among these
species of P450c17. Comparison of the amino acid sequence of
P450c17 with two other human steroidogenic cytochromes
P450 show much greater homology with P450c21 (28.9%),
another microsomal enzyme, than with P450scc (12.3%), a
mitochondrial enzyme.

Steroid 17a-hydroxylase (steroid 17a-monooxygenase, EC
1.14.99.9) converts pregnenolone to 17-hydroxypregneno
lone and converts progesterone to 17-hydroxyprogesterone.
These 17-hydroxylated steroids may then be converted by
17,20-lyase to dehydroepiandrosterone and androstenedione,
respectively. These latter two steroids are precursors of
testosterone and estrogen synthesis while 17-hydroxyproges
terone is a key precursor of cortisol synthesis. Although
steroid 17a-hydroxylase and 17,20 lyase activities can be
readily distinguished by examination of circulating venous
steroidal products (1,2), studies in both the guinea pig (3) and
pig (4) show that both activities reside in a single protein,
P450cl 7. Thus, the P450c.17 enzyme is a key branch point in
human steroid hormone synthesis, as 17a-hydroxylase ac
tivity distinguishes between synthesis of mineralocorticoids
(aldosterone) and glucocorticoids (cortisol) and as 17,201yase

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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activity distinguishes between synthesis of glucocorticoids
and sex steroids. P450c.17 is encoded by a gene or genes now
termed P450XVII (5). P450c.17 mRNA accumulation is reg
ulated hormonally (6, 7) and developmentally (8). Like
P450c.21 (steroid 21-hydroxylase), P450c17 is bound to the
endoplasmic reticulum and accepts electrons from NADPH
via a flavoprotein (9–11). By contrast, the two other adrenal
steroidogenic cytochromes P450, P450s.cc (cholesterol side
chain cleavage enzyme) and P450cl 1 (113/18 hydroxylase),
reside in mitochondria and employ a different electron
transfer chain (12). cDNAs have been cloned for two human
steroidogenic enzymes, P450c21 (ref. 13; also K. J.
Matteson, B.-c.C.. W.L.M., unpublished results) and
P450scc (14, 15). The sequence of bovine adrenal P450c.17
cDNA was reported (16) but the human cDNA and amino
acid sequence are not known.

Slight differences have been reported in porcine P450cl 7
isolated from the adrenal and testis (17). These proteins were
distinguished by molecular weight, amino acid composition,
and N-terminal amino acid sequence but were enzymologi
cally and immunologically indistinguishable, raising the pos
sibility of tissue-specific isozymes of P450c.17; the existence
of such P450cl 7 isozymes remains unconfirmed. We now
report the partial amino acid sequence of porcine adrenal
P450cl 7. This amino acid sequence was used to produce a
degenerate-sequence oligonucleotide, which in turn was used
to isolate a small porcine adrenal cDNA. This porcine cDNA
was then used to isolate the full-length human adrenal cDNA.
A human testis cDNA library contains an identical sequence,
and nuclease S1-protection experiments confirm that the
same P450c.17 mRNA is found in human adrenal gland and
testis.

MATERIALS AND METHODS

Porcine adrenal P450cl 7 was isolated as described (18).
Approximately 2 mg of protein was S-carboxymethylated,
digested with trypsin or Staphylococcus aureus V8 protease,
and sequenced as described (19, 20). The sequences of 50
tryptic fragments and 28 V8 protease fragments were ordered
by overlapping regions and by alignment with the human
cDNA (below) and bovine cDNA (16). Double-stranded
porcine adrenal cDNA was synthesized (21), ligated to
pBR327 by dC-d6 tailing, and cloned in Escherichia coli MC
1061. The 128-fold degenerate 17-base probe 3' AC3CAxC.
*Present address: Institute of Molecular Biology, Academia Sinica,
Nankang, Taipei 11529, Taiwan.
To whom reprint requests should be addressed at: Room 677-S,
Department of Pediatrics, University of California, San Francisco,
CA 94143.
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CXCT#TACAA 5' was synthesized by phosphoramidite chem- ug/ml)/0.2% polyvinylpyrrolidone/0.2% Ficoll/0.2% bo
istry. vine serum albumin at 37°C. High stringency screening was

The human adrenal cDNA library has been described (14); done at 42°C in the same solution containing 50% (vol/vol)
the human testis cDNA library was from Clontech (Palo Alto, formamide. Cloned cDNA was cleaved from Agtl0, cloned
CA) (15). The porcine cDNA was nick-translated (specific directly into puCl3 and puC18, and appropriate fragments
activity, > 10° crim/ug) and used to screen the human adrenal were subcloned into M13mpll and mpl& for dideoxy se
cDNA library under conditions of low stringency: 5x SSC quencing (22). Sequence comparisons were done as de
(1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH)/20% scribed (23).
(vol/vol) formamide/denatured salmon sperm DNA (100 Sl-nuclease mapping was done as described (24). In the 5’
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Fig. 1. Sequences of P450c.17. The upper line, designated paa, shows the 423 residues of porcine amino acid sequence determined by peptide
sequencing, except residues 491 and 492 are inferred from the porcine cDNA. The second line, designated haa, shows the human amino acid
sequence derived from the human adrenal cDNA sequence (hcDNA) shown on the third line. The fourth line, designated pcDNA, shows the
sequence of the small porcine cDNA clone. The fifth line, designated ba/A, shows only those bovine amino acid residues (16) that differ from
the human sequence. The overlined region of 17 bases (amino acids 442–447) indicates the region corresponding to the 128-fold degenerate
17-base porcine oligonucleotide probe. The arrows between amino acids 99 and 100 and between the 76th and 77th bases in the 3'-untranslated
region indicate the extent of the human testicular P450c17 cDNA. The “ATAAA" polyadenylylation signal is underlined.
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probe, P450c17 mRNA protects the 461 bases from the 5’
terminus of the cDNA to the Sau5A site at codons 139–140
(Fig. 1). In the 3' probe, P450c.17 mRNA protects the 297
bases from the Pvu II site at codons 472–473 to the 3' end of
the cDNA.

RESULTS

Amino Acid Sequence of Porcine Adrenal P450c17. Micro
sequencing of proteolytic fragments of the available porcine
adrenal P450cl 7 enzyme yielded the sequence of 423 amino
acids; by analogy with the human (below) and bovine (16)
sequences, this represents 83% of the expected 508 or 509
amino acids. A 128-fold degenerate 17-mer was synthesized
corresponding to amino acids 442—447, where residue 442 is
the thiolate cysteine of the heme-binding site. With this probe
six porcine adrenal cDNA clones were identified. One of
these, ppal?, was chosen at random and partially sequenced.
The sequence of these 325 bases, shown in Fig. 1, corre
sponds precisely with the amino acid sequence of several
overlapping proteolytic peptides of porcine P450c.17. By
alignment with the human (below) and bovine (16) P450c.17
sequences, this cDNA encodes amino acids 409–502.

Identification and Sequence of Human Adrenal P450c17
cDNA. Hybridization of the porcine P450c17 fragment to our
human adrenal cDNA library yielded about 300 positive
clones. Two clones were chosen at random, subcloned, and
partially sequenced. One clone contained about 650 base
pairs (bp), the other contained 950 bp. Both had identical
restriction maps and identical nucleotide sequences in the
regions examined, including the entire 3'-untranslated region
of both clones. The 5' end of the longer clone was subcloned
and used to reprobe the library, identifying about 150 clones.
Sixty of these were picked and grown in pools of six without
plaque purification, cleaved with EcoRI, electrophoresed
through agarose, and examined by Southern blotting. The
pool containing the largest observed hybridizing band was
then broken down to its individual members, and plaques of
the appropriate clone were purified. The clone, designated
Ahac17-3, was sequenced by the strategy shown in Fig. 2,
showing that the cDNA contained 1754 bases plus the EcoRI
linkers used in constructing the library. By homology with
the porcine amino acid sequence, this cDNA encodes 41
bases of the 5'-untranslated sequence, the whole protein of
508 amino acids, the complete 171-base 3'-untranslated
region, and part of the poly(A)tail (Fig. 1). The predicted
molecular weight of human P450c.17 is 57,379.82.

Comparison of Human Adrenal and Testicular P450c17
mRNAs. The report of tissue-specific P450c.17 isozymes in
the pig describes very minor differences in the amino acid
sequence and composition of these two forms (17), indicating
the sequences of their mRNAs would be very similar.
Therefore, to determine if similar P450c.17 mRNAs are found
in the human adrenal and testis, we used stringent hybrid
ization conditions to probe an RNA gel blot of human adrenal

R H.S He SS Pw

E Ps Pv Pv SS/ S S A HA º SS El | | | || | | 1–1 | | || || |
--> --> <-- <-e-º- e- -e
<!--
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<!-- -->

e-- *-es-->
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200 bp

FiG. 2. Sequencing strategy for Ahac17-3. Only restriction sites
used in sequencing are shown. Each arrow indicates the direction
and extent of dideoxy sequencing. Each reaction was performed at
least twice. Restriction sites indicated are as follows: A, Alu I; E,
EcoRI; H, Hae III; HC, HincII; Ps, Pst I; Pv, Pvu II; R, Rsa I; S,
Sau3A; Ss, Sst I.
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Fig. 3. RNA gel blot. Lane M, molecular size markers (HindIII
cleaved bacteriophage PM2; 5.4, 2.2, and 1.0 kilobases (kb)]. Lane
A, 35 ug of total RNA from a human adrenal carcinoma; lane T., 35
pug of total RNA from a human Leydig cell testicular adenoma. The
blot was probed with *P-labeled human adrenal P450cl 7 cDNA.

and testicular RNA with the adrenal P450c.17 cDNA clone.
As shown in Fig. 3, bands of equivalent migration and
hybridization intensity are seen in the RNA from each tissue,
suggesting the P450c17 mRNA in each tissue is very similar,
if not identical.

To determine if the P450c.17 in human testis is identical to
that in the human adrenal, the 950-base adrenal P450cl 7
cDNA was used to screen a human testicular cDNA library
under high-stringency conditions. Three clones were identi
fied out of 150,000 screened, and one was sequenced,
showing it contained the 1303 bases encoding amino acid 100
through the 76th base of the 3'-untranslated region (Fig. 1).
All 1303 bases in the testicular clone are identical to the

1 2 3 4 5 6 7
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T *
-i;404 – :
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309 – " - a -
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~. - -

~ * - I.
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Fig. 4. Sl-nuclease protection of 5' and 3' ends of adrenal and
testicular P450cl 7 mRNA. A 5% acrylamide/7 M urea gel was
prepared. Lane 1, molecular size markers (HpaII-cleaved pHR322)
as indicated in bp. Lane 2, the 498-base 5’ probe corresponding to the
first 461 bp of the cDNA plus 27 bp of M13 and the 10-bp EcoRI linker
used in cloning, incubated with 50 ug of tRNA and no S1 nuclease.
The smaller bands in this and other lanes represent fragmented probe
due to *P decay, as the probes were synthesized 1 week before use.
Lanes 3 and 4, Sl-nuclease protection of the 5’ probe by adrenal and
testicular RNA, respectively (these RNAs are the same as those used
in Fig. 3). Lane 5, the 377-base 3' probe corresponding to the terminal
297 bp of the cDNA plus the 10-bp EcoRI linker and 70 bp of M13
to the Pvu II site at base 6356 of M13. This probe migrates at 345
bases on the gel due to “snap-back” self-hybridization of the 18-base
poly(A) tail to the 12 thymidine residues at the end of the 3'-
untranslated region (Fig. 1). Lanes 6 and 7, S1-nuclease protection
of the 3' probe by adrenal and testicular RNA, respectively; the
protected fragment is 265 bp long—i.e., equal to the 297 bases of
cDNA minus the self-hybridizing “snap-back” region. The existence
of this “snap-back” hybridization was proven by S1 digestion of
probe unprotected by RNA and electrophoresis on a 15% acrylamide
gel (data not shown).
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P450cl 7
P450c. 1
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FIG. 5. Relationship of human P450cl 7 to other human steroidogenic P450 sequences. The P450cll sequence is as reported by Higashi et
al. (25) and the P450s.cc sequence is from our laboratory (15). The alignments and insertions of gaps were done manually as described (23). The
single letter code (26) is used; capital letters designate residues identical in two or more of the sequences; nonhomologous residues are shown
in lower case.

corresponding bases in the adrenal clone. Rescreening these
"plaque lifts” under low-stringency conditions did not iden
tify additional hybridizing clones.

To examine the homology between human adrenal and
testicular P450c.17 mRNAs in the regions not found in the
testicular cDNA, we performed Sl-nuclease protection ex
periments. A 5' fragment of the adrenal cDNA encompassing
the first 461 bases and a 3’ fragment encompassing the last 297
bases of the cDNA were labeled and used as probes. Both
human adrenal and testis RNA protect identical fragments of
both probes from digestion with S1 (Fig. 4). Thus, it is likely
that the uncloned regions of the testicular cDNA are identical
to the adrenal cDNA.

Comparison of Human Steroidogenic P450s. P450c17 is the
third human steroidogenic enzyme for which the amino acid
sequence has been determined, joining P450c21 (refs. 13 and
25, and K. J. Matteson, B.-c.C. and W.L.M., unpublished
data) and P450scc (14, 15). To investigate the evolutionary
relationships among these cytochromes P450, we compared
their amino acid sequences (23, 24). Of the 508 amino acids
in P450c.17, 147 (28.9%) are identical in P450c21. By contrast,
P450c17 and P450s.cc are only 12.3% homologous (64/521
amino acids) while P450c:21 and P450s.cc are 15.7% homolo
gous (82/521 amino acids); only 36 amino acids (6.9%) are
identical in all three proteins (Fig. 5). Somewhat surprisingly,
the region of greatest similarity between P450c.17 and
P450c:21 is not the heme binding site at residues 433–453
(13/21 identical amino acids), but is concentrated in residues
346–366 (18/21 identical amino acids). The possible role of
this region in binding steroid hormones is uncertain, although
the corresponding regions of rat liver P450c and P450d
determine the substrate specificity of those enzymes (27).

DISCUSSION

Studies of P450c.17 enzymology, amino acid composition,
and N-terminal amino acid sequences suggested that pigs
might have two similar but distinct organ-specific isozymes of
P450c.17 (17). We have shown (28) that humans have two or
more P450XVII gene sequences and that the gene encoding
the cDNA we have sequenced from both human adrenal and
testis lies on chromosome 10. As this is the functional gene.
it is termed P450XVIIA1 (5). Testicular steroidogenic Leydig
cells and adrenocortical cells share a common embryologic
origin (29) and adrenal “rest” cells are often found in the
testis (29, 30). Thus, the expression of the “adrenal” form of

P450c.17 in the testis is not surprising and does not rule out the
possibility of another P450XVII gene encoding a testis
specific P450c.17 isozyme. Although it is attractive to hy
pothesize that one of the other gene sequences detected by
low-stringency probing (28) might encode another isozyme of
P450c.17, no additional testicular P450c.17 cDNA clones were
detected at these low-stringency conditions. The equivalent
intensities of the bands of "adrenal’’ probe protected from
S1-nuclease digestion by adrenal and testicular RNA indi
cates this is a major, if not the only, form of P450cl 7 mRNA
in the human testis.

Of the corresponding 423 amino acids of the human and
porcine sequences, only 282 (66.7%) are identical. By con
trast, the human and bovine (16) amino acid sequences are
70.5% homologous (358/508 amino acids) (80.1% nucleotide
homology); if only those bovine and human amino acids
corresponding to the sequenced porcine amino acids are
compared, the homology is 72.6% (307/423). It is surprising
to find greater differences between the human and porcine
sequences than between the human and bovine sequences, as
the evolutionary precursors to primates and the precursors to
Artiodactyla (including cattle and pigs) diverged about 85
million years ago, while cattle and pigs diverged from each
other more recently, about 60 million years ago (26, 31, 32).
The closer evolutionary relationship between cattle and pigs
would suggest these sequences would be significantly more
homologous, yet the corresponding amino acids of these two
sequences are only 74.2% homologous (314/.423)—i.e., not
significantly greater than the 72.6% bovine/human homolo
gy. These findings reemphasize that the accumulation of
point mutations and amino acid changes is only very roughly
linear with evolutionary time, indicating that the “evolution
ary clock” may run at variable speeds (25), even for a single
gene family.

The nucleotide and amino acid differences among the three
species are scattered throughout the sequence and are not
clustered in discrete regions, unlike the clustered differences
in human and bovine P450s.cc (15). However, the region
between amino acids 160 and 268 contains 50 differences in
the human and bovine sequences (53.7% homology). Al
though only 80 of the 108 residues in this region are known
in the porcine sequence (Fig. 1), these 80 residues contain 47
amino acid changes (41.25% homology). If one looks at these
same 80 residues in the bovine and human sequences, there
are only 36 differences, or 55.0% homology, indistinguishable
from the 53.7% homology for the whole region. Thus,
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residues 160–268 represent a hypervariable region in the
P450c.17 sequence. Although the function of this region is not
known. it is uniikely to be related to the 17a-hydroxylase and
17.20 lyase activities common to the P450c 17 of all three
Species.

The amino acid sequence of P450cl 7 is much more similar
to that of P450cl l (28.9%) than to that of P450s.cc (12.3%).
This suggests the P450XVII genes and P450XXI genes
(encoding P450c:21) diverged in evolution more recently than
either did from P450XII gene encoding P450s.cc. Both
P450c.17 and P450c.21 are bound to endoplasmic reticulum
and interact directly with a flavoprotein carrying electrons
from NADPH (9–11). By contrast, P450s.cc (and another
steroidogenic enzyme, P450cl 1) reside in mitochondria and
employ different electron-transport intermediates (12). Thus,
we suggest that a very early event in P450 gene evolution was
divergence of nuclear genes encoding mitochondrial P450s
from genes encoding microsomal P450s. The P450XVII and
P450XXI genes then subsequently diverged from the ances
tral microsomal P450 gene while the P450XII gene and
P450XI gene (encoding P450cl 1) diverged from the ancestral
mitochondrial gene. The greater homology between micro
somal P450s from different species than between microsomal
and mitochondrial P450s from the same species strongly
supports this model (refs. 24, 25. and this paper).

When residues 160–268 in P450c.17 are compared to other
human steroidogenic P450 enzymes, far less homology is
found in this hypervariable region than in other regions. The
human P450c17 and P450c2l sequences have only 23 amino
acids (13.6%) in common in this region. This region corre
sponds closely to the boundaries of exons 4, 5, and 6 of the
P450XXI gene (13, 24, 25). By contrast, the amino acid
sequence encoded by exon 8 of the P450XXI gene is 50.8%
homologous to the corresponding region of P450c.17 cDNA.
The available sequence data and analyses (13, 24, 25) suggest
that evolutionarily ancient P450 genes had far more exons
than their present day counterparts; thus, we suggest that the
P450XVII gene will be structurally unique compared to other
P450 genes, but that some exons will bear fairly close
resemblance to some P450XXI exons. Such findings would
suggest that one of the mechanisms of evolution of modern
steroidogenic P450 genes might be crossover events between
homologous sequences.
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Cloning and Sequence of the Human Gene for P450c17
(Steroid 17o-Hydroxylase/17,20 Lyase):

Similarity with the Gene for P450c21

JAMES PICADO-LEONARD and WALTER L. MILLER

ABSTRACT

P450c.17 is a single cytochrome P450 enzyme mediating both 17o-hydroxylase and 17,20 lyase activities in
the biosynthesis of steroid hormones. We have cloned and sequenced the human P450XVIIA1 gene lying on
chromosome 10, which encodes P450c.17. The gene spans 6569 bp and is divided into eight exons by seven in
trons. This intron/exon structure closely resembles that of the P450XXI genes encoding P450c21 (steroid
21-hydroxylase), which contain 10 exons, except that the introns dividing exons 1 and 2 and exons 4 and 5 in
the P450XXI gene are absent in the P450XVII gene. Furthermore, computer modeling studies indicate the
conformations of P450c.17 and P450c21 are very similar. The structures of the P450XXVII and P450XXI
genes are very different from other classes of P450 genes. Although the production of P450c17 is under dif
ferent hormonal, ontogenic, and tissue-specific controls in various types of steroidogenic cells, the adrenal
and testis transcribe the P450XVIIA1 gene into P450c.17 mRNAs having the same cap sites. S, nuclease pro
tection experiments locate the principal cap sites as a G residue lying 22 bases 3' to an atypical TTTAAA
promoter, and 82 bases 3' to a typical CAAT box. The 5'-flanking DNA contains sequences similar to con
sensus sequences regulated by cAMP and glucocorticoids.

INTRODUCTION

TEROID HORMONEs are ubiquitous physiologic regulatorsS. function by modulating gene expression. Several
categories of steroid hormones are produced in mam
malian adrenals, gonads, and placentas by a complex path
way involving several unique cytochrome P450 enzymes.
(Fig. 1) (for reviews, see Miller and Levine, 1987 and Attie
and Miller, 1987). Cholesterol is first converted to preg
nenolone by the mitochondrial enzyme P450scc. Preg
nenolone may then be metabolized by a variety of path
ways to yield progestins, mineralocorticoids, glucocorti
coids, androgens, and estrogens. The key enzyme in the
choice of pathways leading to these end products is
P450c17, a single species of cytochrome P450 having two
very different activities: 170-hydroxylation and cleavage of
the C17–20 carbon bond. These 17o-hydroxylase and 17,20
lyase activities are easily distinguished physiologically and
clinically.

The human adrenal has abundant P450cl 7 under ACTH
regulation via cAMP (DiBlasio et al., 1987). It also has
considerable 17o-hydroxylase activity but little 17,20 lyase
activity. Adrenal 17,20 lyase activity is developmentally
stimulated by unknown factors during a peripubertal
event, termed adrenarche, which is independent of puberty
(Sklar et al., 1980). The testes also have abundant P450c17
mRNA under gonadotropin control via cAMP (Voutilai
nen and Miller, 1988) and express both 170-hydroxylase
and 17, 20 lyase activities to high levels (Attie and Miller,
1987). Unlike the testis, the ovary divides its steroidogenic
functions between two cell types, the theca and granulosa
cells (Erickson et al., 1985). Both cell types have P450s.cc
mRNA and convert cholesterol to pregnenolone, but all
the P450c17 mRNA (Voutilainen et al., 1986) and both
P450c.17 activities are confined to the granulosa cells
(Erickson et al., 1985).

The two activities of P450c17 can be distinguished ge
netically as well as physiologically. An autosomal recessive
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Cholesterol

G) P450s.cc

3BHSD isom P450c:21 P450ct 1 P450c1 1 P450cl 1

Pregnenolone —- —- Progesterone —- DOC —- Corticosterone —- 180H Corticosterone —- Aldosterone
(3) (3)

(5) P450c.17 © P450c.17

. 3BHSD (som P450c:21 P450c 1

17OH Pregnenolone —- —- 17OH Progesterone —-11 Deoxycortisol —- Cortisol
(3)

(6) |P450c.17 (6) P450c.17

\ 36HSD lsom 17 Keto reductase P450 arom
DHEA —- —- Androstenedione ------------ -- Testosterone rº- Estradiol

(g)

FIG. 1. Principal pathways of human adrenal steroid hormone synthesis. Other quantitatively and physiologically
minor steroids are also produced. In general, this pathway is typical of mammalian adrenals, although some notable ex
ceptions occur: for example, rat adrenals lack P450cl 7 mRNA (Voutilainen et al., 1986), consequently, the rat synthe
sizes no cortisol and uses corticosterone as its principal glucocorticoid hormone. The chemical identities of the enzymes
are shown by each reaction and the traditional names of the enzymatic activities correspond to the circled numbers.
Reaction 1, Mitochondrial cytochrome P450s.cc mediates 200-hydroxylation, 22-hydroxylation and scission of the
C20–22 carbon bond, a set of reactions traditionally termed “20,22 desmolase.” Reaction 2, A non-P450 enzyme (or en
zymes) bound to the endoplasmic reticulum mediates 33-hydroxysteroid dehydrogenase (33HSD) and isomerase (Isom)
activities. Reaction 3. P450c21 in the endoplasmic reticulum mediates 21-hydroxylation. Reactions 4, 7, and 8, Mito
chondrial P450cl l exerts three clearly distinguishable activities—113-hydroxylation (4), 18-hydroxylation (7), and
18-methyloxidase activity (8). Reactions 5 and 6, P450cl 7 in the endoplasmic reticulum mediates both 17a-hydroxylase
(5) and 17, 20 lyase (6) activities. Reactions 9 and 10 are found principally in the testes and ovaries: 17-ketosteroid reduc
tase, a non-P450 enzyme of the endoplasmic reticulum, produces testosterone (9), which may then be converted to es
tradiol by P450arom (10), another P450 enzyme of the endoplasmic reticulum mediating the aromatization of the A ring
of the steroid nucleus. For further details and references, see Miller and Levine (1987).

deficiency of human 17,20 lyase activity exists in which
17a-hydroxylase activity remains normal (Zachman et al.,
1972; Goebelsman et al., 1976). Thus, 17a-hydroxylase
and 17, 20 lyase have long been thought to be distinct en
zymes. However, purification of adrenal P450cl 7 from
both the pig and guinea pig showed that a single protein
had both activities (Kominami et al., 1982; Nakajin et al.,
1983). Any residual doubts of this fact were dispelled when
Zuber et al. (1986) showed that cells transformed with a
bovine adrenal P450cl 7 cDNA expression vector acquired
both 170-hydroxylase and 17,20 lyase activities.

Slight differences in the reported molecular weight,
amino acid composition, and amino-terminal amino acid
sequences of porcine P450cl 7 isolated from adrenals and
from testes suggested that P450c.17 might exist as different,
tissue-specific isozymes (Nakajin et al., 1984). Further
more, Southern blotting studies indicate that the human
genome has three genes related to P450c.17 with the gene
expressed in the adrenal lying on chromosome 10 (Matte
son et al., 1986b). However, human P450c17 cDNA from
adrenal and testis have identical sequences and S, nuclease
protection patterns, indicating that tile saue gene is ex

pressed in both tissues (Chung et al., 1987). Thus, the hu
man genome has only a single functional P450c.17 gene.
According to the new, unified cytochrome P450 gene
nomenclature, this gene is termed P450XVIIAl (Nebert et
al., 1987). We have now cloned and sequenced that gene.
It contains eight exons and seven introns spanning 6500
bp. An atypical TTTAAA promoter sequence is employed
in both adrenal and testicular expression of this gene. Even
though P450c.17 and another steroidogenic enzyme,
P450c21, share only 28.9% amino acid homology (Chung
et al., 1987), the P450c.17 and P450c2l genes share ex
tremely similar intron/exon structures. Computer model
ing of the protein conformation and hydropathy of
P450c.17 and P450c21 show remarkable similarity in the
two enzymes. These data indicate that the P450cl 7 and
P450c21 genes are evolutionarily much more closely re
lated to each other than either is to the hepatic microsomal
P450 genes induced by phenobarbital or 3-methylcholan
threne, and suggests that the evolutionary divergence of
these steroidogenic P450 genes post-dates their divergence
from other P450 genes.
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HUMAN GENE FOR P450c17

MATERIALS AND METHODS

Phage screening and sequencing
A human genomic DNA library (Lawn et al., 1977) was

propagated in Escherichia coli C600 and plated on LB
agar at 4 x 10" ptu/15-cm plate. Plaque screening was
done as described (Chung et al., 1985) using isolated, "P-
labeled, full-length human P450cl 7 cDNA from Ahacl 7-3
(Chung et al., 1987). Plaque-purified phage was prepared
by DEAE-cellulose chromatography (Helms et al., 1985)
and mapped by restriction endonuclease cleavage, South
ern blotting, and probing with *P-labeled cDNA by stan
dard methods as described (Chung et al., 1985). Genomic
DNA fragments hybridizing to cDNA were subcloned into
pUC18 and puC19, and into M13 mpl? and mp 19 for
dideoxy sequencing using "S-labeled dYTPs and gradient
gels (Biggin et al., 1983).

S. nuclease mapping

The 27-base oligonucleotide 3'-CGGACGGCCGTGGG
TCGGTGGTACACC-5 was synthesized and used to
prime the transcription of a 175-base "P-labeled probe.
The template was an M13 clone of the 175-base Sst I-Sst I
fragment of the P450XVIIA1 gene corresponding to nu
cleotides – 104 to +70. Synthesis of the probe, its hybrid
ization to total RNA, and the S, nuclease protection were
all done exactly as described (Chung et al., 1986a).

Sequence analysis

The alignment of the human P450c.17 and P450c21
amino acid sequences was done by our published method
(Miller et al., 1981) and has been presented previously
(Chung et al., 1987). The P450c21 gene (P450XXIA2) se
quence of Higashi et al. (1986) was used as it agrees with
our human P450c21 cDNA sequence (Matteson et al.,
1987). Hydropathy analysis was done by the method of
Kyte and Doolittle (1982) and conformational predictions
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were made by the method of Chou and Fasman (1978),
both using programs prepared by Hugo Martinez (Univer
sity of California, San Francisco).

RESULTS

Cloning and sequencing the gene

Approximately 1.5 x 10° phage clones were screened,
identifying six that hybridized to the full-length cDNA on
duplicate plaque lifts. These were plaque-purified and
characterized by restriction endonuclease mapping and hy
bridization to fragments of the cDNA. Two phage were
chosen for detailed analysis and puC subcloning of posi
tively hybridizing fragments cleaved with Bam HI, Sst 1,
Eco RI, and Hinc II (Fig. 2). An overlapping restriction
map was constructed and used to direct the sequencing of
various DNA fragments in M13. The coding regions were
divided into eight exons by seven introns (Fig. 2). The se
quence of the exons agrees perfectly with our published
cDNA sequence; the lack of even a single base change indi
cates that the cloned DNA represents the transcriptionally
active gene expressed in both the adrenal and testis. 8460
bp of DNA was sequenced, including about 1.8 kb of the
5'-flanking region (Fig. 3). All exons and introns were se
quenced on both strands.

Three classes of characteristic sequences were found in a
search of this gene. Regions highly homologous to a complete
Alu repeat are found in the first, fourth, and sixth introns,
and another region similar to the 3' half of an Alu repeat is
found at bases –333 to —261 of the 5'-flanking region
(Fig. 3). The 5'-flanking region also contains four fairly
close copies of a 50- to 55-base tandemly repeated Se
quence, ending with TGTGATCTTTGTTGGA (Fig. 3).
This sequence closely resembles the TGTACACTTTGT se
quence regulated by glucocorticoids in the rat tyrosine hy
droxylase gene (Lewis et al., 1987) and generally resembles
the consensus glucocorticoid regulatory element GGTA
CANNNTGTTCT (Jantzen et al., 1987). Similar sequences

HUMAN P450C17 GENE

E HC PS PS Pv S S PS PV K X B PS E HO B Ho HC S HC S S HC E

Il-4–is -** = …
O 1 2 3 4 5 7 8 9 10 13
L I I I 1 l I I I I y A l

Ah M-17-2 i

! Ah M-17 - 1
l

FIG. 2. Map of the gene encoding human P450cl 7. The upper line shows the exons as solid boxes, other sequenced
DNA as a solid line, and unsequenced DNA as a dashed line. Restriction endonuclease sites used for dideoxy Sequencing
are indicated: E, Eco RI; HC, Hinc II; Ps, Pst I; Pv, Pvu II; K, Kpn I; X, Xba I; B, Bam HI; S, Sst I; Hø, HindIII. Sau
3A, Alu I, and Hae III sites used in sequencing are not shown. The scale shown below the map is in kilobases. The map
ping of the two overlapping human genomic clones used, Ahm17-1 and Ahm.17-2, is shown below.
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- 1778 CACCAAGCCTTCATCCCCACCCCACActºratar AAAAAAGAAAccCACACAtcratcc.cccAAtto. Accoaccºrd-AAtcAAccoactocrocacco ArcCCAcAccAAcara Aat

- 1663 torca AcAtttcArtta AtarcCAcArtt ArcActroccAAATAATAct TTTATAATTTCTTATcccTCTcTTTAcTTTAATCTCTTAATccTCTTATCTTTCTAAccTCACGAT

1548 GTTTCTCAct TCACGACCACTCTCATAATTCTctºr AAct cracAAAtte.A.TrctaacAcArctict tro-AACAAt AtcAAAttacrccaccºrtcAAAAAcAAcAcAAt AAGAccAA

- 14 33 TTTTTACCCAACAAGCCAAAACAACCATAACCTCTCAcºccCTCCAccotcCCCCAGAAACAcco. At Attitt.ccºrtcºttcACACAccºrataAAtcCAcArcCAAct Accoa Aca

- 1318 TATCAct AAAttott tºrcCTAccAAccAct Attatt Attaat AccotcCCAAAccAAtcº ArtcotccCCCCAccºrcºrata AACAcco.cct cºrccoa Arcrotato TrcticcAct

- 1203 to AGAtAACCActCACAtAccoccitcCrctocrocACTAccotcAccortAct Accordcc.cAAAAActoccoccTCCTAAAttºrcroctoacAccoctrctorccTCTCCAAcc -

- 1088 GTCttrCCTctrottt AAGCTCtºrtAtcAACAcAct ArctocaccCCTCAAcATACAccotcArcrotActrctocTTTTCCCCTTTccctrcTCATct TrcTrcCAccort Arc

-973 ActocTTCTCCTTTTccccTTTcccTTCTCATCTTTCTTCGAccºrt ATccCTAGTTCTCCTTTTTcccd.TTTCTccTTTccotcACAAccATCTCATcTTTCTTACACAcTTAT

- 858 tact actitctgct tºrtcoccott to AAccArcticArctittct AccotAcrotcc.cºrcrºrcºtt AcAccoccitc.cccºrrrrtcAAAccort AATAAAAActrocrºcrºtroAccerc

- 743 accrecct AtcAcAcrºctaccCAt Arcticatcc.c.Acco.cccc.ccc.cccAccrotAAAArtccºrcºrcºrrtAt Acrotcretcºttt Attºr CACCCCCCTCACActºratacAAAC

- 6 28 AACCTACCTTCAAATATTCCCCGTCCCTTCCCCCACT ACCCTAct cºrcCTCATCACCAAACAAGCTCTTCATCCCATTTTCATCAACAACAAATCTTATCAAACCCCCTCCCAC

-51 3 CTctCccarºrcot Act acto Accratctor CCCºrtcoct tcc.AccocºrcoccacaccoctitcCAccocto.ccc.AcaccºrtAGCACCCCTTTCCTTCCCATAcacArctacarºtt’t

-39s tattºrtcoccAccArtAAccocacAccoctitatcc.cºrcco AAAAc cacaroccercoaccoccaäcc to catcCACActCACACCACTCCACAccacCCtcCtcArcCACCAAG

- as 3. actercawacºccarawacaccºrrascadrccerceracrtcroaccorccrgaarcrarcarcrorczacroarrrrcarrrrocaccarcoaxacTrcca
- 1.68 Accorreacrccroaccecacaraccarrcocacrº■ cºgrº TCA ACCATCCCCACCTCACCCCTCCCTCCCCTCCACCACAATCTTTCT ºrcCACAAccCAAcacAra Acac

-

-53 AAAAGTCAACGTCAAGATCACGCTACCCCTTTAAAACCCCTCCTTCTCCCCTA CActrocCACAccºrctitcractcCActoctotcTAtcrtcoctoccCCCAccoacco Acc
- A

1 Met Trp Glu Leu Val Ala Leu Leu Leu Leu Thr Leu Ala Tyr Leu Phe Trp Pro Lys Arg Arg cy's Pro Gly Ala Lys Tyr Pro Lys
61 ATC. TCC GAC CTC CTC CCT circ Trc CTC crt Acc ct A cct TAt titc trf toc coc AAG ACA Acc TCC ccT CCT coc AAG TAc coc AAG

30 Ser Leu Leu Ser Leu Pro Leu Val Giy Ser Leu Pro Phe Leu Pro Arg His Gly His Met His Asn Asn Phe Phe Lys Leu Cln Lys
148 ACC CTC CTC. TCC CTC CCC CTC CTC ccc ACC Cºrc cºa tºrc Cºrc coc AcA CAt CCC cat ATC cat AAC AAc tºrc rºtc. AAc cºtc. cAc AAA

59 Lys Tyr Gly Pro I le Tyr Ser Val Arg Met Cly Thr Lys Thr Thr Val I le Val Cly His His G1 n Leu Ala Lys Glu val Leu I le
235 AAA TAT CGC CCC ATC TAt TCT GT7 CCT ATC CGC Acc AAG Act AcA Crc Art cto Ccc cac cac cAC CTC ccc AAG GAc GTC crt Art

88 Lys Lys Cly Lys Asp Phe Ser Cly Arg Pro Cin Met
322 AAC AAG GCC AAC CAC Trc TCT CCC ccc cct CAA Arc CrAActoctocco AtcircCrccotccocccTtcAccAccoccTccCATTccTtcAccTcTrcACAcc

425 ATCCCTACAATCGGGCTtcCACCTCCAACAACC totatt Tct tccCAAAAGtacAct ActoccatcAtcroAAccoacTCAAccrreACAccoccAccoaccotcTAAATTAcco

540 ACCTTCAatta AACCAatctotCctoºtaccaccetcºccaccACGTCCGAtcCCAccAccACAcrocºrcºrcaccCCTCAAccAAtccroacticcActocºrctictorcaccoºtacA

655 CTTCTCTAAt CCActoacAAccrocatct AcaccActºr Accot ACCAcco. AccAcAct AActoccºttaracAcco. AccArtcArctractºr treatco AAAAtcCocco. AcroA *
77 o CTACTCTCCTCCATCAAAccroctoccCACAAttacCCtacct AttocaccotcCGAtrocitcct tºrccroctocrattitccacct Act cAccoroacAccoccActrºrrctacA º

885 ArcacartreaccorrectoarcaccorccoacrcaccaccoccaccaccorcroaccºrrrrrrrrrrrrrrrrrrrrrrreacacagacrcrercrerorcoccCAccerco
lood ACTCCACTCCCCAAtcºtcaccitcActoca Acct citccotcCCCCCTCAActoratºrcticcitcccºrcacActocroactacct cocact AcAccAccAtcccAccArcc.ccccra At .

-

1 115 TTTTTCTATTTTTActacAGArcGrctrrcaccAferraccoaccarcCrcrocarcrecroaccrecroarccreccaccrraccorccoaxacrccraccartaraccecraa
1240 cccActotoccotcccAccortcºtcAccºrt to AtcAAcco. AAccottcctrºtatºrtt tºrcrºtccAccAAtcAcco. AccºrcticcºtcAccAActacctacctoccaccºrcticcircCCºr

1355 TCCTCCCCCCCCCACACAAcATCCACAACCC tactCatctocatcºttcAccotcAccAAAtcCAAAAccoacCottrocaccett’ttcc tºrtcoccoccaccitcracAacAAccº

147C CTCCCCCAAct coacAct coctacAcAAACAt CrcCActoºtcCAAATCTCCCCtºrcticcCtccotATCCAccettccAAtcCAAccotAAAccroAcºrcaccºrcaccitcºtcccºrt

1585 tacct cacct AAccCCtcAGCCAAAAccacACAtcrºtccAct cotcAccºtctacAAccTCAcctocrocct AccortcºtccACAcco. At Act TTAcAcactittatcccAtccac y
1 700 ACTTGCCTTCCTCTCCtcacAAAct catcAccAAAAAGAAccCACAGCCCAccortcºtcaccCAAAAcajaccCCAAtccticcircCatteta attaaccottctºrtcºtt torcct to

1815 ATCTActoratttgtca accAAttoccact AccaccoctitaccCtctgtc.ctacca ActoctitcCact catcc tocactCCActocco.cºrcºrccocacatcccacto accAtccº

1 OO A1 a thr
1930. Acctacctocct tctg.cºrcCAccAAccAAAccAccoaccACAccºtct AAccCCAAGActoccotcCatcCCtctoacArtcotAcAccºtt.ccc.tcc tetctaaac GCA Act -

102 Leu Asp I le Ala Ser Asn Asn Arg Lys Cly I le Ala Phe Ala Asp Ser Cly Ala His trp Cln Leu His Arg Arg Leu Ala Met Ala
2042 Cºra cAC ATC ccc tec AAC AAC cct AAC cct Atc. coc tºrc cot GAC Tor CGC cca cac toc CAG cºrc cat CCA AGC CTC GCC ATG GCC * *

1 31 thr Phe A Leu Phe Lys Asp Cly Asp Cln Lys Leu Clu Lys I le I
2.1.29 acc rºtt CTG titc. AAG GAt CCC CAT CAC AAC CTC CAC AAG Atc. A GTGAGTCCCAGCCTCCCCCCTCCCCCTCCCCCTCCATCCCACACCACCTCCT

--

2127 ccAccoacAccAccCTTccCCAccCCTAAccoctitAccAct AGAccoca Atco. Accott trottcGCTActocroccAtctactCCCATCTCCTATCTCTCCCCCCCTCCTCACG } -

146 le Cys Gln Glu I le Ser Thr Leu Cys Asp Met Leu
2242 caacrocracAGACAccCCCTAAccotcctoatt.cAttitcCACCCtcAtco.cccotcrocctroAG tºt tot cac caa Atc Act acA. tTG TGT CAT atc cºtc.

1ss Ala Thr his Asn cly cin ser I le Asp I le ser Phe Pro val phe val Al a val Thr Asn val I le ser Leu 1 is cys Phe Asn Thr
2343 ccc Acc cAc AAc GCA cAG to c. At A GAc Arc toc trit Cot Gtc. tTC CTG GCG GTA ACC AAt CTC ATC. TCC TTG ATC. TCC TTC AAT ACC

187 ser Tyr Lys Asn cly Asp Pro Clu Leu Asn val I le Gln Asn Tyr Ann Glu Gly I le I le Asp Asn Leu Ser Lys Asp Ser Leu Val
-

2430 Tcc tac AAG AAT coc GAc cot GAC tro AAt Gºtc. At A CAC AAt taC AAT CAA CCC ATC ATA GAC AAC CTC ACC AAA CAC ACC CTC CTC * -

FIG. 3. (Continued on p. 443.) Sequence of the human gene encoding P450cl 7. The gaps between codons and between
coding and noncoding regions are for clarity only and do not indicate unsequenced DNA. The bold underlining in the 5’ }
untranslated region indicates the presumed promoter sequences TTTAAA and GGAGAATCT and the four GRE-like se
quences TGTGATCTTTGT. The closed arrowhead indicates the principal transcriptional start site. The bold underlining
in the 3' untranslated region indicates the ATAAA polyadenylation signal, while the open arrow 21 bases downstream * *

from this signal indicates the last base in the cDNA before the poly(A)tail (Chung et al., 1987). The lightly underlined re
gions in the 5'-flanking region and in the third intron indicate sequences somewhat related to the consensus GRE se
quence. The potential cAMP regularity region TGGAGTCA is boxed. The Alu sequences in the 5'-flanking region and in

-

the first, fourth, and sixth introns are enclosed in brackets.
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Asp Leu Val Pro Trp Leu Lys
CAC CTA Grc coc Tcc TTC AAG GTCAcArccTcccAccocroccTTcAccrtcracracAccord AcArtcrocco AAtcTTccTTccrtrTTAcTTcccTCCTccAcc

cc.cAATCAccoarctrittccTCATTAccrocco.cAcctor AccrocrotcccActra AAAccTrrcCoATTTctorccACAcATAAcArtTAccorrtraartarco AccTTAG

TACrcCACAtAAtcAccrtcArtTorrttccAATTAccArcroccAct Act AAccArtcrat Accoat rcatcc.croAATTccTTrcCAAct AccTTTTATTATccccATTCTcc

ACCTCACAACCACCCTTACCCCCCTTAACCACCTTCrctºaccortcACCtcArcCrcrotcircactoctaacCCCTCCAcacAtaccacActoaccoctrc ArcrTrcArtCAA

to co-CA-ACCACAccro-CAcaccaccoccºrccroccrror TTAC TCTcr TccrocrºcarcataAAccºct tcrotcitc.cccarctroccTrccArtcrºccTCAAccroAcco

CTCCACTACCAACTTCCACACACACAAAAcct AAcatcc.ccct coacCACACAct croccaccitcCACAAccAAAAtccAAcAAccotccArtta Acarºrtc.Trrrt Arrºrcºac

tle Phe Pro Asn Lys Thr Leu Clu Lys Leu Lys ser His wal. Lys I le Arg Asn Asp Leu Leu Asn Lys I le Leu Glu Asn Tyr Lys
ATT TTC CCC AAC AAA ACC CTC CAA AAA TTA AAG ACC CAt CT: AAA ATA CCA AAT CAT CTC CTC AAT AAA Ata Ctt GAA AAt rac AAC

CTACCTCATACACCACAAcacAATArcact taccoraa AaccAAtcAcAAcAccAccorºcactocatrºtacacactCtacAAccºrtcAAAAccAAccACACAAccºroccacar

ACTACCTCTACAATAAAAAct-ACTTAAccCCTCCCCCCCCTCC crºarcºtcraatcc.c.AAcActºr TCCACCCCCAcct coccacatcAccroAcct ºrcco. Acct Tccacacca

cccroaccacarcCacamadictarcreractawatacawarraccoccacac CCTCCCCCATCCCTATAATCCCACCTAATTTCCCCAccotcAccoacCACAct-Actºr

caccecacaºccacacorrecacroaccroacarcatcc.carrocacrocaccordcc.carrcoaccacarrcrorcrewARErcacrewAccactic
cCatcCAAAAcTCAccAAcroAAcaccArcCracAACAcaccº AAccrºrco AccAAttra AAAACCCCCCCCC ccTccCrcCraccTCCACAccrtccTAccrectoccº Acac

ttcCrctact tº caactCCAAccAccorrctrarctor Actoacco AcAcAAct ArcCoAccActorcacACAtcCCCCtccrtcott AttaatcrotcccAAAccTcAccºa Ac

Glu Lys Phe Arq Ser Asp ser I le Thr Asn Met Leu Asp Thr Leu Met Cin Ala Lys Met Asn Ser Asp Asn ciy Asn Ala
CCAC CAC AAA TTC CCC ACT CAC tº ATC Acc AAC ATC CTC Cac Aca circ ATC CAA ccc. AAC ATC AAC ºrca CAT AAT coc AAT cºt

Cly Pro Asp Gin Asp ser clu Leu Leu Ser Asp Asn His I le Lau Thr Thr I le Cly Asp I le Phe Cly Al a cly val clu Thr Thr
CCC CCA CAT CAA CAT TCA CAC CTC cºrt TCA CAT AAC CAC Att CTC. Acc Acc ATA cºc cac atc tºrt CCC cct coc Crc CAC Acc Acc

Thr serval Val Lys frp Thr Leu Ala Phe Leu Leu His Asn Pro Cln
Acc TCT CTC cºrt AAA toc Acc cto co-c TTC circ crº Cac AAt coºr cac crotcott.ccc.ccreat to Arcºt ACAcco.cAccºacco.cavatcrºtcoc

cºtccacacAAAccoacaccCAATTCrctºcaccºrrºrctictoCAccAACAct Accºccº ACAccºacTactCCCAAcco. AcrocacAccorctictºcatcCrcacactrcCAtta

val. Lys Lys Lys Leu tyr ciu Clu I le Asp Gin Asn
TTCTCTAACCCCTTCCC torcCTCCCCTTACAcacACTACTCAccºr-CAAccTAcrºcºccº cºrrº AC CTC AAC AAC AAC CTC TAC CAC CAC ATT CAC CAC AAt

val. Cly Phe Ser Arq Thr Pro Thr I le Ser Asp Arq Asn Arg Leu Leu Leu Leu Clu Ala Thr I le Arg Glu val Leu Arg Leu Arg
cro cot tºtc. Acc ccc AcA cca Act Arc Act cac cor AAC cct cro crº circ cro cac coc Acc Atc. cca cac cto cºtt CCC circ Acc

Pro val Ala Pro Met Leu I le Pro His Lys Ala Asn val Asp ser se
cc.c circ cºc cot Arc crº arc coc cac AAC ccc. AAC CTT CAC Toc Ac cºtcrºccTccoctoccacto AcarctaccoccatcatcCATT cacºrcct to

cCAccCCAccroccºtcc.cccTAcco.ccc.cccCtcc tocco. AAccra AActº Acto AAccatcAAct Act AAAAAtcatccitcc.cccotcCCCActoccTCACAccTctoratcCCA

AcactricccaccroaccccdcrocarcarcaccreaccocircascaccaccordaccarºrcorrowacceccarcretractawatacawarracccarcCarc
crCCCCCTctoctor ActºccaccracºtcAccAccotcAcco. AccacAAtcActroAAccAAccocccCCAccTTCCActo acco. AACATTC CaccactCCActocaccotcc.ct

cacacaccoccactercretcaaaaraaaraatraatraatraºratawarcarcercoccecacceccordecrecatarcretaccacciacacacaccCarrcacreat
ccacACAtcºtcc.cºrcactrcCºAcAccAccTTcctocroccºtcACACAcArcticcircreccArcAAAccotcCCAcct coarctroca-accaccrocaccacco.acataAcAtc

CCCTCCAcctoca AAcacACAccºacAtacactCccACACAccAAActºcacACACAcacct cºttcacACACAAccCCCTCTTACCACCCAACCCATCCACAAccCCTCCATT ta

ccTTTCarcroccACAAccroAccAAAACAtcAct cactCCCAAtcAccoactAAAccocartºrtcotcACCCCCCAAGAAtcACCCCCCATCACCCTCAccAACCAAccCacta

r I le Cly clu Phe Ala Val Asp Lys Cly Thr Glu val I le I le Asn Leu Trp
CCAAcroccacAcco. ActrºttccTCTTCC actoºtcCACCAC c Arc cor CAC trºt colt Ctc. cac AAC ccc ACA CAA CTT. Atc. ATC AAT CTC to c

Ala Leu His His Asn Clu Lys Clu Trp His Cln Pro Asp G in Phe Met Pro C
cºc cro cat cac AAT cac AAc cac toc cac cac cºc cat cac trº Arc colt c. CTCACTCTCTCCTCTCCTCCCCCCTCCCCCACACACCCACCCTC

CAcrotcctccAAccAccocactAccoctitcAccrotcCAAAcctroccotacAAAccrottcCCtcCAACTATACCCACCTCTTCACCCCCTCATCCTCCCATACACTTACCCA
AAcTcTTCACAccTCCCTTTcco. AccorcrtcTTccAAccAAcrocaaartcAccorco AAGAAccoctºtact.ccrotctorccºat TAACTCTCTCCCTTCTCCCCTCCCATG

CTCCTATTTTCATAccrr AATTccAccTorrt TccArccTrccTCAATATTTCATTTccrotcrotcCTTAACGGCTAccTCAAACCACCCCTGTATCTCTCCCCACCCCCCTTC

cco ATAATAAccoracArcCrcAGAtcACCCttcc.ctoccaccCCCAtctorccoccºtcAACCACCCCACAACCATCCCTCTCCTCCCTCCTCCCCTAACCCCTCCCTCATCCCA

lu Arg Phe Leu Asn Pro Ala Cly Thr cin Leu I le ser Pro Ser val ser tyr Lºu Pro Phº Cly Ala Cly Pro
citcottcc.caccac AC cci Trc Trc AAT coa coc coc Acc cac cro Arc rea CCC TcA GTA ACC TAT TTC ccc TTC CCA CCA CCA Cot

Arg ser cys I le cly clu I le Leu Ala Arg Cin Giu Leu Phe Leu i le Met Ala Trp Lºu Lºu Gin Arg Phe Asp Leu Glu val Pro
cCC Toc TCT ATA cor CAC Arc cTC ccc ccc cac cac cro Trc cro Arc atc CCC Toc Ctc. CTC CAG ACC TTC CAC CTC CAC CTC CCA

Asp Asp cly cln Leu Pro ser Leu Clu Giy I le Pro Lys val val Phe Leu I le Asp ser Phe Lys Val Lys Ilº Ly- Val Arg Cin
CAT CAt GC& CAC CTC ccc Tcc cro CAA ccc Arc coc AAC GTC cro TTT cro Atc CAc Tct TTC AAA CTC AAC ATC AAC CTC CCC CAG

Ala Trp Arg clu Ala cin Ala Clu Giy Ser Thr oc
coc Tcc AC& GAA ccc cAC ccT CAC cct Acc Acc TAA AccordtaactdacAccoccTCTCCAccotATCTCCCCCCACAAcACAGATTTAGAGATACAAccCC
co-Accortcrºcco.cArtcrtcoctact.cccAAccoacrotccortcTrrttcAccrtctg.ccAATccoacTCATCTCCATAAACAGTTTTTTTTTTTTC: ATAACGTCCCTGA
CTACTTCATTTArctarrcarrtocroActdatroTTTCAAcAccoa TTTTArtcAccAccractATCTCCCATTCTCTTTCTCACCACACTCCACCTC

are also found farther upstream in the 5'-flanking region
and in the third intron (Fig. 3). Finally, the sequence
TGGAGTCA, similar to the TGACGTCA consensus se
quence imparting cAMP regulability to genes (Montminy
et al., 1986), is found at bases – 131 to — 124.

Location of the cap site

No canonical TATAA or CAAT sequences were identi

fied by inspection of the 5'-flanking region, so that the lo
cation of the cap site was not clearly apparent. To deter
mine this experimentally, we did S, nuclease protection ex
periments. Human testicular RNA (Fig. 4) and adrenal
RNA (not shown) protect identical fragments of a single
stranded probe corresponding to the 175-bp Sst I-Sst I
fragment spanning the 5'-flanking region past the ATG
translational initiation codon. The fragment corresponds
to the G residue indicated in Fig. 3 by the closed arrow

*
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FIG. 4. Location of the cap site by an S, nuclease protec
tion experiment. Lanes GATC show a dideoxy M13 se
quencing ladder of the 5' end of the P450c17 gene initiated
by the synthetic 27-mer corresponding to bases 39–65; the
antisense strand is shown. The lane designated P contains
the probe, a homogenously "P-labeled single-stranded
DNA transcript of the 175-bp Sst I–Sst I fragment initiated
on an M13 template by the synthetic 27-mer. The lane des
ignated S, contains the S, nuclease digestion products of
the probe after hybridization to 30 ug of total RNA from a
human testicular Leydig cell tumor. The open arrow indi
cates the location of the probe; the solid arrow indicates
the principal fragment of the probe protected from diges
tion with S, nuclease. Experiments with human adrenal
RNA (not shown) produced exactly the same array of
bands seen in the experiment shown with testicular RNA.
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head. The sequence TTTAAA, located 19–24 bases up
stream from the cap site, closely resembles the TATAA
box sequence associated with most eukaryotic promoters
and is identical to the promoter for the cAMP-inducible
rat tyrosine hydroxylase gene (Lewis et al., 1987). The
GGAGAATCT sequence at bases —87 to —79 resembles
the consensus CAAT box sequence, GGFCAATCT fairly
well (Benoist et al., 1980). Thus, we propose that these two
regions serve the principal promoter functions for this
gene.

Comparison of the genes for P450c17
and P450C21

Using our procedure based on amino acid substitution
probability (Miller et al., 1981), we aligned the human
P450c.17 and P450c21 amino acid sequences, which differ
in length by 13 residues (Chung et al., 1987). This align
ment indicated some regions of considerable homology
and other regions having little homology. The region with
the least homology, amino acids 160–268, also had the
greatest difference between the human and porcine
P450c.17 sequences (Chung et al., 1987). As the boundaries
of these regions correlated well with the locations of some
introns in the P450c21 gene (Chung et al., 1986; Higashi et
al., 1986), we predicted that “the P450XVII gene will be
structurally unique compared to other P450 genes, but that
some exons will bear fairly close resemblance to some
P450XXI exons" (Chung et al., 1987). The structure of the
P450c17 gene confirms this prediction to an even greater
extent than we had anticipated. Of the seven introns in
P450c17, five interrupt the sequence at precisely the same
location as P450c21 introns, while the other two P450c17
introns are displaced by only 7 and 29 bases compared to
their homologs in P450c21. Thus, the structure of the
P450c17 gene is virtually identical to that of the P450c21
genes, except that the first and fourth introns in P450c21
have been deleted in P450cl 7 (Fig. 5).

Comparison of the conformations of P450c.17
and P450C21

While some regions of the P450c17 and P450c21 pro
teins are very similar, the overall amino acid homology is
only 28.9% (Chung et al., 1987). To determine if regions
having very different primary structures (sequences) never
theless had similar secondary protein structures, we
analyzed the sequences for human P450c17, P450c21, and
P450scc by the procedure of Chou and Fasman (1978).
There is considerable similarity in the array of regions pre
dicted to form o-helices or 3-sheets in P450c.17 and
P450c21; by contrast, P450s.cc has a very different array of
a- and 3-regions (Fig. 6). Despite the differences, all have
an helical structure in the region of the presumed substrate
binding site (near residue #350) and also immediately
downstream from the thiolate cysteine residue of the heme
binding site near residue #450.
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FIG. 5. Relationships between P450c.17 and P450c21. The amino acid sequences of P450c.17 (Chung et al., 1987 and
this paper) and of P450c21 (Higashi et al., 1986; Matteson et al., 1987) were aligned as described (Miller et al., 1981;
Chung et al., 1987). The single-letter amino acid code is used; capital letters highlight amino acids identical in both
P450c.17 and P450c21, other amino acids are designated in lower-case letters. The locations of introns are designated by
the arrowheads. Solid arrowheads between amino acids indicate introns lying between codons; hatched arrowheads
pointing to an amino acid indicate the intron lies between the first and second bases of the corresponding codon; open
arrowheads pointing to an amino acid indicate the intron lies between the second and third bases of the corresponding
codon.

P450c17 m -m a m-, -m m-m-n m = --

P450c21 m -a.m. mm-mm-mm-mm m 'un m

P450sco - - - - - - - - - ==-- +-----

l 1 1– 1 l

1 100 200
l n 1L I I

300 400 500

FIG. 6. Conformational predictions for human P450c.17, P560c21, and P450scc. The figure shows a linear represen
tation of each protein with the amino terminus on the left and the carboxyl terminus on the right; amino acid numbers
are shown on the scale below. Sequences folding into an o-helix or a 3-sheet were predicted by the method of Chou and
Fasman (1978). Thick bars represent a-helix, thin bars represent 3-sheet, and open regions represent either random coil
or 3-turns. For each protein, the location of the thiolate cysteine residue coordinating heme binding is indicated as a
vertical bar (near residue 450 in all cases). Unlike Fig. 5, no gaps were introduced into the sequences to maximize align
ments. The upper diagram represents P450c.17; the middle, P450c21; and the lower, P450scc.

Hydropathy analysis (Kyte and Doolittle, 1982) is en
tirely consistent with this predicted secondary structure.
P450c17 and P450c21 have similar hydropathy profiles,
characterized by five hydrophilic peaks at about residues
170, 220, 300, 370, and 440. The pattern for P450scc is
only vaguely similar, having three less pronounced car
boxy-terminal hydrophilic regions but lacking the first two
hydrophilic peaks (Fig. 7). The steroid hormones metabo

lized by P450c.17 are not soluble in water; thus, as would
be expected, the presumptive steroid substrate-binding site
is seen as a deeply hydrophobic cleft (at about residue
350). Similarly, the heme-binding site is in a hydrophilic
peak (about at residue 450). Thus, analysis of the predicted
protein conformations is consistent with our predictions
based on amino acid homologies and intron/exon struc
ture.
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FIG. 7. Hydropathy profiles of human P450s. A.
P450cl 7. B. P450c21. C. P450scc. The hydropathy
index is shown on the left; positive numbers indicate hy
drophilicity, negative numbers indicate hydrophobicity.
Each protein is represented with the amino terminus on the
left and the carboxyl terminus on the right; amino acid
numbers are shown on the scale below. The procedure of
Kyte and Doolittle (1982) was used with a window of 30
amino acids.

DISCUSSION

Cytochromes P450 are found in animals, plants, and
prokaryotes. They serve a wide variety of oxidative func
tions, metabolizing xenobiotics and endogenous wastes
and serving biosynthetic functions. These diverse cyto
chromes P450 have recently been assigned to nine distinct
eukaryotic families and one prokaryotic family, divided
according to amino acid homologies (Nebert et al., 1987).
To date, genes representative of four of these eukaryotic
families have been sequenced. The gene encoding rat 3
methylcholanthrene-inducible P450c (P450IA1) is typical
of genes in family I, having seven exons with exon 2 encod
ing about half the protein (Sogawa et al., 1985). The gene
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encoding rate phenobarbital-inducible P450b (P450IIB1) is
typical of genes in family II, having nine exons of very sim
ilar sizes (Suwa et al., 1985). Neither of these families of
genes bears much resemblance to the structure of the genes
encoding P450c21 (P450XXI), which have 10 exons of var
ious sizes (Chung et al., 1986a; Higashi et al., 1986). The
human gene encoding the mitochondrial steroidogenic en
zyme P450scc apparently belongs to family XI (Nebert et
al., 1987) and has 9 exons whose organization is totally dif
ferent from families I, II, and XXI (Morohashi et al.,
1987). While the low degree of amino acid homology be
tween P450c.17 and P450c21 (28.900) (Chung et al., 1987)
dictates that the P450XXI and P450XVII genes belong to
different families (Nebert et al., 1987), the close similarities
in their gene structures point to a closer relationship be
tween these two families of P450s than between either
P450 families I or II.

As noted previously, some regions of the P450cl 7 and
P450c2l sequences are highly homologous (Chung et al.,
1987). As shown in Fig. 5, these regions of high homology
are more abundant in the carboxy-terminal half of the pro
tein encoded by exons 4–8. This suggests that the degree of
selective pressure to maintain the amino acid sequence is
greater in some regions of the molecule than others; these
would include the heme-binding region at amino acids
433–453 and the presumptive substrate-binding region at
amino acids 346–366. Other regions may be subject to rela
tively little selection beyond that needed to maintain an o
helix or a 3-sheet. This hypothesis is consistent with com
puter modeling of the conformation of these proteins. The
regions of P450c.17 and P450c21 predicted to contain o
helix or 3-sheet regions are very similar, while the o- and
(3-regions predicted for P450scc are clearly different (Fig.
6). Similarly, the hydropathy profiles for P450cl 7 and
P450c2l are very similar, while that for P450Scc differs
markedly (Fig. 7). Thus, the P450XVII and P450XXI
genes may have diverged from one another much more re
cently than their common ancestor gene diverged from
other P450s, yet these genes may have rapidly accumulated
sufficient overall sequence diversity in relatively nonessen
tial regions to appear, at the amino acid sequence level, to
have diverged from other cytoplasmic P450 genes at about
the time that the genes in families I and II (and other fami
lies) diverged.

Expression of P450c.17 is regulated hormonally, develop
mentally, and in a tissue-specific manner. Human P450c17
mRNA is found in the adrenal cortex, the testis, and the
ovarian theea cells, but not in ovarian granulosa cells or
placenta (Voutilainen et al., 1986; Voutilainen and Miller,
1986). P450cl 7 mRNA is abundant in the human fetal
testis in early gestation, when much testosterone is pro
duced, then diminishes greatly by midgestation; by con
trast, P450c.17 mRNA is barely detectable in the human
fetal ovary at the same gestational ages (Voutilainen and
Miller, 1986). The accumulation of P450cl 7 mRNA in hu
man fetal adrenal cells is stimulated by cAMP (DiBlasio et
al., 1987). This is presumably mediated by increased gene
transcription, as cavíP-stimulated transcription of several
genes for steroidogenic enzymes has been shown in bovine
adrenocortical cells (John et al., 1986). This cavíP-stimu
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lated transcription may be mediated by TGGAGTCA se
quence at bases – 131 to -124, but this has not been tested
experimentally. The roles of the various repeats resembling
the glucocorticoid regulatory element are also unknown.
Cortisol synthesis is inhibited by glucocorticoids; hence, it
is unlikely that these elements confer glucocorticoid-stim
ulability to this gene.

Despite these considerable differences in the hormonal
and tissue-specific expression of P450c.17, the P450XVII
gene appears to employ a single promoter resulting in iden
tically initiated mRNAs in both the adrenal and testis. This
was predicted by our previous data indicating that human
adrenal and testicular P450cl 7 mRNAs are identical
(Chung et al., 1987). The differences in the ontogenic tim
ing and tissue specificity of P450cl 7 expression may lie in
enhancer-like elements regulated by tissue-specific trans
acting factors. Testing of the role of all these putative reg
ulatory elements will require the linking of various por
tions of the P450XVII gene to a reporter gene, followed by
transfer into adrenal, testicular, and other cells.
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Adrenodoxin is an iron-sulfur protein serving as an
electron transport intermediate for two mitochondrial
steroidogenic cytochromes P450. We have cloned and
sequenced three human adrenal adrenodoxin cDNAs.
The longest 5'-untranslated region was 131 bases long,
and the coding sequences, identical in all three clones,
predict a preprotein of 180 amino acids. The 3'-un
translated regions were 235, 596, and 776 bases long
due to the presence of alternate polyadenylation sites.
RNA transfer blots showed multiple size species of
adrenodoxin mRNA consistent with finding multiple
polyadenylation sites. Similar sized cross-hybridizing
RNA species are found abundantly in the adrenal and
testis and to a lesser degree in RNA from human fetal
brain, spleen, placenta, kidney, liver, and intestine, as
well as in cultured fibroblasts, suggesting the same or
a very similar iron-sulfur protein is found in mitochon
dria of nonsteroidogenic tissues. JEG-3 cells, a trans
formed progesterone-producing line of trophoblastic

, origin, accumulate mRNAs for cytochrome P450s.cc
(the mitochondrial cholesterol side-chain cleavage en
zyme), adrenodoxin, and the fos oncogene when stim
ulated with 8-bromo-cyclic AMP. Addition of actino
mycin D to such cultures blocked cAMP-induced ac
cumulation of mRNAs for cytochrome P450scc and
adrenodoxin. Addition of cycloheximide or puromycin
to such cultures substantially reduced basal levels and
markedly attenuated the cAMP-induced accumulation
of cytochrome P450s.cc mRNA, but augmented the ac
cumulation of adrenodoxin and fos mRNAs in additive
and multiplicative fashions, respectively. These data
indicate that the cAMP-induced synthesis of the ste
roidogenic machinery is not wholly dependent on cy
cloheximide-sensitive protein mediators.

The first and rate-limiting step in the synthesis of steroid
hormones from cholesterol is mediated by a single mitochon
drial species of cytochrome P450, termed P450scc., which

* This work was supported by Grant 6-396 from the March of
Dimes and Grant DK 39773 from the National Institutes of Health
(to W. L. M.), by a grant from the Mellon Foundation and Grant HD
06274 from the National Institutes of Health (to J. F. S.), and by a
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page charges. This article must therefore be hereby marked “adver
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

The nucleotide sequence(s) reported in this paper has been submitted
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catalyzes the 20-hydroxylation, 22-hydroxvlation, and side
chain cleavage of cholesterol, all on a single active site, to
yield pregnenolone and isocaproic acid (for review, see Ref.
1). This unique P450sco is encoded by a single gene lying on
human chromosome 15 (2, 3). Each of the three enzymatic
activities of P450sco requires the transfer of a pair of electrons
from NADPH via a flavoprotein, termed adrenodoxin reduc
tase, and an iron-sulfur protein, termed adrenodoxin. These
same two electron transport intermediates also serve the other
mitochondrial steroidogenic enzyme, P450cl 1. Bovine adren
odoxin is 114 amino acids long (4), arising by cleavage from
a larger 186-amino acid precursor having amino and carboxyl
extensions of 58 and 14 amino acids, respectively (5). How
ever, little is known about human adrenodoxin.

We report the cloning of three human adrenodoxin cDNAs.
The sequences of these cDNAs indicate they arose from a
single gene but that the transcripts are polyadenylated at
three alternative sites. The sizes of the predicted correspond
ing mRNAs correlate well with the sizes seen on RNA transfer
blots. Like adrenodoxin mRNA in cultured bovine adrenocor
tical cells, human adrenodoxin mRNA accumulation is in
duced by cyclic AMP. However, unlike the bovine system,
cycloheximide augments, rather than eliminates, this caNIP
induced mRNA accumulation.

MATERIALS AND METHODS

The construction of our human adrenal cDNA library in Agt 10 has
been described (2). The library was screened as described (6) using
bovine adrenodoxin clone pbadx-1, generously provided by Dr. M.
Waterman (Dallas, Texas) (5). Sequencing was done in phage M13
by the method of Biggin et al. (7) as described (2, 3, 6).

JEG-3 cells (8) were grown to confluency in Dulbecco's modified
Eagle's medium plus 25 mM glucose, 25 mM HEPES, 4 mm gluta
mine, 50 ug/ml glutamycin, and 20% (v/v) heat-inactivated fetal
bovine serum on plastic dishes (Nunc, Denmark) in 5% CO2, 95% air
with changes of medium every 48 h. Treatments with 1.5 mM 8
bromo-cAMP (Sigma) and/or 20 ug/ml cycloheximide (Sigma) were
done as described under “Results." Cellular RNA was extracted in 4
M guanidine thiocyanate, electrophoresed, blotted to nylon mem
branes, and probed, as described (9). Fetal tissues were obtained
under approved protocols from deliveries by elective therapeutic
cervical dilatation and evacuation. Gestational ages were estimated
by fetal foot length, regardless of gestational history (10). Fetal and
adult tissue RNAs were prepared, blotted, and probed as described
(11). Probes used were phadz-6 (described below), hsCC-71 (3), and
pfos-1 (12).

ReSULTS

Identification and Sequence of the Three Adrenodoxin
Clones—Screening of our human adrenal cDNA library was

* The abbreviations used are: HEPES, 4-(2-hydroxyethyl)-1-piper
azineethanesulfonic acid; ACTH, adrenocorticotropin; 8-Br-cAMP,
8-bromo-calWP.
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done under conditions of low stringency (6) using a bovine
adrenodoxin cDNA provided by M. Waterman (Dallas, TX).
Several clones were identified by probing with the 5'-half of
the bovine cDNA lying on a 520-base pair Pstl/Xbal fragment.
The three clones giving the strongest hybridization signal,
designated hadk-2, -6, and -7, were plaque-purified, and their
inserts were subcloned in puC-19. The cloned cDNAs in
hadk-2, -6, and -7 were approximately 1200, 900, and 1250
base pairs, respectively, all longer than the full-length 800
base pair bovine cDNA (5). Although these clones had differ
ent restriction endonuclease mapping patterns, all possessed
an Xbal site, as did the bovine cDNA; therefore, we sequenced
all three clones. The relationship of the three clones and their
sequencing strategies are shown in Fig. 1. All three clones
encode full-length mature adrenodoxin, although hAdx-2

76 2
B x s ss 6 s 7 s

\
2

- LT——
100 bp

-- -- —i
--had, 6
--

***7 —-

hadz2

Fig. 1. Schematic diagram of the three human adrenodoxin
cDNAs. The upper diagram shows the protein-coding regions of the
clones as boxes; the hatched region corresponds to the mature adren
odoxin found in mitochondria while the open regions correspond to
the additional amino acids found in the prepro-protein. The 5’- and
3'-untranslated regions are indicated as a solid line. The 5'-ends of
clones hadk-2, -6, and -7 are designated by lines going to the numbers
2, 6, and 7, respectively. The 3’-ends of these clones are designated
by the open arrowheads below the numbers 2, 6, and 7. Only the
restriction endonuclease sites used in sequencing are shown: B,
Bam HI; S, Sau3A1; X, Xbal. The sequencing strategies for each clone
are shown below.

lacks the region encoding most of the prepeptide. The varying
lengths of the three clones are due to the use of three alternate
polyadenylation signals found 20–26 bases upstream from
poly(A) stretches in each clone. Only one of these polyade
nylation signals, that used in clone hadz-7, has the AATAAA
consensus sequence (13); the apparent polyadenylation sig
nals used in hadk-2 is ATAAA, while that used in hadz-6 is
ATTAAA (Fig. 2). A fourth potential polyadenylation signal,
ATTAAA, found 66 bases downstream from the translational
stop codon, is used in bovine adrenodoxin mRNA (5). How
ever, no clones using this site were found, and RNA transfer
blots cannot determine the presence or absence of human
adrenodoxin mRNA molecules terminating at this site.

Tissue Distribution and Size of Adrenodoxin mRNA-Hu
man adrenal, testis, and placenta all synthesize steroid hor
mones and contain P450scc mRNA (11, 14); hence, these
tissues are also expected to be rich sources of adrenodoxin
mRNA. An RNA gel transfer blot (Fig. 3) shows that adren
odoxin mRNA is most abundant in the testis and adrenal but
that appreciable quantities are found in the placenta. Fur
thermore, some adrenodoxin mRNA is also detected in each
of the other six tissues examined. While some steroidogenic
activity has been ascribed to these tissues, especially in the
fetus (15), no P450s.cc mRNA was detected in similar RNA
gel transfer experiments (11). Thus, it is unlikely that the
encoded adrenodoxin in these nonsteroidogenic tissues par
ticipates in electron transfer to P450s.cc. Our hadk-6 cDNA
may be cross-hybridizing with mRNA for a different but
structurally related iron-sulfur protein. Alternatively, it is
possible that the same adrenodoxin iron-sulfur protein me
diates electron transport to other nonsteroidogenic mitochon
drial cytochrome P450 enzymes in these other tissues. Since
the RNA transfer blot was probed and washed under highly
stringent conditions, it is most likely that all these tissues
contain the same adrenodoxin mRNA.

All tissues contained the same pattern of adrenodoxin
mRNAs ranging from 1.0 to 1.7 kilobases. These three species
of RNA are poorly distinguished in the blot in Fig. 3, since
large amounts of RNA were loaded, and some degradation of

cCCAct cºaccCCCCCC ccc.cricco.ccc.ccc.citcc.cccrºrcocco.caccitc.ccc.ccc.ccc.ccrºrrtcoactor crocco.cccrºAAAccoccoccitcºctºccer-cc.ccc.Actrºc

l
t Ala Ala Arq Leu L. A la A.

Jo 40

Arq Ala C1 y Ser ser Cly Leu Leu Arq Asn A■ a Cly Pro Cly ClCCC CCT CCA ºcc ACC CCC CTC CTC ACC AAC CCC CCC CCC #! CC

ed

ACC ACC TCA *A ACA crº cac - tº ATA AAC ccA cA

- O 2C
M- eu Air a Ser Al a va i Leu C : y Cly Pro Al - C - y Arg ºr L H His s C. : y 3

CACCCCCCCCCC Arc ºct Cºc CCC citc. CTG *::: cc.c. cct rc.: cot crº circ §§ 3% cCC r eu ri -- - 5-r §§ -r

Ser Al a C : u. Al a ser Arg S-r ( eu Ser Leu Ser Al a Ari AiACC Cºc CAC GCC acc -ºc ºcc Crc ACC Trc TCC CCC ccC. CCC

CCC CCC CCC ºr CC CTC CAC CAC TCT C

so

Tcc

A : - Ar
c

o
Ser Ser Ser Clu Asp Lys I le Thr val His ph- I 1 - Ann Arg Asp Cly clu thr Leu Thr Thr Lys Cly Lys va 1 Cly Asp ser

CAA *:: Kú. A CC Jº CC Kº: CC *::
go -co

Asp val val Val Clu Aan Asn Leu Asp II - A - p C1 y Ph- C - y Al a
car crºr cro crt caa AAT AAT cra car Art car cct Trr cat cºa

12C 1 lo

*:: H1 - I 1 - #: Clu K■ Leu Asp a la I 1 - Thr A-p Clu Clu A-nCaº Cac Ara TAT CA º CAT CAC CAC AATc tra cCA ATC Act

150 1 to

c. i■ : C - n : 1 - #: Lau Thr ty's ser Met A-P asn Met Thr valC rºct. Trc ACA Tct arc cac AAT Arc act cr:C-C - CAA ATC

- 80

so

CAA ACA TTA ACA ACC

asp Met Leu as *:: # 3: sp Ar$25 ºf E:: *** ::: *** ::: 3: tº Rºº ºf AER #: º33 :::

Arq va - Pro C. - Thr va. A 1 - Asp A. a. Arq C in Ser . .
cºa GTG cºt CAA Aca circ Cº. T CAt CCC Aca CAA r-c

Leu Leu
cri car rººr cro cra

-1 C
- ser thr CCiu C Thir L-u A1 - C * Hi + -e- - - - P -- C-uCv = .Fº: CAC 3: Acc circ co- Fº: --A acc Fº: cac circ arc --- caa.

-4C
--- --- Thr A 5-r Arq L-u

170
Asp V-1

: car crg

3# §: Rº: ::: #, AcracAAcAAATAccAATArrrrcarcCarrrraccTarrrrt ATAATTAT:ArTrctraaacrººf ºrcacAAcArccArcacrocacr:catarr
arcactaccrºAcrafftrastreaccriccaraacracrgaarrrrarcarrcrºcaaacratccaattrfratrfrcerraratracAAAAArcrewArcAAA■■ ºwatact
TactcircaracAAAAAccracAtarrtºrt trict Act Trcrt racco Act raccAAAAtcrttrº AtarcCrcticatcrottraccracAAcar Accrr AAccAAA*A*Act Attarrcº

razºrcarorcorrexacccacacarcraacetacctre+fraccoccataccactarracawatercrºcracaccretarcrºarrcetazºccºarctoricacacrºssac,
A - -

cCACAAATTATCAct Attitt Attºratact Act Actºr AAATCTCAATCTCTArcCartaaaaat Attraattoctoact AAAcrocrºr AAct to AAAcAract tattoa TAAATAA

EarTrcaxxar cCCAACActa Act-tº-CAccracACATTATA ArcCTATCAAACAAct tcAtcºtc TCAct AAACTACAccAAAAATCATTCCATC Arrºr T
TCTAACCACAAT T Aacrºtcracicaaaaaaaaaraatccrearrºrcretcccrataaracarc

Fig. 2. Sequences of human adrenodoxin cDNAs. The corresponding regions of the three clones were
identical at all nucleotides except for two bases in the 3'-untranslated region of clone hadz-6 shown below the
composite sequence. The cleavage sites of mature adrenodoxin from the prepro-protein are between amino acids
56 and 57, and between amino acids 170 and 171. The apparent polyadenylation signals used by hadz-6, -7, and
-2 (reading from 5’ to 3’) are indicated in bold boxes, and the ATTAAA sequence used in the polyadenylation of
bovine adrenodoxin mRNA is indicated in a light box. The sites of poly(A) addition are shown by arrowheads.
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º
FIG. 3. Gel blot of total cellular RNA probed with hAdx-6.

Lane M, molecular size markers (HindIII-cleaved bacteriophage PM2:
5.4, 2.2, 1.0, and 0.5 kilobases). Lane B, 35 ug of RNA from a 20-week
gestation human fetal brain; lane S, 35 ug of RNA from a 21.5-week
human fetal spleen; lane A, 30 ug of RNA from a human adrenal
carcinoma; lane T. 30 ug of RNA from a human Leydig cell testicular
adenoma; lane P, 30 ug of RNA from 25-week human placenta; lane
K. 30 ug of RNA from a 20.5-week human fetal kidney; lane L, 35 ug
of RNA from a 20-week human fetal liver; lane F, 35 ug of RNA from
cultured human genital skin fibroblasts; lane I, 30 ug of RNA from
21.5-week human fetal intestine.

RNA often occurs in fetal tissues before they are frozen.
However, bands of these three sizes are seen in RNA from
JEG-3 cells (Figs. 4 and 5) and also from primary cultures of
human granulosa cells (9), and from primary cultures of
human fetal adrenal or testicular cells (16). An additional
band of about 3.8 kilobases is also seen in most blots. The
nature of this RNA is unknown. It may represent an unpro
cessed nuclear precursor or another species of adrenodoxin
mRNA having a very long 3'-untranslated region. However,
examination of Southern blots and multiple genomic clones
indicates there is only one functional adrenodoxin gene;”
hence, this RNA does not arise from another related gene.

Regulation of Expression of Adrenodoxin—The principal
hormonal stimulators of steroid hormone synthesis are ACTH
in the adrenal and the gonadotropins, luteinizing hormone
and follicle-stimulating hormone, in the gonad. All work
through cell-surface receptors to stimulate intracellular cyclic
AMP, which in turn stimulates accumulation of mRNA for
P450sco (15, 17), mediated principally by increased gene
transcription (18). Cyclic AMP also stimulates steroidogene
sis and accumulation of P450scc mRNA in the placenta (3,
15, 19). We examined the hormonal regulation of adrenodoxin
and P450sco mRNAs in the transformed cytotrophoblast tu
mor cell line JEG-3.

JEG-3 cells accumulate mRNA for both P450sco and ad
renodoxin for up to 48 h while in the presence of 1.5 mM 8
Br-cAMP. By contrast, mRNA encoded by the fos oncogene
accumulates very rapidly, reaching its maximal value by 30
min and then diminishing steadily thereafter (Fig. 4), a time
course similar to that seen in activated fibroblasts (20); how
ever, densitometric scanning of the data in Fig. 4 shows that
6 h after stimulation the amount of fos mRNA is 5-fold greater
than control. Incubation of JEG-3 cells with 20 ug/ml cyclo
heximide for 30 min before adding 8-Br-cAMP had varying
effects on the mRNA for P450sco, adrenodoxin, and fos meas

* Morel, Y., Picado-Leonard, J., Wu, D. A., Chang, C., Mohandas,
T. K., Chung, B., and Miller, W. L., manuscript submitted.
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FIG. 4. RNA transfer blots. Confluent JEG-3 cells were exposed

to 1.5 mM 8-Br-cAMP for the number of hours indicated below panel
C, then harvested for RNA preparation, gel electrophoresis (15 ug of
total RNA/lane), blot transfer, and probing with the three probes
indicated: upper panel, hSCC-71; middle panel, phadr-6; lower panel,
v-fos. The autoradiographs shown are from one of two experiments
yielding the same result.

ured 6 h later (Fig. 5). Cycloheximide quickly reduced basal
P450scC mRNA to undetected amounts and reduced the
cAMP-stimulated P450scc mRNA to much less than base
line amounts. By contrast, both cycloheximide and 8-Br
cAMP had stimulatory effects on adrenodoxin mRNA; when
administered together these effects were additive as shown by
laser densitometric quantitation of the data in Fig. 5. Both
cycloheximide and 8-Br-cAMP also stimulated accumulation
of fos mRNA, though to a greater extent than their stimula
tion of adrenodoxin mRNA. When administered together,
laser densitometry shows that the stimulatory effects of cy
cloheximide and 8-Br-cAMP on fos are multiplicative. Thus,
cycloheximide and 8-Br-cAMP appear to exert at least three
different classes of effects on JEG-3 cell mRNA. These effects
of cycloheximide on P450scc and adrenodoxin mRNAs could
be duplicated by incubating the cells with 200 um puromycin
for 30 min before adding the 8-Br-cAMP. By contrast, adding
2 ug/ml actinomycin D 30 min before stimulating with 8-Br
cAMP blocked the increases in P450scc and adrenodoxin (not
shown). Thus, two drugs inhibiting protein synthesis by dif
ferent mechanisms stimulate accumulation of adrenodoxin
mRNA, while inhibiting the accumulation of P450s.cc mRNA.

DiSCUSSion

The sequence of mature human adrenodoxin is highly ho
mologous to the bovine protein (105 of 114 amino acids,
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FIG. 5. Effect of cycloheximide on JEG-3 cells. Lane 1, con

trol confluent cells. Lane 2, confluent cells treated with 20 ug/ml
cycloheximide for 30 min. Lane 3, confluent cells treated with 1.5 mM
8-Br-cAMP for 6 h. Lane 4, confluent cells treated with 20 ug/ml
cycloheximide before adding 1.5 mM 8-Br-cAMP and continuing the
incubation for 6 h. All lanes contain 15 ug of total RNA. The figure
shows the autoradiographs of a single RNA transfer blot sequentially
probed with hsCC-71 (A); phadk-6 (B); and v-fos (C). The radio
graphs shown are from one of three experiments yielding the same
results.

92.1%), while the processed amino- and carboxyl-terminal
extensions of the preprotein are only 50% homologous (29 of
58 residues) and 42.8% homologous (6 of 14 residues), respec
tively. Thus, aside from the need to preserve residues dictating
transport to mitochondria, there appears to be little evolu
tionary pressure to maintain the sequence of amino-terminal
peptide. Some investigators have described molecular evolu
tion in terms of the so-called “unit evolutionary period",
defined as the length of time in millions of years required for
a 1% amino acid sequence difference to arise in two related
peptides (21). Assuming the ancestors to cattle and human
beings diverged 85 million years ago, the unit evolutionary
period for mature adrenodoxin would be 9.3, while that for
the amino- and carboxyl-terminal extensions would be 0.6.
The existence of proteins with clearly defined domains of
conserved and nonconserved regions severely limits the use
fulness of the unit evolutionary period concept, as discussed
earlier (22).

Steroid hormone synthesis is largely confined to the adre
nals, gonads, and placenta, although some steroidogenic ac
tivity has been described in virtually all tissues in the human
fetus (23). However, much of this “ectopic" steroidogenesis
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appears to be due to enzymes other than those functioning in
the adrenals and gonads, as the mRNAs for P450s.cc, P450c17,
and P450c:21 could not be detected in transfer blots of RNA
from human fetal ovary, kidney, muscle, liver, intestine, or
spleen (11). Therefore, detecting adrenodoxin mRNA in these
tissues was unexpected. As these tissues lacked detectable
P450sco mRNA, it is likely that the adrenodoxin in these
tissues is functioning as an electron transport intermediate
for other mitochondrial cytochromes P450. Thus, the term
“adrenodoxin" may be inappropriately parochial for this
widely distributed protein.

Cycloheximide-mediated accumulation of fos mRNA has
been described by several groups (24–26). However, the stim
ulatory effect of cycloheximide on adrenodoxin mRNA in
JEG-3 cells stands in sharp contrast to earlier studies of
adrenodoxin in primary cultures of bovine adrenocortical
cells. In the bovine adrenal system, the mRNAs for P450sco
and adrenodoxin (as well as for the microsomal steroidogenic
enzymes P450c.17 and P450c:21) always respond in parallel:
ACTH and cAMP stimulate these mRNAs, and cyclohexi
mide ablates that stimulation (5, 18). These observations
suggested the presence of a rapidly turning over cyclohexi
mide-sensitive “steroid hormone-inducing protein" (18).
While a 30-amino acid “steroidogenesis activator polypeptide"
has recently been isolated (27, 28), the relationship of steroi
dogenesis activator polypeptide to the hypothetical steroid
hormone-inducing protein, if any, is unknown. However, the
parallel stimulation of P450s.cc and adrenodoxin mRNAs seen
in bovine adrenal cells is clearly not a generalized phenome
non among steroidogenic tissues. Normal human cytotroph
oblasts as well as transformed trophoblastic cells respond to
cAMP with accumulation of adrenodoxin mRNA." Similarly,
cycloheximide does not inhibit the accumulation of P450s.cc
and adrenodoxin mRNAs in primary cultures of human ovar
ian granulosa cells stimulated with 8-Br-cAMP (9). The re
sponses of the JEG-3 cells employed in our present study
differ. Unlike the human granulosa cells but like the bovine
adrenocortical cells, cycloheximide inhibits the accumulation
of P450scc mRNA in response to calWP. Unlike the bovine
adrenal cells, cycloheximide stimulates accumulation of ad
renodoxin mRNA and promotes a further additive increase in
adrenodoxin mRNA in cells stimulated with 8-Br-cAMP.
Thus, the differences among the bovine adrenocortical system
and human systems we have studied appear to involve mul
tiple factors including species, cell type, cell transformation,
and hormonal pretreatment. One possible mechanism for
cycloheximide's stimulatory effect on adrenodoxin mRNA
might involve a rapidly turning over cycloheximide-sensitive
nuclease specific for AU-rich regions. AU-rich sequences in
crease mRNA turnover when incorporated into the 3'-un
translated regions of otherwise stable mRNAs in transformed
cells, and cycloheximide treatment of such cells increases
accumulation of these modified mRNAs (29). The 3'-untrans
lated region of adrenodoxin mRNA is 72% AU. In cultured
human granulosa cells, cycloheximide similarly stimulates
accumulation of mRNA for the low density lipoprotein recep
tor, which also has an AU-rich 3'-untranslated region (30).
While these data do not rule out the existence of rapidly
turning over cycloheximide-sensitive steroid hormone-induc
ing proteins, they indicate that cellular strategies for the
control of steroidogenesis are varied and complex and are
unlikely to fit into a single common overall scheme.

Acknowledgment–We thank Carol Dahlstrom for typing the man
uscript.
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Additions and Corrections

Vol. 263 (1988) 3240–3244

Human adrenodoxin: cloning of three cDNAs and cy
cloheximide enhancement in JEG-3 cells.

James Picado-Leonard, Raimo Voutilainen, Lee-chuan Kao.
Bºn-chu Chung, Jerome F Strauss III, and Walter L. Miller

Paige 32 + 1 . Fig. 2: Several errors arose from mistakes in
transcribing the raw data from the gels to the computer. The
corrected sequence is shown below:

22 JACTCCACCCCCCCCCCCCT CCCCCCCCCCCTCCCCCTCTCCCCCCCACCTCCCCCCCCCCCCTctºriccAcrºtcircCCC cccºrd AAAccocco'ccroccºrcCC Trccºccau : ic

i 1 c 2O

*e t A : a A la A 1 a É 3# A la Arº Leu Leu Arq Al a A : a ser Al a "w a l Leu C : y Cly Pro A a C : y Ar g :CACACCCCCCCCC AIC 2-T CCC CC. CCC CCC CCC CCC CTC CTC CC: CCC CCT TCT CCT CTC CTC CSC CCC Cº-C JCC CCC CCC IC3 ".

4C so

H. : * Arq Al a C : y ser ser gly Lei Leu Air q As n Ar 3. Pro É% 2 : Y $er Ala 2: u. At a §er. Arº Ser Leº fºr Zai serCAC CC - CC 2-7 CCA TCC AJC CCC CTC CIC ACC AAC CCC CCC CCC CCC CJC ACC CCC CAC CJC ACC CCC ■ co CTC ACC CTC : C3

To Bo

ser Ser Ser clu Asp Lys I le thr wa I H is Phe I le Asn Ari As p C1 y Clu Thr Leu Thºr Thr Lys Cly Lys v a 1 ClACC AJC ICA CAA CAT AAA ATA ACA CTC CAC TTT AIA AAC CJT CA Jº JAA ACA ITA ACA ACC AAA CCA AAA CIT 22

32 1 do 1 10

A: B Se: Leº Leº A. E. Yai Ya: Ya! 2: ; Asº Asº. Leº Ase I is A: B gly Phs glº Al: ;Y: 2; a 3: Thr (leu A 1 a Ex: Se■ ºf cys HisCA: : - ; c. 2 CIA CAT CIT cº - GTT CAA AAT T CTA CAT AT: CAT CC: TTT 20 t CCA Tº T CAC CCA ACC CTC CC: T&T TCA Acc IST CAC

1 20 x 30 1 4 O

Leu ( i e Pre 3. . . As c H. s : le Tyr C. J. Lys Leu Asp Ala I le Thr Asp C. u Clu Asn Asp Met Leu Asp Le- Al a {{: Cly Lou Thr AspCIC A. C. - r ºr JAA CAT 2A2. AºA ºr AT CAC AAJ TTA CAir CCA Air C ACT CAT CAC CAC AA r CAC ATC CTC CAT CIC CCA TAT CJA CIA A CAC

- : so 1 so 170
A r 3 Ser Ar; - eu cly Cys C in I le Cys Lou Thr Lys Ser "et Asp Asn Met Thr val Arg wal Pro Clu Thr Val Ala Asp A la Ar; C in
A2A ICA C2C ºr IC C TJC CAA ATC #3: IT C ACA AAA TCT ATC CAC AAT AIC ACT CTT CCA CTC CCT CAA ACA CTC Co T CAT C-C ACA CAA

o - 84

2: Y ‘. Thr ser op
--~~~~

* 8.
Ser I : e Asp v a s

Gr J Acc ICC : CA Act ACAAcAAAt ACCAATA: 'rt tº ArcCAAttºrTACCTAttºr: ATAAT:Art Att tºtt AAAGTCATTAAATCACAACATCCArºc Art CA:

tº AC:CºAcrtcATArrarcac:Accºrt-Act arrºr TAATTCAccr:ccArAAct Act caat TTTcto Atrºtto AAACTArcCAArt TTTAttritcCTTAt ArtACAAAAATCrCAATC

AAA-A fraa AAAATAc:TAA-crºAT AGAAAAAcc: AcAT ATTTTTTTT cT ACT TrcTTT Accº. AcTT AccAAAATCTTTTCATArcGTctºarctic TTTAccTACAAGATAccTTAAcc

A:A: Ac: Art Arczrcr::carcreer: 2AAccCAcacArcraaccreccrretrt Accoccataccact AAttacAAAATctor;cracAAccretcTcft attecrat AAccrat
TACAc:C cºccacaºrtarescºrtizatttaragractagºtcreatercrafccacawatarizarretreactaxacrccrºacticºstagira

CAccTTATAAA*AAAt Attºrca AAAttitt CAttorcCAACAct AAcrotcCAcct ACACAtt ATAATCCTATCAAACAAct TTCAt CTCTC’rt titcAct AAACTACACCAAAAATCATT

CºA:crºctºr-Arror rt to taaccACAAtccºrtraactrrot Act ctºr to AAAAAtAAtcct CAttt At AAAtcTCTCCCTATAACACAAt CC

The corrected sequence has been forwarded to GenBank
under the accession number JO3548R where the R indicates
the revision.

The most significant change is the insertion of four addi
tional codons, encoding amino acids 3–6 in the newly format
ted sequence (above). Also, codon 28 (formerly 24) is GCT
encoding Ala rather than TCT encoding Ser, and codon 55
(formerly 51) is GTG encoding Val rather than TTG encoding
Leu. The corrected 5'-untranslated region contains one
changed base, two deleted bases, and three bases newly in
serted. The corrected 3'-untranslated region contains seven
changed bases, two insertions, and no deletions.

We suggest that subscribers photocopy these corrections and insert the photocopies at the appropriate
places where the article to be corrected originally appeared. Authors are urged to introduce these
corrections into any reprints they distribute. Secondary (abstract) services are urged to carry notice
of these corrections as prominently as they carried the original abstracts.
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Assignment of the Functional Gene for Human Adrenodoxin
to Chromosome l l q13-qter and of Adrenodoxin Pseudogenes
to Chromosome 20cen—-q13.1
Yves Morel,” James Picado-Leonard,” Du-An Wu,t Chi-Yao Chang,f T. K. Mohandas,t
Bon-chu Chung,f and Walter L. Miller”

*Department of Pediatrics and the Metabolic Research Unit, University of California. San Francisco; t■ nstitute of Molecular Biology,
Academia Sinica, Nankang, Taipei; and tCepartment of Pediatrics and Division of Medical Genetics, Harbor/UCLA Medical Center,
Torrance, CA

Summary

Adrenodoxin is a small iron/sulfur protein serving as an electron-transport intermediate for all mitochon
drial forms of cytochrome P450. Southern blots of normal genomic DNA cleaved with six restriction en
donucleases probed with full-length human adrenodoxin cDNA revealed complex patterns indicating the
presence of multiple adrenodoxin genes. Southern blots of DNA from a panel of mouse/human somatic cell
hybrids identified cross-hybridizing adrenodoxin DNA in two loci, chromosome 11q13-qter and chromo
some 20cen—-q13.1. Examination of adrenodoxin clones from a genomic DNA library in phage lambda
revealed some clones bearing gene fragments interrupted by introns and other clones bearing processed
pseudogenes. By probing the mouse/human hybrids with unique intronic DNA and by correlating restric
tion maps of the phage clones with that of uncloned genomic DNA, we show that the authentic transcribed
adrenodoxin gene lies on chromosome 11, while pseudogenes lie on chromosome 20.

Introduction

The conversion of cholesterol to pregnenolone is the
first and rate-limiting step in the synthesis of all
steroid hormones. This complex reaction involves
three steps, 20-hydroxylation, 22-hydroxylation, and
cleavage of the cholesterol side-chain, all mediated on
the single active site of a specific mitochondrial form
of cytochrome P450 termed P450scc (for review see
Miller and Levine 1987). Each of these three steps
requires a separate pair of electrons, donated by
NADPH and transferred to P450s.cc via two elec
tron-transport intermediates: a flavoprotein termed
adrenodoxin reductase followed by an iron-sulfur
protein termed adrenodoxin. These two proteins also

Received January 6, 1988; revision received February 10, 1988.
Address for correspondence and reprints: Walter L. Miller,

M.D., Room 677-S, Pediatrics, University of California, San Fran
cisco, CA 94143.
© 1988 by The American Society of Human Genetics. All rights reserved.
0002-9297.88/.4301-0008502.00
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serve to transport electrons from NADPH to
P450c11, which mediates steroid 11-hydroxylase,
18-hydroxylase, and 18-methyl oxidase (aldehyde
synthetase) activities (Yanagibashi et al. 1986). The
microsomal steroidogenic P450 enzymes, P450c17
(17-hydroxylase/17,20 lyase) (Chung et al. 1987;
Picado-Leonard and Miller 1987), P450c21 (21
hydroxylase) (Chung et al. 1986a; Higashi et al.
1986), and P450arom (aromatase) (Chen et al. 1988)
employ a different electron-transport system, lacking
an iron-sulfur protein.

P450scc is found in all human steroidogenic tis
sues: adrenal (DiBlasio et al. 1987), testis (Vou
tilainen and Miller 1988), ovary (Voutilainen et
al. 1986), and placenta (Chung et al. 1986b;
Voutilainen et al. 1986), and is encoded by a single
gene lying on chromosome 15 (Chung et al. 1986b).
The other steroidogenic enzymes are also expressed
in a tissue-specific manner but are chromosomally
unlinked: P450c17 lies on chromosome 10 (Matte
son et al. 1986), P450c21 is on chromosome 6

i
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(Higashi et al. 1987), and P450c1 1 is on chromo
some 8 (Chua et al. 1987). By contrast, adrenodoxin
is found in nonsteroidogenic as well as in steroido
genic tissues (Voutilainen et al. 1988). We have re
cently cloned several full-length cDNAs for human
adrenodoxin (Picado-Leonard et al. 1988). Sequenc
ing of these cDNAs and probing of RNA transfer
blots indicates that there are several human ad
renodoxin mRNAs, varying in size from 1.0 to 3.8
kb. All available cDNA sequencing and restriction
mapping data, however, indicate that these mRNAs
arise from a single functional gene encoding a pre
mRNA with multiple poly(A) addition sites (Picado
Leonard et al. 1988).

We now report the probing of DNA from a panel
of mouse/human somatic cell hybrids, showing that
adrenodoxin genes or genelike sequences lie on hu
man chromosomes 11 and 20. The hybridizing DNA
is found on three major HindIII fragments of 12.5,
10, and 8.3 kb and on a faintly hybridizing band of 9
kb. The 12.5- and 8.3-kb fragments are assigned to
chromosome 11, while the 10-kb fragment is on
chromosome 20. Pstl digestion produced bands of 16
and 3.2 kb lying on chromosome 11 and a band of
3.8 kb lying on chromosome 20. Analysis of the
mouse/human somatic cell hybrids with a cloned por
tion of an intron from the functional gene showed
that this gene is on chromosome 11. Analysis of the
Pstl digestion patterns from the cloned gene and
from a pair of cloned processed pseudogenes con
firmed that the functional gene(s) is on chromosome
11. The presence of highly repetitive DNA flanking
the pseudogene clones precluded preparing unique
probes from these genes. However, it is most likely
that chromosome 20 contains the processed pseudo
genes.

Material and Methods

Preparation and Blotting of DNA
DNA was isolated from human lymphocytes ac

cording to a method described by Y.M. and co
workers (Y. Morel, M. David, M. G. Forest, H. Be
tuel, G. Hauptman, J. Andre, J. Bertrand, and W. L.
Miller, unpublished data) and from a panel of mouse/
human somatic cell hybrids (Mohandas et al. 1986)
according to a method described by Yen et al. (1984).
DNA was similarly isolated from a panel of cell lines
(see fig. 5) bearing deletions of portions of chromo
some 11 or chromosome 20 (Mohandas et al. 1980,
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1984). At least 30 G-banded metaphases from each
of the mouse/human somatic cell lines were analyzed
karyotypically at the time the cells were harvested for
DNA extraction. DNA samples were digested with
Pstl (Amersham, IBI, or Boehringer-Mannheim) or
HindIII (IBI) and displayed by electrophoresis
through 0.8% or 1.0% agarose gel before transfer to
nylon membranes (Amersham). Hybridization was
done in 50% formamide, 5 × SSC, 1% NaDodSO4,
1 × Denhardt's solution, 100 pig herring-sperm
DNA/ml, 100 pig torula yeast RNA/ml, 50 mM Tris
HCl (pH 7.5) at 42 C for 24 h. Washing was done
twice in 2 × SSC (1 × SSC = 0.15 M NaCl, 0.015
M sodium citrate) at room temperature to remove
excess probe, then three times for 30 min in 0.1 ×
SSC, 1% NaDodSO4 at 50 C.

Probes

DNA was isolated from the cloning vectors by en
donuclease digestion and agarose-gel electrophoresis
and labeled to 10° cpm/ug with *PdCTP (Amer
sham) by oligonucleotide-primed labeling (Feinberg
and Vogelstein 1983). The 1,250-bp full-length hu
man adrenodoxin cDNA clone Ahadz-7 has been de
scribed elsewhere (Picado-Leonard et al. 1988). The
isolation of specific probes for the various human
adrenodoxin genes and pseudogenes from a human
genomic DNA library (Lawn et al. 1978) is described
in Results.

Results

Restriction Pattern in Normal Individuals

Genomic DNA prepared from several unrelated
persons was digested with Pstl, Xbal, Kpn I, EcoRI,
HindIII, and Taqi and analyzed by Southern blotting
with the full-length human adrenodoxin cDNA from
Ahadz-7; typical data are shown in figure 1. A com
plex pattern of bands was seen with each enzyme
used, suggesting the presence of multiple adreno
doxin genes or pseudogenes. We chose to analyze the
panel of mouse/human somatic cell hybrids with Pstl
and HindIII. The reproducibility of the fragment
sizes obtained with these enzymes is seen in DNA
from four unrelated individuals, as shown in figure 2.
Pstl yields strongly hybridizing bands of 16 and 3.8
kb and weakly hybridizing bands of 3.2 and 2.4 kb.
HindIII yields strongly hybridizing bands of 12.5, 10,
and 8.3 kb and weakly hybridizing bands of 9 and
2 kb.
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Figure I Southern blots of human genomic DNA digested
with various restriction endonucleases and probed with hadz-7
cDNA. The lanes are designated by the restriction endonuclease
used. The figure is a composite from three gels, each run with its
own set of molecular-weight standards: Panels A and B show
DNA from one person; panel C shows DNA from another person.
However, all individuals examined showed the same Taql pattern.

Assignment of Adrenodoxin Sequences
to Two Chromosomes

DNA from a panel of 17 mouse/human somatic
cell hybrids was digested with Pstl and analyzed
by Southern blotting and hybridization to Ahadz-7
cDNA (figs. 3A, 4). The two prominent bands of 16
and 3.8 kb seen in human genomic DNA were read
ily identified, but the fainter 3.2- and 2.4-kb bands
could not be detected readily in the hybrid cell lines,
presumably owing to dilution with the large excess of
mouse DNA. Hybridization of the Ahadz-7 cDNA to
mouse genomic DNA under the conditions used to
probe the hybrids failed to detect endogenous mouse
adrenodoxin DNA fragments. Therefore, all the hy

Figure 3 Southern blots of DNA from the mouse/human
somatic cell hybrids. A, digestion with Pstl probed with Ahadk-7
cDNA; B, digestion with HindIII. The numbers above each lane
identify the individual cell lines. All mouse/human cell lines in figs.
3 and 4, except line 116/4, are derived from the same human
parent.
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Figure 2 Southern blot of genomic DNA from four individ
uals cleaved with Pstl or Hindlil and probed with Ahadk-7 cDNA.
The lanes are designated with numbers referring to the four indi
viduals. Lane M, molecular-weight standards (HindIII-cleaved
bacteriophage lambda DNA).
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Figure 4 Southern blots of DNA from additional somatic
cell hybrid lines, not shown in fig. 3. All lanes show mouse/human
cell lines, except for lane 1 1/4, which is a hybrid of Chinese
hamster and human cells, and lane 1102, which is a nonhybrid
Chinese-hamster control.

bridizing DNA in the mouse/human hybrid cell lines
is due to the human DNA. This is confirmed by
finding the same bands in total human genomic DNA
(figs. 1, 2) and in the mouse/human hybrids. Cell line
11/4 is a Chinese-hamster/human cell line (Mohan
das et al. 1979); control line 1102 containing Pstl-cut
Chinese-hamster DNA alone shows a faint band at
3.9 kb, one indistinguishable from the human band
at 3.8 kb (fig. 4). Therefore, the identity of the 3.8-kb
Pst band in line 11/4 cannot be determined unam
biguously. Some cell lines contained both the 16- and
the 3.8-kb fragments, but others contained only one
or the other of these. By comparison of this pattern
with the karyotypic composition of each cell line, we
assign the 16-kb Pstl fragment to chromosome 11
and the 3.8-kb Pstl fragment to chromosome 20
(table 1).

The hybridization and washing conditions used
were highly stringent; hence, the adrenodoxin gene
sequences lying on chromosomes 11 and 20 must be
highly homologous. To confirm that adrenodoxin
genomic sequences exist on two chromosomes, DNA
from 9 of the 17 cell lines was digested with HindIII
and probed with Ahadz-7 cDNA. The 10-kb HindIII
band cosegregates with the 3.8-kb Pstl band
(chromosome 20) while the 12.5- and 8.3-kb HindIII
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bands cosegregate with the 16-kb Pst■ band (chromo
some 11) (fig. 3 B). Thus, the assignments to chromo
somes 11 and 20 are confirmed independently with
two restriction digests.

Chromosomal Subassignments
To localize these adrenodoxin genes further, DNA

was prepared from a series of mouse/human hybrids
bearing deletions of portions of chromosome 11
(Mohandas et al. 1980) or of chromosome 20
(Mohandas et al. 1984). This DNA was digested
with Pst■ and probed with Ahadz-7 cDNA (fig. 5).
The 3.2-kb Pstl fragment seen in total human DNA
(figs. 1, 2) could not be detected in the hybrids in
figure 3 but was easily detected in figure 4, permitting
assignment of this band to chromosome 11. The 3.2-
and 16-kb Pst I bands are found in all cell lines con
taining chromosome 11, including line CF37 (fig. 1,
lane 9). Karyotypic analysis shows that CF37 bears
only a portion of chromosome 11, q13-qter; hence,
this adrenodoxin genomic DNA is assigned to
11q13-qter.

Similarly, cell lines bearing the long arms of
chromosome 20 retain the 3.8-kb Pstl fragment, but
those lacking the long arm of chromosome 20 do not
(cell lines CF31-24 (fig. 1, lane 4) and CF31-1 (fig. 1,
lane 5]). Cell lines CF89-3a (fig. 1, lane 7) and CF80
8 (fig. 1, lane 8) bear a portion of chromosome 20,
extending from q13.1 to qter. These cell lines lack
the 3.8-kb Psti band. Therefore, this adrenodoxin
genomic DNA is assigned to 20cen—-q13.1.

Assignment of Adrenodoxin Genes and Pseudogenes
The HindIII bands assigned to chromosome 11

totaled -21 kb, while the bands assigned to chromo
some 20 totaled only 10 kb; but the 9-kb and 2-kb
bands were too faint to be seen on the gels of the
hybrid cell DNAs. Similarly, the Pstl bands assigned
to chromosome 11 totaled P.19 kb, those to chromo
some 20 only 3.8 kb, and the 2.4-kb band was too
faint to be seen. Thus, the adrenodoxin sequences on
chromosome 11 appear to be spread over a much
larger distance than do those on chromosome 20. As
there are no HindIII sites in the cDNA (Picado
Leonard et al. 1988) and as HindIII appears to cut
the gene on chromosome 11 but not the gene(s) on
chromosome 20, we hypothesized that the “au
thentic” gene lies on chromosome 11 and that the
hybridizing DNA on chromosome 20 represents a
pseudogene (Morei et al. 1987).

To investigate this hypothesis further, we probed a
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Table I

Correlation of Human Chromosomes in Hybrid Cell Lines and Hybridization Patterns

CELL LINE Discordant
No. of

2 7 21 25 20 26 4 34 27 39 3 5 37 30 1 16 11 35 Pstl BANds

4 4 4 4 4 8 4 5 3 8 3 4 8 7 4 4 4 16 kb 3.8 kb

Chromosome:
1 . . . . . . . + - - - - + + - — — -- - - - + - -

11 6
2 . . . . . . . + - - -

+ - + - — -- + - - + - -
9 6

3 . . . . . . .
- +- - - + + + - – -- + +

-
+ + - - 12 9

4 . . . . . . . + + - + + + + + - - + - + + + - + 8 5
5 . . . . . . . (+) –

-
+ (+) +

- -
+

-
+ + (+) +

- -
7 8

6 . . . . . . . + + - + - + + + + – + (+) + + + - + 9 6
7 . . . . . . . + (–) + - + + + + + + - + - - — + 10 5
8 . . . . . . . + (+)

- + + + + + + + + + (+)
- + — + 8 5

9 . . . . . . .
- - - - - - - - - - - - - - - + - 7 12

10 . . . . . . .
- - + — (+) + + - - - - - - + - - -

9 8
11 . . . . . . . (–) + - + + - - + + - - - + - - - -

0 7
12 . . . . . . . + (+) + + + + - - + - - - + (+) + - + 7 6
13 . . . . . . .

- - - - + + + - – – 4 (+) – + - - -
10 9

14 . . . . . . . + + +
-

+ + + + - - - + + + - - + 10 5
15 . . . . . . . + - -

– (–) + +
- + + + - - + — + 13 8

16 . . . . . . . + - - -
+ (+) — –

- - - - - - + — — 8 7
17 . . . . . . . + + + + + + + + + + + + + - - + 9 6
18 . . . . . . . + - - - + + + - + - + - - + + - + 11 6
19 . . . . . . . + -

+ (+) — + + (+) — — 4 +
- - + — — 11 6

20 . . . . . . . + + + -
+ (+) + + + – + – + ( – ) + – – 7 0

21 . . . . . . .
- + + + + - - + - - - + + + – — 7 8

22 . . . . . . . +
- - - + + – (+) — — — + + + + - - 8 7

X . . . . . . . .
- - - - + - - — — — —- - -

+ + — 8 11
Y . . . . . . . .

-
– (+) –

- - - - - - - + - - - - -
9 10

Pst I bands:
16 kb .... – +

-
+ + - - + + — — — - - - -

38 kb . . . . + + + - + + + + + - + - + - + - -

NotE.—Correlations of the human chromosomes present in each hybrid cell line with the hybridization patterns seen in the Southern
blots (figs. 3, 4 and other data). The names of the cell lines are shown across the top, and the human chromosomes are indicated in the left
hand column. + = Presence of a human chromosome in >30% of analyzed cells; (+) = 10%–20%; (-) = 5%–9%; – = not detected.
The two columns on the right designate the number of cell lines discordant for each chromosome. Note that the 16-kb Pst■ band shows no
discordances for chromosome 11 and that the 3.8-kb Psti band shows no discordances for chromosome 20. The blots of DNA from cell
line 35/4 were run separately and are not shown; cell line 35/4 has the same human parent as all other cell lines except 11614.

human genomic DNA library with Ahadz-7 and
isolated four unique nonoverlapping phage clones.
One of the clones, AhadzG-1, contains ~ 14 kb
of DNA, including much highly repetitive DNA.
Genomic fragments corresponding to various por
tions of the cDNA were subcloned and sequenced,
showing 100% identity with the cDNA sequence and
standard “canonical” intron/exon splice junctions
(C.-Y. Chang and B. Chung, unpublished data).
Thus, this phage appears to bear part of an authentic
gene encoding adrenodoxin mRNA. HindIII map
ping of this phage shows an 8.2-kb fragment contain
ing a small 130-bp exon; this probably corresponds

to the 8.3-kb fragment seen in total genomic DNA
(figs. 1, 2). The other exon in this phage clone lies on
a HindIII fragment interrupted by an EcoRI cloning
site; hence, its size cannot be correlated with the
genomic DNA fragments.

Fragments of genomic phage AhadzG-1 that did
not hybridize to Ahadz-7 but that lie between other
hybridizing regions were identified as introns. Vari
ous intronic subclones were used to probe human
genomic DNA, and one, a 500-bp Alul fragment
from a 1.0-kb Smal/EcoRI clone, hybridized in a pat
tern indicating that it lacked repetitive sequences.
When hybridized to HindIII-cut DNA, this probe,

`.
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Figure 5 Southern blots of Pst-cut DNA from cell lines bearing partial deletions of chromosome 11 and chromosome 20. Lanes 1
and 10, control human genomic DNA; lanes 2–9, DNA from mouse/human hybrids bearing the following chromosomes or chromosomal
fragments:

Lane . . . . . . . . . . . . . . . . . . 2 3 4 5
ch 11 . . . . . . . . . . . . . . . . . .

- - - +

ch 20 . . . . . . . . . . . . . . . . . .
- + p p

Cell line ............... 39 2 31-24 31
8 4

termed 0.5 Alu, identified a 4.4-kb fragment. Since
no 4.4-kb HindIII fragment was seen when cDNA
was used as probe, the 0.5 Alu probe was identifying
a 4.4-kb HindIII fragment lying entirely within a
large intron. When 0.5 Alu was used to study DNA
from the mouse/human somatic cell hybrids, the 4.4-
kb HindIII band was assigned to chromosome 11
(not shown). Thus, chromosome 11 bears a large
adrenodoxin gene transcribed into adrenodoxin
mRNA. The assignment of the gene bearing this in
tron to chromosome 11 is confirmed by hybridization
of 0.5 Alu to the 16-kb Pstl band found in human
genomic DNA (reprobing of fig. 2, not shown) and in
the mouse/human hybrid DNAs (reprobing of fig.
3A, not shown). Another phage clone, AhadzG-4,
contains the same array of introns and exons found
in AhadzG-1. The sequences of exons corresponding
to adrenodoxin protein are identical in these two
genomic clones, but their 3'-untranslated regions dif
fer somewhat. This may be due to allelic variation or
could represent two tandemly arranged adrenodoxin
genes on chromosome 11.

Two other nonoverlapping phage clones, AhadzG
2 and AhadzG-3, contained processed pseudogenes.
These phage have significantly different restriction
maps, and the pseudogenes bore numerous sequence
differences, with each other and with the cDNA.

6 7 8 9

+ - -
q13–-ter

q q13.1-qter q13.1-qter +

21-2-11 89-9a 80-8 37-6/12

Thus, these two phage clones represent two different
pseudogenes and not alleles. Phage AhadzG-2 con
tains a 9-kb HindIII fragment and a 2.4-kb Pstl frag
ment, apparently corresponding to the 9-kb HindIII
and 2.4-kb Pstl bands seen in the Southern blots in
figures 1 and 2. The chromosomal assignment of
these pseudogenes could not be determined directly,
as the DNA flanking both pseudogenes was repetitive
and hence could not be used as a probe. However,
since the mouse/human somatic cell hybrid data
clearly indicate that there are sequences hybridizing
to adrenodoxin cDNA on chromosome 20, we be
lieve that it is most likely that these correspond to the
pseudogenes in AhadzG-2 and AhadzG-3.

Discussion

Hybridization of human adrenodoxin cDNA to
Northern blots of RNA prepared from a variety of
human tissues shows that adrenodoxin mRNA or a
very similar mRNA is widely distributed (Vou
tilainen et al. 1988). Thus, adrenodoxin mRNA is
found in tissues lacking mRNA for P450scc or other
steroidogenic enzymes. This finding suggests that ad
renodoxin serves as an electron-transport inter
mediate for other, nonsteroidogenic mitochondrial
cytochromes P450 (hence, the historical name “ad
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renodoxin” is unnecessarily parochial). The wide dis
tribution of this adrenodoxin-like mRNA could be
due to transcription of other gene(s) yielding ad
renodoxin-like mRNAs having the same sizes and
cross-hybridizing under highly stringent conditions.
Finding a single adrenodoxin gene (as there is a single
P450scc gene) would rule out the latter possibility.
However, the discovery of multiple adrenodoxin
genes or genelike sequences is compatible with either
possibility. Extensive search of three human genomic
DNA libraries indicates the presence of one or two
human adrenodoxin genes having introns (C.-Y.
Chang and B. Chung, unpublished data) and the
presence of two processed genes lacking introns.
Since these processed genes contain many nucleotide
differences from the three cDNAs sequenced (Picado
Leonard et al. 1988) and from the “authentic” gene
on chromosome 11, it appears likely that the pro
cessed, intronless genes are nonfunctional pseudo
genes. Duplicated genes bearing considerable homol
ogy have been found on different chromosomes.
These include human genes for opal suppressor phos
phoserine tRNA (McBride et al. 1987), ornithine
aminotransferase (Ramesh et al. 1987), and trifunc
tional folate-dependent enzyme (Rozen et al. 1987).

It is possible that chromosome 11 might bear two
or more repeated adrenodoxin genes, presumably
maintaining very close nucleotide sequence homol
ogy through “concerted evolution” (Hood et al.
1975; Liebhaber et al. 1981; Miller and Eberhardt
1983). The Pst■ and HindIII hybridization patterns
show that adrenodoxin gene components are spread
over >20 kb of chromosome 11, certainly enough
DNA to accommodate more than one adrenodoxin
gene. Examination of genomic clones with the human
adrenodoxin cDNA probe indicates that it is most
likely that chromosome 11 contains a single gene
whose exons are widely spread by very large in
trons. Thus, all present data indicate that a unique
functional adrenodoxin gene on chromosome
11 q13-qter is widely expressed in human tissues,
while the pseudogene(s) on chromosome 20cen—-
q13.1 are unexpressed.
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ABSTRACT. Adrenodoxin is an iron-sulfur protein found in
the mitochondria of steroidogenic tissues. It participates in
steroidogenesis as an electron transport intermediate for mito
chondrial cytochromes P450, including P450sce, the cholesterol
side-chain cleavage enzyme. Using a human adrenodoxin cDNA
probe recently cloned in our laboratory, we examined the distri
bution and hormonal regulation of adrenodoxin mRNA in a
variety of steroidogenic tissues.

Adrenodoxin mRNA was found in all steroidogenic tissues
examined. In human fetal testes, adrenodoxin mRNA was more
abundant in early gestation, diminishing toward midterm in a
pattern closely similar to that we reported previously for
P450scc. Unlike P450scc, however, significant amounts of ad

renodoxin mRNA were detected in human fetal ovaries, with no
discernible gestation-dependent change. The abundance of ad
renodoxin mRNA was increased in cultured human granulosa
cells by treatment with hCG, FSH, cAMP, and cholera toxin. In
human fetal adrenal cells, ACTH and cAMP stimulated accu
mulation of adrenodoxin mRNA, while in cultured human fetal
testicular cells and cultured fetal rhesus monkey ovarian cells,
both hCG and cAMP stimulated accumulation of adrenodoxin
mRNA. In all of these systems, the accumulation of adrenodoxin
mRNA closely paralleled the response of P450scc. These data
suggest that the genes for these functionally related but struc
turally unrelated proteins are regulated in a coordinate manner.
(J Clin Endocrinol Metab 66: 383, 1988)

ONVERSION of cholesterol to pregnenolone, the
rate-limiting step in steroidogenesis, is mediated

by P450scc, a single mitochondrial cytochrome P450
enzyme encoded by a single gene on chromosome 15 (1).
P450sco functions as the terminal oxidase in an electron
transport chain and mediates three separate reactions,
20-hydroxylation, 22-hydroxylation, and scission of the
20,22 carbon bond, all on a single active site (2). Each of
these three reactions requires a pair of electrons and
molecular oxygen. The electrons are donated by NADPH
to a flavoprotein, termed adrenodoxin reductase, then to
an iron-sulfur protein, termed adrenodoxin, and finally
to P450scc (for review, see Ref. 3). Adrenodoxin and
adrenodoxin reductase also serve as the electron trans
port intermediates for another steroidogenic cytochrome
P450 enzyme, P450c11, which mediates 113-hydroxylase
activity, 18-hydroxylase activity, and aldehyde synthe
tase (18-methyl oxidase) activity (4). The roles of these
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and other enzymes in steroidogenesis have been reviewed
recently (5).

P450s.cc mRNA accumulates in adrenal cells stimu
lated with ACTH, in granulosa cells stimulated with
gonadotropins, and in adrenal, granulosa, and placental
cells stimulated with cAMP (6–8). In cultured bovine
adrenocortical cells, the mRNAs for P450scc and adren
odoxin are both stimulated by ACTH and cAMP by a
cycloheximide-sensitive mechanism (9). However, this
cycloheximide-sensitive regulation of adrenodoxin was
not found in experiments with human granulosa cells
(10) or with the transformed human trophoblastic tumor
cell line JEG-3 (11). Therefore, we examined the hor
monal and developmental regulation of adrenodoxin
mRNA in a variety of human steroidogenic tissues.

Materials and Methods

Cells, tissues, and RNA

Human granulosa cells were obtained from the University of
California-San Francisco in vitro fertilization program; the cells
were cultured and RNA extracted exactly as described previ
ously (6). Human fetal adrenals, testes, and ovaries were ob
tained under approved protocols after elective cervical dilata
tion and evacuation; gestational ages were estimated by fetal
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foot length (12) regardless of gestational history. Human fetal 60 - A. = -0. 419
adrenal and testicular cells were cultured and RNA prepared º 05
exactly as described previously (13).

Fetal rhesus monkey ovarian tissue was minced and dis- 45 – epersed as done for the human fetal testicular tissue (14), then
initially cultured for 3 days in 45%. Ham's F-12 medium, 45%
Dulbecco's Modified Eagle's Medium-H16 in Earle's Buffered
Salt Solution and 10% fetal bovine serum with 2 mmol/L
glutamine and 50 ug/mL gentamycin. The cells were then
rinsed carefully in medium lacking serum and incubated for 2
days without serum, with or without the hormonal stimuli
indicated.

Blots and probes

Dot blots and Northern transfers to nylon membranes were
done as described previously (6–8, 13). All dot blots were done
with 3 ug RNA/dot. The probes were nick-translated cDNA
inserts of human P450sco (1), human adrenodoxin clone hadz
7 (11), and human actin (15), prepared as described previously
(6–8, 13).

Materials

Human FSH was provided by the NIDDK through the
National Hormone and Pituitary Program, and hCG was pro
vided by the Center for Population Research, NICHHD, NIH.
ACTH was obtained from Organon (West Orange, NJ), and
cholera toxin, dibutyryl cAMP (dbcAMP), butyric acid, insulin,
transferrin, and vitamin E were obtained from Sigma Chemical
Cq. (St. Louis, MO).

Results

Developmental expression of gonadal adrenodoxin mRNA

We prepared human gonadal RNA from 25 male and
13 female fetuses. Two-microgram aliquots of gonadal
RNA from each fetus were dotted to a single nylon filter
and probed with human adrenodoxin cDNA. The results
of densitometric scanning of these data are shown in Fig.
1. The relative abundance of adrenodoxin mRNA in total
fetal testicular RNA diminished significantly as a func
tion of gestational age. Fetal ovarian adrenodoxin mRNA
was detectable throughout the period of gestation for
which samples were available and did not change as a
function of gestational age. Actin mRNA in the same
samples did not vary as a function of gestational age (not
shown).

As the simplest, first order approximation, we fitted a
linear regression curve to these data. The gestation
dependent decrease in testicular adrenodoxin mRNA (r
= –0.42) was less rapid than that for P450scc (r = -0.67)
(13). Since adrenodoxin and P450sco function together,
we correlated these data by comparing the values only
for the 19 testicular RNA samples that had been assayed
for P450scc previously (13) and were also available for
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FIG. 1. Testicular (A) and ovarian (B) mRNAs for adrenodoxin as a
function of gestational age. The amounts of mRNA are displayed in
arbitrary units from densitometric scanning of dot-blot autoradi
ographs. Best-fit linear regression analysis slopes are shown.

adrenodoxin measurements. The adrenodoxin and
P450scc mRNAs in these samples correlated well (r =
0.64; P × 0.005). Thus, the testicular contents of mRNAs
for adrenodoxin and P450scc decrease in parallel during
development. The gestation-dependent decrease in ad
renodoxin, P450sco, and P450c.17 (13) mRNAs is not due
to a generalized reduction in fetal testicular transcrip
tional activity, as the abundances of mRNAs for actin
and for Mullerian duct inhibitory factor (14) remain
constant during the same time of gestation. The presence
of readily detectable amounts of adrenodoxin mRNA in
fetal ovaries was surprising. By contrast, both P450scc
and P450c17 mRNAs were barely detectable in six 15
to 22-week-old fetal ovarian samples (13).

*
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Regulation of adrenodoxin mRNA in cultured human
granulosa cells

The abundance of adrenodoxin mRNA varied as a
function of increasing age of granulosa cell cultures (Fig.
2). Without hormonal stimulation, adrenodoxin mRNA
was greatest after 3 days of culture and diminished
rapidly thereafter. The responsiveness to hCG and
dbcAMP was greatest after 6–12 days of culture, but by
12 days the cells were no longer responsive to FSH.
Incubation with 2 mmol/L burytic acid had no effect.
This pattern of results is identical to that seen with
P450s.cc mRNA (7). Therefore, all granulosa cell culture
experiments were done with hormonal stimuli added on
day 10 and cells harvested on day 12, as in our previous
studies (6, 7).

Northern blot analysis showed that a variety of hor
monal agents stimulate the accumulation of adrenodoxin
mRNA in cultured human granulosa cells (Fig. 3). Ad
renodoxin mRNA was found in at least three sizes, 1.65,
1.45, and 1.1 kilobases (kb), corresponding to the three
sizes expected from the three separate polyadenylation
sites used, as shown by cDNA cloning (11), and similar
to the sizes of bovine adrenodoxin mRNA (16). The 3.8-
kb band in the RNA from the human Leydig cell tumor
has been seen previously (11); its significance is not yet
known. Densitometric scanning of the autoradiograph
shown in Fig. 3 indicated that 100 ng/mL hCG stimu
lated accumulation of adrenodoxin mRNA 4.7-fold, while
1.0 mM dbcAMP stimulated adrenodoxin mRNA 18-fold.
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FIG. 2. Adrenodoxin mRNA in cultured human granulosa cells. Cul
tures were begun on day 0, and hormonal stimuli were added 2 days
before the cells were harvested on the day indicated on the x-axis. O,
Control (no hormonal stimulus); e, FSH (100 ng/mL); A, h0G, (100
ng/mL);D, FSH plus hCG (each at 100 ng/mL); A, dbcAMP (1 mmol/
L). Values are the mean + so of duplicate cultures from one donor.
Where error bars are not shown, they lie within the symbols used,
except for the dbcAMP values, which are from a single culture.
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FIG. 3. Northern blot analysis of adrenodoxin mRNA in cultured
human granulosa cells. The mol wt marker is Hind III-cleaved bacte
riophage PM2 end-labeled with *P. The 30-ug RNA samples were from
cells cultured 12 days without hormonal stimuli (control) or from cells
cultured 10 days without, then 2 days with 100 ng/mL FSH, 100 ng/
mL hCG, or 1 mmol/L dbcAMP. The lane designated Testis contains
30 ug RNA from a human Leydig cell adenoma; the lane designated
Rat contains 60 ug RNA from adult rat adrenals.

By contrast, the effect of 100 ng/mL FSH was minimal
(a 1.6-fold stimulation), while an equal amount of RNA
from a human Leydig cell adenoma had massive amounts
of adrenodoxin mRNA. The stringency of the hybridi
zation and washing conditions used and the specificity
of our adrenodoxin cDNA probe are emphasized by the
lack of detectable hybridization to a large (60-ug) sample
of rat adrenal mRNA. Under similarly stringent hybrid
ization conditions, we have demonstrated that there is
only one functional adrenodoxin gene, located on chro
mosome 11 (17); hence, all of the hybridizing RNA is
authentic adrenodoxin mRNA and does not represent
mRNA for other related iron/sulfur proteins.

Granulosa cell adrenodoxin mRNA accumulates in
response to hormonal stimuli in a dose-dependent fash
ion. Stimulation with hCG elicited a half-maximal stim
ulation at about 10 ng hCG/mL and reached maximal
values at 30 ng hCG/mL (Fig. 4; P × 0.001, by analysis

-
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Fig. 4. Dose response of adrenodoxin mRNA to stimulation with hCG.
Human granulosa cells from a single donor were incubated for 10 days
without stimuli, then for 2 days with the doses of hCG indicated. Values
are the mean + SD of triplicate incubations, expressed in arbitrary
units from scanning of dot-blot autoradiographs.

TABLE 1. Adrenodoxin mRNA in 12-day cultures of human granulosa
cells treated with cholera toxin for 2 days

Cholera toxin Adrenodoxin mRNA
(ng/mL) (arbitrary units)

() 2.9 + 0.14
1. 4.5 + 1.1

10 6.3 + 0.99
100 7.3 + 0.28

Values are the mean it SD of duplicate incubations of cultured
granulosa cells from one patient. The increase is significant (P<0.025)
by analysis of variance.

of variance). This response of adrenodoxin mRNA to
hCG is very similar to that of P450sco mRNA (6, 7).
Similarly, cholera toxin, which activates adenylate cy
clase, also stimulated granulosa cell accumulation of
adrenodoxin mRNA in a dose-dependent fashion (Table
1; P × 0.025, by analysis of variance).

Regulation of adrenodoxin mRNA in cultured human fetal
adrenal cells

Adrenodoxin mRNA accumulated in hormonally stim
ulated primary cultures of human fetal adrenal cells.
ACTH (107* mol/L) was added to 4-day cultures of cells
and was readded with each change of medium at 24-h
intervals. Adrenodoxin mRNA increased maximally 36

Vol 56 - No 2

h after initial exposure to ACTH and remained relatively
constant thereafter (Table 2). This response closely par
allels the pattern of P450scc mRNA responses in the
same cells (Table 2). Northern blot analysis of 50-ug
samples of total RNA from fetal adrenal cells cultured
for 8 days without stimuli and then for 2 days with
ACTH and cAMP is shown in Fig. 5. Both 107" mol/L
ACTH and 1 mmol/L dbcAMP stimulated accumulation
of adrenodoxin mRNA. By contrast, however, 30-ug sam
ples of uncultured normal human adult adrenal or Leydig
cell tumor RNA had much more adrenodoxin mRNA.

TABLE 2. Adrenodoxin mRNA in cultured human fetal adrenal cells
incubated for 4 days before adding 107* mol/L ACTH for the times
indicated

Time in Adrenodoxin mRNA P450sco mRNA
culture (h) (arbitrary units) (arbitrary units)

24 1.8 + 0.2 40 + 8
36 6.4 + 0.7 78 + 6
48 5.7 ± 0.6 82 + 4
72 4.6 + 0.3 70 + 3
96 5.7 ± 0.3 78 + 6

Controls without ACTH were indistinguishable from background
(i.e. 0). Values are the mean it SEM of triplicate cultures from one
fetus.
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Fig. 5. Northern blot analysis of adrenodoxin mRNA in cultured
human fetal adrenal cells. Hind III-cleaved bacteriophage PM2 was
used as the mol wt marker. The 50-ug samples of RNA were from cells
cultured for 8 days without, then 3 days with the indicated stimuli.
Control, No stimulus; ACTH, (10" mol/L); cAMP, 1 mmol/L dbcAMP.
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TABLE 3. Hormonal stimulation of mRNA in cultured human fetal testicular cells

Treatment Adrenodoxin mRNA P450sco mRNA Actin mRNA
(arbitrary units) (arbitrary units) (arbitrary units)

Control 7.9 + 1.2 30 + 2.6 36 + 4.4
hCG (30 ng/mL) 28 + 2.7° 91 + 19° 44 + 6.1
dbcAMP (0.5 mmol/L) 22 + 7.6° 42 + 5.6° 32 + 3.6

Values are the mean it SEM of triplicate cultures from one fetus.
* P × 0.005 compared to control.
* P × 0.05 compared to control.

TABLE 4. Adrenodoxin mRNA in cultured fetal rhesus monkey ovary
cells

Adrenodoxin mRNATreatment
- -(arbitrary units)

Control 5.4 + 0.8
hCG (30 ng/mL) 15 + 2.1"
dbcAMP (0.5 mmol/L) 14 + 1.8°

Values are mean it so of duplicate incubations of cultured ovarian
cells from a single animal.

* P × 0.05, by Student's two-tailed ttest.

Regulation of adrenodoxin mRNA in cultured gonadal
cells

Primary culture of the total dispersed cells from a 20.4-
week gestation human fetal testis contained adrenodoxin
mRNA. This adrenodoxin mRNA increased significantly
in response to both 30 ng/mL hCG and 0.5 mmol/L
dbcAMP. P450scc mRNA responded similarly in these
cultured cells, but actin mRNA did not change (Table
3).

Similar experiments with human fetal ovaries have
not been possible. However, we have had some success
with a 156-day-old fetal rhesus monkey ovary, generously
provided by Cynthia Voytec of the UCSF Department of
Obstetrics, Gynecology, and Reproductive Sciences. In
these cells, both 30 ng/mL hCG and 0.5 mmol/L
dbcAMP stimulated accumulation of adrenodoxin
mRNA (Table 4).

Discussion

The human fetal testis produces abundant testoster
one in early gestation, resulting in masculinization of the
external genitalia (18). Fetal serum and testicular testos
terone concentrations (reviewed in Ref. 19) and fetal
testicular mRNA for the two cytochrome P450 enzymes
needed for testosterone synthesis, P450scc and P450c17
(13), are maximal at 14–16 weeks gestation, shortly after
the peak of circulating fetal hCG concentrations (20). By
contrast, the human fetal ovary is steroidogenically
quiescent, since ovarian steroids are unnecessary for
female development, and mRNAs for P450s.cc and
P450c17 are barely detectable in the fetal ovary (13).

The development pattern of adrenodoxin mRNA found
in the 25 fetal testes surveyed in this study is generally
similar to that of P450scc (13). While the data in Fig.
1A might also be interpreted as showing a sigmoidal
curve with a peak at 18 weeks gestation, we fitted a
straight line to the data because the patterns of testicular
testosterone content, synthesis, and secretion (19) and
P450scC and P450c17 mRNAs (13) correlate well, with
maxima at 14–16 weeks gestation, diminishing there
after. Nineteen of these testicular samples had previously
been assayed for P450scc mRNA; the correlation for the
two species of mRNA among these samples was very
high (r = 0.64; P × 0.005). This finding is entirely
consistent with the development pattern of testicular
steroidogenesis.

However, we were surprised to find readily detectable
amounts of adrenodoxin mRNA in the fetal ovary. Be
cause of the extremely limited amounts of RNA available
from these fetal tissues, only dot-blot analysis was fea
sible. Application of all of the samples to a single filter
provides a very sensitive means for comparing the rela
tive abundance of a species of mRNA in various samples.
However, the procedure is inherently nonquantitative,
as the darkness of an autoradiographic spot will depend
on the specific activity of the probe, the autoradiographic
technique used, and the sensitivity of the film. It is,
therefore, impossible to offer more than crude, order of
magnitude comparisons between the results obtained
with two different probes. Mindful of these limitations,
we prepared all of our probes in the same manner,
labeling to similar specific activities, and our autoradi
ographic procedures are consistent. Therefore, we are
confident that the absolute amount of adrenodoxin
mRNA in the fetal ovary samples is much greater than
the absolute amount of P450sce mRNA in these samples,
but the exact degree of difference cannot be determined
from these experiments. The role of adrenodoxin in the
absence of P450sco is unclear. Adrenodoxin mRNA is
widely distributed in all tissues examined, including liver,
kidney, brain, spleen, intestine, and fibroblasts (11);
thus, adrenodoxin apparently functions as an electron
transport intermediate to a wide variety of mitochondrial
cytochromes P450, not only to those involved in steroi

-
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dogenesis (11). We propose that the finding of adreno
doxin mRNA in the fetal ovary in a gestation-independ
ent pattern is another example of this widespread non
steroidogenic function.

The hormonal regulation of adrenodoxin mRNA gen
erally paralleled that of the other steroidogenic enzymes.
Accumulation of adrenodoxin mRNA was stimulated by
tissue-specific tropic hormones acting via intracellular
cAMP. Thus, dbcAMP and physiological concentrations
of ACTH (107* mol/L) both stimulated accumulation of
adrenodoxin mRNA in cultured fetal adrenal cells. Sim
ilarly, 10 ng/mL hCG, equivalent to physiological con
centrations of LH, stimulated accumulation of adreno
doxin mRNA in cultured granulosa cells. These cells also
responded to stimulation with FSH, but their response
to FSH was consistently less than that to hCG (6, 7),
presumably reflecting relatively fewer FSH receptors.
The responsiveness of these cultured granulosa cells
varies greatly from one individual donor to another and
is compromised by the hormonal pretreatment the
women receive (6). Therefore, we studied ovarian tissue
from other sources. Cells from a 156-day-old (near term)
fetal rhesus monkey could be maintained adequately for
a limited experiment. Although the amount of tissue
available precluded dissection into granulosa, thecal, and
interstitial cells, the mixed cell culture responded to both
hCG and dbcAMP. Similar results were obtained with a
mixed cell culture of whole human fetal testes.

Adrenodoxin, a small iron-sulfur protein, bears no
structural resemblance to P450scc in either amino acid
sequence or mRNA nucleotide sequence (1, 11). Further
more, the genes for P450s.cc and adrenodoxin are located
on different chromosomes (1, 17), and the sequences of
their 5' untranslated regions have little in common
(Chung, B., and W. L. Miller, unpublished observations).
Yet, these two highly dissimilar genes are apparently
coordinately regulated both in testicular development
and in response to cAMP.
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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 P450s.cc 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 P450s.cc. 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 P450s.cc (1). This same
electron-transport system donates electrons to another ste
roidogenic enzyme, P450c.11 (2), to renal vitamin D 1a
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 P450s.cc 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 > 10° cºm/ug by random-primer labeling (15) and
used to screen the libraries under low-stringency conditions
[5x SCC (1x SCC = 0.15 M NaCl/0.015M sodium citrate)/
20% (vol/vol) formamide/denatured salmon sperm DNA
(100 ug/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-*Pl
ATP, and used to probe the primary screening of both
libraries in 6x 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).

"To whom reprint requests should be addressed at Room 677-S,
Pediatrics, University of California, San Francisco, CA 94143-0434.
The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliCenetics. Mountain View, CA,
and Eur, Mol. Biol. Lab., Heidelberg) (accession no. J03826).
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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 EcoRI, 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, Aha AR-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 I fragment. The
longest fragment detected was slightly less than 500 bases and
was included in a 1.8-kb clMA. 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 Aha AR-1 corresponded very well with
the sequence of the bovine adrenal clone på R 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 AhaáR-1 was
confirmed by the sequence of the testicular clone Aht/AR-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 Gln-209).
Since pyrimidine-rich sequences ending with CAG constitute
the canonical 3' splice donor sites of eukaryotic introns (26),

Bg Bc P S R R N Brm N Ho Ho P P S Brn N
-

|
/ | ?

A haaR

X.ht AR
- - -

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. Aha AR, 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 II; Brm, Bam HI; HC, Hincll;
Hd. HindIII: N. Nae l; P, Pst I: R. Rsa I; S, Sma I. 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 HindIII- 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 P450s.cc and adrenodoxin (12–14, 16, 17).
Transfer blots of human granulosa cell RNA probed with
AhaáR-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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Met Ala Ser Arg Cys Trp Arg Trp
CCGGGTTCCTC.ctoccAcco Arc cer Trcc ccc tec ºrcc ccc roc

3O

ser Thr Pro ser Phe cys his His Phe ser Thr cln clu lys Thr
AGC ACC CCG ACC TTC Toc CAC CAT tºrc toc ACA CAC GAG AAG Acc

6 o

Ala Gln His Leu Leu Lys His Pro Gln Ala His Val Asp I le Tyr
CCC CAA CAC CTG CTA AAG CAC CCC CAG coc CAC CTG GAC Atc TAC

90

Pro Asp His Pro Glu Val Lys Asn Val I le Asn Thr Phe Thr Gln
CCT CAT CAC CCC CAC CTG AAG AAT GTC Atc AAC ACA tºtt ACC CAG

12 O Arg
Gly Arg Asp Val Thr Val Pro Glu Leu Gln Clu Ala Tyr His Ala
GCC ACG GAC GTG ACG Grc CCC GAG CTC CAC CAG CCC TAC CAC GCt

150

Pro Gly Glu Glu Leu Pro Gly Val Cys ser Ala Arg Ala Phe val
CCT CCT CAC GAG cro CoA CGT GTG TCC too coc coc coc TTC cTc

18O
Leu Ser Cys Asp Thr Ala Val I le Leu Gly Gln Cly Asn Val Ala
CTG ACC tot CAC ACA GCC GTG Art Cto GCC CAC GCC AAC GTG GCt

2 lo

Ala Leu Leu Leu Cys Gln Arg Thr Asp I le Thr Lys Ala Ala Leu
CCC CTC Cºrt Trc TCC CAG ACA ACC cac arc Acc awac coa coc cºrc

240

Arg Arg Gly Pro Leu Gln Val Ala Phe Thr I le Lys Glu Leu Arg
CGG CGT GGA CCC cro CAA GTG Gcc TTC Acc Att AAG GAc ctit coc

27o

Asp Phe Leu Gly Leu Gin Asp Lys I le Lys Glu val Pro Arg Pro
GAt TTC Trc GCT cro CAG GAc AAG ATC AAG GAG GTC ccc ccc ccc

3OO
Pro Gly Pro Ala Glu Ala Ala Arg Gln Ala Ser Ala Ser Arg Ala
CCA GCG coc GCG GAA GCT GCC ccc. CAG GCA TCG GCC toc cot GCC

33 o

Pro Asp Gly Arg Arg Ala Ala Gly Val Arg Leu Ala Val Thr Arg
CCA CAT CGG CCG CCG GCA ccA GCT GTC CCC CTA GCA GTC Act AGA

360

Met Glu Asp Leu Pro Cys Gly Leu Val Leu Ser Ser I le Gly Tyr
Atc GAA GAC CTC Cot tot CCG Cºrc GTG. Crc ACC AGC Art GCC TAt

390
Gly Val Ile Pro Asn Val Glu Gly Arg Val Met Asp val Pro Gly
GGG GTC Atc. coc AAt GTG GAG GCC ccG GTT Arc GAt GTG CoA ccc

42O
Ala Thr Thr Met Thr Asp ser Phe Leu Thr Gly Gln Met Leu Leu
CCC ACA ACC ATC ACT CAC acc TTC Cºrc Acc GCC CAc Arc Cºrc Crc

45o

Tyr Ala Ala I le Gln Ala Leu Leu Ser Ser Arg Gly Val Arg Pro
TAC GCA GCC ATC CAG GCC CTG CTC Acc ACC CCA CGG Grc CCG CCA

480

Arg Gly Gln Gly Thr Gly Lys Pro Arg Glu Lys Leu Val Asp Pro
CGG GCC CAG GGC ACG GCC AAG CCC AGC GAG AAG CTG CTG CAT CCT

Trp
Toc

Pro
CCC

Glu

Thr
ACC

Val
GTG

Gly
CCC

Leu
cTG

Gly
ccT

Glu
CAG

Arg

Trp
Toc

Leu
crg

Lys
AAG

Leu
cTc

Gln
CAG

val
GTc

Girl
CAG
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1.O 2O
Gly Trp ser Ala Trp Pro Arg Thr Arg Leu Pro Pro Ala Gly
GCC Toc TCG GCG too coºr coc Acc coc cro cot coc coc coc

4o so

Gln I le Cys val val Gly ser Gly Pro Ala cly phe Tyr Thr
CAG ATC rot GTG Grc GCC Act coc coa Got coc Trc TAc Acc

7o so

Lys Gln Pro Val Pro Phe Gly Leu Val Arg Phe Gly val Ala
AAA CAC CCT GTC ccc tºtt coc cTC GTC ccc TTT cot GTC ccc.

loo 110
Ala His ser Gly Arg Cys Ala Phe Trp cly Asn val clu val
GCC CAT TCt. GCC CCC tot GCC Trc toc GCC AAC Grc GAG GTG

13 O 140

Val Leu Ser Tyr Gly Ala Glu Asp His Arg Ala Leu Glu I le
GTG CTG ACC TAC GGG GCA CAG CAC CAT CCG GCC CTC CAA Att

16 O 17o
Trp Tyr Asn Gly Leu Pro Glu Asn Gln Glu Leu Glu Pro Asp
TCC TAC AAC CCG cºtt CCT CAC AAC CAG CAG CTG CAG CoA GAc

190 2OO
Asp Val Ala Arg I le Leu Leu Thr Pro Pro Clu His Leu Clu
CAC circ GCC CCC ATC cºta Ctc. ACC CCA cct CAG CAC CTG GAG

22O 2 so

val Leu Arg Gln ser Arg Val Lys Thr Val Trp Leu val cly
GTA Cºrc ACG CAc AGT CoA GTG AAG ACA GTG TCG cºta GTG ccc

25o 26o

Met I le Gln Leu Pro Gly Ala Arg Pro I le Leu Asp Pro Val
ATC Att CAG tºta CCG GCA ccc ccc ccc Att tºrc GAt cot GTG

280 29 o

Lys Arg Leu Thr Glu Leu Leu Leu Arg Thr Ala Thr Glu Lys
AAG CGG CTG ACG GAA CTG CTG CTT, CGA ACC GCC AcA CAG AAG

3 lo 32O

Gly Leu Arg Phe Phe Arg ser Pro Gln Gln Val Leu Pro ser
GCC CTC ccc TTT tºrc CoA AGC ccc cac cac GTG CTG coc ºrca

34o 35o

Glu Gly Val Asp Glu Ala Thr Arg Ala Val Pro Thr Gly Asp
GAG GGT Grc GAT CAC GCC Acc coºr coa Grc co-c Acc cca cac

370 sºo

Ser Arg Pro Val Asp Pro Ser Val Pro Phe Asp Ser Lys Leu
ACC ccC ccT GTC cac CCA Acc Grc co-c tºrt cac toc Aac CTT

4OO 41 O

Tyr Cys ser Gly Trp Val Lys Arg Gly Pro Thr Gly val Ile
TAC Troc Acc GCC tec GTG AAG Aca GCA CCT ACA GCT Cºrc ATA

430 440

Asp Leu Lys Ala Gly Leu Leu Pro Ser Gly Pro Arg Pro Gly
cac circ Aac cot GGG ºr to cro CCC ºrct coc CCC AGG CCT GCC

460 47 o
Ser Phe Ser Asp Trp Glu Lys Leu Asp Ala Glu Glu Val Ala
Tot Trc to A GAC TCG GAG AAG CTG GAt GCC GAG CAG CTG CCC

490 497
Glu Met Leu Arg Leu Leu Gly His OP
CAc Arc cro coc Cºrc CTG GGC CAC TCA GCCCAGCCCCACCCCCGGCCC

cCAccAGGGAAGGGATGAGTGTTGGGAccocaiaccCCTGGGTcccTctcAGTGGGAct TTCCAcctotoctoarccocGCCCGCCCTGGCTTGGAGCCTTGGCTGCTCTTCCAGCGTCTC

TccTcccºrccºrocco AAGGTcccocºrtcocco.ca/AccTTTTAccrºtºrcaccAActoaccTAAccTTAGGGACAGGrcCAGGTCTGGGCCCAtcrawaccCCTTACCCAtcºtctor ACTGct

GGacrotccaccorcaccaccTTGGGAAcarcCrcCAAATAAAACAccro-CACCCAAAAAAAAAAAAAAAAAA
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 codon
65 (Val) indicates the 5' limit of AhaAR-1 cDNA. Three nucleotide differences between AhtaR-1 and Aha AR-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 AhaáR-1
could not, since the A-to-G transition eliminates this site.

DISCUSSION

The cloning of human adrenodoxin reductase cDNA now
completes our genetic knowledge of the human cholesterol
side-chain-cleavage system. There is only one functional
gene for each of the three components, P450s.cc (10), adreno

doxin (15), and now, adrenodoxin reductase. Despite this
genetic simplicity, the P450s.cc system is differentially regu
lated in the adrenal by corticotropin, acting through cAMP,
and angiotensin II, acting through calcium (27). Furthermore,
kinetic studies indicate different enzymologic parameters for
various lipoidal derivatives of cholesterol (28). Thus, there
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Fig. 3. Southern blot of human genomic DNA probed with
AhaáR-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 HindIII 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
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FIG. 4. Southern blot of Pst l-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 CF80-8, 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, P450s.cc. 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 1 16 11 35 11 no.

- - - - - - - - - - - - - - - - - - (Pst
Chromosome 4 4 4 4 4 8 4 5 3 8 3 4 8 7 4 4 4 5 bands)

1 + - - + + - - - + - - - + - - - 13
2 + - + - + - + - + + - + - - - 11
3 - + - - + + + - - + + + - + + - + - 8
4 + + - + + + + + - - + - + + + - + - 6
5 (+) -

-
+ (+) +

- - + -
- + + (+) +

- -
9

6 + + - + - + + + + -
+ (+) + + + + -

5
7 + (-) + - + + + + - + + + - - - + - 6
8 + (+) - + + + + + + + + + (+) - + + - 4
9

- - - - - - - - - - - - - + - -
17

10 - - + + - (+) + + - - + - - + - - -
9

11 (-) + - + + - - + + - - - + - - - - -
10

12 + (+) + + + + - - + - -
- + (+) + - + - 7

13
- - - + + + - - + (+) - +

- - - 10
14 + + + + + + + - - + + + + - - + 4

15 + - - (-) + + - + + + - - + - + - 9
16 + - - - + (+) - - - - - - - + - - - 14
17 + + + + + + + + + + + + + + - - + + 0
18 + - - - + + + - + - + - - -- + - + - 9
19 + + (+) - + + (+) - - + + - + - - -

9
20 + + + + (+) + + +

- + - + (-) +
- -

7
21 - - + + + + - - + - - + + + + - * * 9
22 + - -

- + + - (+) - - - + + + + - 10
X

- - - - + - - - - - + - - + + -
16

Y - - (+) - - - - - - + - - - 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 AhaáR-1 cDNA appears at right.
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Fig. 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 ug/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
P450s.cc and P450cl 1. 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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SEQUENCES OF INTEREST

Homologous Sequences in
Steroidogenic Enzymes, Steroid
Receptors and a Steroid Binding
Protein Suggest a Consensus
Steroid-Binding Sequence

James Picado-Leonard and Walter L. Miller

Department of Pediatrics
and the Metabolic Research Unit
University of California, San Francisco
San Francisco, California 94143

The amino acid sequences of two steroidogenic
enzymes, P450c17 (steroid 17a-hydroxylase/17,20
lyse) and P450c21 (steroid 21-hydroxylase), are only
28.9% identical. However, these proteins share a
region of 21 amino acids bearing 17 identical resi
dues, which we previously suggested may represent
the steroid binding site. We assembled a sequence
database of known steroid-binding proteins and
searched this with the sequence of this 21 amino
acid region. The steroidogenic enzymes, P450c17,
P450c21, P450sco (the cholesterol side-chain
cleavage enzyme), and P450c11 (steroid 113/18
hydroxylase) share a subregion of 17 amino
acids having at least 15 identical residues. Related
sequences were identified in a computerized
search of the available sequences of steroid hor
mone receptors and binding proteins. These se
quences were invariably found within larger do
mains previously associated with steroid binding.
From these we propose a more general consensus

sequence of Lºut 000:01:L-Pv, where + refers
to any charged amino acid, and 0 refers to an un
charged amino acid. This consensus sequence pre
dicts 147 or 187 total amino acids in 11 human
proteins examined (78.6%). An equivalent degree of
sequence identity, 178 of 221 amino acids (80.5%)
was found among 13 animal homologs of these
human proteins. The ability of this consensus se
quence to predict 325 of 408 amino acids (79.7%)
strongly suggests this sequence is necessary, if not
sufficient, for a steroid binding site in many proteins.
Lecithin-cholesterol acetyl transferase, cholesterol
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ester transfer protein, and steroid sulfatase did not
have sequences similar to our consensus sequence.
(Molecular Endocrinology 2:1145-1150, 1988)

INTRODUCTION

Steroid hormones are physiological regulators acting
through high affinity intracellular receptors. They are
synthesized primarily in the adrenal, gonads, and pla
centa, and circulate bound to serum binding proteins.
Steroidogenic enzymes, binding proteins and steroid
hormone receptors bind remarkably similar or even
identical steroids. For example, both P450c17 (steroid
17a-hydroxylase/17.20 lyase) and P450c21 (steroid 21
hydroxylase) metabolize progesterone, which also
binds to the progesterone receptor. The steroid binding
sites of these proteins may have similar tertiary confor
mations, which in turn may require conserved features
in the primary sequence. The structures and function
of the steroidogenic enzymes have been reviewed re
cently (1).

RESULTS

Steroid Binding Site in Adrenal Steroidogenic
Enzymes

We previously reported the characterization of cDNAs
and the functional gene for human P450c17 (2, 3).
Alignment of the amino acid sequences for P450C17
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and P450c21 revealed two regions of notable homol- enzymes, including hepatic P450s. This region, often
ogy. One stretch near the C-terminus (residues 433– termed the "Ozols peptide," has previously been de
453 in P450c17) corresponds to the heme binding site scribed as a highly conserved feature of P450 enzymes,
present in all cytochromes P450. The second region but its function has remained unknown (5, 6).
(residues 346–366 in P450c17) had even greater ho- Others have suggested a different region for steroid
mology, matching in 17 of 21 amino acids. We specu- binding in bovine mitochondrial P450c11 and P450sco,
lated that this region might be the substrate binding corresponding to residues 210 to 221 in P450scc (7).
site (2), since the corresponding regions of rat liver However, microsomal steroidogenic P450s exhibit no
P450c and P450d are within the portion of those en- exceptional homology in this region (7). To determine
zymes that determine substrate specificity (4). whether steroid hormone receptors and binding pro

We initially searched the National Biomedical Re- teins contained sequences similar to this region, we
search Foundation protein sequence database (see searched both databases with this sequence (residues
Materials and Methods) with the entire P450c17 amino 210 to 221 in P450ScC). With the exception of the
acid sequence and found no significant homologies with reported homology between P450sco and P450c11,
non-P450 proteins. However, low overall homology may we found low homology with other steroidogenic P450s
mask small regions of significant similarity. Further- and no homology with steroid hormone receptors or
more, many of the recently published sequences for binding proteins.
P450 enzymes, binding proteins and hormone recep- One concern in searching databases with a small
tors are not yet included in the NBRF protein sequence portion of a sequence is that other similarities may be
database. Therefore, we constructed a mini database missed. To address this issue, we searched the data
containing these additional sequences. We then bases with the amino acid sequence encoded by exon
searched both databases with only the presumptive 6 of P450c17 (residues 324 to 379), which contains the
steroid-binding site of P450c17 (residues 346–366). All original 21 amino acid presumptive binding site. This
steroidogenic P450 enzymes have a strikingly con- exon 6 sequence detected all of the sequences indi
served amino acid sequence in this region (Fig. 1). cated in Fig. 1. Since exon 6 is of average size for the
Similar sequences are also found in all other P450 P450c17 gene (3), we searched the database with each

Enzymes Location Score Ref.

P450c.17 346 - 369 D R n R L L L L E A T I R E W L R L R P V A P M 17 2, 3

P450c:21 338-361. D R A R L. P. L. L N A T I A E W L R L R P V V P L 16 8

P45Csco 370-393 M L Q L V P L L K A S I K E T L R L H P I s v T 15 9

P450 c 11 334-357 A. I. T E L P L L R A A L K E T L R L. Y. P. W G I T 16 1O

P45Caro 349-372 D I Q K L k v M E N F I Y E s M R Y Q P v v D L 1O ll

RECEPTORS

Progesterone 820–843 C M K W L L L L N T I P L E G L R S Q T Q F E E l3 12, 13

Minera locorticoid 871-894 I M K W L L L L S T 1 P K D G L K S Q A A F E E 12 14

Clucocorticoid 665-688 C M K T L L L L S S v P K D G L k s Q E L E D E 13 15

Androgen C M K A L L L F S I I P W D G L K N Q. K F F D E 12 16

Estrogen 534-555 V P L Y D L L L E M L L – D A H R L H A P T S R ll 17

BINDING PROTEIN'S

Sex steroid lo" - 130 M E G D S v L L E v. D C E E v L R L R Q v s c P 12 18-2O

Stero ID BIND ING L P L L + o o o R D o L R L + P V
CONSEnsus L K E K

Positional Score 147/187
a 9 no e - io no ac s 11 1 1 0 1 1 & 10 3 5

Fig. 1. Alignment of Sequences for Human Steroidogenic Enzymes, Hormone Receptors. and Steroid Binding Proteins
The consensus sequence is shown below. A. Alanine: C, cysteine; D, aspartic acid, E, glutamic acid, F. phenylalanine, G, glycine,

H, histidine; I, isoleucine, K, lysine; L. leucine; M, methionine; N, asparagine, P, proline, Q, glutamine, R, arginine; S. Serine, T,
threonine, V, valine. W, tryptophan, Y, tyrosine; +, any charged amino acid; 0, any uncharged amino acid. The score for each
protein is the number of amino acids matching the 17 residue steroid-binding consensus sequence. The positional score indicates
the total number of sequences (n = 11) having the specified consensus amino acid at that locus.
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Rat IGF-Il Transcripts

of the exons of the human P450c17 gene. Except for
exon 8, which contains the P450 heme binding site, no
other exons detected significant similarity with other
proteins in either database.

Steroid Binding Sites in Steroid Receptors

When the complete sequences of P450c17 or other
steroidogenic enzymes were used to search the se
quence databases, the computer detected no similarity
with any steroid hormone receptors. However, amino
acids 346–366 of P450c17 readily identified regions of
significant homology in the sequences for the human
glucocorticoid receptor, mineralocorticoid receptor,
progesterone receptor, estrogen receptor, androgen
receptor, and sex steroid-binding globulin (Fig. 1). Al
though the amino acid identity in this region of these
proteins was less than that among the steroidogenic
enzymes, the homology remained great, as most of the
amino acid replacements were highly conservative.
From these alignments we propose the sequence

LíLL=000;0 L-Pv for a consensus Steroid bind
ing site. In this designation, + refers to any charged
amino acid, and 0 refers to uncharged amino acid.
Among the 11 proteins compared, this 17 residuese
quence totals 187 potential loci. Of these 187, 147 fit
our consensus sequence.

ENZYMEs Location

P450cl 7 (p) D R N Q. L V L

P450cl 7 (b) 346 - 36.9 D R n R L V L

P450c:21 (b) 3.37 - 36 o D R A R L. P. L.

P450c:21 (m) 33O-35.3 N R M Q L P L

P450sco (b) 369-392 M L Q M v P L

P450cll (b) 358-381 A I t E. L. P. L.

RECEPTORS

Prog. (ch) 673-696 C M K A. L. L. L.

Prog. (rb) 817-84 O C M K W L L L

Gluc. (m) 671-694 C M K T L L L

Gluc. (r) 683 - 7 Cé C M K T L L L

Estrogen (ch) 526 -549 V P L Y D L. L.

Estrogen (r) 539-562 V P L Y d L. L.

BIND INC PROTEINs

ABP (r) 137-16C M N C D S L L

stEROID BINDING L P L
CONSENS US L

Positional Score

.

L
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Sequence Conservation in Nonhuman Steroid
Binding Proteins

The consensus sequence was derived only from human
sequences so that no sequence would be represented
more than once. However, the human consensus Se
quence fits the available nonhuman sequences ex
tremely well. The 13 available sequences (Fig. 2) cor
respond closely with the available human sequences
(Fig. 1). The overall fit for the nonhuman sequences
was 178 of 221 loci (80.5%). Among these nonhuman
sequences, only those for P450c17 fit the consensus
less well than the corresponding human sequences.
Even the avian progesterone and estrogen receptors,
from a species diverging from the human lineage over
400 million years ago, fit the consensus sequence as
well as the corresponding human receptors do. These
observations strongly support the proposal that the
shape of the steroids, which obviously do not change
with evolution, limit and dictate the sequence of amino
acids in the steroid binding region.

Other Steroid-Binding Proteins

While the 21 amino acid presumptive steroid binding
site of P450c17 was highly successful in its search of
the databases, some steroid-binding proteins were not

Score Ref.

A T I R E W L R F R P W S P T 15 2

A t I R E V L R I R P W S P t 15 21

A T I A E W L R L R P V V P L 16 22

A T I A E W L R L R P V V P L 15 23

A S I K E t L R L H P I s V t 15 24

A A L K E T L R L. Y. P. W G I T 16 25

T I P L E G L R S Q S Q F D E 13 26

T 1 P L E G L R s Q S Q F E E 13 27

S v P K E G L K S Q E L E D E 13 28

S v P K E G L k s Q E L E D E 13 29

M L - - D A H R L H A P A A R ll 3O

M L L – D A H R L H A P A S R ll 31

v D C K E M L c L R Q v s A s 12 3.2

o o o R D o L R L =t P V
k E K

178/221
• 11 12 13 9 13 12 11 7 13 11 11 12 7 12 & 4

Fig. 2. Alignment of Sequences of Nonhuman Steroidogenic Enzymes, Hormone Receptors, and Steroid-Binding Proteins
Abbreviations and format are as in Fig. 1. The letters in parentheses after the name of each protein refer to the animal species

from which it derives: p, porcine; b. bovine; ch, chicken, rb, rabbit; m, mouse, r, rat.
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detected. Human steroid sulfatase (33), cholesterol es
ter transfer protein (34), lecithin-cholesterol acyltrans
ferase (35), and corticosteroid binding protein have no
regions of sirmilarity to this sequence or the consensus
sequence (36).

DISCUSSION

By searching the NBRF protein database and our mini
database with the 21 amino acid segment of P450c17
that bears greatest similarity to P450c21, we identified
homologous sequences in the human progesterone,
glucocorticoid, mineralocorticoid, estrogen, and andro
gen receptors. Since steroidogenic enzymes and hor
mone receptors bind steroids of similar structure, and
are otherwise dissimilar in their amino acid sequences
and functions, this localized sequence similarity sug
gests that these regions form an intimate part of the
steroid binding site. The finding of nearly identical ho
mologies among the corresponding nonhuman steroid
binding proteins strongly supports this hypothesis. Our
proposal is consistent with a number of observations
concerning the functional domains of steroid hormone
receptors.

The domain structure of the glucocorticoid receptor
has been examined extensively. Deletion analysis (37,
38) and linker-insertion analysis (39) indicate that a large
(>200 amino acids) domain at the carboxy-terminus is
essential for hormone binding. Cross-linking studies
with derivitized steroids identify amino acids 622,656,
and 754 of the rat glucocorticoid receptor as interacting
with the steroid (40, 41). Our consensus region for the
rat is amino acids 683–706, in the middle of the
larger domain defined by these cross-linking studies.
The finding that other amino acids outside our consen
sus sequences are involved in steroid binding is not
surprising; our consensus appears to be necessary but
not sufficient for steroid binding sites in these proteins.
Similar analyses with the chicken progesterone recep
tor (26,43) and the chicken and human estrogen recep
tors (44, 45) have localized their hormone binding do
mains to broad carboxy-terminal regions, which also
contain the sequences identified by our search.

Mapping of the functional regions of the steroidogenic
enzymes has not been reported. However, the amino
acid sequences in rat liver P450c and P450d that
correspond to our putative steroid binding site lie within
the regions of those proteins that bind substrate (4).
P450 enzymes appear to have evolved from a common
ancestral gene (46), and all have their heme-binding
domains located near the carboxy-terminus. Therefore,
their substrate binding domains may also occupy anal
ogous positions. The region we are suggesting as the
steroid or substrate binding region of P450 enzymes is
a well characterized region bearing considerable ho
mology among a wide variety of P450 enzymes (5, 6).
It has been suggested that this conserved region is
involved with the interaction of P450 enzymes with the

w
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flavoprotein during electron transfer (6). The finding of
similar sequences in steroid hormone receptors and
binding proteins, neither of which receive electrons like
P450 enzymes, instead strongly suggests that this
region is involved in binding substrate.

Lecithin-cholesterol acyltransferase, cholesterol es
ter transfer protein, and steroid sulfatase lack regions
similar to our consensus sequence. All of these proteins
interact with steroids bearing modified A rings.
P450aro, the only steroidogenic P450 enzyme that acts
on the A ring, has the poorest similarity to the consen
sus sequence. This suggests that the consensus region
of steroid-modifying proteins may interact with the A
ring. Enzymes that modify the A ring should have less
sequence conservation in this region, as shown by
P450aro (Fig. 1).

Human sex hormone-binding protein and rat andro
gen-binding protein have a region of clear similarity
(residues 112-128) with the consensus sequence,
while human corticosteroid-binding protein (36) does
not. The overall homology between corticosteroid-bind
ing protein and sex hormone-binding protein is nil. This
suggests that the two binding proteins evolved conver
gently. Therefore, the two globulins may bind their
respective hormones by interacting with entirely differ
ent regions of the cyclopentanophenanthrene ring.

Our analysis strongly suggests, but clearly does not
prove, that the proposed region is involved in steroid
hormone binding. The finding of related sequences may
point out structures of related function, but exceptions
will also occur. Not all sequences fulfilling a "consensus"
will have the function proposed. Thus our proposal
should be viewed as an hypothesis that must now be
tested experimentally, such as by site-directed muta
genesis studies.

MATERIALS AND METHODS

Databases

The initial search of protein sequences used the Protein Se
quence Database of the Protein lo■ entification Resource (Na
tional Biomedical Research Foundation. Washington, D. C.),
Release 15.0 (47). The mini database we assembled from
perusing the literature contained 53 sequences in a multi
sequence file. The sequences included all steroidogenic en
zymes, steroid hormone receptors, and steroid hormone bind
ing proteins available in the Protein Sequence Database. We
also manually entered all sequences of the same types of
proteins available in the literature through January 30, 1988,
but not found in the Protein Sequence Database. In addition
to the sequences shown in Figs. 1 and 2, the mini-database
included 31 nonhuman P450 and four human nonP450 pro
teins that bind or metabolize steroids or cholesterol esters.

Searches

The databases were searched using an algorithm developed
by Lipman and Pearson (48) that gives high scores to con
servative amino acid replacements (homologies) as well as to
amino acid identities. The databases were searched with: 1)
the 508 amino acid sequence of human P450c17, 2) residues
346–366 of human P450c17, and 3) a simplified version of

-
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steroid binding consensus site LXLLXXXXXEXLRLXPV,
where X can be any amino acid. Sequences detected by these
searches were then aligned manually.
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FIGURE LEGENDS

Figure 1. Expression of P450c.17/CAT plasmids in MA-10 cells.

Shown is a representative CAT assay using extracts from cells

transfected with no DNA ("mock"), RSV/CAT, or plasmids containing

the indicated amount of 5'-flanking DNA from the human P450c.17

gene ("2.5" has its units in kb, while the other numbered lanes are in

bp). Transfected cells were treated with ethanol vehicle or 1 mM 8
Br-cAMP for 12 hr.

Figure 2. Dexamethasone and cAMP responsiveness in MA-10 cells.

Films from three separate assays performed in duplicate (two assays

for dexamethasone) were scanned by laser densitometry. The values

for untreated, 2.5/CAT-transfected cells were averaged and set to

1.0, and all other tabulated values were expressed relative to this
control.

Figure 3. Dexamethasone and cAMP responsiveness in Y-1 cells.

Numerical values were calculated as described in figure 2, and

represent the averaged results of two experiments performed in

duplicate.

Figure 4. CRE- and AP2-like sequences in steroidogenic P450 genes.

Solid boxes indicate the approximate location of sequences that

match the consensus CRE in at least 60f 8 positions. Open boxes

indicate the locations of AP2-like sequences. "An" refers to the

location of a poly(A)-like region present in each of the genes.



Figure
1.



P450c17/CATExpression
in

MouseLeydigMA-10Cells

Figure
2.

-2.5CAT-6700AT-2300AT
|

-107CATOCAT

ControlCAMP1.03.50.93.74.212.82.26.41.31.5



-----=r-w,

º *-■

*=º-

--

****

P450c17/CATExpression
in

MouseAdrenalY-1Cells

Figure3.

-2.5CAT-6700AT
|

-230CAT-107CATOCAT

ControlcAMP1.02.11.42.56.810.93.17.11.11.2

0.40.36.53.41.8



-500

CREandAP-2Sequences
inP450Genes-400-300-200-100Cap

|||||||||||AnCREAP2
AP2CRE%■■ []–[H

H—

AP2CRE

An

An

[H−f->CRE
AP2AP2
CREAP2

H}–{}——[}f->AnAP2
CREAP2

Figure4.

hP450C17hP450C21hP450sccmP450C11



- ". º * * *** * * º
---

. . ." - - • .

'' –?
-

*— • * L. : tº ºx - * * º, -- | | ** * . . " ~"
- -

■ º * .
- - .

- -
- *

*

* -

-

- **

-> --- -> * * * *
.* * * * * * * * * * * * * * * , , ,
*. *…** º /... . . **** ..] - a *

- *- - * -

* , * : * * * * * * *- -

º L: 3 ■ º fºr
-

* - e - s ºr -

* * * * - - º | ..

* * ■
i
| º -------

-N. : : - - - - --- - º
Yi { | | || º s" º c

, - º, t . .
! / , , , ; ," "… ." *-- - - - * * *

- * * * * . . * - - - - - - ) * > sº

- A-2 ~ * A -- - - - - - * . , . . º,
--"

1 ■ º º ºr
/* , , , , i. .." . ... a a * * * **

T - "... [.
- *1. sº * - r. - -

|
- º * - *- : : - - - -

*- A ºf , ºf , ; , T: ‘. . º º *... !--- - sº
_º ~, º, * .

-

- - * - - - - - - - - º - * - --

º dº ■ º. º 2. “ * > *
-
º

-
–4 J º º s'.

z --- -- º --

* * * *** f. º * , - º

*: f º – C. J. "... ºr ...”F-- * ~ * ~ * * - " --- * ,º --~~ ; ** | [ ] sº- *.
- - - - * -. º---- -*Tº º i■ T *-- **

---, * 1 ■ º ºr

..]

- -

* * * *

* *

* =
º

* - - -

i |
---- -

- *
-

* -

- * →
-

- º

- * -

º

* * ~ *

-



* *

* * *...*

* * g. -- - - - - - -,
* * ! / / º'- J

... “ . *-*
-

* -" e*, *
* ----- *.

-*º ->----

--- . .*: v \; C ■ º

º º

- * * * *** * * * * * * - º,
-

º º

º - - ‘. - - º

* . -*- .* [...]
---- - * * tº. - * 3 • * *

** * - - - - - **■
-- ~. ºv. - sº-, * | | º *-* * * * " ; T & ~ : ºi G In

, - : ... . . . .
-

. . . ! / *: li v i J
* - - - *

* -- - - -

■ º º' * *.
*- º *- - ***

.* * , * * * * r * ~ * -
".* -----, -, tº ■ º ■ º. Y is ºr

!- - , -"
º

+-- --> * --

* ** *...*

* -
**, *.* *- *... . .

- * * * * : * * * * * , - * * . . . . "
-

- (. . . . ºf ** - * * 2 º' - * * * * f; rºº º, - * * * ** . -* *- • * > * * * * * * * * * * --- (- ... (-,
*… * * * ... * -

-2' *** º
.

- - º, sº tº ■ º gº -- ** -

! t- * – º [...] * , ■ º ■ º, Riº S " .
º F- _º --~~~! •. -- - - - wº- ----

ºw • , sº ~...~ * * * * L. -- c- , , , º,. * * ... …; * . . . . . " ".. -
- *. * *

!. ** ** sº • * º, º .* * *-
X * * * * * * / , , , , tº * † - g---

* * * . . . . . ) •- * - - - - - - - - - - - \ - , - . . . . . ;-- y
* * * * * * * * * – º • *. -* A - - - -

** * | --> * . - ** t*. * -- * * * - - -

// ~ º * *- | º - L ** * * -

- *-- º ----' - *. - - - - ! º

~~ i , sº * * * * * * * * * ... L. : º. . .*, *, *, *; . . . Tº - - -

- ~ * º
* * . . . . . . . . . A , , º, º, " -,

- - . . . . *.* -- " • *.
- “. . - * - ? g * *

º .** * - º * ,
* j." º * º

-- ! º
*

*
!

-- º
*

º |
s

*
i

*

* * *.
-

*** *** *** ****



- -

-

-

|

-

|
|

-
- -

- -




