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During adrenal steroidogenesis the competition between 3B-hydroxysteroid dehydrogenase/A>-A*
isomerase (3BHSD) and cytochrome P450 17«-hydroxylase/17,20 lyase (CYP17A1) for A3 steroid inter-
mediates greatly influences steroidogenic output. Cytochrome-bs (Cyt-bs), a small electron transfer
hemoprotein, known to augment the lyase activity of CYP17A1, has been shown to alter the steroidogenic
outcome of this competition. In this study, the influence of Cyt-bs on 33HSD activity was investigated.
In COS-1 cells, Cyt-bs was shown to significantly increase the activity of both caprine and ovine 3BHSD
towards pregnenolone, 17-OH pregnenolone and dehydroepiandrosterone in a substrate and species
dehydrogenase/isomerase specific manner. Furthermore, kinetic studies revealed Cyt-bs to have no influence on the K, values
Cytochrome P450 17a-hydroxylase/17,20 while significantly increasing the Vg values of ovine 3BHSD for all its respective substrates. In addition,
lyase the activity of ovine 33HSD in microsomal preparations was significantly influenced by the addition of
Adrenal steroidogenesis either purified Cyt-bs or anti-Cyt-bs IgG. The results presented in this study indicate that Cyt-bs augments
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3BHSD activity and represents the first documentation of such augmentation in any species.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hydroxysteroid dehydrogenases play pivotal roles in the
biosynthesis and inactivation of steroid hormones. In steroidogenic
tissue, members in this class catalyze the biosynthesis of steroid
hormones while they convert potent steroid hormones to inactive
metabolites in peripheral tissue [1].

During the biosynthesis of steroid hormones in the adrenal cor-
tex, 3B-hydroxysteroid dehydrogenase/ A>-A#isomerase (3BHSD)
plays a central role in the production of mineralocorti-
coids, glucocorticoids and C19 steroids [2]. 3BHSD catalyzes
the conversion of the A® steroids, pregnenolone (PREG), 17-
hydroxypregnenolone (17-OHPREG) and dehydroepiandrosterone
(DHEA) to the corresponding A* steroids, progesterone (PROG),
17-hydroxyprogesterone (17-OHPROG) and androstenedione (A4)
through a sequential two-step reaction [3,4]. In the first dehydro-
genation reaction, NAD* is reduced to NADH with the formation
of a A33 keto steroid intermediate which, together with NADH,
remains bound to the enzyme. The bound NADH induces confor-
mational changes in the enzyme resulting in the isomerization of

Abbreviations: apo-bs, wild type cytochrome-bs void of heme; POR, P450 oxi-
doreductase; CFP, cyan fluorescent protein; YFP, yellow fluorescent protein; holo-bs,
wild type cytochrome-bs; trunc-bs, truncated wild type cytochrome-bs.
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the bound intermediate to form the corresponding A4 steroid prod-
uct [4,5]. According to the model proposed by Thomas et al. [4], the
dehydrogenase and isomerase domains of the enzyme are linked by
a shared coenzyme domain that functions as both the binding site
for NAD* during the dehydrogenase reaction and for the reduced
NADH, with the latter subsequently acting as an allosteric activator
of the isomerase reaction.

During the synthesis of steroid hormones, 3BHSD competes
with cytochrome P450 17a-hydroxylase/17,20 lyase (CYP17A1)
for A>-steroid intermediates. CYP17A1 catalyzes two distinct
reactions, the 17a-hydroxylation of PREG and PROG yielding 17-
OHPREG and 17-OHPROG, and the subsequent 17,20 lyase reaction
resulting in the cleavage of the C17,20 bond yielding DHEA and A4,
respectively [6-8]. Due to the competition between 33HSD and
CYP17A1 for PREG and 17-OHPREG, the ratio of the enzyme activi-
ties and substrate specificities are crucial in determining the flux of
steroid intermediates through the steroidogenic pathways [9-12].
This competition is significantly altered by cytochrome-bs (Cyt-bs),
which selectively stimulates the lyase activity of CYP17A1 resulting
in a substantial increase in C19 steroid production [13,14].

Cyt-bs is a small ubiquitous electron-transfer hemoprotein.
The microsomal form of Cyt-bs expressed in steroidogenic tissue
consists of two domains: a larger globular head domain, which
contains the heme moiety, and a smaller hydrophobic membrane
anchoring tail domain. The two domains are connected by a proline
containing hinge region [15,16]. To date, studies investigating the
influence of Cyt-bs on steroidogenesis have focused primarily on
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the stimulation of CYP17A1 lyase activity as none of the other
steroidogenic cytochromes P450 have been shown to be influenced
by Cyt-bs. In addition, no data is available describing the influence
of Cyt-bs on 33HSD.

Since the augmentation of 3BHSD activity by Cyt-bs would
contribute towards the alteration in steroidogenic output as is
observed for CYP17A1 in the presence of Cyt-bs, the potential influ-
ence of Cyt-bs on 3BHSD activity was investigated. In this study,
Cyt-bs was co-expressed with both caprine and ovine 33HSD in
nonsteroidogenic COS-1 cells and the catalytic activities towards
PREG, 17-OHPREG and DHEA assayed in the absence of other
steroidogenic enzymes. In addition, ovine adrenal microsomes
were prepared and 3BHSD activity assayed in the presence and
absence of purified Cyt-bs and anti-Cyt-bs IgG.

2. Materials and methods
2.1. Materials

Plasmid vectors, Gene Tailor™ site-directed mutagenesis sys-
tem and MultiSite Gateway® Pro cloning system were purchased
from Invitrogen Life Technologies (Carlsbad, CA, USA). Primers
were purchased from Integrated DNA Technologies (Coralville,
IA, USA). Nucleobond® AX plasmid purification kits were sup-
plied by Macherey-Nagel (Duren, Germany) and Wizard® Plus SV
Minipreps DNA Purification kits were purchased from Promega
Biotech (Madison, WI, USA). COS-1 cells were obtained from the
American Type Tissue Culture Collection (Manassas, VA, USA).
Mirus TransIT®-LT1 transfection reagent was purchased from
Mirus Bio Corporation (Madison, WI, USA). Fetal calf serum
and bacterial culture medium were purchased from Highveld
Biological (Lyndhurst, SA) and Difco Laboratories (Detroit, MI,
USA), respectively. Penicillin-streptomycin, trypsin-EDTA and
Dulbecco’s phosphate buffered saline (PBS) were purchased from
Gibco BRL (Gaithersburg, MD, USA). [1,2,6,7-3H]-DHEA and [7-3H]-
PREG were purchased from Perkin Elmer Life Sciences (Boston,
MA, USA). PREG, 17-OHPREG, DHEA, Dulbecco’s modified Eagle’s
medium (DMEM) were supplied by Sigma Chemical Co. (St. Louis,
MO, USA). A bicinchoninic acid (BCA) protein assay kit was pur-
chased from Pierce (Rockford, IL, USA). All other chemicals were of
the highest quality and obtained from reputable scientific supply
houses.

2.2. Preparation of plasmid constructs

Angora goat/caprine (GenBank accession no. EF524065), ovine
3BHSD (GenBank accession no. FJ007375) and caprine Cyt-bs (Gen-
Bank accession no. EF524066) were previously cloned into the
pcDNA3.2/V5/GW/D-TOPO® vector (Invitrogen Life Technologies,
Carlsbad, CA, USA) as described by Storbeck et al. [17] and Goosen
etal. [18].

Apo- (wild type Cyt-bs void of heme) and trunc- (truncated
wild type Cyt-bs) forms of caprine Cyt-bs were prepared using the
Gene Tailor™ site-directed mutagenesis system (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The primers used to create apo-bs, which contained
a H68A mutation [19], were: sense primer, 5'-AAA ACT TTG AGG
ACG TTG GAG CCT CTA CAG ATG CT-3’; antisense primer, 5-TCC
AAC GTC CTC AAA GTT TTC AGT GGC ATC-3'.

Trunc-bs was created by inserting a stop codon at position 270
terminating translation of 45 amino acid residues at the C-terminus
of holo-bs (wild type Cyt-bs). The primers used were: sense primer,
5’-GCT GCA CCC GGA TGA CAG ATG AAA GAT AAC CA-3'; antisense
primer, 5'-ATC TGT CAT CCG GGT GCA GCT CCC CAA TGA-3'. The
mutations were subsequently confirmed by direct DNA sequence

analysis using an ABI Prism 3100 Genetic Analyzer (Applied Biosys-
tems, Johannesburg, RSA).

Ovine 3BHSD-CFP (Cyan Fluorescent Protein) and holo-bs-YFP
(Yellow Fluorescent Protein) plasmid constructs were prepared
using the MultiSite Gateway® Pro cloning system (Invitrogen Life
Technologies, Carlsbad, CA, USA), according to the manufacturer’s
instructions. The primers used to amplify ovine 33HSD from the
pcDNA3.2/V5/GW/D-TOPO® vector and CFP from the Cer-5-Ven
vector during the construction of the 33HSD-CFP chimeric con-
struct were: sense primer 33HSD-attB1, 5'-GGG GAC AAG TTT GTA
CAA AAA AGC AGG CTA TGG CGG GCT GGA GCT GCC TG-3'; anti-
sense primer 3HSD-attB5r, 5'-GGG GAC AAC TTT TGT ATA CAA
AGT TGT ATG AAT TTT GGT TTT CAG GGT-3’ and sense primer
CFP-attB5, 5'-GGG GAC AAC TTT GTA TAC AAA AGT TGC GAT
GGT GAG CAA GGG CGA GG-3’; antisense primer CFP-attB2r, 5'-
GGG GAC CAC TTIT GTA CAA GAA AGC TGG GTA TCC GGA CTT
GTA CAG CTC-3'. The primers used to amplify holo-bs from the
pcDNA3.2/V5/GW/D-TOPO® vector and YFP from the Cer-5-Ven
vector during the construction of the holo-bs-YFP chimeric con-
struct were: sense primer holo-bs-attB5, 5'-GGG GAC AACTTT GTA
TAC AAA AGT TGC GTC GCT GAG TTA AGA AAT GGC C-3’; antisense
primer holo-bs-attB2r, 5'-GGG GAC CACTTT GTA CAA GAAAGCTGG
GTA CTC CCT GGA CCA AAG CAG-3’ and sense primer YFP-attB1, 5'-
GGG GAC AAG TTT GTA CAA AAA AGC AGG CTA GAT CCG CTA GCG
CTA C-3’; antisense primer YFP-attB5r, 5'-GGG GAC AAC TTT TGT
ATA CAA AGT TGT TCC GGA CTT GTA CAG CTC-3'.

2.3. Caprine and ovine 3BHSD enzyme activity assay in
transiently transfected COS-1 cells

COS-1 cells were grown at 37 °C and 5% CO, in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum, 1% penicillin-streptomycin and 0.12% NaHCOs3. Cells were
plated into 12-well plates with each well containing 1.0 x 10 cells
in 1 ml, 24 h prior to transfection. The cells were transiently cotrans-
fected with DNA plasmid constructs, 1g, using TransIT®-LT1
transfection reagent (Mirus), according to manufacturer’s instruc-
tions.

PREG, 17-OHPREG and DHEA metabolism were assayed in cells
cotransfected with either caprine or ovine 3BHSD (0.5 pg) and holo-
bs (0.5 ng). Control transfection reactions were performed using
either caprine or ovine 33HSD (0.5 g) and the mammalian expres-
sion vector pCl-neo (0.5 pg) (Promega, Madison, WI, USA) which
contained no DNA insert. PREG metabolism was also assayed in
cells in which ovine 3BHSD was cotransfected with equal amounts
of either holo-bs, trunc-bs, pCl-neo or human 113-hydroxysteroid
dehydrogenase type 2 (113HSD2)[20]. The influence of Cyt-bs elec-
tron transfer on PREG metabolism by 3BHSD was assayed in cells
cotransfected with either holo-bs or apo-bs (0.2-0.8 ug) and ovine
3BHSD (0.2 pg)inratios ranging from 1:1 to 1:4 with pCl-neo added
to keep the amount of DNA constant.

Enzyme activity was assayed after 72 h by adding appropriate
steroid substrates — PREG and [3H]PREG; 17-OHPREG; DHEA and
[H]DHEA. At specific time intervals aliquots were removed from
the assay mixtures, 50wl from the PREG and DHEA conversion
assays and 500 pl from the 17-OHPREG assay. The steroid metabo-
lites were subsequently extracted by liquid-liquid extraction using
a10:1 volume of dichloromethane to incubation medium. The sam-
ples were vortexed for 15 min and centrifuged at 500 x g for 5 min.
The water phase was aspirated off, and the dichloromethane phase
transferred to a clean test tube and dried under N,. The dried
steroid residue was redissolved in 120 wl methanol prior to HPLC or
UPLC-MS analysis. After completion of each experiment, the cells
were washed and collected in phosphate buffer (0.1 M, pH 7.4).
The cells were homogenized with a small glass homogenizer and
the total protein content of the homogenate was determined using
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the Pierce BCA™ protein assay kit according to the manufacturer’s
instructions.

2.4. Expression and visualization of 3HSD-CFP and holo-bs-YFP
fusion proteins in transiently transfected COS-1 cells

COS-1 cells were grown as described in Section 2.3. Cells were
plated into 6-well plates (2.0 x 10° cells/well) with each well con-
taining a small glass cover slip, 24 h prior to transfection. The
cells were transiently cotransfected with DNA plasmid constructs,
2 g, using TransIT®-LT1 transfection reagent (Mirus), according
to manufacturer’s instructions. The level of fluorescence of each
fusion protein was investigated in cells cotransfected with either
3BHSD-CFP (1 pg) and holo-bs-YFP (1 p.g) or 3BHSD-CFP (0.4 u.g)
and holo-bs-YFP (0.4-1.6 jug) in ratios ranging from 1:1 to 1:4 with
pCl-neo added to keep the amount of DNA constant.

Forty-eight hours post-transfection the cells were washed with
methanol (-20°C) and fixed by incubation in methanol (1 ml) for
20 min at —20°C. Following fixation the cells were washed three
times with phosphate buffer containing 0.2% bovine serum albumin
and mounted on individual object slides.

The cells were subsequently analyzed for fluorescence using an
Olympus CellR system attached to an IX 81 inverted fluorescence
microscope (Olympus Corp.) equipped with an F-view-II cooled
CCD camera (Soft Imaging Systems). The light source was a 150 W
Xenon lamp, part of an MT20 excitation system. Cells were observed
with a 60x oil immersion objective and the Cell® imaging soft-
ware was used for image acquisition and analysis. The YFP filter
set excited at S500/20x (Chroma) and emission was detected at
S$535/30m, whereas the CFP filter set excited at S430/25x and emis-
sion was detected at S470/30m.

2.5. Preparation of adrenal microsomes

Ovine adrenals were obtained at a local abattoir and imme-
diately stored on ice. All subsequent procedures were performed
at 4°C. Microsomes were prepared according to the differential
centrifugation method of Yang and Cederbaum [21]. Briefly, fol-
lowing the removal of the capsule and excess fat, fresh adrenals
were washed with a 15 mM KCl solution. The adrenal tissue was
homogenized in three volumes 10 mM Tris-HCI buffer (pH 7.4)
containing 1.0mM EDTA and 0.25M sucrose and centrifuged for
15 min at 500 x g. The supernatant was centrifuged at 12000 x g
for 15min. A 50% (w/v) PEG 8000 solution was added while stir-
ring to the postmitochondrial supernatant to a final concentration
of 8.5%. The mixture was stirred for 10 min and centrifuged at
13000 x g for 20 min. The microsomal pellet was homogenized in
200 ml 10 mM Tris-HCI buffer (pH 7.4) containing 150 mM KCl and
1.0mM EDTA. A 50% (w/v) PEG 8000 solution was again added
to the suspension to a final concentration of 8.5% and stirred for
10 min at 4 °C, followed by centrifugation at 13 000 x g for 20 min.
This procedure was repeated twice until the supernatant was clear.
The final microsomal pellet was re-suspended in 10 mM Tris-HCI
buffer (pH 7.4) containing 1.0 mM EDTA and 0.25 mM sucrose and
stored at —80°C. The total protein content of the preparation was
determined using a Pierce BCA™ protein assay kit according to
manufacturer’s instructions. Finally, the P450 and Cyt-bs content
of the microsomal preparation was determined spectrophotomet-
rically, as previously described [22,23].

2.6. Isolation and purification of ovine Cyt-bs

Ovine liver was obtained at a local abattoir and immedi-
ately stored on ice. Liver microsomes were prepared according
to the differential centrifugation method of Yang and Ceder-
baum [21]. Cyt-bs was subsequently purified from the microsomal

preparation as described by Swartetal.[10]. Briefly, the microsomal
fraction was loaded onto a DEAE-cellulose column (3.2 x 20cm)
equilibrated with 80 mM Tris acetate, 1 mM EDTA, 2% Triton X-100,
pH 8.1. Cyt-bs reductase was eluted with 0.1 M Tris acetate, 1 mM
EDTA, 2% Triton X-100, pH 8.1 after which a linear gradient from 0
to 50 mM NaSCN was run over 3 bed volumes in 10 mM Tris acetate,
1 mM EDTA, 0.1% deoxycholate, 0.2% Triton X-100, pH 8.1. Cyt-bs
was subsequently eluted with 90 mM NaSCN in 10 mM Tris acetate
buffer and dialyzed overnight against ten volumes 10mM Tris
acetate buffer. Following dialysis, the Cyt-bs solution was applied to
a DEAE-cellulose column (2 x 20 cm) equilibrated with 10 mM Tris
acetate, 1 mM EDTA, 0.2% Triton X-100, 0.05% deoxycholate, pH 8.1.
A linear NaSCN gradient from 0 to 50 mM in equilibration buffer
was followed by a linear NaSCN gradient from 50 mM to 90 mM
to elute Cyt-bs. The Cyt-bs solution was subsequently dialyzed
overnight against 10 volumes 10 mM Tris acetate, 0.1 mM EDTA, pH
8.1. Following dialysis, the solution was applied to a DEAE-cellulose
column (1 x 5cm) equilibrated with 10 mM Tris acetate, 0.1 mM
EDTA, pH 8.1. Finally, Cyt-bs was eluted with 10 mM Tris acetate,
0.1 mM EDTA, 0.25% sodium deoxycholate, pH 8.1 and dialyzed
overnight against ten volumes of elution buffer and the resulting
Cyt-bs solution stored at —80°C. The Cyt-bs content was deter-
mined spectrophotometrically as previously described [23]. The
total protein content of the solution was determined using a Pierce
BCA™ protein assay kit according to manufacturer’s instructions.

2.7. Microsomal 3BHSD enzyme activity assay

3BHSD enzyme activity was assayed in ovine adrenal micro-
somes as previously described [10]. Briefly, incubations were
performed in a water bath at 37°C in a total volume of 500 .l
The reaction mixture contained microsomal preparation (0.35 WM
P450) and was carried out in 50 mM Tris buffer containing 1% (m/v)
bovine serum albumin and 50 mM NaCl. Following a 5min pre-
incubation of the reaction mixture at 37 °C with either PREG and
[3H]PREG; 17-OHPREG or DHEA and [3H]DHEA as substrates, the
reaction was initiated by the addition of 0.5 mM NAD*. Aliquots
(50 ul) were removed from the assay mixture at specific time
intervals and the steroid metabolites subsequently extracted by
liquid-liquid extraction as described in Section 2.3.

For the inhibition of 3BHSD activity, trilostane (10 wWM) was
added to the microsomal preparation and incubated on ice for
15 min prior to pre-incubation. For the inhibition of endogenous
Cyt-bs, the microsomal preparation was incubated on ice for
1h prior to pre-incubation with purified anti-ovine Cyt-bs IgG
(200 wl), previously raised in our laboratory [10]. The activation
of 3BHSD activity by Cyt-bs was assessed by adding increasing
amounts of purified Cyt-bs to obtain a range of ratios (endoge-
nous Cyt-bs:added Cyt-bs)in the microsomal preparation. A 15 min
incubation period was carried out on ice prior to pre-incubation.

2.8. Separation and quantification of steroids

High performance liquid chromatography was performed on
a SpectraSYSTEM P4000 high performance liquid chromatograph
(Thermo Separation™ products, San Jose, CA, USA) coupled to a
SpectraSYSTEM AS3000 automatic injector (Thermo Separation™
products, San Jose, CA, USA) and a Flo-One liquid scintillation spec-
trophotometer (Radiomatic, Tampa, FL, USA). The substrates, PREG
and DHEA, and their respective steroid metabolites were sepa-
rated using a Phenomex® C;, column at a flow rate of 1 mlmin~!.
The ratio of scintillant to column element was 3:1. For the sepa-
ration of PREG from PROG the mobile phase consisted of solvent
A (methanol/water: 75%/25%) and solvent B (100% methanol).
Steroids were eluted for 2 min with solvent A, followed by a linear
gradient from 100% A to 100% B in 9min and an isocratic elution
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with solvent B for 2 min. DHEA and A4 were eluted with solvent A
(methanol/water: 65%/35%) for 15 min, followed by a linear gra-
dient from 100% A to 100% B (100% methanol) in 2 min and an
isocratic elution with solvent B for 2 min. The injection volume of
the samples was 90 p.l.

17-OHPREG and 17-OHPROG were separated by UPLC (ACQUITY
UPLC, Waters, Milford, MA, USA) using a Waters UPLC BEH C;g col-
umn (2.1 x 50mm, 1.7 pm) at 50 °C and a flow rate of 0.4 ml min~!
as previously described. An API Quattro Micro tandem mass spec-
trometer (Waters, Milford, MA, USA) was used for quantitative
mass spectrometric detection as previously described [24].

2.9. Determination of kinetic parameters

Apparent Ky, and Vipgx values for ovine 3BHSD towards PREG,
17-OHPREG and DHEA were determined in COS-1 cells tran-
siently cotransfected with either ovine 3BHSD (0.5 j.g) and holo-bs
(0.5 g) or ovine 3BHSD (0.5 wg) and the mammalian expres-
sion vector pCl-neo (0.5 wg) (Promega, Madison, WI, USA), which
contained no DNA insert. The metabolism of PREG, 17-OHPREG
and DHEA was assayed, as described in Section 2.3, using six
different substrate concentrations ranging from 0.5 to 8 M. Ini-
tial reaction rates (nmol/h/mg total protein) were determined by
linear regression for each substrate and substrate concentration,
using GraphPad Prism (version 5) software (GraphPad Software,
San Diego, California). A minimum of four time points were used
for each rate determination with the R-squared value for all rate
regressions being higher than 0.96. Michaelis—Menten graphs for
each substrate were subsequently plotted in GraphPad Prism.
Apparent K, (WM) and Vingx values (nmol/h/mg total protein) were
determined by performing Michaelis—Menten curve fits, using the
non-linear regression function of the GraphPad Prism5 software. All
statistical analyses were performed using GraphPad Prism (version
5) software (GraphPad Software, San Diego, California) [17,18].

2.10. Kinetic modeling

A simplified generic bi-substrate rate equation for computa-
tional systems biology [25] was used to describe the kinetics of
3BHSD during the conversion of A3 steroids to their correspond-
ing A* steroid products. The kinetic equations were castin a system
of ordinary differential equations (ODEs) that describe the rate
of change of the A> steroid substrates and the A4 steroid prod-
ucts. The system of ODEs was solved with the NDSolve function
of Mathematica 6 (Wolfram Research Inc.). The constructed model
was assigned arbitrary binding constant values. The initial concen-
tration of the A4 steroid product was set to 0, the NAD*/NADH
ratio was set to a fixed constant and the initial A> steroid substrate
concentration was varied over a given concentration range. The
model was used to determine the initial rate of conversion of the
A5 steroid substrates to their corresponding A* steroid products
at different initial A> steroid concentrations. Following the initial
simulation, a second simulation was performed in which the Ky,p+
value was decreased by an arbitrary value. The results obtained
from these simulations were tabulated and used to construct a
double-reciprocal or Lineweaver-Burke plot.

3. Results
3.1. Effect of Cyt-bs on 3BHSD activity in COS-1 cells

3.1.1. Caprine and ovine 38HSD activity towards PREG,
17-OHPREG and DHEA

Caprine and ovine 3BHSD were both expressed in COS-1 cells
and assayed for activity with 1 wM PREG, 17-OHPREG and DHEA
as substrates. Coexpression with holo-bs resulted in a significant

increase in the conversion of the three steroid substrates for both
enzymes with a more pronounced difference in substrate conver-
sion being observed at later time points (Fig. 1). In cells expressing
caprine 33HSD the addition of holo-bs resulted in a significant
increase of ~15% in the conversion of A steroids to their cor-
responding A* products after 2h (Figs. 1 and 2). In contrast, the
increase in enzymatic activity of ovine 3[3HSD after 2 h in the pres-
ence of holo-bs did not follow the same trend for all substrates.
PREG and DHEA metabolism were significantly increased by 13.5%
(£1.1 SEM) and 24% (+0.4 SEM), respectively, while the effect on
17-OHPREG conversion was minimal (5% + 1.4 SEM) (Figs. 1 and 2).

3.1.2. Ovine 3BHSD activity towards PREG in the presence of
11BHSD2 and trunc-bs

In order to determine whether the observed stimulation of
3BHSD activity by Cyt-bs was due to a non-specific membrane
effect, ovine 3BHSD was coexpressed with another microsomal
enzyme (11BHSD2) and assayed for activity towards PREG. The
coexpression of ovine 3BHSD with human 113HSD2 in COS-1 cells
did not result in a significant change in activity when assayed with
1 .M PREG. Conversely, the inclusion of holo-bs resulted in a sig-
nificant (p <0.01) increase in PREG metabolism (Fig. 3).

Further investigations into non-specific membrane effects
necessitated the preparation of trunc-bs (1-89 AA), which would
not associate with the ER membrane as it does not contain the
membrane spanning domain [26,27]. Ovine 33HSD was subse-
quently cotransfected into COS-1 cells with trunc-bs and assayed
for activity with 1 wM PREG. Interestingly, cotransfection with
trunc-bs significantly (p<0.001) increased the activity of ovine
3BHSD towards PREG (Fig. 3).

3.1.3. Effect of apo-bs on PREG metabolism

Further investigations into the augmentation of 3BHSD activity
by Cyt-bs, were carried out by cotransfecting COS-1 cells with ratios
ranging from 1:1 to 1:4 of ovine 33HSD to either holo-bs or apo-
bs [28]. Apo-bs, the H68A Cyt-bs mutant which cannot bind heme
[19], was used to investigate the mechanism through which Cyt-bs
augments 3BHSD activity.

Assignificant (p<0.01) increase in 33HSD activity towards PREG
was observed with a concomitant increase in the ratio of 3BHSD to
both holo-bs and apo-bs to (Fig.4). The 1:4 ratio resulted in maximal
stimulation for both holo-bs and apo-bs with the greatest increase
in stimulation of 33HSD activity being observed when the ratio was
adjusted from 1:2 to 1:4.In addition, this increase in the stimulation
of 3BHSD activity was significantly greater (p <0.05) in the case of
holo-bs compared to that of apo-bs (Fig. 4).

3.1.4. Comparison of 3BHSD and holo-bs expression levels in
COS-1 cells using CFP and YFP fusion proteins

Differences in 3BHSD concentration, which may arise from
variations in transfection efficiency, could result in differences
in 3BHSD enzyme activity. The expression levels of 33HSD and
holo-bs following cotransfection were therefore investigated using
3BHSD-CFP and holo-bs-YFP fusion proteins and the fluorescence
of each protein in cells containing both fluorescent signals was
subsequently analyzed. In addition, cells were cotransfected with
3BHSD-CFP and holo-bs-YFP in ratios varying from 1:1 to 1:4 to
determine whether varying the amount of plasmid DNA used in
the transfection of the cells could alter protein expression levels.

No significant difference was observed between the fluorescent
signals for 3BHSD-CFP or holo-bs-YFP between the three indepen-
dent cotransfection experiments (Fig. 5A). In addition, the ratio
between holo-bs-YFP and 3[3HSD-CFP fluorescence remained con-
stant between the different experiments (Fig. 5B). Furthermore, a
significant (p<0.001) increase in the fluorescent signal for holo-
bs-YFP was observed with a concomitant increase in the ratio of
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are expressed as the mean & SEM (*p<0.05, **p<0.01, ***p<0.001, n=3).

3BHSD-CFP to holo-bs-YFP, while the fluorescent signal for 33HSD-
CFP remained constant (Fig. 6).

3.1.5. Kinetic parameters of Angora and ovine 3fHSD

Apparent K, and Vipgx values of ovine 3BHSD towards PREG, 17-
OHPREG and DHEA were determined using non-linear regression
in the presence and absence of holo-bs. These data showed that
the presence of holo-bs had no influence on the apparent Ky, val-
ues while significantly (p <0.05) increasing the Vi« values towards
each of the respective substrates (Table 1).
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Fig. 2. Substrate conversion by 3BHSD in the presence of holo-bs in COS-1 cells. The
percentage increase in substrate conversion by caprine () and ovine (M) 3BHSD
after 2 h was compared individually using an unpaired t-test. Results are expressed
as the mean &+ SEM (***p<0.001, n=3).

3.1.6. The influence/effect of Cyt-bs on co-factor binding

A simplified irreversible bi-substrate rate equation was used to
construct a model in order to simulate the effect that alterations in
the Kyap+ value would have on the catalytic activity of 3BHSD (i.e.
Vimax) [25,29]. Results from these simulations showed that by alter-
ing the Kyap+ value the Vigx value could be manipulated without
altering the Ki, value (Fig. 7). Decreasing the Ky,p+ value resulted
in an increase in the Vg with no effect on the Ky, which corre-
sponds to the experimental data generated in Section 3.1.5 (Fig. 7
and Table 1).

*k¥k

*%k%k **k% **k%k

70 -

60 4

40 1

30 -

20 -

10 4

% PREG conversion after 2h

0 T ¥
(o] 9

\‘Qo O\O:O
&

Fig. 3. Influence of holo-bs, 113HSD2 and trunc-bs on ovine 3BHSD cotransfected in
COS-1 cells. The conversion of PREG (1 wM) was compared individually in the pres-
ence of constructs using an unpaired t-test. Results are expressed as the mean + SEM
(**p<0.001, n=3).




P. Goosen et al. / Journal of Steroid Biochemistry & Molecular Biology 127 (2011) 238-247 243

Fekk
; " .
T kR U okkk
40
=
-
E
£
< 30 4 -
c
2 Rk
o —
= 20 -
£ —
u L ]
(U]
o
& 10 1
S
0 Ll L L] Ll
4\}0‘3 B ) > @ ) >
g o° L A - R
PO S S AR
& K R R aR
& N % N RS m\ b‘\
S I SN SN N N

Fig. 4. Influence of holo- and apo-bs on substrate conversion in COS-1 cells. Cells
were cotransfected with ovine 3BHSD and holo-bs or apo-bs in ratios ranging from
1:1to 1:4. PREG (1 wM) conversion was compared individually with each ratio using
an unpaired t-test. Results are expressed as the mean + SEM, (*p<0.05, **p<0.01,
**p<0.001, n=3).

3.2. Effects of Cyt-bs on 3BHSD activity in ovine adrenal
microsomes

3.2.1. Microsomal 3BHSD activity towards PREG, 17-OHPREG
and DHEA

The influence of purified Cyt-bs on 3BHSD activity was fur-
ther investigated in ovine adrenal microsomes. The P450 and
Cyt-bs concentrations in the microsomal preparation, determined
spectrophotometrically [22,23], were 0.5nmol/mg protein and
0.06 nmol/mg protein respectively. These proteins were found to be
expressed at a ratio of [P450]:[Cyt-bs]~ 8:1 in the adrenal micro-
somes, which correlated with previous results obtained by Swart
et al. [10] who showed the presence of low levels of endogenous
Cyt-bs in ovine adrenal microsomes.

Ovine adrenal microsomes (0.35 wM P450) were assayed for
3BHSD activity towards PREG (10 wM), 17-OHPREG (20 M) and
DHEA (20 M). The addition of purified Cyt-bs (0.4 wM), which
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Fig. 6. Fluorescent intensity of holo-bs-YFP and 3HSD-CFP fusion proteins in COS-
1 cells. Cells were cotransfected with 3BHSD-CFP and holo-bs-YFP and in ratios
ranging from 1:1 to 1:4. The fluorescent intensity of each fusion protein for each
respective ratio was compared individually using an unpaired t-test. Results are
expressed as the mean 4+ SEM (***p<0.001, n=3).

represents a 10-fold increase in Cyt-bs concentration (relative to
endogenous Cyt-bs), resulted in a significant (p<0.01) increase
in PREG (10.3% 4+ 0.3 SEM) and DHEA (7.6% + 0.2 SEM) conversion
(Fig. 8A and C), while having no effect on 17-OHPREG conver-
sion (Fig. 8B). The addition of trilostane (10 wM), a known 33HSD
specific inhibitor, abolished 33HSD activity towards the three sub-
strates (results not shown), confirming that the observed activity
was specific for 3BHSD.

In addition to the incubation of the microsomal preparation
with purified Cyt-bs, the preparation was also incubated with anti-
Cyt-bs IgG in order to determine the effect of endogenous Cyt-bs
on microsomal 33HSD activity. The microsomal preparation was
incubated with purified anti-Cyt-bs IgG, previously raised in our
laboratory [10], and assayed for activity with 10 uM PREG and
20 M DHEA, as substrates. The addition of purified anti-Cyt-bs IgG
significantly (p < 0.05) reduced 3BHSD activity towards PREG, while
the addition of anti-HRP (horse radish peroxidase) IgG (control),
had no effect on activity (Fig. 9A). A similar trend was observed for
the metabolism of DHEA in the presence of purified anti-Cyt-bs IgG,
however, the reduction in activity was not statistically significant
(Fig. 9B).
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Fig. 5. The fluorescent intensity of 3BHSD-CFP and holo-bs-YFP fusion proteins expressed in COS-1 cells. (A) The mean fluorescent intensity in three independent cotrans-
fection experiments and (B) the ratio between the fluorescent intensity in three independent cotransfection experiments. The fluorescent intensities were compared using
a one-way ANOVA followed by Bonferroni’s multiple comparison post-test. Results are expressed as the mean + SEM (n=3).
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1V, (nmol/h/mg total protein)
1V, (nmol/h/mg total protein)

Table 1
Apparent K, and the Vyx values of ovine 3BHSD towards PREG, 17-OHPREG and DHEA in the presence and absence of holo-bs. Apparent Ky, (M) and the Vg values
(nmol/h/mg protein) were determined as described in Section 2.9 and are expressed as the mean + SEM. The apparent Ky, and Vg values of ovine 3BHSD are compared

independently to that of ovine 3BHSD plus holo-bs for each substrate using an unpaired t-test.

Ovine 3BHSD PREG 17-OHPREG DHEA
I<IT1 VYI'(ﬂX I<Yl'l V"lGX Km VITIHX
— holo-bs 47 £05 63.3 + 3.6 0.9 +0.2 101.6 + 4.6 1.8 +0.2 224+ 1.7
+ holo-bs 43" + 0.4 73.6" + 3.8 1.2™ + 0.4 124.8" + 4.4 1.7 £ 0.3 17217 £ 8.2
nsp>0.05.
" p<0.05.
" p<0.01.
" p<0.001.
n=3.
3.2.2. Effect of increased Cyt-bs concentrations on microsomal Cyt-bs. A distinct increase in the conversion of PREG was observed
3BHSD activity in conjunction with an increase in the ratio of endogenous Cyt-bs to

3BHSD activity was assayed using 10 uM PREG in ovine adrenal added Cyt-bs. Maximal stimulation was observed at a ratio of 1:10.
microsomes (0.35 wM P450; 0.04 M endogenous Cyt-bs) which Increasing the ratio above 1:10 resulted in a significant (p<0.01)
were incubated in the presence of 0.04-44 M Cyt-bs added in decrease in the observed stimulation, with the 1:100 ratio showing
ratios ranging from 1:1 to 1:100 of endogenous Cyt-bs to added no observable effect on PREG metabolism (Fig. 10).
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Fig. 8. Influence of added Cyt-bs on substrate conversion in ovine adrenal microsomes. (A) PREG, 10 wM; P450, 0.35 wM; endogenous Cyt-bs, 0.04 wM; added Cyt-bs, 0.4 uM;
(B) 17-OHPREG, 20 wM; P450, 0.35 wM; endogenous Cyt-bs, 0.04 wM; added Cyt-bs, 0.4 wM and (C) DHEA, 20 wM; P450, 0.17 wM; endogenous Cyt-bs, 0.02 wM; added Cyt-bs,
0.2 M. Substrate conversion was compared individually for each substrate in the presence/absence of purified Cyt-bs using an unpaired t-test. Results are expressed as the
mean £ SEM (™p>0.05, **p<0.01,n=3).
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Fig. 10. PREG conversion in the presence of added Cyt-bs in ovine adrenal
microsomes. PREG, 10 wM; P450, 0.35 wM; endogenous Cyt-bs, 0.04 wM; ratios of
endogenous Cyt-bs:added Cyt-bs, 1:0-1:100. PREG conversion was compared indi-
vidually using an unpaired t-test. Results are expressed as the mean + SEM (*p < 0.05,
*p<0.01, **p<0.001, n=3).

4. Discussion

In this study we showed Cyt-bs, coexpressed with either caprine
or ovine 3BHSD in COS-1 cells, significantly increased the conver-
sion of PREG, 17-OHPREG and DHEA to their respective A4 products
(Fig. 1). These data suggest that, in addition to its reported role in
stimulating the lyase activity of CYP17A1, Cyt-bs may also augment
3BHSD activity. The degree of stimulation was, however, differ-
ent between the two species and between the respective steroid
substrates (Fig. 2), indicating that Cyt-bs augmentation occurs in a
species and substrate specific manner.

Augmentation of 33HSD activity by Cyt-bs was subsequently
shown not to be attributed to non-specific membrane effects.
The coexpression of 33HSD with 113HSD2 (localized to ER mem-
brane) had no effect on 3BHSD activity (Fig. 3) while trunc-bs
(cytosolic) stimulated ovine 3BHSD activity to the same extent

as holo-bs (Fig. 3). Coexpression of Cyt-bs with 33HSD therefore
does not alter the ER membrane environment to such an extent
that 3BHSD becomes more accessible to steroid substrates and co-
factors. Subsequent incubations of the microsomal preparations
with anti-Cyt-bs IgG resulted in a significant reduction in 3BHSD
activity towards PREG (Fig. 9A), confirming Cyt-bs’s augmenta-
tion of 33HSD. Although a similar trend was observed for DHEA
metabolism, the reduction in activity by the addition of purified
anti-Cyt-bs IgG was not statistically significant (Fig. 9B). This may
be attributed to the conversion rate of DHEA with more than 70%
A4 formation after 40 s even though the reaction conditions were
optimized, implying that the reaction rate may no longer be linear,
thus reducing the observable effect of the anti-Cyt-bs IgG.

The addition of purified Cyt-bs to microsomal preparations sig-
nificantly increased 33HSD activity towards PREG with maximum
stimulation at 1:10 (endogenous Cyt-bs:added Cyt-bs). However,
as the ratio was adjusted beyond the optimum of 1:10 the degree of
stimulation was significantly reduced (Fig. 10). This was previously
observed in the stimulation of CYP17A1 activity by Cyt-bs. Auchus
etal. [30] and Soucy and Luu-The [28] reported that the stimulated
lyase activity was substantially reduced in the presence of excess
Cyt-bs and concluded that this was due to electron scavenging by
Cyt-bs from POR at higher ratios of Cyt-bs. However, since 3HSD
does not require electrons from an external electron donor to per-
form its catalytic function, this seems an unlikely explanation for
the reduced stimulation.

The addition of purified Cyt-bs had no significant effect on
17-OHPREG conversion (Fig. 8B). These results correlate with the
results obtained in COS-1 cells where the greatest increase in sub-
strate conversion by ovine 3BHSD in the presence of Cyt-bs was
observed for PREG and DHEA, with a comparatively small increase
observed for 17-OHPREG conversion (Figs. 1 and 2). The apparent
Vmax value of ovine 3BHSD towards 17-OHPREG in the absence
of Cyt-bs is significantly greater than that of the enzyme towards
PREG or DHEA (Table 1). The lack of apparent 33HSD stimulation
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by Cyt-bs in the conversion of 17-OHPREG could be attributed to
the activity of 3BHSD towards 17-OHPREG already being high, and
thus the degree to which the enzyme may be stimulated is reduced.

Traditionally, Cyt-bs is believed to augment the activity of
specific cytochromes P450 via direct electron transfer. However,
Auchus et al. [30] demonstrated that apo-bs was able to stimu-
late the 17,20 lyase activity of CYP17A1 and proposed an allosteric
mechanism. Cyt-bs also plays an allosteric role in the catalysis of
various other cytochrome P450 enzymes which include CYP3A4,
CYP3A5 and CYP2A6[31,32]. Guryev et al. [19], however, suggested
that the stimulatory effect of apo-bs on CYP17A1 and CYP3A4
was due to the transfer of excess heme to apo-bs generating
holo-bs, resulting in the stimulatory effects observed. Unlike the
cytochromes P450, 3BHSD does not require the input of electrons
from an external electron donor and it is therefore unlikely that
electron transfer plays a role. We demonstrated that apo-bs stim-
ulated the activity of 3BHSD (Fig. 4), albeit to a lesser degree than
holo-bs, implying that Cyt-bs exerts an allosteric effect on 33HSD.
The lower stimulatory effect of apo-bs is likely due to conforma-
tional changes in the protein resulting from the removal of the
heme moiety [33,34].

The kinetic constants (Kp and Vipax) of ovine 3BHSD revealed
that Cyt-bs had no influence on the apparent Ky, values, but sig-
nificantly (p <0.05) increased the Vqx values towards each of the
A substrates (Table 1). Unlike the K, values, which are not depen-
dent on enzyme concentration, the Vj;qx values may vary as a result
of differing transfection efficiencies. We previously demonstrated,
using quantitative real-time PCR, that transient transfections of
caprine or ovine 33HSD in COS-1 cells consistently yield compa-
rable mRNA levels [18]. In addition, we now show that the level of
fluorescence for both the 3BHSD-CFP and holo-bs-YFP fusion pro-
teins, as well as the ratio between the two, remained relatively
constant following three independent experiments (Fig. 5). Simi-
lar levels of 3BHSD and holo-bs are thus present, suggesting that
it is unlikely that variations in the expression levels are responsi-
ble for the differences observed in 3BHSD activity. Furthermore,
this confirms that the cotransfection of 3BHSD and holo-bs results
in the expression of both enzymes in the same cell. In addition,
the level of holo-bs-YFP fluorescence was found to increase signif-
icantly (p<0.001) as the ratio of 3HSD-CFP:holo-bs-YFP plasmid
DNA used for transfection was adjusted from 1:1 to 1:4, while the
level of 3BHSD-CFP fluorescence remained constant in these cells
(Fig. 6). These results correlate with data presented in Fig. 4 where
a relatively small increase in 3BHSD activity was observed when
the ratio of holo-bs:3BHSD was adjusted to 1:2. However, a greater
increase in 33HSD activity was observed with the increased ratio
of 1:4. Similarly, in Fig. 6, a relatively small increase in the level of
holo-bs-YFP fluorescence was observed when the ratio of 3BHSD-
CFP:holo-bs-YFP was adjusted to 1:2 while a significantly greater
increase was observed at 1:4. These results suggest that an increase
in plasmid DNA canincrease the level of holo-bs expressed in COS-1
cells, resulting in an increase in the level of 33HSD stimulation, as
observed in Fig. 4.

While the unchanged apparent K;; values for the steroid sub-
strates indicate that significant conformational changes of the
active site are unlikely, subtle changes brought about by the puta-
tive allosteric interactions between Cyt-bs and 33HSD, may impact
on co-factor binding. It is possible that the binding of NAD* may,
be affected resulting in the stimulation of the dehydrogenase
activity without influencing substrate affinity. Using a simpli-
fied irreversible bi-substrate rate equation we demonstrated that
decreasing the Ky,p+ value results in an increase in the Vi value
without altering the Ky, value, corresponding to the experimen-
tal data (Fig. 7). Increasing the rate of the dehydrogenase reaction
would lead to an increase in the overall rate of the enzyme as the
isomerase activity has been shown to be ~10-fold greater than the

dehydrogenase activity [35-37]. The data generated by these sim-
ulations, in conjunction with the experimental data, thus strongly
suggests that an allosteric interaction between 3HSD and Cyt-bs
results in an increase in the affinity of 3BHSD for NAD*, stimulating
the dehydrogenase reaction, resulting in an increase in the overall
catalytic activity.

The biosynthesis of A4, a vital precursor of sex steroids, requires
the coexpression of Cyt-bs, 3BHSD and CYP17A1 [38]. While signif-
icant levels of circulating A4 are believed to originate in the adrenal
cortex [39-41] the expression of 33HSD is low in the zona reticu-
laris (ZR), which specifically expresses Cyt-bs. Conversely, 3BHSD
is expressed in the zona fasciculate (ZF) and zona glomerulosa
(ZG) in the absence of significant Cyt-bs expression [42,43]. Naka-
mura et al. [44] recently highlighted the importance of Cyt-bs and
3BHSD coexpression in the production of A4 and identified a layer
of adrenocortical cells located at the border between the ZF and ZR
that coexpress both 3HSD and Cyt-bs in the presence of CYP17A1.
Until now, Cyt-bs was only thought to play a role in the stimulation
of the 17, 20-lyase reaction catalyzed by CY17A1, however, based
on the results presented in this paper we suggest that Cyt-bs may
also stimulate 3BHSD activity, thereby promoting the formation of
A4 from DHEA.

In addition to the adrenal cells described above, 33HSD and
Cyt-bs are coexpressed in other prominent steroidogenic organs
such as the kidneys, testis (Leydig cells) and ovaries (theca cells)
[2,43,45,46], suggesting that Cyt-bs may play a more extensive
role in steroidogenic reactions than originally thought. The aug-
mentation of 3BHSD activity by Cyt-bs presented in this paper
can, therefore not be ignored. Future studies will reveal the full
physiological impact of such an augmentation.

5. Conclusions

The data presented in this study provides clear evidence that
3BHSD activity is specifically augmented by Cyt-bs. This augmen-
tation was further also shown to differ between closely related
species and between substrates, suggesting augmentation occurs
in a substrate and species specific manner. Furthermore, the data
suggests that this augmentation is most likely allosteric in nature,
resulting in a decreased Ky,p+ value leading to an overall increase
in enzymatic activity.
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