1598 Biochemistry1999, 38, 1598-1606

Biochemical Differences between Rat and Human Cytochrome P450c17 Support the
Different Steroidogenic Needs of These Two Species
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ABSTRACT. Microsomal 16-hydroxylase/17,20-lyase cytochrome P450 (P450c17) catalyzes bothathe 17
hydroxylase reaction required to produce cortisol, the major glucocorticoid in many animals, and the
17,20-lyase activity required for the production of androgens in all animals. In rodents such as rat, which
utilize corticosterone as the major glucocorticoid, P450c17 is expressed predominantly in the gonads,
and is absent in the adrenal. In other species including humans, P450c17 is expressed in both adrenal and
gonads and participates in both glucocorticoid and androgen production. Rat and human forms of P450c17
are 69% identical at the amino acid level. Based on the differences in physiological roles between P450c17
in these two species, it could be predicted that major differences would be observed in their hydroxylase
activities. Contrary to this hypothesis, using partially purified, recombinant human and rat P450c17, we
found that the most significant differences lie in their lyase activities. Lyase activities demonstrate that
the rat enzyme favord* (progesterone) substrates while the human enzyme faVo(pregnenolone)
substrates. This substrate preference is also observed in the ability of steroids to decrease uncoupled
H,0- production and to increase stability during turnover. Cytochrbgna microsomal electron-transfer
protein, enhances lyase activities of rat and human P450c17. However, the most dramatic stimulatory
effect is on the human HO-PROG lyase activity. This enhancement of activities is not associated with
electron transfer. These differences in biochemical properties between the two forms of P450c17 indicate
that human P450c17 has evolved as an enzyme system that limits androgen production to the gonads
where a favorablds:P450c17 ratio exists. Even though orthologous forms of P450c17 are capable of
catalyzing the same enzymatic activities, specific physiological requirements of each species ensure
biochemical differences between these enzymes.

170-Hydroxylase/17,20-lyase cytochrome P450 (P450t17), 17a-hydroxylase, 17,20-lyase deficiency and the develop-
a steroidogenic, microsomal cytochrome P450 mixed-func- ment of abnormal secondary sex characteristics because of
tion oxidase, catalyzes the d-hydroxylation ofA* andA®- the absence of or greatly reduced production of androgens
steroids necessary for glucocorticoid production, and the (1, 2). On the other hand, excess androgen biosynthesis in
17,20-lyase reactions required to produce the 19-carbonmen has been associated with prostate cancer, and the
androgens, androstenedione (AD) and dehydroepiandrosterP450c17 lyase activity has been proposed as a potential target
one (DHEA). It thus controls an important branch point in for treatment of this diseas&+5). Although the physi-
steroidogenesis between glucocorticoid and sex hormoneological role of DHEA beyond testosterone production is
biosynthesis. Glucocorticoids play important roles in the unclear, several therapeutic uses for this steroid have been
maintenance of stress responses, carbohydrate metabolisnproposed §—9). Detailed analysis of the structure/function
and general metabolite homeostasis. Androgens play essentigle|ationships of P450c17 will be important for a complete

roles in reproductive biology including the development and ynderstanding at the biochemical level of both reproductive
maintenance of the male phenotype. Mutations that resultcapacity and metabolic homeostasis.

in decreased activity of P450c17 generally lead to combined Steroidogenesis is quite variable between species, and
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catalyzeA* and A® hydroxylase and lyase reactionkd¢ at 37 °C, 240 rpm. When the cell density reached an
22). The hydroxylase and lyase activities of the guinea pig absorbance of 0.4 at 600 nm, isopropyb-thiogalactopy-
enzyme appear to have a preference Adrsteroids 23). ranoside (IPTG) was added to a final concentration of 1.0
Bovine and human P450c17 also catalyze the-thydroxy- mM, and the temperature and shaking speed were reduced
lation of A* and AS-steroids. However, the 17,20-lyase to 25°C and 125 rpm, respectivelg-Aminolevulinic acid
activity of bovine and human P450c17 is observed almost (ALA) was added simultaneously with IPTG at a final
exclusively with theA®-steroid HO-PREG, the 17,20-lyase concentration of 1.0 mM to cultures expressing human
activity with the A*-steroid HO-PROG being negligibléd ( P450c17. Cells were harvested 48 h (rat P450c17) and 24 h
20, 29. Thus, comparison of the biochemical properties of (human P450c17) after the addition of IPTG. Spheroplast
P450c17 from different species provides an excellent op- preparation and human P450c17 purification were performed
portunity to understand the molecular basis of unique as previously described34). For purification of the rat
steroidogenic pathways in different species. For example, P450c17, spheroplasts were prepared as above and subjected
the high ratio of 1@-hydroxylase to 17,20-lyase activity in  to Triton X-114 induced phase separati@3,(36. Sphero-

the human adrenal gland avoids a condition termed “endo- plasts (50 g) were suspended with 200 mL of phase
crine ambiguity” @5). If extensive androgen synthesis separation buffer (50 mM potassium phosphate, pH 7.4, 35%
occurred in human adrenal glands, this might give rise to glycerol, 0.1 mM DTT, 0.1 mM PMSF, Lg/mL DNase,

the phenotypes similar to those described for 21-hydroxylase40 uM PROG) in a Teflon homogenizer. Triton X-114,
deficiency including virulization and hirsutism in females purified by the method of BordieBg), was added dropwise
and precocious development of the male phenotype. Rodentgfinal concentration= 0.7% (v/v)]. After stirring 30 min on
avoid the possibility of endocrine ambiguity by not express- ice, the sample was centrifuged at 1009®@r 45 min, and

ing P450c17 in the adrenal gland. the dark, reddish-brown, detergent-rich phase was carefully

Efforts to elucidate details of the structure/function collected with a plastic pipet. The detergent-rich phase was
relationships that contribute to these species-specific proper-then diluted with 10 volumes of 10 mM potassium phosphate,
ties have combined modeling experiments with properties PH 7.4, containing 20% glycerol, 0.1 mM PMSF, 41
of site-directed and naturally occurring P450c17 mutants PROG, 0.1% Triton X-100, and 0.1% sodium cholate. The
(26—29). These studies on the rat and human enzymes havediluted sample was bound to a DEAE Sepharose CL-6B
predicted residues in P450c17 that may differentially regulate column equilibrated in 10 mM potassium phosphate, pH 7.4,
the 17,20-lyase activity of this bifunctional enzyme. Interac- containing 20% glycerol, 0.1 mM PMSF, 404 PROG, and
tion with Cytochromeb5 (b5); phosphory|ation' membrane 0.2% Triton X-100. The column was washed with 3 column
environment, and the ratio of P450 reductase to P450 havevolumes of equilibration buffer and eluted with a linear
all been proposed to differentially regulate human P450c17 9radient of NaCl (6-250 mM in 200 mL). Fractions were
lyase activity with little or no effect on the hydroxylase Pooled based on P450 content which was determined from

activity (24, 29-31). Utilizing anE. coli expression system the reduced CO-difference spectrurB7\ The pooled

for mammalian Steroidogenic Cytochromes P45Q),( we fractions from the DEAE column were diluted in 5 volumes
now provide a direct comparison of activity, substrate Of 20% glycerol, 4¢:M PROG and loaded onto a hydroxy-
binding, G reduction, and protein stability between recom- lapatite column which had been equilibrated in 1.0 mM
binant rat and human P450c17s, as well as interaction with Potassium phosphate, 20% glycerol, 0.02% Emulgen 913.
bs. Although the differences in steroidogenesis between theseThe column was washed with 5 column volumes of 10 mM
species are primarily reflected in their d-hydroxylase ~ Potassium phosphate, 20% glycerol, 0.02% Emulgen 913,
capacities, the results demonstrate that the greatest differenc@nd the sample was eluted with the same buffer containing
in properties between rat and human P450c17 is most eviden800 mM potassium phosphate. The partially purified enzyme
in lyase activities and not hydroxylase activities. Additional Was dialyzed against 50 mM sodium phosphate, pH 7.2, 20%
P450c17 species-specific properties identified in this study glycerol, 0.02% Emulgen 913, and M PROG and stored
are useful in explaining the differences in steroidogenesis at—80°C until further use. Hydroxylapatite chromatography

between rats and humans. was used to remove the majority of PROG from samples
used in stability and substrate binding experiments.
EXPERIMENTAL PROCEDURES Reconstitution of Rat and Human d-Hydroxylase and

17,20-Lyase Actities. Activity assays were based on those

Materials [*HJPREG, PH]JPROG, PH]17a-HO-PREG,  described in Imai et al.34). Recombinant P450c17, P450-
and PH]17a-HO-PROG were purchased from ICN Bio- reductase, and 75000 cpm &fl-labeled substrate were
chemicals (Costa Mesa, CA). The recombinant expressionincubated in reaction buffer (50 mM sodium phosphate, pH
plasmids pCWR1modencoding rat P450c17 and pPCWH17- 7 2 209 glycerol, 1 mM magnesium acetate, L@@mL
modHis), encoding human P450c17 were constructed as DLPC) for 3 min while shaking at 37C. After 3 min,
described by Barnes et al33) and Imai et al. 4), NADPH was added to a final concentration of 1.0 mM. The
respectively. Recombinant rat P450 reductase and b(b)jine final volume of each reaction was 6-2 mL depending on
were generously provided by Dr. R. W. Estabrook, University the experiment. Concentrations of P450c17, P450-reductase,
of Texas Southwestern Medical Center, Dallas. and substrates and reaction times are described in the figure

Culture Conditions and Enzyme Purificatiorsingle- legends. Reactions were extracted in 2 mL of ,CH,
colony isolates oE. coli strain IM109, freshly transformed evaporated to dryness, resuspended in acetone, and subjected
with either pCWR1imodor pCWH1MmodHis),, were used to thin-layer chromatographyA*-Steroids (PROG, HO-
to start 5 mL overnight LuriaBertani broth cultures. These PROG, and AD) were developed in chloroform/ethyl acetate
cultures then were seededartt L of terrific broth and grown (80:20) and detected by UV irradiation®>Steroids (PREG,
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HO-PREG, and DHEA) were developed using the same MW

mobile phase and detected by iodine vapor. Using authentic

standards, TLC spots were cut out and immersed in 5 mL 205

of Econo-Safe scintillation cocktail (RPI Corp.) and counted 116

on a Wallac 1409 scintillation counter (Pharmacia). '
Determination of Spectral Binding Constantss, Kor

Steroid Substrate#\ 1 mL solution of rat or human P450c17 97.4

(2 uM) in 50 mM sodium phosphate, pH 7.2, plus 20%

glycerol was placed in a pair of optically matched tandem 66

cuvettes. Titrations were performed with ethanol solutions
of PROG, PREG, HO-PROG, HO-PREG, AD, and DHEA. 1
Concentration ranges for each steroid are given in the table 45 |
and figure legends. After each titration, the samples were .
allowed to equilibrate 23 min prior to recording the  Fgure 1: SDS-PAGE analysis of purified rat and human
substrate-induced difference spectrum on a Beckman DU 640P450c17. Molecular weight markers (lane 1);ufy of human
spectrophotometeK; values were extrapolated from double P450c17 (specific content 7.5 nmol of P450/mg of protein) after
reciprocal plots of substrate concentration versus change inNi>" chromatography (lane 2);g of rat P450c17 (specific content
bsorbance. 7.1 nmol of P450/mg of proteln)'after h.ydroxylapatlt.e chromatog-
a raphy (lane 3). The gel was stained with Coomassie blue.
P450 Stability The stability of the two enzymes during
turnover of PROG and PREG was measured by recordingTaple 1: Purification of Recombinant Rat P450¢17 frEmcol
the reduced CO-difference spectra of reconstituted enzyme

specific content

reactions at the indicated times after addition of NADPH. protein  P450 vyield (nmol of P450/
The reaction conditions were identical to those noted above preparation (mg) (nmol) (%)  mg of protein)
for activity assays. whole cells nd 2160 100 nd

Other MethodsProtein concentrations were determined detergent-rich phase 225 595 60 2.6
by the bicinchoninic acid method (Pierce Chemical C88) ( E%’?EX apatite 8;9 323;’8 1{’3 3%81
with bovine serum albumin as standard. Protein purity was ydroxy'ap i
assessed by SBSAGE (39). H,0, formation was measured aResults of purification frm 4 L of culture following expression

of pCWratc17 in JM109° nd, not determined.

by the ferrithiocyanate method().

RESULTS Table 2: Catalytic Activities of Partially Purified Rat and Human
P450c17

Expression and Purification of Recombinant Rat P450c17 — -

. I . tivit, | of product 1
Because partial purification of recombinant rat P450c17 from actv )zn[m?m? Pﬂg’oﬁf min
E. coli has not previously been reported, a brief description

. . - . . substrate rat P450c17 human P450c17
is provided. Relatively high levels of rat P450c17 expression
are observed compared to expression of the recombinant PROG 2.4+ 0.12 5.6+ 0.30
" HO-PROG 0.3% 0.008 <0.00%
human enzyme. Twenty hours after addition of IPTG, the PREG 26+ 0.12 0.80+ 0.88
rat enzyme was expressed at 600 nmol of P450/L HO-PREG 0.25+ 0.03 0.025+ 0.002

compared to 108300 nmol/L of the human enzyme (N0t ™ aReactions were performed as described under Experimental Pro-
shown). Expression of the rat enzyme is not dependent oncedures. Each 0.2 mL reaction contained 50 mM sodium phosphate
the presence of ALA, while maximal levels of expression (pH 7.2), 20% glycerol, 1 mM magnesium acetate, 75 000 cpfiiof
of the human enzyme required addition of this precursor of labeled substrate, 10@/mL DLPC, 0.5«M P450c17, 0.5tM P450-

. : . eductase, and 1 mM NADPH. Hydroxylase and lyase assays were
heme biosynthesis. The recombinant human enzyme Wasrperformed for 5 and 20 min at 3C, respectively, after addition of

purified to a specific content of 7.5 nmol of P450/mg of NADPH. Values are the average of at least three determinations for
protein (Figure 1). As shown in Table 1, the purification of each substrate and presented as me&D. ® This value is at the limit
the recombinant rat enzyme using Triton X-114 phase of detection and not amenable to statistical analysis.

separation followed by a combination of DEAE Sepharose

and hydroxylapatite chromatography resulted in about 10% (nmol of P450)! by the rat and human enzymes, respec-
recovery of a partially purified enzyme (specific P450 content tively. HO-PROG and HO-PREG lyase activities were
of 7.1 nmol of P450/mg). It was found that lower yields of readily observed with the rat enzyme, while the most
the recombinant human enzyme were obtained when Tritondramatic difference between these two enzymes is that
X-114 induced phase separation was used compared to theirtually no HO-PROG lyase activity was observed with the
sonication protocol34). human enzyme. When PROG was used as the starting
Comparison of the Actity and Substrate Binding Proper-  substrate at a concentration of B, AD production was

ties of Rat and Human P450cl1The activities of the two detectable with the rat enzyme yet undetectable using the
purified enzymes in reconstituted systems compared in Tablehuman enzyme. However, very low human lyase activity was
2, demonstrate differences between these enzymes. Thebserved when the PROG concentration was reduced to 10
recombinant rat and human enzymes catalyzed the 17 «M (data not shown).

hydroxylation of PROG at initial rates of 2.4 and 5.6 nmol  To assess the contributions of substrate binding and
min~! (nmol of P450)?, respectively. 1@-hydroxylation of product release to the enzymatic differences between rat and
PREG was catalyzed at rates of 2.6 and 0.80 nmoltnin human P450cl17 seen in Table 2, micromolar binding
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0.01

Table 3: Binding Properties of Rat and Human P450c17 for
Different Substrates and Produtts

substrate rat P450c17 human P450c17

progesterone 29,14 2.7,1.0 rat
170-OH-Prog 52,40 9.4,8.3
pregnenolone 18,25 1.6,0.71
170-OH-Preg 6.7,3.5 3.6, 0.56
androstenedione b b

DHEA c 22

a Spectrally determined binding constant&)(were measured in
tandem cuvettes using 1 mL solutions i P450 in 50 mM sodium
phosphate (pH 7.2) plus 20% glycerol and titrating with ethanol
solutions of steroids in the following concentratigM) ranges: PROG -0.01
and PREG, +25; HO-PROG and HO-PREG;-250; androstenedione 350 Wavelength (nm) 450
and DHEA, 2-150. Duplicate values are reported for binding constants
obtained from two separate preparations of rat and human P450c17. 0.01
b Undetermined valu€t.No spectral perturbation was observed. B. DHEA

Absorbance

human

constants s) (Table 3) were calculated from absorbance human
changes observed in substrate-induced difference spectra
(41). In all cases, binding of substrates to the human P450c17
is either similar or stronger than binding to the rat enzyme.
The most striking result in Table 3 is the 5-fold tighter
binding for HO-PROG to the human enzyme which poorly
catalyzes the lyase reaction. Quantification of lyase product
binding is complicated by the fact that different types of
binding spectra are observed with the two enzymes (Figure 001
2). With the exception of DHEA binding to human P450c17, 350 Wavelength (nm) 450
binding constants for AD and DHEA are not reported. FIGURE 2: Rat and human P450c17-specific AD- and DHEA-
PROG, PREG, HO-PROG, and HO-PREG gave the expectedingyced difference spectra. Ethanol stock solutions of androstene-
type |, high-spin spectra. The spectral perturbation observeddione (A) or DHEA (B) were added to 1 mL solutions ofuM
upon interaction of human P450c17 with-100uM AD is P450c17 in 50 mM sodium phosphate, pH 7.2, 20% glycerol. (A)
a broad trough at 425430 nm, and a broad maximum at Rat P450c1‘f_|— 20 uM androstenedione, human P450¢ctt 20 uM
390-400 nm (Figure 2A). Although this resembles type | gr;cégglt?iegbone. (B) Rat P450cH7 200 uM DHEA, human
L . ) uM DHEA.

spectra, it is clearly different from the classical type |
observed with steroids that serve as enzymatic substratesthe rat and human enzymes. As seen in Figure 3A, PROG
At very high concentrations>100 uM), AD induces a  is more effective in maintaining the rat enzyme heme
spectrum more closely resembling a classical type | spectrumenvironment than PREG. Conversely, PREG is more effec-
(data not shown). AD binding to the rat enzyme produced a tive in protecting the human enzyme than PROG (Figure
reverse type | spectrun#®) with minimum and maximum  3B).
absorbance values at 390 and 420 nm, respectively. In Substrate-Specific Effects on,® Production during
contrast to the results observed with AD, DHEA induced a Turnover. To better understand the mechanism of substrate-
classical type | spectrum with the human enzyme, while even dependent protection from heme loss during turnover, we
the highest concentrations (@00 «M) did not induce a  examined the coupling efficiency of rat and human P450c17
spectral perturbation with the rat enzyme (Figure 2B). The during turnover of A% and AS-steroids. The substrate-
variability in difference spectra induced by androgens dependent decrease in® production during turnover in
indicates unique heme environments within the active sites vitro is used both as an indicator of substrate specificity and
of these two enzymes which catalyze the same set ofto demonstrate possible intrinsic differences in oxygen
reactions. activation between the two enzymes. As seen in Figure 4,

Substrate-Specific Protection from Heme Loss during in the absence of substrate the rat enzyme produces nearly
Turnover. The stability of P450c17 during turnover in the 4 times more HO, than the human enzyme. Activity assays
reconstituted assay system also exhibits species-specific andising both rat and human P450 reductase suggest that the
substrate-specific properties. The enzymes were incubatechigher HO, production with the rat enzyme is not due to a
using the conditions described for activity assays in Table more favorable interaction with the rat reductase (not shown).
2. After a 30 min incubation in the absence of NADPH and In the presence of PROG 8, produced by the rat enzyme
substrate, a pronounced loss of both rat and human P450c17s decreased -34-fold while that produced by the human
450 nm absorbance peaks was observed with the correspondenzyme is unchanged. A similar decrease i@¥production
ing appearance of 420 nm peaks (Figure 3A;Bubstrate, by the rat enzyme is observed in the presence of PREG
—NADPH). In the presence of NADPH and the absence of (Figure 4B), and in contrast to PROG, PREG also causes a
substrate (Figure 3A,B;= 30 — substrate), the loss of the noticeable decrease in,8, production by the human
450 nm peaks occurs without the formation of the 420 nm enzyme.
peaks. Figure 3 also demonstrates substrate-dependent As shown in Figure 5, substrate specificities inCH
protection from loss of the 450 nm peaks during turnover of production are also observed with the hydroxysteroids HO-

rat

Absorbance
=)
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A. Rat t=0
= 4007
t=30 + progesterone %
© t=30 + pregnenolone E 300
=] ~—
E t=30 - substrate ON 200-
[ [
s 0. oo}
5 1004
t=30 - substrate/-NADPH 0 . :
0 10 20 30
time (min)
0.01 300 T8 PREG
400 Wavelength (nm) 500 o 4001
W
=
0.01 B Human t=0 E 3001
t=30 + pregnenolone ON 200+
o
==
gﬁg t=30 + progesterone 100
E t=30 - substrate 0 T T
£ 0= 0 10 20 30
é d time (min)
' FIGURE 4: H,O, production during turnover of rat and human
P450c17 with PROG and PREG. The reaction conditions were
t=30 - substrate identical to those described for Table 2. 1 mL reactions consisting
- NADPH of 0.5uM rat or human P450c¢17 in 50 mM sodium phosphate (pH
-0.01 7.2), 20% glycerol, 1 mM magnesium acetate, 100mL DLPC,
400 Wavelength (nm) 500 0.5 uM P450-reductase, 5¢M PROG or PREG, and 1 mM

NADPH were incubated at 37TC. At the indicated time intervals,
150 4L aliquots from each reaction were combined with 0.25 mL
of 3% TCA on ice. Following centrifugation at 5000 rpm for 10
min, a 0.25 mL aliquot of the supernatant was added to 0.05 mL
of 10 mM ferroammonium sulfate and 0.02 mL of 2.5 M potassium
ferricyanate. HO, concentrations were measured by the absorbance

FiGure 3: Substrate-specific protection from 450 nm loss in rat
and human P450c17 during turnover. Reaction compositions were
identical to those described for activity measurements in Table 2.
1 mL reactions consisting of 04aM rat (A) or human (B) P450c17

in 50 mM sodium phosphate (pH 7.2), 20% glycerol, 1 mM

magnesium acetate, 10@/mL DLPC, 0.5uM P450-reductase, P
504M PROG or PREG, and 1 mM NADPH were incubated at 37 ¢ iﬁg;g'te(/;))E‘;faetCtpsgo'ZT%GF?Soﬁé p(g‘;d%ﬁtr'ﬁgh ﬂggff-ﬁ”

°C and monitored for loss of the 450 nm peak. A 0.5 mL aliquot
; - . substrateM), human P450c1# PROG (0). (B) Effects of PREG
of each reconstituted reaction was removed at 0 and 30 min an‘terOn H,0, production: rat P450c17 substrate$), rat P450c1 7

addition of NADPH, and the reduced CO-difference spectra of each

. : : REG ), human P450c17 substrate &), human P450c1%
reaction were recorded. The results shown are representative OngEG (). The results shown are representative of duplicate
duplicate experiments. experiments

PROG and HO-PREG. HO-PROG decrease®ztproduc- .
tion by the rat enzyme to a similar extent as seen in Figure of the second electron transfer to the activated ferro-oxygen

4 with PROG (Figure 5A). Figure 5B shows that HO-PREG intermediate 47, 48. To test for the facilitation of electron
decreases D, production by the rat enzyme less efficiently transfer bybs in our reconstltu_ted system, we_measured the
than does HO-PROG. effect of bs on the production of kD, during PROG

Comparison of the Interaction of Cytochromevtith Rat ~~ Metabolism by the rat and human P450c17 (Figure 7).
and Human P450c17An additional component of the Although bs clearly had a stimulatory effect on PROG

microsomal electron transport system, cytochrdmehas ~ Metabolism with both enzymes (Figure 6, Table 4), it did
been shown to modulate the activity of human P450c17 in NOt further alter HO; production during PROG metabolism
vitro (24, 43-46). The effects obs on the reconstituted _by either the rat or the human P450c17, indicating no role
activities of rat and human P450c17 are shown in Figure 6. In €lectron transfer.

As prewgusly reportgdZ(4_), a profounq stimulation of the DISCUSSION

humanA* lyase reaction is observed in the presencésof

The lyase activity of the rat enzyme is also stimulated by Different animals utilize distinct steroidogenic pathways
bs, and this reaction approaches quantitative conversion ofto satisfy their own unique physiological requirements.
PROG to AD over a period of 20 min. ThHg-dependent Characterization of individual steroid biosynthetic enzymes
stimulation of activity was measured using either PROG or among different species can lead to identification of key
HO-PROG as starting substrate (Table 4). A small stimula- regulatory steps in these diverse pathways. Understanding
tion of rat lyase activity bys is observed when PROG and the species-specific biochemical properties of rat and human
HO-PROG are used as starting substrates. However, a mord®450c17 provides insight into the molecular basis by which
pronounced stimulation bigs is observed with the human these animals control the important branch point between
enzyme. The actual degree lof-dependent stimulation of  glucocorticoid and androgen biosynthetic pathways. In rats,
human lyase activity is difficult to assess due to the extremely this branch point is controlled by not expressing P450c17
low activity in the absence dfs. One possible mechanism in the adrenal, therefore producing corticosterone as the major
of bs-dependent stimulation of P450 activity is facilitation glucocorticoid and not producing androgens in this organ.
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Ficure 5: H,O, production during turnover of rat and human FiGure 6: Stimulation of PROG metabolism by rat and human
P450c17 with HO-PROG and HO-PREG. Reaction conditions were P450c17 in the presence of cytochrobgeTime course of PROG
as described in Figure 4. (A) Effects of HO-PROG o0nCH metabolism by rat and human P450c17 in the absence (A) and
production: rat P450c1# substrate®), rat P450c1# HO-PROG presence (B) obs. Reactions conditions were identical to those
(©), human P450c17 substrate M), human P450c1# HO- described in Table 2. 1 mL reactions consisting of O\ rat or
PROG (). (B) Effects of HO-PREG on §D, production: rat human P450c17 and 0BV bs in 50 mM sodium phosphate (pH
P450c17- substrate®], rat P450c17+ HO-PREG (), human 7.2), 20% glycerol, 1 mM magnesium acetate, 100mL DLPC,
P450c17—- substrateM), human P450c1# HO-PREG ({0). The 0.5uM P450-reductase, 50M PROG, and 1 mM NADPH were
results shown are representative of duplicate experiments. incubated at 37C. At the indicated time points, 0.2 mL aliquots

. were removed and extracted with 2 mL of @H,. Product analysis
Alternatively, humans have evolved a more elaborate ste-\yaq nerformed as described under Experimental Procedures. Rat
roidogenic system, composed of P450c17 in the adrenals anctHO-PROG production®), rat androstenedione productio®)(
P450c17 pluds in the gonads, that regulates glucocorticoid human HO-PROG productiom, human androstenedione produc-
and androgen biosynthesis. tion (d). The results shown are representitive of duplicate experi-

Based on studies by our laboratory and by others, it has Ments-
been predicted that the rat enzyme catalyzes the 17,20-Iyasgr , ,

. . able 4: Cytochromés-Dependent Stimulation of PROG
reactions at a_m_ore raP'd rate than the_ human enzme ( Metabolism by the Rat and Human P450c17 Using PROG or
26, 29, 34. This is confirmed here by direct comparison of Ho-PROG as Starting Substrate
the partially purified enzymes (Table 2) which indicates little
difference in the 1d-hydroxylase activities of rat and human

activity [nmol mir* (nmol of P450)?]

P450c17, while profound differences exist between the lyase hydroxylase activity lyase activity
activities. This is quite interesting when considering that the _starting substrate rat human rat human
physiological difference in steroidogenesis between rats and progesterone 0.95 35 0.64 0.605
humans is that rats have no requirement foo-hgdroxy- Ergggsteron& bs 1-2 3-3 1165 %3‘112

; : ; -Prog n n . .
lation as an independent reaction. Stated another way, the HO-Prog+ bs nd nd 55 0.64

capacity for 1é@-hydroxylation is very similar in rats and _ ,
aAll assays were performed as described under Experimental

_humans _ever_l though rats only use_ this rea(_:tl_on as anProcedures with the addition of 0:BM cytochromebs. Hydroxylase
'ntermed,'a,te In sex hormone production. Surprisingly, the and lyase reactions were carried out for 5 and 30 min, respectively
lyase activities are very different between these enzymes evenafter addition of 1 mM NADPH. These values are representitive of
though both species share an absolute reproductive requireduplicate experiment$.Value at the limits of detectiorf.nd, not
ment for androgens. The rat enzyme has evolved into andetermined.

essentially independent androgen synthesizer while the
human enzyme requires the accessory protein cytochrome

bs to meet physiological androgen requirements. In the testis':stimulation is merst relative to that observed with the
where synthesis of androgens is the sole function for Numan enzyme (Figure 6, Table 4). The absence of any effect

P450c17, the presence of a high concentratiotsofill on H,0, production during turnover argues against a role of
promote the lyase activity at the expense of HO-PROG bs in facilitating electron transport of either enzyme, in
accumulation. Thés:P450 ratio of 10:1 in human testis is agreement with a recent report by Auchus et &0)(The

the highest reported4), being 30 times higher than that dramatic stimulation of\* lyase activity when PROG is used
found in rat testis (0.29:1). The high intringdé lyase activity ~ as starting substrate in the presencebgosuggests that it
of the rat enzyme negates the need for Higlhevels in rat relieves the inhibition caused by PROG, perhaps by slightly
testes. As demonstrated here, the rat P450417yase changing the protein conformation, thereby promoting the
activity is also stimulated in the presencebef but the fold lyase activity.
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300 mechanistic differences between these enzymes. Under the
conditions of the reconstituted assays with no turnover
(—NADPH, —substrate), both enzymes demonstrated similar
stabilities, being converted to P420 during the course of
200 incubation. Similar stabilities between the enzymes were also
observed in the absence of substratdlADPH, —substrate).
Under these conditions of P450-dependent oxygen activation,
no P420 formation was observed for either enzyme. Thus,
100+ in addition to the similar relative stabilities exhibited under
these conditions, the absence of P420 formation by both
enzymes suggests that they share a similar NADPH-
dependent mechanism of denaturation. Although these rela-
0 0 10 2 20 tive stabilities of rat and human P450c17 in the absence of

. . substrate are similar, important species-specific differences

time (min) . . .

in stability are observed during turnover of substrates. In

PROG metabolism by rat and human P450c17. Reaction conditionsthe presence of PROG and PREG, both anymes 'are
were as described in Figure 6. 1 mL reactions consisting of 0.5 Protected from loss of the 450 nm peak, and this protective
uM rat or human P450c17 and 0/V bs in 50 mM sodium effect exhibits substrate specificity for each enzyme. The rat
phosphate (pH 7.2), 20% glycerol, 1 mM magnesium acetate, 100 enzyme is clearly protected more efficiently during turnover
#g/mL DLPC, 0.5uM P450-reductase, 50M PROG, and 1 MM of PROG, while the human enzyme is protected more

NADPH were incubated at 37C. At the indicated time points, - : :
H,0, assays were performed as described in Figure 4. Rat P450C17eff|C|entIy during turmover of PREG. As described above,

+ PROG @), rat P450c17+ PROGbs (O), human P450c17- DHEA induces a spin shift upon binding to the human
PROG @), human P450c1# PROGbs (O). enzyme and has no effect on the rat enzyme, providing

additional evidence for thAS preference in the active site

Binding studies show quantitative and qualitative differ- of the human enzyme. The substrate-dependent protection
ences in steroid binding to rat and human P450c17. The veryfrom heme loss during turnover can be explained, at least in
similar binding constants for PROG and PREG indicate that part, by a substrate-dependent increase in electron coupling.
the large difference between rat and human P450c17 lyasdt has been demonstrated for other P450s that uncoupling of
activities seen in Table 2 is not due to large differences in electrons from NADPH to product formation occurs when
binding of these substrates. It has been previously suggesteghoor substrates are useég#{-56). Such uncoupling contrib-
that the lyase activity in guinea pig P450c17 may require a utes to the generation of reactive oxygen species such as
change in orientation of HO-PROG in the active si&)( H,0, at the active site, and such nonproductive activation
and that tight binding may inhibit this reorientation. Our of oxygen can result in the oxidative modification of heme
results suggest that HO-PROG does indeed bind to the humarthat prevents formation of the reduced CO-difference spec-
enzyme more tightly than to the rat enzyme. Although trum. The catalytic cycle of rat P450c17 is clearly more
reorientation of the hydroxysteroid is an interesting model tightly coupled during turnover of PROG and HO-PROG
to explain the low lyase activity of the human P450c17, itis than the human enzyme. These substrates decrease@he H
difficult to understand how the 5-fold difference in binding production with the rat enzyme, yet have no effect aOH
constants observed in this study could so profoundly affect production by the human enzyme, showing that the rat
the rate of catalysis. There are other factors, most notablyenzyme is coupled more efficiently \*-steroids than the
the oxidation state of the oxygen at the 3-position, that human enzyme, and consequently protected from heme loss
contribute to theA*/A® preference. It may be that reorienta- by A“steroids. PREG also decreasegObiproduction by
tion of the hydroxylated intermediates is more critical for the rat enzyme, butin contrast to PROG, also decreages H
the A* lyase reactions. This may explain why both enzymes production from the human enzyme. Furthermore, HO-PREG
can catalyze the HO-PREG lyase reaction even though HO-couples the rat catalytic cycle at approximately half the
PREG has a higher apparent affinity than HO-PROG. A efficiency of HO-PROG. The ability of thé\5-steroids to
possible mechanism dfs stimulation may be to slightly  couple the human catalytic cycle, and to be less efficient
“relax” the enzyme-hydroxysteroid complex, promoting the thanA“-steroids in coupling the rat catalytic cycle, correlates
proposed reorientation and subsequent lyase reaction. Thavith the ability of the human P450c17 to catalyze the
disparity in lyase activities may also result from a combina- lyase reaction and the protection provided A%steroids
tion of differences in substrate binding and product release. during turnover. Thus, the results from Figures 3, 4, and 5
It has been suggested that product dissociation from P4501A1suggest that rat and human P450c17 demonstrate substrate-
and P4502E1 is the rate-limiting step in cataly&g,(53. specific protection from loss of heme during catalysis, and
In this study, product binding constants could not be that substrate-specific coupling effects contribute to this
determined in most cases, although the different binding protection. Inactivation of P450c17 in vivo by a turnover-
spectra observed with AD and DHEA are indicative of dependent mechanism has previously been reported. Oxygen-
differences in the heme environments of the two enzymes. dependent loss of P450c17 activity has been observed for
The degree to which these different active site environments P450c17 in rat Leydig cells when testosterone was used as
contribute to the rate of product release will require further a “pseudosubstrate5¢, 59. This suggested that testosterone
study. binding to P450c17 increased the susceptibility of the enzyme

We carried out a series of substrate-specific and speciesto oxidative modification and subsequent proteolytic deg-
specific in vitro enzyme turnover studies designed to identify radation. It is possible that testosterone behaved as a poor

H»O9 (nmoles)

Ficure 7: Effect of cytochroméds on the coupling efficiency of
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substrate, uncoupling the catalytic cycle of P450c17, and detailed structure/function analysis. Comparison of amino
promoting the formation of deleterious reactive oxygen acids that contribute to any of the properties described in
intermediates. PREG binding to the human enzyme or PROGthis study will advance our understanding of P450c17 and
binding to the rat enzyme may prevent this type of inactiva- aid in the elucidation of the molecular basis of steroidogenic
tion. disorders.
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