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ABSTRACT P450c17 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 P450c17 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
c¢DNA library. This yielded a 380-base cloned cDNA, which in
turn was used to isolate several human adrenal cDNAs. The
longest of these, Ahac17-2, 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 P450c17 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,
P450c17. Thus, the P450c17 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 17,20 lyase
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activity distinguishes between synthesis of glucocorticoids
and sex steroids. P450c17 is encoded by a gene or genes now
termed P450XVII (5). P450c17 mRNA accumulation is reg-
ulated hormonally (6, 7) and developmentally (8). Like
P450c21 (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, P450scc (cholesterol side-
chain cleavage enzyme) and P450c11 (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 P450c17
cDNA was reported (16) but the human cDNA and amino
acid sequence are not known.

Slight differences have been reported in porcine P450c17
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 P450c17; the existence
of such P450c17 isozymes remains unconfirmed. We now
report the partial amino acid sequence of porcine adrenal
P450c17. 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 Sl-protection experiments confirm that the
same P450c17 mRNA is found in human adrenal gland and
testis.

MATERIALS AND METHODS

Porcine adrenal P450c17 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
c¢cDNA (below) and bovine ¢cDNA (16). Double-stranded
porcine adrenal cDNA was synthesized (21), ligated to
pBR327 by dC-dG tailing, and cloned in Escherichia coli MC

1061. The 128-fold degenerate 17-base probe 3’ ACSCAXC-
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CXCT ATAC 'AA 5" was synthesized by phosphoramidite chem-
istry.

The human adrenal cDNA library has been described (14);
the human testis cDNA library was from Clontech (Palo Alto,
CA) (15). The porcine cDNA was nick-translated (specific
activity, >10® cpm/ug) and used to screen the human adrenal
cDNA library under conditions of low stringency: 5x SSC
(1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH)/20%
(vol/vol) formamide/denatured salmon sperm DNA (100

Proc. Natl. Acad. Sci. USA 84 (1987)

ug/ml)/0.2% polyvinylpyrrolidone/0.2% Ficoll/0.2% bo-
vine serum albumin at 37°C. High stringency screening was
done at 42°C in the same solution containing 50% (vol/vol)
formamide. Cloned cDNA was cleaved from Agtl0, cloned
directly into pUC13 and pUC18, and appropriate fragments
were subcloned into M13mpll and mpl8 for dideoxy se-
quencing (22). Sequence comparisons were done as de-
scribed (23).

Sl-nuclease mapping was done as described (24). In the §’
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Fi1G.1. Sequences of P450c17. 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 bAA, 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 Sau3A site at codons 139-140
(Fig. 1). In the 3' probe, P450c17 mRNA protects the 297
bases from thie 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 P450c17 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, ppal7, 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 P450c17. By
alignment with the human (below) and bovine (16) P450c17
sequences, this cDNA encodes amino acids 409-502.

Identification and Sequence of Human Adrenal P450c17
¢DNA. 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 EcoRlI, 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
Ahacl7-3, 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 wholé 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 P450c17 is 57,379.82.

Comparison of Human Adrenal and Testicular P450c17
mRNAs. The report of tissue-specific P450c17 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 P450c17 mRNAs are found
in the human adrenal and testis, we used stringent hybrid-
ization conditions to probe an RNA gel blot of human adrenal
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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 ihdicated are as follows: A, Alu I; E,
EcoRl; H, Hae 11I; Hc, Hincll; Ps, PstI; Pv, Pvull; R, Rsa I; S,
Sau3A; Ss, Sst 1.
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Fic.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
ug of total RNA from a human Leydig cell testicular adenorma. The
blot was probed with 32P-labeled human adrenal P450c17 cDNA.

and testicular RNA with the adrenal P450c17 cDNA clone.
As shown in Fig. 3, bands of equivalent migration and
hybridization intensity are seen in the RN A from each tissue,
suggesting the P450c17 mRNA in each tissue is very similar,
if not identical.

To deterniine if the P450c17 in human testis is idéntical to
that in the human adrenal, the 950-base adrenal P450c17
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
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Fi1G. 4. Sl-nuclease protection of 5’ and 3’ ends of adrenal and
testicular P450c17 mRNA. A 5% acrylamide/7 M urea gel was
prepared. Lane 1, molecular size markers (Hpa II-cleaved pBR322)
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
dué to 32P decay, as the probes were synthesized 1 week before use.
Lanes 3 and 4, S1-nuclease protection of the 5’ probe by adrenal and
testicular RN A, respectively (these RN As 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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FIG. 5. Relationship of human P450c17 to other human steroidogenic P450 sequences. The P450c21 sequence is as reported by Higashi et
al. (25) and the P450scc 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 P450c17 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 RN A 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 P450c17, 147 (28.9%) are identical in P450c21. By contrast,
P450c17 and P450scc are only 12.3% homologous (64/521
amino acids) while P450c21 and P450scc are 15.7% homolo-
gous (82/521 amino acids); ohly 36 amino acids (6.9%) are
identical in all three proteins (Fig. 5). Somewhat surprisingly,
the region of greatest similarity between P450c17 and
P450c21 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 P450c17 enzymology, amino acid composition,
and N-terminal amino acid sequences suggested that pigs
might have two similar but distinct organ-specific isozymes of
P450c17 (17). We have shown (28) that humans have two or
more P4S0XVII 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 P450X VIIAL1 (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

P450c17 in the testis is not surprising and does not rule out the
possibility of another P450XVII gene encoding a testis-
specific P450c17 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
P450c17, no additional testicular P450c17 cDNA clones were
detected at these low-stringency conditions. The equivalent
intensities of the bands of ‘‘adrenal’’ probe protected from
Sl-nuclease digestion by adrenal and testicular RNA indi-
cates this is a major, if not the only, form of P450c17 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 humari 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 changés 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 P450scc (15). Howéver, 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
P450c17 sequence. Although the function of this region is not
known, it is unlikely to be related to the 17a-hydroxylase and
17,20 lyase activities common to the P450c17 of all three
species.

The amino acid sequence of P450c17 is much more similar
to that of P450c21 (28.9%) than to that of P450scc (12.3%).
This suggests the P450XVII genes and P450XXI genes
(encoding P450c21) diverged in evolution more recently than
either did from P450XII gene encoding P450scc. Both
P450c17 and P450c21 are bound to endoplasmic reticulum
and interact directly with a flavoprotein carrying electrons
from NADPH (9-11). By contrast, P450scc (and another
steroidogenic enzyme, P450c11) 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 mitochondtial 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 P450c11) 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 P450c17 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 P450c21 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%
homiologous to the corresponding region of P450c17 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
P450X VII 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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