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Abstract

CYP17 (1&-hydroxylase-17,20-lyase; also P450c17 or R45Gatalyses thek-hydroxylation of progestogens and the subsequent acyl-
carbon cleavage of the &7hydroxylated productdyaseactivity) in the biosynthesis of androgens. The enzyme also catalyses another type
of acyl-carbon cleavageélifect cleavagectivity) in which the 1'&-hydroxylation reaction is by-passed. Human CYP17 is heavily dependent
on the presence of the membrane form of cytochrbgi®r both itslyaseanddirect cleavageactivities. In the present study it was found
that substitution of human CYP17 amino acids, #fgArg®®® and Arg°, with non-cationic residues, yielded variants that were impaired in
the two acyl-carbon bond cleavage activities, quantitatively to the same extent and these were reduced to between 3 and 4% of the wild-type
protein. When the arginines were replaced by lysines, the sensitivity to cytochxowes restored and the acyl-carbon cleavage activities
were recovered. All of the human mutant CYP17 proteins displayed wild-type hydroxylase activity, in the absence of cytbghfbime
results suggest that the bifurcated cationic charges &t Amyg®s® and Arg“® make important contributions to the formation of catalytically
competent CYP1.¢ytochromebs complex. The results support our original proposal that the main role of cytochs® promote protein
conformational changes which allow the iron-peroxo anion to form a tetrahedral adduct that fragments to produce the acyl-carbon cleavage
products.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Three cytochrome P450 enzymes, involved in the biosyn-

thesis of steroid hormones and sterols, form a distinctive

- group that catalyse not only the conventional P450 hydroxy-
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o%\ﬁx + O, + NADPH + H—> R-COOH -l-\’/:X + H,O0 + NADP Eq. 2

(X = CH, or oxygen)

The dual functionality was originally highlighted by our
studies on aromatase (CYP19), which is responsible for thepathways, to furnish the fragmentation productd—5,
construction, from the androgen nucleus, of the aromatic Scheme 2
ring A of the female hormones, oestrone and oestradiol The same three-step sequence, found for aromatase
(Scheme 1 [5-9]. The oxidative target for aromatase is the (Scheme }, was shown to be involved in the removal of
C-19 of androgensly, which is hydroxylated to produce the the 14x-methyl group of lanosterol during the biosynthesis
alcohol @), the latter is then converted into the 19-aldehyde of animal, yeast and plant sterdls4]. This transformation
(3), presumably via the intermediary of a gem diol. The is catalysed by ld-demethylase (CYP51), the third step of
discovery, that the formyl group of the 19-aldehy®} is which involves the removal of C-30 as formic acid and the for-
eliminated as formic acid and that an atom of oxygen from mation of an 8,14-ene intermedidié)]. The latter, through a
molecular oxygen had been introduced into its carboxyl multi-step reaction, is then transformed into the unique sterol
group @ — 4), proved crucial for highlighting that aromatase of each organism.

is endowed with the property of catalysing two different  In broad terms the enzyme, d-hydroxylase-17,20-
generic reactions (Egs. (1)+(2) at the same active sitelyase (CYP17), that catalyses the formation of dehy-
[6,9,10] droepiandrosteron€el@®) from pregnenolonel) (Scheme B

The duality was rationalised in terms of the model also conforms to the aforementioned duality. CYP17 catal-
of Scheme 2 [10] The main assumption underpinning Yses a hydroxylation reaction and then a side chain cleav-
the model is that, in the catalytic cycle of P-450s, the age ofthe hydroxylated intermediate, thasereaction[16],
Fd''—O-O species ) is generated for conversion into the which in essence is reducible to the acyl-carbon fission of
iron-oxo-derivative §) that promotes hydroxylation by afree  EQ. (2)[17]. In the cases of aromatase anddemethylase
radical mechanisrfil1,12]. Although the general consensus the hydroxylation and the acyl-carbon cleavage reactions are
is that P450-catalysed hydroxylations are achieved by targeted to the same carbon atom. As implied above, the reg-
an iron-oxo intermediate8, there is evidence that some ulation of acyl-carbon cleavage is governed entirely by the
hydroxylations, where the @4 bond is weak, can be reactivity of Fd' —O-O" species, formed during the catalytic
mediated by the hydroperoxo-iron speci@sthat catalyses  cycle of P-450s, which is trapped by the electrophilic car-
the insertion of an OHequivalen{13]. However, when the  bonyl group. However, the two types of reactions catalysed
target carbon atom of the substrate contains an electrophilicby CYP17 are targeted, not to the same but to adjacent car-
functionality, the iron-peroxide anion, expected to be a bon atoms. The iron-oxygen ligand for hydroxylation must
strong nucleophile, is trapped into producing an adduct be projected toward C-17, while according to our model, the
(11) which decomposes by one of several closely related Fe''—-O-O" must attack at the neighbouring C-20 for the

lyasereaction.
During the course of our studies on the elucidation of the
chemical mechanism of these dual-function P450s, it was

0 0
HO discovered that with the human isoform of CYP17 the
19 androgen-producindyase reaction (7— 18, Scheme }
0,, NADPH, was heavily dependent on the presence of the membrane-
—_— .
g CYP19 5 bound form of cytochromés, as was reported simultane-
1

2 ously by other$18,19] To explain the nature of interactions
between CYP17 and cytochrorbg several mutant forms of
CYP17 had been engineered and subjected to detailed kinetic
and mechanistic studi¢20]. It was found that the mutation

e P of certain arginine residues of human CYP17, in particular
Os Arg®*’, Arg®®® and Ard°, dramatically impaired the cy-
tochromebs-dependentyasereaction, with comparatively
D2 NADPH. little effect on the cytochromiss-independent hydroxylation
HO CYP19 5 process 16— 17, Scheme B [21]. The mutated forms
4 3

of two of these arginines, AR’ and Arg?®8, have been
discovered in male patients who suffered from genital
Scheme 1. CYP19 (aromatase)-catalysed transformations. CYP19 catalyse@mblgl“l_Ity and ha_d re_duced_ product|o_n of andrOgm'

C-19 demethylation and aromatization of ring A of the androgen nucleus, According to our kinetic studies these diseased-state mutants
via three sequential oxidative reactions. were primarily defective in responding to the stimulatory

0, NADPH,
CYP19

+HCOOH
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Scheme 2. The iron-peroxide species: both precursor and catalytic intermediate for P450-catalysed hydroxylation and acyl-carbon clemsgespacti
tively. The Fd' —-O-O species®) is generated for conversion into the oxo-derivat8pthat promotes hydroxylation by a free radical mechanism. However,
when the target carbon atom of the substrate is an electrophilic carbonyd tlemomes the catalytic iron-oxygen intermediate and promotes the cleavage of
the substrate acyl-carbon bond. The hydroxylated and acyl-carbon bond cleavage products are highlighted; x = oxygen or carbon.
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effect of cytochromeds. The finding bolstered our original  as described previously[26]; [17«a-3H]pregnenolone
proposal that the interaction of cytochronbe with the was prepared from L#bromopregnenolong?27], fol-
CYP17-substrate complex causes protein conformationaljowing debromination with Zn in CECOOPH and
changes which culminate in directing the iron-oxygen ligand [7-3H]pregnenolone was purchased from DuPont (UK) Ltd.
of the P450 away from C-17 and towards C-3zljeme # DNA primers and sequencing were synthesised and per-
[18]. This facilitates a nucleophilic attack of the peroxide formed by Oswel DNA Services, University of Southampton
anion on the carbonyl carbon producing a tetrahedral adduct(Uk). VENTg DNA polymerase and restriction endonucle-
that follows the side chain cleavage path. ases were obtained from New England BioLabs (UK). All
CYP17 catalyses another type of acyl-carbon cleavage other chemicals were obtained from Sigma Chemical Co.
(hereafter referred to adirect cleavageactivity) in which (UK). The plasmid pCWH17mod, containing the modified
the 1&-hydroxylation reaction is by-passed and leads to the hyman CYP17 cDNA, was a generous gift from Prof.
formation of a 5,16-diene steroid9, regarded as a male  \Waterman, Vanderbilt University, Nashville, TN.
pheromond23] and 1&-hydroxyandrogen20), presumed
to be the precursor @pitestosterong24]. Extendingtheear- 2.2, Polymerase chain reaction (PCR) site-directed
lier observations of Hall and co-work€25] we have shown  mutagenesis
that the formation o19as well a®0is entirely dependent on

the presence of cytochrontg and our mechanistic studies Human CYP17 mutant proteins were constructed, us-
established that these steroids are formed from a common ining PCR-site-directed mutagenesis, as described previously
termediate in the cleavage pathwas,26} We argued that  [28]. Briefly, 1051 bpXba-Sad and 1236 bpxXba-Hindlll
the main role of cytochromis is to regulate the orientation  fragments encoding human CYP17 amino acids 102-452
of the iron-oxygen ligand, away from C-17, towards C-20. and 102-547 respectively, were cut out of pPCWH17mod
If thls is the_ case then the mutatlo_ns affecting lyesere- and cloned into pBluescript SK{ (Stratagene). Using
action, leading to androgen formation, may also profoundly these constructs as DNA templates, mutagenesis was
influence the alternativeirect cleavageeaction. Thisis be-  achieved in two stages, involving three PCR reactions.
cause, according to our proposal, in both cases the productirstly, two separate PCR amplifications were performed,
determining factor is the attack of the'lteO—O~ specieson  gne using an outside flanking M13/reverse prinder5 -
the C-20 carbonyl group. The present paper examines this fea AACAGCTATGACCATG-3, with a primer of the serie€
ture by studying the two types of cleavage reactids¢ 18 (see legend tdable 1) and the other a flanking M13@0)
and16— 19and20, Scheme Bby various mutant forms of  primerB, 5-GTAAAACGACGGCCAGT-3, together with a
human CYP17. primer of seried (Table 9. Secondly, the amplified prod-
ucts from these two PCR reactions were combined in equal
molar ratios and served as template DNA for the final PCR
reaction, which was performed using only the two flanking
2.1. Chemicals primers,_A anq B. All three PCR amplifi_cgtions were per-
formed in a final volume of 4{ll, containing the primers
[21-3H]17a-Hydroxypregnenolone, and [2M]3p- (300 ng each), template DNA (80 ng), dNTP (440 each),
hydroxyandrost-5-ene-Bfcarbaldehyde were prepared MgSOs (4.5 mM), KCI (10 mM), (NH;)2SOy (10 mM) Tri-

2. Materials and methods
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Scheme 4. Proposed effect of cytochropgen substrate re-positioning with respect to the active site haem-iron-peroxide anion species.
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Table 1

DNA primers used to generate the various CYP17 mutant proteins

Amino acid change Primer sequence (sebgs

Arg®¥7 - Ala 5'-CCAACTATCAGTGACYCTAACCGTCTCCTC-3
Arg347 s His 5'-CCAACTATCAGTGACCacAACCGTCTCCTC-3
Arg®¥7 > Lys 5'-CCAACTATCAGTGACaagAACCGTCTCCTC-3
Arg358 s Ala 5-GCCACCATQCAGAGGTGCTTCGCCTCAGG-3
Arg3®8 s GIn 5-GCCACCATCGgGAGGTGCTTCGCCTCAGG-3
Arg358 s Lys 5'-GCCACCATCaaAGAGGTGCTTCGCCTCAGG-3
Arg?49 s Ala 5-CTGGCQ@CCCAGGAGCTCTTCCTCATCATG-3
Arg*9_ Lys 5-GGTGAGATCCTGGC@agCAGGAGCTCTTCCTC-3

Each primer shown represents the sense mutant primer and of theZesgEsesC comprises the antisense primers that have a complementary sequence to
those displayed in the table. The mutagenic base changes are highlighted by bold lowercase face.

ton X-100 (0.1%, v/v), VENR DNA polymerase (Lunit)and  1.0x 10° d.p.m./nmol), respectively, being used to measure
Tris—=HCI (20 mM, pH 8.8 at 25C). For the first two PCR  the hydroxylasdyaseand aldehyde deformylation activities.
reactions the temperature was cycled betweetC0s),  The second type of radiochemical assay, which was used
55°C (405s) and 72C (455) for 30 cycles, whereas for the  to determine the direct cleavage activityg(~ 19+ 20) for
final PCR stage the temperature was cycled betwe€i€94  the CYP17 variants, involved the analysis of radio-labelled
(60s),48C(70s),65C (60s)for5cyclesand 94 (60s),  steroidal product, [?PH]3B-hydroxyandrosta-5,16-diene
50°C (45s) and 72C (45 s) for a further 30 cycles. Thefinal  (19) and [73H]17a-hydroxyandrogen 20), after their
PCR product was subcloned back into pPCWH17mod and fol- separation and purification, using silica thin layer chro-
lowing the selection of the mutant clones the entire subcloned matography, from the substrate, §@]pregnenolone 6,
fragments Xba-Sad and Xba-Hindlll) were sequenced to  specific activity 4.4« 10° d.p.m./nmol). Both types of as-
confirm that only the desired mutation had been introduced. says were performed as described previo{&8} but using

CYP17:NADPH-cytochrome P450 reductase:cytochrome
2.3. Expression and purification of proteins bs protein ratios of 1:11:5.

The native and mutant human CYP17 were expressed in2.5. Protein analysis
Escherichia coliand purified as described previou$Bg].
The mutant proteins were between 80 and 95% homoge- Protein concentration was determined by the Lowry
neous, as judged by Coomassie-stained SDS-PAGE and conmethod after trichloroacetic acid precipitation of the pro-
tained between 6.5 and 9.7 nmol P450/mg of protein. The teins in the presence of sodium deoxychol{88]. The
wild-type protein was purified to 95% homogeneity and had specific content of cytochromés was determined by
a specific content of 10.5nmol P450/mg. These values aremeasuring the difference spectrum (reduced minus oxi-
lower than the theoretical P-450 content of 18 and have beendised) using an extinction coefficient of 185 micm=1
attributed to the variable loss of the non-covalently bound (Abss24 minus 400 nh[31]. The concentration of P450 was de-
haem that occurs during purification and because the prepatermined from the reduced carbon monoxide-binding minus
rations were not 100% homogeneous. NADPH-cytochrome the reduced difference spectrum, using an extinction coeffi-
P450 reductase was purified from porcine liver microsomes cient of 91 mMt cm~1 (Absss0 minus 490 nh [32]-
according to the method of Strobel and Dign§28] to a
specific activity of 42 units/mg; 1 unit is defined agihol of
cytochromec reduced per minute at 3& in 375mM potas- 3. Results
sium phosphate buffer, pH 7.7. Cytochrotnge (43.4 nmol
haem/mg of protein) was previously purified from detergent- 3.1. The catalytic properties of the arginine mutants of
solubilised porcine liver microsom¢§s8]. human CYP17

2.4. Enzyme assays Attention is first drawn to the catalytic features of the wild-
type human CYP17. The native enzyme, in the presence of
The different types of activities of the CYP17 variants NADPH, NADPH-cytochrome P450 reductase ang @is-
were determined using two different radiochemical assays. plays about 50% of its maximal hydroxylase activity, which is
The first involved monitoring the release into the aqueous modestly stimulated approximately two-fold in the presence
medium of BH]H,0O, [*H]CH3COOH and $HJHCOOH cytochromebs (Fig. 1A, WT). Thelyaseactivity, producing
from [17a-3H]pregnenolone X6, specific  activity 18, is low without cytochromés and is enhanced by over 10-
6.3x 10°d.p.m./nmol), [212H]17a-hydroxypregnenolone  fold in its presenceRig. 1B, WT). Thedirect cleavagectiv-
(17, specific activity 4.4< 10* d.p.m./nmol) and [2GH]3p- ity (16— 19+ 20) has absolute requirement for cytochrome
hydroxandrost-5-ene-B¢carbaldehydedl, specific activity bs (Fig. 1C, WT). Unlike the two preceding side chain cleav-
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Fig. 1. Native and mutant human CYP17 hydroxyla$é- 17), lyase
(17— 18), direct cleavagele— 19+ 20) and carbaldehyde deformylation
(21— 19+ 20) activities. Experiments were performed in triplicate as de-
scribed in Section 2.4. The data is expressed as me&is. bars.

ages, the deformylation of a substrate analo@l {nto 19
and20is not dependent on cytochrorbg[26]. Interestingly,
in the absence of cytochronig, the cleavage o21 occurs
at a level which is four-fold greater than that of any other
reaction catalysed by human CYPH(. 1).

The mutation of Arg*’, Arg®®® and Ard** to alanine

P. Lee-Robichaud et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 119-130

activity, in the absence of cytochrorbe, as displayed by the
wild-type CYP17, but unlike the latter the mutants were re-
sistant to stimulation by cytochrontg (Fig. 1A). However,

the main feature of the three mutants, was their very low
intrinsic lyaseactivity, which was insensitive to stimulation
by cytochromebs (Fig. 1B). In the presence of cytochrome
bs the ratio of hydroxylase ttyaseactivity is approximately

1 for the wild-type protein but ranges between 10 and 15 for
the mutants. In other words, the mutants, by losing sensitivity
to cytochromébos, had been converted from what in the wild-
type was a bifunctional protein, into ones which were pre-
dominantly a hydroxylase. The same behaviour was shown
by the constructs, AR}’ — His, Arg®® — GIn, correspond-
ing to the mutations found in patients who had low androgen
levels and suffered from genital ambigu[B2]. All the five
mutants were also found to be totally impaired in the cy-
tochromebs-dependendirect cleavagside of pregnenolone,
which produces the two unusual sterald@sand20 (Fig. 1C).
Furthermore, the sensitivity to cytochrorhe was restored
for these mutants when cationic functionality was restored.
Thus, the Arg*’ — Lys and Arg®®— Lys mutants dis-
played 33-37 and 98—99% of the two wild-type acyl-carbon
bond cleavages respectively, while in the AYy— Lys
mutant exhibited a higher regain of activity for the cleavage
of pregnenolone than for &¢hydroxypregnenolone (72 and
26%, respectively). In contrast to the side chain cleavage
of pregnenolone and &fhydroxypregnenolone, the third
reaction of this class, the deformylation of the aldehyde
analogue 21) lacking the 21-methyl group, was catalysed
by all the five mutants at rates which were between 47 and
65% that of the wild-type enzymé&ig. 1D).

3.2. Are the arginine mutants of CYP17 impaired in
interaction with the NADPH-cytochrome P450
reductase?

The human CYP17-catalysed transformations stud-
ied above have varying requirements for cytochrobge
(Scheme B but depend on the obligatory participation of
NADPH-cytochrome P450 reductase. We asked the question
whether the impairment of the side chain cleavage reaction,
found for the arginine mutants, was due to the alteration
of the affinity of the CYP17 construct for the reductase or
cytochromebs. Since the hydroxylation reaction is only
partially stimulated by cytochromies, this transformation
can be used to study the affinity of CYP17 for the reductase,
in the absence of cytochronti. Under the routine assay
conditions used to obtain the data displayed-ig. 1 the
incubation mixture contained 0.1 and 1.1 CYP17 and
reductase respectively. The profiles of the hydroxylation
rates versus the concentration ratios of the two proteins
(Fig. 2 top) shows that, in the standard assay, the reductase
was mostly saturating for the A¥yY — His, Arg®®® — GIn
and Ard"*%— Ala mutants which were grossly crippled in

residues produced the most significant results. All of the the two side chain cleavage activities. The apparent affinity
three mutant proteins had the same basal hydroxylasefor the reductase is the same for both the wild-type CYP17
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Fig. 2. The effect of increasing concentration of NADPH-cytochrome P450 reductase and cytobhamike activities of native and mutant human CYP17.
Top: shows the variation in hydroxylase activity of Q.1 CYP17 proteins with increasing molar ratio of reductase to CYP17. Bottom: shows the variation in
lyaseactivity of 0.1uM CYP17 proteins with increasing molar ratio of cytochrobago CYP17; the molar ratio of reductase to CYP17 was kept constant at
11. CYP17 proteins were: nativ@®}, Arg®>® — GIn ([0), Arg®*” — His (O) and Ard**°— Ala (A). Each data point is the mean of three valiS.E.

and the Arg®® — GIn mutant but is slightly reduced for the  nary complex; it is known that the Feform of cytochrome
Arg**® — Ala and Arg**’ — His variants. bs is reduced by the reductase, in the presence of NADPH
Fig. 2 bottom, shows the effect of varying the concentra- [33]. Another possibility is that the reductase and cytochrome
tion of cytochromebs on the lyase activity of the wild-type  bs occupy the same or overlapping sites on CYP17 and the
CYP17 and its arginine mutants. In these experiments thepresence of higher concentrations of cytochrdmenpairs
concentration of CYP17 and its derivatives, as well as that the formation of the CYP21reductase complex, a manda-
of the reductase were fixed, while the molar ratios of cy- tory requirement for the catalytic cycle. Irrespective of which
tochromebs to CYP17 were varied from 0 to 20. The figure of these mechanisms operate the overall consequence is the
clearly shows that the mutants which were found to lack the same; a decrease in the steady state concentration of the
lyase activity under the standard assay system, when the raticCYP17reductase complex.
of cytochromebs to CYP17 was 5Kig. 1), were also totally These considerations also point to the obvious conclusion
inactive when the ratio was increased to 20. Attention should that the initial stimulation of the cleavage activity for
be drawn to the biphasic nature of the profile for the wild-type the wild-type CYP17 Fig. 2 bottom) must be the net
CYPL17 inFig. 2 bottom, when increasing concentration of consequence of two factors: (i) the activation of CYP17,
cytochromeds progressively stimulated the lyase activity but for cleavage, by cytochromig; and (i) the involvement of
then began to inhibit at 20M concentrations. The simplest  cytochromebs in decreasing the availability of the reductase
explanation of this inhibition is the possibility of the par- for electron transfer to the P450. The latter feature is more
titioning of the reductase between CYP17 and cytochrome clearly demonstrated by studying the deformylation of
bs, through the formation of a reductasgtochromebs bi- the aldehyde analogu@l); a cleavage reaction which is
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not dependent on cytochromig; and is not significantly the testes, ovaries and the adrenal zona reticularis, while the
impaired by the arginine mutantgig. 1). hydroxylation reaction is the only predominant event in the
Fig. 3 shows that, in the presence of fixed amounts adrenal zona fasciculalg4], that necessitates that the modu-
of CYP17 and reductase, the deformylation reaction catal- lation of these activities are achieved through the intervention
ysed by both the wild-type CYP17 and also the mutant, of a regulatory molecule. We and others have proposed this
Arg3®8 > GIn, was progressively inhibited with increasing regulatory molecule to be cytochronbe [18,19] Indirect

concentration of cytochromt®,. That the Arg®® — GIn mu- support for this hypothesis comes from studies on patients
tant is totally devoid of the two cytochrontg-dependent  with Cushing’s syndrome, where it has been shown that those
side chain cleavage activitie$7— 18 and 16— 19+ 20, patients who produced large amounts of adrenal androgens
indicates that this mutant is unable to make a catalytically also expressed increased amounts of cytochregie their
productive interaction with cytochromg;. Yet, in the de- adenoma$35-37] High levels of cytochromés in human

formylation assay, the mutant showed the same sensitivity, testis have also been sho\38].
as the wild-type enzyme, to the increasing concentrations of  Cytochromebs has a range of diverse effects on various
cytochromebs. This indicates that the observed inhibition P-450s but the molecular basis of these effects, which are
is likely to occur by a mechanism which does not involve a often small, is not fully understoo9-47] The protein is
direct, productive interaction of cytochrorbewith CYP17, a substrate for NADH-cytochroni®;, reductas§39-43,46]
but rather by the propensity of cytochrorbe to complex and plays a clear cut, electron transfer role for certain ox-
with the reductase and so compete out electron transfer toidases, for example in fatty acid desaturat[ét,48] The
CYP17. possibility has been considered that when cytochrdime
affects the behaviour of P-450s this may be due to an en-
hanced efficiency of electron transfer to a key iron-oxygen
4. Discussion species involved in the catalytic cydé6,49,50] Evidence
againstarole for cytochronig participating directly in elec-
CYP17 is endowed with two catalytic activities, hydroxy- tron transfer is provided by work from Guengerich’s labora-
lation at C-17 and an acyl-carbon bond cleavage which musttory; his group showed that redox inactigpo-cytochrome
entail the attack of an activated oxygen species at the neigh-bs could still stimulate P4503A4 catalysed hydroxylation of
bouring C-20 of the & progestogen substrate molecules. testosterongsl]. However, a recent report suggests this ob-
There are physiological as well as chemical reasons for care-servation is due to rapid haem transfer reactions within the
fully modulating these activities. Chemically CYP17 is de- apo-cytochromeds:P450:P450 reductase:lipid reconstitution
signed to catalyse the hydroxylation reaction and so mustassay mixture, leading to the formation of redox actioto-
direct the relevant iron-oxygen ligand towards C-17. The cytochromebs [52]. Our results with the aldehyde analogue
change in the direction of attack, for side chain cleavage, 21provide aforceful argument against the direct involvement
would then depend on either the inherent flexibility in the of cytochromebs in an electron transfer process during the
active site region of the enzyme or the participation of an side chain cleavage catalysed by CYP17. The deformylation
external agent. It is, however, the physiological need to en- of the aldehyde analogue occurs by the same chemical mech-
sure that both the reactions catalysed by CYP17 occur inanism as the side chain cleavage of the two physiological
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substratef26]. The former process occurs at over four-times in the cleavage reaction (Eg. (2)) was provided by the finding
the rate of any oxidase reaction catalysed by CYP17, yetthat the genesis of hhydroxyandrogen20) from preg-
this transformation is not dependent on the presence of cy-nenolone 16) involves the cleavage of only one bond of the
tochromebs. The oxidative cleavage of the C-17—C-20 bond, latter, C-17—C-20, and leads to the incorporation of an atom
therefore, does not depend on the electron transfer propertie®f oxygen into each of the two products, steroid and acetic
of cytochromebs. acid[17,26] The process, then, can be regarded dogy-

We have proposed that cytochroimepromotes the lyase  genaseeaction and can only be rationalised by invoking the
activity of CYP17 by facilitating the nucleophilic attack of participation of a peroxy species such a8 F©-0". Such a
the iron-peroxide anior8j onto the C-20 carbonyl by initi-  species has been detected by ESR following radiolytic reduc-
ating a conformational change in CYP17, that results in the tion [56]. Further endorsement of the role of'eO—O~ has
juxtaposition of the iron-oxygen species and the C-20 car- been provided by the studies of Coon and Vaz, who found that
bonyl (Scheme % The resulting adductf,1, decomposes to  certain liver P-450s, normally involved in the hydroxylation
furnish the side chain as acetic acid and the ketone functional-of xenobiotics, could catalyse an acyl-carbon cleavage (Eq.
ity at C-17 (L7— 18, Scheme B The role for anucleophilic (2)) when challenged with aldehydic substrates, under condi-
iron-peroxide anion intermediat&)(in acyl-carbon cleav-  tions when the peroxy species was the predominant oxidant
age was originally highlighted by our studies on aromatase [57-59]
(CYP19). It was found that the third reaction catalysed by  Thelack of dependence on cytochrobgéor the deformy-
aromatase, in the biosynthesis of oestrogens, is attended byation of the aldehydeX1) may be attributed to two factors: (i)
the incorporation of an atom of oxygen from, @nto the the carbonyl group of the aldehyde is more reactive towards
released formic acifb,53]. This was rationalised by invok-  a nucleophilic attack than is that of the ketone in the physio-
ing the intermediary of an adduct, formed by the reaction logical substrate and (ii) the 21-methyl of the physiological
of the 19-aldehyde with an iron-peroxy anion,"FeD-O" substrates makes important contribution to the binding inter-
[10]. The latter is an acknowledged precursor of the hydrox- action with CYP17 and its absence in the aldehyde analogue
ylating agent, the oxo-derivatij&4]. In subsequent studies may allow a free rotation of the C-17—-C-20 bond, thus permit-
on the acyl-carbon cleavage catalysed by CYR1726,55] ting the trapping of the F&—O—O~ species by its carbonyl
and CYP5114,15], the analogous incorporation of an atom group. Together, these two factors eliminate the need for the
of oxygen into the expelled carboxylic acid was shown. A proposed conformational changes normally promoted by cy-
strong support for the involvement of a'lteO—O~ species tochromebs, when the aldehyde2() is the substrate, as is

Fig. 4. Proximal face of human CYP17 (PDB code 2d/BI)] showing the cationic side chains of Af, Arg®>® and Arg**° exposed to the surface. The side
chains are depicted in their stick form with the guanidinium nitrogen atoms coloured blue and clearly visible at the protein surface. The haemlguweg is
red and can be partially seen below the arginine cluster.
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shown by the fact that mutants of CYP17, unresponsive to chemistry for cleavage the same for the two reactions, but

cytochromebs, retained 47—65%, of the activity of the wild-  also is the need to direct the iron-oxygen ligand of the en-

type enzyme for the deformylation reaction (cf. B and C with zyme to the same C-20. According to our earlier work the

D, Fig. ). ligand is a peroxo-iron species which makes a nucleophilic
Of course we cannot eliminate the possibility that cy- attack[26], with CYP17 acting like a dioxygenase. We be-

tochromebs binding may promote conformational change lieve that the main effect of the binding of cytochroimgto

in CYP17 that could be responsible for reducing the effi- CYP17 is to regulate the geometry of this attack. Cumula-

ciency of proton delivery to the iron-oxygen species and so tively, the engineering of mutants of CYP17, insensitive to

may result in an increase in the half-life of the iron-peroxide the effect of cytochromés, further support of our original

anion. This may increase the likelihood of this iron-peroxy hypothesis that the latter may be the regulatory substance

species becoming trapped into nucleophilic attack onto the through which side chain cleavage activity is physiologically

electrophilic C-20 substrate carbonyl; the first step in the ox- modulated for androgen biosynthesis.

idative cleavage of the C-17—C-20 bofid]. Alternatively,

the hydroperoxo-iron species could be the intermediate that

undergoes nucleophilic attack onto the substrate should itsReferences

protonation { — 8) be more affected than the protonation

of its more basic precurso6 7). This appears to be the [1] P.R. Ortiz de Montellano, Oxygen activation and transfer, in: P.R.

case for a variant of cytochrome P45Q where the active Qrtiz de qutellanp (Ed.), Cytochrome P-450: Structure, Mecha-

site threonine residue, T252, that is thought to be involved in nism and Biochemistry, Plenum Press, New York, 1986, pp. 217

proton delivery during catalysis, has been substituted with the (2] 1.3 McMurry, J.T. Groves, Metalloporphyrin models for cytochrome

aprotic side chain of alanine. Protonation of the iron-peroxide P-450, in: P.R. Ortiz de Montellano (Ed.), Cytochrome P-450: Struc-

anion to y|e|d the hydroperoxo-iron derivative was not hin- ture, Mechanism and Biochemistry, Plenum Press, New York, 1986,

dered in this T252A mutant but the second protonation of __ PP- 1-28.

the distal oxvaen. requisite for the formation of the iron-oxo [3] M. Akhtar, J.N. Wright, A unified mechanistic view of oxidative
ygen, req reactions catalysed by P-450 and related Fe- containing enzymes,

species, appears to be impaif&a]. _ _ Natl. Prod. Rep. (1991) 527-551.
Using the computer generated three-dimensional model [4] M.J. Coon, X. Ding, S.J. Pernecky, A.D.N. Vaz, Cytochrome P-450:
of human CYP17, that is based on the X-ray crystal struc- progress and predictions, FASEB 6 (1992) 669-673.

ture of Cytochrome P45%@,.3 and constructed by Auchus [5] M. Akhtar, S.J.M. Skinner, The intermediary role of a 19-
oxoandrogen in the biosynthesis of oestrogen, Biochem. J. 109

[60], the three cationic residues, A&fg, Arg3°8 and Arg*?, (1968) 318321

that we have shown here to be essential for the cytochrome [g] s.3.m. Skinner, M. Akhtar, The stereospecific removal of a C-19
bs-dependent activities of human CYP17, were found to be hydrogen atom in oestrogen biosynthesis, Biochem. J. 114 (1969)
clustered at the surface of the proximal face of the protein, 75-81.

one in each of the]/', K- and L-helices, with their bifur- [7] M. Akhtar, D.L. Corina, J. Pratt, T. Smith, Studies on the removal

ted cationi idini id iecti tf of C-19 in oestrogen biosynthesis usit),, J. Chem. Soc., Chem.
cated cationic guanidinium side groups projecting out rrom Commun. (1976) 854—856.

the protein surfaceHig. 4). Such a conformation would fa- [8] M. Akhtar, M.R. Calder, D.L. Corina, J.N. Wright, The status of

cilitate their ionic interaction with anionic carboxylate side oxygen-atoms in the removal of C-19 in estrogen biosynthesis, J.
groups on cytochromigs. Using linear amino acid-sequence Chem. Soc., Chem. Commun. (1981) 129-130.
alignments Aré4gcan be mapped to Af‘éSand Ar9364in cy- [9] M. Akhtar, M.R. Calder, D.L. Corina, J.N. Wright, Mechanistic stud-

. i C-19 demethylation in oest biosynthesis, Biochem. J.
tochromes P4502B4 and P45, respectively; the latter two I(iSQBOZr; ool emethylation i oestrogen biosynthesis, Blochem

catipn?c reSid.UeS h_ave been implicated in forming electro- [10] p.E. Stevenson, J.N. Wright, M. Akhtar, Mechanistic consideration
static interaction with NADPH-cytochrome P450 reductase of P-450 dependent enzymic reactions: studies on oestriol biosyn-

and cytochromés, respectively[61,62] Arg®>8 in human thesis, J. Chem. Soc., Perkin Trans. 1 (1988) 2043-2052.
CYP17 can be aligned with L9§1 in Cytochrome P45Q,, [11] E.J. Mueller, P.J. Loida, S.G. Sligar, Twenty-five years of R450
which is one of the cationic residues in this mitochon,drial research: mechanistic insights into oxygenase catalysis, in: P.R. Ortiz

- o de Montellano (Ed.), Cytochrome P450 Structure, Mechanism and
P450 found to interact with its redox partner, adrend §&&j. Biochemistry, Plenum Press, New York, 1995, pp. 83-124.

[12] P.R. Ortiz de Montellano, Oxygen activation and reactivity, in: P.R.

Ortiz de Montellano (Ed.), Cytcochrome P450 Structure, Mecha-

5. Conclusion nism and Biochemistry, Plenum Press, New York, 1995, pp. 245-
' 303.

. L [13] M. Newcomb, P.F. Hollenberg, M.J. Coon, Multiple mechanisms and
The results suggest that the bifurcated cationic charge at  mutiple oxidants in P450-catalysed hydroxylations, Arch. Biochem.

Arg®#’, Arg®>® and Ard**° makes important contribution to Biophys. 409 (2003) 72-79.

the formation of catalytically competent CYPtytochrome [14] M. Akhtar, K. Alexander, R.B. Boar, J.F. McGhie, D.H.R. Barton,

bs complex. The mutations of these residues have similar C_hemlcal _and enzymic studies on the characten;atlon of interme-
ffect Ilth tochrons, it t . diates during the removal of the d4nethyl group in cholesterol

€liects on all the Cytochromig-sensiive parameters, in par- biosynthesis, Biochem. J. 169 (1978) 449—463.

ticular the two cleavage reactions which heavily depend on [15] A z." shyadehi, D.C. Lamb, S.L. Kelly, D.E. Kelly, W.-H. Schunk,

cytochromebs (17— 18 and16— 19+ 20). Not only is the J.N. Wright, D. Corina, M. Akhtar, The mechanism of the acyl-



P. Lee-Robichaud et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 119-130 129

carbon bond cleavage reaction catalysed by recombinant stetel 14 nomas from patients with Cushing’s syndrome associated with high
demethylase o€andida albicangother names are: lanosterol -4 secretion of adrenal androgens, J. Clin. Endocrinol. Metab. 76 (1993)
demethylase, P-454bp and CYP51), J. Biol. Chem. 271 (1996). 1286-1290.

[16] S. Nakajin, P.F. Hall, Microsomal cytochrome P-450 from neonatal [36] Y. Sakai, T. Yanase, T. Hara, R. Takayanagi, M. Haji, H. Nawata,
pig testis: purification and properties of aiCsteroid side chain Mechanism of abnormal production of adrenal androgens in patients
cleavage system (&7hydroxylase-G7 29 lyase), J. Biol. Chem. 256 with adrenocortical adenomas and carcinomas, J. Clin. Endocrinol.
(1981) 3871-3876. Metab. 78 (1994) 36-40.

[17] M. Akhtar, D. Corina, S. Miller, A.Z. Shyadehi, J.N. Wright, Mech-  [37] Y. Sakai, T. Yanase, T. Hara, R. Takayanagi, M. Haji, H. Nawata,
anism of the acyl-carbon cleavage and related reactions catalysed by In-vitro evidence for the regulation of 17,20-lyase activity by cy-
multifunctional P-450s: studies on cytochrome P-450 Biochem- tochromebs in adrenocortical adenomas from patients with Cush-
istry 33 (1994) 4410-4418. ing's syndrome, Clin. Endocrinol. Oxf. 40 (1994) 205-209.

[18] P. Lee-Robichaud, J.N. Wright, M. Akhtar, M. Akhtar, Modula-  [38] J.I. Mason, R.W. Estabrook, J.L. Purvis, Testicular cytochrome P-
tion of the activity of human 1¥-hydroxylase-17,20-lyase (CYP17) 450 and iron-sulphur protein as related to steroid metabolism, Ann.
by cytochromebs: endocrinological and mechanistic implications, NY Acad. Sci. 212 (1973) 406-419.

Biochem. J. 308 (1995) 901-908. [39] J.Y.L. Chiang, Interaction of purified microsomal cytochrome P-450

[19] M. Katagiri, N. Kagawa, M.R. Waterman, The role of cytochrome with cytochromebs, Arch. Biochem. Biophys. 211 (1981) 662—-673.
bs in the biosynthesis of androgens by human P-450cl17, Arch. [40] T. Aoyama, K. Nagat, Y. Yamazoe, R. Kato, E. Matsunaga, H.V.
Biochem. Biophys. 317 (1995) 343-347. Gelboin, F.J. Gonzalez, Cytochronbg potentiation of cytochrome

[20] P. Lee-Robichaud, M.E. Akhtar, M. Akhtar, Control of androgen P-450 catalytic activity demonstrated by a vaccinia virus mediated in
biosynthesis in the human through the interaction of Arg(347) and situ reconstitution system, Proc. Natl. Acad. Sci. U.S.A. 87 (1990)
Arg(358) of CYP17 with cytochrom&(5), Biochem. J. 332 (1998) 5425-5429.

293-296. [41] H.A. Dailey, P. Strittmatter, Characterisation of the interaction of

[21] P. Lee-Robichaud, M.E. Akhtar, M. Akhtar, Lysine mutagenesis iden- amphipathic cytochrombs with stearyl coenzyme A desaturase and
tifies cationic charges of human CYP17 that interact with cytochrome NADPH-cytochrome P-450 reductase, J. Biol. Chem. (1980) 255.
b(5) to promote male sex-hormone biosynthesis, Biochem. J. 342 [42] L.D. Gorsky, M.J. Coon, Effects of conditions for reconstitution with
(1999) 309-312. cytochromebs on the formation of products in cytochrome P-450-

[22] D.H. Geller, R.J. Auchus, B.B. Mendonca, W.L. Miller, The genetic catalyzed reactions, Drug Metabol. Disposition 14 (1986) 89-96.
and functional basis of isolated 17,20-lyase deficiency, Nature Genet. [43] Y. Imai, R. Sato, The role of cytochromg; in a reconstituted\-

17 (1997) 201-205. demethylase system containing cytochrome P-450, Biochem. Bio-

[23] D.B. Gower, 16-Unsaturated;§ steroids, a review of their chem- phys. Res. Commun. 75 (1977) 420-426.
istry, biochemistry and possible physiological role, J. Steroid [44] R.O. Juvonen, M. lwasaki, M. Negishi, Roles of residues 129 and
Biochem. 3 (1972) 45-103. 209 in the alteration by cytochromi®; of hydroxylase activities in

[24] L. Dehennin, A.M. Matsumoto, Long term administration of testos- mouse 2A P-450S, Biochemistry 31 (1992) 11519-11523.
terone enanthate to normal men: alterations of the urinary profile of [45] Y. Omata, H. Sakamoto, R.C. Robinson, M.R. Pincus, F.K. Fried-
androgen metabolites potentially useful for detection of testosterone man, Interaction between cytochrome P-4502B1 and cytochtame
misuse in sport, J. Steroid Biochem. Mol. Biol. 44 (1993) 179-189. inhibition by synthetic peptides indicates a role for P-450 residues

[25] S. Nakajin, M. Takahashi, M. Shinoda, P.F. Hall, Cytochrobae Lys-122 and Arg-125, Biochem. Biophys. Res. Commun. 201 (3)
promotes the synthesis of délfaC19 steroids by homogeneous cy- (1994) 1090-1095.
tochrome P-450 gjside-chain cleavage from pig testis, Biochem. [46] J.A. Peterson, R.A. Prough, Cytochrome P-450 reductase and cy-
Biophys. Res. Commun. 132 (1985) 708-713. tochromebs in cytochrome P-450 catalysis, in: P.R. Ortiz de Montel-

[26] P. Lee-Robichaud, A.Z. Shyadehi, J.N. Wright, M. Akhtar, M. lano (Ed.), Cytochrome P-450 Structure, Mechanism and Biochem-
Akhtar, Mechanistic kinship between hydroxylation and desatura- istry, Plenum Press, New York, 1986, pp. 89-117.
tion reactions: acyl-carbon cleavage promoted by pig and human [47] K. Shinzawa, S. Kominami, S. Takemori, Studies on cytochrome
CYP17 (P-45@;; 17«-hydroxylase-17,20-lyase), Biochemistry 34 P-450P-450;7a, lyase) from guinea pig adrenal microsomes. Dual
(1995) 14104-14113. function of a single enzyme and effect of cytochrobse Biochim.

[27] P. Kremers, J. Denoel, C.L. Lapiere, Synthesis and study of the Biophys. Acta (1985) 833.
labelling of pregnenolone and progesterone specifically tritiated at [48] N. Oshino, Y. Imai, R. Sato, Function of cytochrorbg in fatty

the 17 position, Steroids 23 (1974) 603-613. acid desaturation by rat liver microsomes, J. Biochem. 69 (1971)
[28] P. Lee-Robichaud, M.E. Akhtar, M. Akhtar, An analysis of the role 155-167.
of active site protic residues of cytochrome P-450s: mechanistic and [49] E.T. Morgan, M.J. Coon, Effects of cytochronbe on cytochrome
mutational studies on 17 alpha-hydroxylase-17,20-lyase (P-450(17 P-450-catalysed reactions. Studies with manganese-substituted cy-
alpha) also CYP17), Biochem. J. 330 (1998) 967-974. tochrome bs, Drug Metabol. Disposition 12 (3) (1984) 358-—
[29] H.W. Strobel, J.D. Dignam, Purification and properties of NADPH- 364.
cytochrome P-450 reductase, Meth. Enzymol. 52 (1978) 89-96. [50] D. Pompon, M.J. Coon, On the mechanism of action of cytochrome
[30] A. Bensadoun, D. Weinstein, Assay of proteins in the presence of P-450: oxidation and reduction of the ferrous dioxygen complex
interfering materials, Anal. Biochem. 70 (1976) 241-250. of liver microsomal cytochrome P-450 by cytochrorg J. Biol.
[31] P. Strittmatter, P. Fleming, M. Connors, D. Corcoran, Purification of Chem. 259 (1984) 15377-15385.
cytochromebs, Meth. Enzymol. 52 (1978) 97-101. [51] H. Yamazaki, W.W. Johnson, Y.F. Ueng, T. Shimada, F.P. Guen-
[32] T. Omura, R. Sato, J. Biol. Chem. 239 (1964) 2370-2378. gerich, Lack of electron transfer from cytochromgin stimulation
[33] H.G. Enoch, P. Strittmatter, Cytochronig reduction by NADPH of catalytic activities of cytochrome P4503A4. Characterization of
cytochrome P-450 reductase, J. Biol. Chem. 254 (1979) 8974-8981. a reconstituted cytochrome P4503A4/NADPH-cytochrome P450 re-
[34] J.S. Gell, B.R. Carr, H. Sasano, B. Atkins, L. Margraf, J.I. Ma- ductase system and studies with apo-cytochrdgel. Biol. Chem.
son, W.E. Rainey, Adrenarche results from development of a 3beta- 271 (1996) 27438-27444.
hydroxysteroid dehydrogenase-deficient adrenal reticularis, J. Clin. [52] O.L. Guryev, A.A. Gilep, S.A. Usanov, R.W. Estabrook, Interac-
Endocrinol. Metab. 83 (1998) 3695-3701. tion of apo-cytochromés with cytochromes P4503A4 and P450:
[35] Y. Sakai, T. Yanase, R. Takayanagi, R. Nakao, Y. Nishi, M. Haji, H. relevance of heme transfer reactions, Biochemistry 40 (2001)

Nawata, High expression of cytochroniig in adrenocortical ade- 5018-5031.



130 P. Lee-Robichaud et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 119-130

[53] D.E. Stevenson, J.N. Wright, M. Akhtar, Synthesis of 19- P450-catalyzed reactions: switching by threonine-302 to alanine mu-
functionalised derivatives of b6&hydroxy-testosterone: mechanistic tagenesis of cytochrome P4502B4, Proc. Natl. Acad. Sci. 93 (1996)
studies on oestriol biosynthesis, J. Chem. Soc., Chem. Commun. 4644-4648.

(1985) 1078-1080. [59] A.D.N. Vaz, D.F. McGinnity, M.J. Coon, Epoxidation of olefins

[54] D.E. Benson, K.S. Suslick, S.G. Sligar, Reduced oxy intermediate by cytochrome P450: evidence from site-directed mutagenesis for
observed in D251N cytochrome P450(cam), Biochemistry 36 (1997) hydroperoxo-iron as an electrophilic oxidant, Proc. Natl. Acad. Sci.
5104-5107. U.S.A. 95 (1998) 3555-3560.

[55] M. Akhtar, D.L. Corina, S.L. Miller, A.Z. Shyadehi, J.N. Wright, [60] R.J. Auchus, D.H. Geller, W.L. Miller, Computer modeling of
Incorporation of label from'80, into acetate during side-chain P450c17 predicts functional consequences of human mutations,
cleavage catalysed by cytochrome P-A0(17a-hyroxylase-17,20- FASEB. J. 11 (1997) 138.
lyase), J. Chem. Soc., Perkin Trans. 1 (1994) 263-267. [61] A. Bridges, L. Gruenke, Y.T. Chang, |.A. Vakser, G. Loew, L.

[56] R. Davydov, T.M. Makris, V. Kofman, D.E. Werst, S.G. Sligar, B.M. Waskell, Identification of the binding site on cytochrome P4502B4
Hoffman, Hydroxylation of camphor by reduced oxycytochrome for cytochromebs and cytochrome P450 reductase, J. Biol. Chem.

P450cam: mechanistic implications of EPR and ENDOR studies of 273 (1998) 17036-17049.
catalytic intermediates in native and mutant enzymes, J. Am. Chem. [62] P.S. Stayton, T.L. Poulos, S.G. Sligar, Putidaredoxin competitively

Soc. 123 (2001) 1403-1415. inhibits cytochromebs-cytochrome P-45Q, association: a proposed
[57] E.S. Roberts, A.D.N. Vaz, M.J. Coon, Catalysis by cytochrome P- molecular model for a cytochrome P-45@ electron-transfer com-

450 of an oxidative reaction in xenobiotic aldehyde metabolism: plex, Biochemistry 28 (1989) 8201-8205.

deformylation with olefin formation, Proc. Natl. Acad. Sci. U.S.A.  [63] A. Wada, M.R. Waterman, Identification by site-directed mutagenesis

88 (1991) 8963-8966. of two lysine residues in cholesterol side chain cleavage cytochrome
[58] A.D.N. Vaz, S.J. Pernecky, G.M. Raner, M.J. Coon, Peroxo-iron and P450 that are essential for adrenodoxin binding, J. Biol. Chem. 267

oxenoid-iron species as alternative oxygenating agents in cytochrome (1992) 22877-22882.



	The cationic charges on Arg347, Arg358 and Arg449 of human cytochrome P450c17 (CYP17) are essential for the enzymes cytochrome b5-dependent acyl-carbon cleavage activities
	Introduction
	Materials and methods
	Chemicals
	Polymerase chain reaction (PCR) site-directed mutagenesis
	Expression and purification of proteins
	Enzyme assays
	Protein analysis

	Results
	The catalytic properties of the arginine mutants of human CYP17
	Are the arginine mutants of CYP17 impaired in interaction with the NADPH-cytochrome P450 reductase?

	Discussion
	Conclusion
	References


