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ABSTRACT. Cytochrome P450c17 (CYP17) catalyzes both the-thydroxylase and 17,20-lyase reactions

in human steroid biosynthesis. Cytochrolsgb5) stimulates the rate of the 17,20-lyase reaction 10-fold
with little influence on 1é-hydroxylase activity. Studies with apo-b5 suggest that stimulation of 17,20-
lyase activity results from an allosteric action on the hCYHPOR complex, rather than electron transfer

by b5. We hypothesized that specific residues on b5 interact with the hCPRR complex and that
targeted mutation of surface-exposed residues might identify b5 residues critical for stimulating 17,20-
lyase activity. We constructed, expressed, and purified 14 single plus 3 double b5 mutations and assayed
their ability to stimulate 17,20-lyase activity. Most mutations did not alter the capacity of b5 to stimulate
17,20-lyase activity or appeared to modestly alter the affinity of b5 for the hCNARIR complex. In
contrast, mutation of E48, E49, or R52 reduced the maximal stimulation of 17,20-lyase activity. In particular,
b5 mutation E48GH E49G lost over 95% of the capacity to stimulate 17,20-lyase activity, yet this mutation
retained normal electron transfer properties. In addition, mutation EA&E39G did not impair stimulation

of 17,20-lyase activity by wild-type b5, suggesting that the mutation binds poorly to the site of the hCYP17
POR complex occupied by b5. These data suggest that a specific allosteric binding site on b5, which
includes residues E48, E49, and possibly R52, mediates the stimulation of 17,20-lyase activity.

All androgen production requires the activities of cyto- produce 19-carbon steroids because hCYP17 in these tissues
chrome P450c17 (Lithydroxylase/17,20-lyase; CYP1Y).  exhibits high 17,20-lyase activity. This dichotomy is ex-
CYP17 from various species are 57 kDa microsomal P450s plained by additional factors that preferentially or exclusively
that contain only one active site, yet these enzymes catalyzeactivate 17,20-lyase activity and enable some cells that
two fundamentally distinct chemical transformations that express hCYP17 to produce 19-carbon steroids.
convert 21-carbon steroids to 19-carbon androgen precursors
(2). In the first reaction, CYP17 Dbfhydroxylates both

pregnenolone and progesterone to their 17-hydroxy denva—First, genetic 4—6) and targeted mutagenesis studiesg)

tives. In the second step, the 17,20-lyase reaction, the 2.1'demonstrate that single amino acid substitutions in hCYP17
carbon,17-hydroxysteroids are cleaved to 19-carbon steroids . . o . .
. . can selectively disrupt 17,20-lyase activity while preserving
and acetic acid. For human CYP17 (hCYP17), the cleavagernost 1Thvdroxviase activity. Second. a phosphorvlation/
of 17a-hydroxypregnenolone (17preg) to dehydroepiandros- dephosph Y | t'y 9 10y. trib t’ tp pl t'y f
terone (DHEA) is much more efficient than the correspond- ephosphorylation cycle)(10) contributes to regulation o

ing conversion of 1d-hydroxyprogesterone to androstene- the _17,20—Iyase ggtmty. T.h'rd‘ thg 17,2Q-Iyase reaction Is
dione @, 3). particularly sensitive to interactions with the electron-

Whereas the l-hydroxylase activity of hCYP17 is robust donating ﬂavopro_tein cytochrome P450 ‘oxidoreductase
and constant, the 17,20-lyase reaction is strongly regulated(POR)- In reconstituted assays, increased POR abundance

in human physiology. In the adrenal zona fasciculata, Préferentially activates 17,20-lyase activiylf, and mis-
hCYP17 lacks 17,20-lyase activity, which mandates that SeNS€ mutations in POR from patients with disordered
steroidogenesis stops at 21-carbon,17-hydroxysteroids suct$teroidogenesis preferentially impair 17,20-lyase activity over
as cortisol. In contrast, the adrenal zona reticularis and gonadst 7o-hydroxylase activity 12—14). Fourth, both solubilized
hCYP17 in reconstituted assayl$(16) and native hCYP17
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At least four additional factors regulate the 17,20-lyase
activity of the hCYP17 catalytic system in vitro and in vivo.
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The catalytic cycle of hCYP17 and all microsomal P450s conditions were 25 cycles of £, 1 min; 50°C, 0.5 min;
involves two electron transfers from reduced nicotinamide and 72°C, 4 min. Plasmid pcDNA3-b5H4 was constructed
adenine dinucleotide phosphate (NADPH) via the two flavins for expression in HEK-293 cells by inserting the same PCR
of POR to the heme moiety of the P450. Since b5 is a amplicon into pcDNA3 (Invitrogen, Carlsbad, CA) after
hemoprotein that also undergoes redox chemistry during fattydigestion with BarHl and EcoRl. The cDNAs for b5
acid biosynthesisl@) and methemoglobin reductio8@), it mutations were constructed with PCR reactions using two
is possible that b5 functions as an alternative electron donorsets of primers: T7 plus the antisense mutagenic primer and
for the second electron-transfer step. However, apo-b5, whichSP6 plus the sense mutagenic primer (Table 1) with pcDNA-
contains no heme and therefore cannot transfer electronsh5H4 as template. The b5 cDNA fragments were then
also stimulates the 17,20-lyase activity of hCYP17 at least amplified together by a third PCR reaction using primers
as well as holo-b5 2). Consequently, b5 might rather T7 and SP6. The final PCR product was inserted into pLWO01
function as an allosteric facilitator of the 17,20-lyase reaction, after digestion withNcd and EcoRIl. All cDNAs were
acting in a CYP1¥PORD5 complex. Conflicting available  sequenced to confirm that only the desired changes were
data do not exclude either plausible mod&l)( so the role introduced during PCR.

of b in the 1?,20-Iyase react|on'rema.|ns elusive. Recombinant ProteinsThe protocol for expression and
Several residues of hCYP17, including R347 and R358 reconstitution of recombinant human b5 was based on the
(4, 8), have been Impllcated as pal’t of the b|nd|ng site that procedure of Mu'rooney and Waske'E% with some
interacts with POR and/or b5 during the 17,20-lyase reaction. modifications. Plasmids for expressing either wild-type b5
However, the amino acids of b5 that are involved in the or p5 mutations were transformed into C41(DE3) cells
stimulation of 17,20-lyase activity are not known, and (QverExpress, Avidis, St. Beauzire, France) and spread onto
evidence for a direct interaction of hCYP17 and b5 are piates of Luria-Bertani medium containing 0.1 mg/mL
sparse. The form of b5 that stimulates 17,20-lyase activity carpenicillin (US Biochemicals, Cleveland, OH). After an
is the 16.5 kDa membrane-bound species containing two gyernight incubation at 37C, 500 mL of Terrific Broth
acidic core domains, one of which binds heme via histidines gpplemented with 0.5 mM-aminolevulinic acid (Sigma)
44 and 68, plus a membrane-spanning C-terminal h22x (  and 0.1 mg/mL carbenicillin was inoculated with a single
The C-terminal helix of bS5 is required to stimulate the ¢olony. The culture was incubated at 32 with shaking at
17,20-lyase activity of h\CYP12@), as well as activities of 149 rpm until theAoo reached 0.350.4, at which time, the
other P450sZ4). In contrast, several charged residues of .q|is were induced with 1@M isopropyl$-p-thiogalacto-
b5 have been identified as essential components of thepyranoside (Fisher) and grown for an additiona-2® h at
interaction of b5 with other electron transport proteins 37 oc The culture was chilled on ice, and the cells were
including cytochrome (25, 26) and b5 reductasey). We harvested by centrifugation at 11 @fbor 10 min at 4°C.
hypothesized that specific surface residues of b5 interact withrp,o pellet was resuspended in-280 mL of cold Buffer A

the hCYP17POR complex and that the integrity of these (10 mM potassium phosphate and 1 mM EDTA, pH 7) and
surface residues is also essential for the stimulation of centrifuged again at 11 0§Cfor 10 min at 4°C. The cell

17,20-lyase activity. Consequently, we systematically mu- ellet was stored at-70 °C until needed. The cell pellet
tated surface-exposed charged residues of b5 to determin as thawed and resuspended in 40 mL of Buffer A with 10

which residues are required for the stimulation of 17,20- ug/mL aprotinin (Sigma) and 1 mM phenylmethylsulfonyl
lyase activity. fluoride (Sigma). The cells were lysed by high-pressure
extrusion (EmulsiFlex-C5, Avestin, Ottawa, Canada) and
centrifuged at 300§ to remove cell debris.

General Methods Chemicals, reagents, and medium  To determine the amount of heme required for reconstitu-
components were purchased from Fisher Scientific (Pitts- tion of the apoprotein, a 50L aliquot of lysed cells was
burgh, PA) or Sigma (St. Louis, MO) unless indicated. added to 1.5 mL of Buffer D (20 mM TrisICl, 1 mM
Radiochemicals were purchased from PerkinElmer Life EDTA, pH 8, and 0.1% CHAPS [Pierce Biotechnology,
Sciences (Shelton, CT). Oligonucleotides were synthesizedRockford, IL]). The apo-b5 was titrated with the hemin
by Integrated DNA Technologies (Coralville, IA) and used chloride solution (ferriprotoporphyrin IX chloride, Fluka
without purification. DNA modification enzymes were from  Biochemika, Steinheim, Switzerland, prepared in 50:50 v/v
New England Biolabs (Beverly, MA) unless noted. ethanol/waterZ9)) by monitoring the absorbance spectrum

Plasmids Plasmid pLW01-b5H4 (pLWO01 was a gift from from 350 to 600 nm before and after each addition of hemin
Dr. Lucy Waskell £8)), which contains a T7 promoter and chloride. The titration is complete when a distinct increase
a high-copy replication origin from pBluescript, was used in absorbance at 385 nm is observed due to the accumulation
to express wild-type human b5 i&scherichia coli A of Tris-ligated (nonprotein bound) heme. Based on the
tetrahistidine tag was added to the N-terminus by amplifying amount of heme needed to reconstitute the aliquot, we
the b5 cDNA with the primers b5H4S1Bam and b5AS1Eco calculated the quantity of heme needed for the total cell
(Table 1) and then inserting the PCR amplicon back into lysate, and a 10% molar excess was added. The cell lysate
pLWO01 after digesting both plasmid and insert witicd was centrifuged at 109 0Q0for 1 h at 4°C to pellet the
and EcoRI. PCR reactions were assembled with 0.2 mM membrane fraction. The bright red gelatinous pellet was
deoxynucleoside triphosphates; 10 ng of template plasmid, resuspended in 25 mL of buffer B (10 mM potassium
100 pmol each primer, and 1.25 U of TrueFidelity DNA phosphate, pH 8, 2 mM 2-mercaptoethanol, and 20%
polymerase (Continental Laboratory Products, San Diego, glycerol) using a Dounce Homogenizer. Solid CHAPS was
CA) in 50 uL of the manufacturer’s buffer. Thermocycling added to the cold suspension of stirred membranes until a

EXPERIMENTAL PROCEDURES
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Table 1: Primers Used for Construction of His-Tagged b5 cDNA and Mutations

primer sequence
bsH4S1Ban 5-GGATCCATGGCACACCATCACCATGCAGAGCAGTCG-3
bsAS1Ecé 5-GAATTCTCAGTCCTCTGCCATGTATAGGC-3
bsK33G-S 5-CTGCACCAGGGGGTGTACGATTTGAC-3
bsK33G-AS 5-ATCGTACACCCCGTGGTGCAGGATC-3
bsD36G-S 5-AAGGTGTACGGTTTGACCAAGTTTC-3
bsD36G-AS B-CTTGGTCAAACCGTACACCTTGTGG-3
bsK39G-S B-GATTTGACCGGGTTTCTGGAAGAGC-3
bsK39G-AS B-TTCCAGAAACCCGGTCAAATCGTAC-3
bsE42G-S 5AAGTTTCTGGGAGAGCATCCTGGTG-3
bsE42G-AS 5-AGGATGCTCTCCCAGAAACTTGGTC-3
bsE48G-S 5CCTGGTGAGGAGAAGTTTTAAGGG-3
bsE48G-AS 5TAAAACTTCT CCTCCACCAGGATGC-3
bsE49G-S 5GGTGGGGAAGGAGTTTTAAGGGAAC-3
bsE49G-AS B-CCTTAAAACTCCTTCCCCACCAGGATG-3
bsR52G-S 5GAAGTTTTAGGGGAACAAGCTGGAGG-3
bsR52G-AS 5AGCTTGTTCCCCTAAAACTTCTTCC-3
bsE53G-S 5GTTTTAAGGGGACAAGCTGGAGGTG-3
bsE53G-AS BTCCAGCTTGTCCCCTTAAAACTTC-3
bsQ54G-S 5TTAAGGGAAGGAGCTGGAGGTGACG-3
bsQ54G-AS 5-ACCTCCAGCTCCTTCCCTTAAAACT-3
bsD58G-S 5GCTGGAGGTG5CGCTACTGAGAAC-3
bsD58G-AS B-CTCAGTAGCGCCACCTCCAGCTTG-3
bsE61G-S 5GACGCTACTGGGAACTTTGAGGATG-3
bsE61G-AS 5-CTCAAAGTTCCCAGTAGCGTCACCTC-3
bsD65G-S 5-GAACTTTGAGGGTGTCGGGCACTC-3
bsD65G-AS B-GTGCCCGACACCCTCAAAGTTCTC-3
bsR73G-S 5GATGCOGGGGAAATGTCCAAAAC-3
bsR73G-AS 5-GGACATTTCCOQCGGCATCTGTAGAG-3
bsE74G-S 5GCCAGGGGAATGTCCAAAACATTC-3'
bsE74G-AS 5TTTGGACATTCCCCTGGCATCTGTAG-3
bsE48G/E49G-S 5CCTGGTGAGGAGGAGTTTTAAGGG-3
bsE48G/E49G-AS 5TAAAACT CCTCCTCCACCAGGATGC-3
bsE49G/R52G-S 5GGAGTTTTAGGGGAACAAGCTGGAGG-3
bsE49G/R52G-AS 5AGCTTGTTCCGCTAAAACT CCTTCC-3
bsE49G/E53G-AS 5CACCTCCAGCTTGTCCCCTTAAAAC-3

aBamHI, Ncd, and EcoRlI restriction sites are underlinelThe nucleotide changes that produce the indicated mutation(s) are in bold type.
Nucleotide changes in both bold type and underlined were altered to introduce silent mutation that avoid primers containing five consecutive G
bases. S and AS denote sense and antisense, respectively.

concentration of 1% w/v. After stirring for an additional 1 Assay of 17,20-Lyase Aditiy in Yeast Microsome¥ east

h, the solution was centrifuged at 109 @dor 1 h at 4°C microsomes containing human CYP17 and POR were

to pellet any insoluble membranes. The supernatant wasprepared from strain YiV(B) and quantitated as described

diluted with an equal volume of buffer B containing 400 (5). Microsomes containing 1 pmol of CYP17 were mixed

mM KCI. with b5 proteins (0.£50 pmol) and 0.6«M 17preg with
Ni—NTA agarose beads (Qiagen) equilibrated with buffer 80 000 cpm {H]-17preg in 0.2 mL of 50 mM potassium

B were added to the membrane fraction and incubated 1 hphosphate, pH 7.4. After an incubation at %7 for 3 min,

at 4°C with agitation. The beads were poured into a column 1 mM NADPH (Sigma) was added, and the reaction was

and washed with 20 column volumes of buffer B containing continued for 30 min at 37C. The steroids were extracted,

0.1% CHAPS, 10 mM imidazole, and 400 mM KCI. The chromatographed, visualized, and quantitated as described

His4-tagged b5 protein was eluted from the-NITA beads 2).

with buffer B containing 0.1% CHAPS and 100 mM Reduction of b5 by NADPH and PORecombinant POR

imidazole, and the eluate was dialyzed overnight against 300was generously provided by Dr. Julian Peterson. POR (0.2

mL of buffer C (10 mM potassium phosphate, pH 7.5, 20% nmol) was incubated with b5 (1.5 nmol) and 0.33 mM

glycerol, 0.5 mM EDTA, 0.1 mM dithiothreitol, and 0.05% NADPH in 0.2 M potassium phosphate, pH 7.5, with 0.05%

CHAPS) with one buffer exchange. CHAPS in a final volume of 1.5 mL. The absorbance at 424
Assay of 17,20-Lyase Adily in HEK-293 Cells HEK- nm was monitored for 15 min at 28C with data points

293 cells were cultured, seeded at 50% confluency in 6-well collected every 10 s using an Agilent 8453 YVisible

plates, transfected with the FUGENEG6 reagent (Roche, spectrophotometer system. The data were fit to an exponen-

Indianapolis, IN), and assayed as describgd3(). Trans- tial growth curve using Origin 7.5 (OriginLab, Northampton,

fections employed 061 ug of pcDNA3-c17 and varying  MA):

amounts of empty pcDNA3, pcDNA3-b5H4, or pcDNA3- _

POR, and incubations contained 0-@L1«M pregnenolone y=Ax(@1-e)+C )

with 67 000 cpm of JH]-pregnenolone in 2 mL of medium  whereA is the concentration of b5 ardis the first-order

for 1—8 h. For spectroscopic assays, cells were broken byrate constant; therefore, the rate of reductioisc k in

sonication in water, and microsomes were prepared asAU-s!. Rates were converted to turnover numbers (H)in

described 31). usinge = 90 mM-t-cmt at 424 nm.
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Table 2: Properties of Recombinant b5 and b5 Mutations pcp;r?::tsh-;l-:::ﬁgk ; 01_1 : 00‘6 of g:? g:?
pmol DS pcDNA3-POR(ug): 0 0 0 0 04 0 0.4
pmol DS heme/ Incubationtime(h): 8 8 8 3 3 3 3
DS hemé proteir? heme/  pmol total =77 P LB B ]
(pmoljul)  (uglul)  ug protein b5 protein 1Preg- g 4 # ® % % ¥
Group 1 Mutations
wild-type 32 2.0 16 0.27 :
K33G 70 5.6 13 0.21 Y
K39G 115 51 22 0.37 s il S i i e
g‘gig iﬂ ;Z ;i 8'\,2)5‘1 FiGURE 1. Pregnenolone metabolism in HEK-293 cells transiently
E61G 120 75 16 0.26 transfected with expression vectors for hCYP17 (pcDNA3-c17),
R73G 04 39 24 0.40 tetrahistidine-tagged wild-type b5 (pcDNA3-b5H4), and/or POR
) : (pcDNA3-POR). Phosphorimage of chromatographed steroids from
Group 2 Mutations a representative experiment shows Q.0 [3H]-preg conversion
D36G 23 3.0 7.7 0.13 to [3H]-17preg and JH]-DHEA in medium for transfected cells.
E42G 86 3.8 23 0.38 Substantial DHEA formation occurs without overexpression of b5
D58G 76 6.2 12 0.20 (lane 1), and DHEA formation progressively decreases as the
D65G 55 1.8 30 0.49 amount of pcDNA3-b5H4 plasmid is increased (lanes3p
E74G 83 3.6 23 0.38 Cotransfection with pcDNA3-POR (lane 5) increases 17,20-lyase
E49G+ ES3G 73 6.0 12 0.20 activity, but cotransfection with all three plasmids does not
E49G+ R52G 92 33 28 0.46 significantly increase3H]-DHEA formation (lane 7). For assays
Group 3 Mutations with only pcDNA3-c17, 0.6-1 ug of empty pcDNA3 plasmid was
E48G 124 6.5 19 0.31 cotransfected for consistency.
E49G 104 7.2 15 0.24 . .
R52G 128 7.7 17 0.27 HEK-293 cells with pcDNA3-c17 and assayed conversion
E48G+ E49G 108 45 24 0.40 of [3H]-pregnenolone to®H]-17preg and then3H]-DHEA

aHeme content by difference spectroscopy (DS), reduced vs oxidized IN the medium. After transfection with pcDNA3-c17, en-

spectra® Protein concentration using colorimetric reagent.

Competition Assay#\ssays were performed with the same

conditions described above for assay of 17,20-lyase activity 3 co o
in yeast microsomes, with one alteration. Both wild-type bs Paradoxically,inhibits 17,20-lyase activity,

and b5 mutation E48G+ E49G were added together at
various ratios. First, wild-type b5 was held constant at 1
pmol, while b5 mutation E48G- E49G was varied from 1

to 30 pmol, and 30 pmol of wild-type b5 was added to the

control incubation. The converse experiment was also

performed using 1 pmol of b5 mutation E486GE49G in
each incubation while wild-type b5 was varied from 1 to 30
pmol.

Protein AssaysThe functional concentrations of heme-
containing b5 proteins were determined by the difference
spectroscopy using an Agilent 8453 YVisible spectro-

photometer system. Absorbance spectra from 350 to 500 nm

of b5 proteins £0.1 mg in 1.3 mL of 50 mM potassium

phosphate, pH 7.4) were recorded before and after addition:

of approximately 2 mg of solid sodium dithionite (Fluka).
The concentration of the b5 protein was calculated from the
difference in absorbance at 424 and 409 mw\{;4-409 =
As24-400 after addition of sodium dithionite- Ay24-409 before
addition of sodium dithionite) using an extinction coefficient
of 180 mM1-cm™™. Total protein was measured with the
Coomassie Plus Protein Assay (Pierce). Cytochrame
reduction assays (POR activity) were performed atQ@s
described Z, 32).

RESULTS
Mutagenesis and b5 Acity in HEK-293 Cells Among

dogenous POR in the HEK-293 cells reconstitutes the
hCYP17 catalytic system with substantial 17,20-lyase activ-
ity, even in the absence b5 overexpression, yieldfh{-[
DHEA (Figure 1). Cotransfection with pcDNA3-b5H4,
such thatq]-
DHEA formation diminishes progressively as the amount of
pcDNA3-b5H4 increases. In contrast, cotransfection with
pcDNA3-POR increased 17,20-lyase activity, but cotrans-
fection with both pcDNA3-POR and pcDNA3-b5H4 further
increased DHEA formation only slightly (Figure 1). These
findings are consistent with a stoichiometric excess of
endogenous b5 relative to hCYP17 in our HEK-293 cells,
since high b5/hCYP17 molar ratios> {0—30:1) inhibit
17,20-lyase activity in yeast microsomes by competing with
hCYP17 for electrons from limiting POR2). On the basis

of spectroscopic assays, microsomes from HEK-293 cells
contained 100 pmol of b5/mg of protein, whereas P450
content was below the limits of detection 10 pmotmg™1),
similar to P450 content in transfected COS-1 ce3iy)(The
inhibition observed with b5 coexpression, which is in contrast
to previous findings in HEK-293 cells38), prompted us to
employ another assay system with yeast microsomes and
purified b5 mutations.

Stimulation of 17,20-Lyase Aetly by b5 Mutations in
Vitro. All 14 single plus 3 double b5 mutations were
expressed iiE. coli, reconstituted with heme, and purified.
The b5 mutations varied in their migration on denaturing
gel electrophoresis (SDSPAGE) (Figure 2A) but showed
comparable heme content (Table 2). Functional apo-b5 has
an extremely high affinity for heme2(, 34), suggesting that
any b5 protein that does not bind heme is irreversibly
denatured, and results with wild-type b5 indicate that these

the exposed residues of b5, 14 with charged or polar sidespecies do not interfere with hCYP17 assays. MALDI-TOF
chains distributed throughout the surface were mutated tomass spectrometry confirmed that the major protein
glycine, to eliminate functional groups yet allow maximum species in the preparations of wild-type b5, b5 mutation
structural flexibility in the protein (Tables 1 and 2). To screen E49G (showing the most discrepant migration on SDS
these b5 mutations for the capacity to stimulate the 17,20- PAGE), and b5 mutation E48G- E49G (showing the
lyase activity of hCYP17, we first transiently transfected most altered activity, see below) exhibited molecular masses
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Ficure 2: Purification and functional activity of wild-type b5 and
b5 mutations expressed . coli. (A) SDS-PAGE of purified
proteins (fug/lane) stained with Coomassie blue shows single bands
with similar mobilities. Numbers at top of lanes refer to residue(s)
substituted with glycine for each b5 mutation (WA wild-type).
(B) Reduced vs oxidized difference spectrum for mutation E48G
+ E49G shows characteristic peak at 424 nm and trough at 409
nm. Other b5 mutations gave similar difference spectra (data not
shown).
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Table 3: Stimulation of 17,20-Lyase Activity by b5 and b5

Mutation$
pmol
0.1 1.0 10
Group 1 Mutations
wild-type 21+3 58+ 6 53+ 7
K33G 25+ 14 60+ 11 28+5
K39G 25+ 5 61+ 6 46+ 6
E53G 39+ 5 51+9 17+1
Q54G 32+ 5 70+ 4 31+7
E61G 24+ 9 58+ 10 44+ 8
R73G 21+ 4 60+ 1 46+ 10
Group 2 Mutations
D36G 12+ 2 35+5 62+ 6
E42G 15+ 3 48+ 5 63+ 10
D58G 8.0+ 1.8 24+ 3 60+ 4
D65G 10+ 1 37+ 4 59+1
E74G 12+ 1 47+ 8 47+ 4
E49G+ E53G 8.0+ 3.2 19+ 4 45+ 7
E49G+ R52G 7.4+ 0.9 24+ 3 52+5
Group 3 Mutations
E48G 6.1+ 0.6 12+ 2 20+ 3
E49G 8.2+ 1.3 22+ 3 39+ 4
R52G 59+1.1 10+ 1 22+3
E48G+ E49G 5.3+ 0.9 5.8+ 0.5 7.5+ 0.8

aPercent of 17preg (120 pmol) converted to DHEA by yeast

microsomes containing human CYP17 (1 pmol) and POR plus 0.1, 1,
and 10 pmol of b5 or b5 mutation. Data are meiaisD of triplicate
determinations. Percent conversion by CYP17 microsomes only, no
b5 added, is 5.6 0.9.

within 1% of the calculated exact mass values for the
full-length proteins (see Supporting Information). All re-
constituted proteins demonstrated proper heme binding

and redox chemistry based on spectroscopic assayssffinity for the hCYP17POR complex might be lower than

(Figure 2B). for wild-type b5. Further increases in the b5/hCYP17 ratio
To determine which residues of b5 are essential for the reduced DHEA production from the maximum for the group

stimulation of 17,20-lyase activity, purified wild-type bS or 2 b5 mutations as expected (data not shown).

b5 mutations were added to yeast microsomes containing Mutations E48G, E49G, and R52G (group 3) stimulated

hCYP17 and POR. The conversion of 17preg to DHEA was 17,20-lyase activity, but maximal DHEA production occurred

assayed at b5/hCYP17 molar ratios of 0.1:1, 1:1, and 10:1at a 10:1 b5/hCYP17 ratio and did not exceed 40%

(Table 3). Under conditions of the assay, these microsomesconversion, even when the ratio was increased to 50:1. On

have low basal 17,20-lyase activity, converting 6% of the
17preg to DHEA. As anticipated, addition of wild-type b5
increased DHEA production 10-fold at a 1:1 b5/hCYP17
molar ratio with less stimulation at a 10:1 ratio. The greater
stimulation of 17,20-lyase activity at equimolar b5/hCYP17
ratios than previously observed)(reflects the higher ratio
of hCYP17 content to POR activity in microsomes derived
from the YiV(B) yeast straing) used in these experiments
(220 pmotmg™ and 30 nmol cytochrome-mg *-min~?1)
than for microsomes derived from strain W303B (50 pmol
mg ! and 60 nmol cytochrome-mg-*-min~') used previ-
ously @). Control experiments using®H]-pregnenolone

the basis of these results, double mutations E48649G,
E49G + R52G, and E49GH E53G were constructed and
tested. Mutations E49G+ R52G and E49G+ ES53G
exhibited the group 2 pattern of activity with40% DHEA
production at a b5/hCYP17 ratio of 10:1. In contrast, b5
mutation E48G+ E49G stimulated 17,20-lyase activity by
only 1.4-fold at a 10:1 b5/hCYP17 ratio (Table 3) with no
additional stimulation at ratios up to 50:1 (data not shown).
Consequently, b5 mutation E486 E49G was studied in
detail.

Characterization of b5 Mutation E48G- E49G It is
possible that the b5 mutations with reduced capacity to

demonstrated that the b5 preparations did not significantly stimulate 17,20-lyase activity are folded aberrantly, but the
alter 1-hydroxylase activity (see Supporting Information). normal reduced versus oxidized difference spectra (Figure
The b5 mutations segregated into three groups according2B) suggest that heme binding and the overall structural
to their influence on 17,20-lyase activity. Mutations Q54G, integrity of the b5 mutations are grossly normal. To more
R73G, E61G, K39G, K33G, and E53G (group 1) behaved carefully assess the structure and function of these proteins,
similarly to wild-type b5, with a marked increase in 17preg we measured the kinetics of electron transfer between POR

conversion to DHEA (5670%) at a 1:1 b5/hCYP17 ratio
and less DHEA production at a 10:1 ratio. Mutations D58G,
D65G, D36G, E74G, and E42G (group 2) also stimulated
DHEA production to 45-60%; however, little stimulation
occurred at a 0.1:1 b5/hCYP17 ratio, and maximal DHEA
synthesis occurred at the 10:1 ratio. This shift in the dose

and the b5 mutations. As shown in Table 4, POR reduces
all of the b5 mutations at rates comparable to the rate of
reduction for wild-type b5. These data indicate that alterations
in core structure and redox properties do not account for the
inability of b5 mutation E48GH E49G to normally stimulate

17,20-lyase activity and suggest that these two residues

response relationship suggests that these b5 mutations retainomprise a critical interaction site on b5 for the hCYP17

the capacity to stimulate 17,20-lyase activity but that their

POR complex.
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Table 4: Kinetics of b5 and b5 Mutation Reduction by POR and constant at the optimum 1:1 b5/hCYP17 ratio and varied the

NADPH concentration of b5 mutation E48& E49G. If the b5
tumover number mutation competes for the same binding site on the hCYP17
b5 protein (min-) POR complex as wild-type b5, 17,20-lyase activity should
wild-type 10L06 decrease as the concentration of b5 mutation E43&19G
E48G 55+ 0.9 increases. Instead, addition of b5 mutation E48&49G
E49G 5.0+ 0.6 does not decrease 17,20-lyase activity until a 10-fold
E48G+ E49G 3.1+ 0.6 molar excess is added and the total b5/hCYP17 ratio
[E)gég jr';i 8'? reaches 10:1 (Figure 3A). These data suggest that b5
R73G 35+ 04 mutation E48G+ E49G does not compete with wild-type
b5 for the binding site on the hCYPIHOR complex that
A B stimulates 17,20-lyase activity, although the mutation does

compete with hCYP17 for electrons from POR when added
in excess (Table 4 and Figure 3).

We also performed the competition experiments in the
reverse scenario, in which we assayed 17,20-lyase activity
in the presence of a constant 1:1 ratio of b5 mutation E48G

0 + E49G with hCYP17 and varied the amount of wild-type
WTbS(pmol) 0 1 1 1 1 1 31 0 0 01 1 10 b5 added. In this experimental paradigm as well, the presence
Mut bS (pmol) 0 0 0.1 1 10 30 0 o 1 1 1 1 of b5 mutation E48G+ E49G did not impair the capacity
FiGURE 3: Competition assays using wild-type b5 and b5 mutation of wild-type b5 at various b5/hCYP17 molar ratios to

E48G+ E49G. (A) DHEA formation in the presence of a 1:1 ratio : ~ o :

of wild-type b5/hCYP17 and varying amounts of mutation E48G Srt]lmuklgtg 17,20 Iyas_ehacrt]lwt%l ((;(IlgDuriF?O?)RB )- Thesle datg suggest
+ E49G, showing inhibition of 17,20-lyase activity only at high that bS interacts with the h compiex using a
total b5/hCYP17 ratios of 10:1 or greater. (B) DHEA formation in binding site that includes residues E48 and E49. Replacement

the presence of a 1:1 ratio of b5 mutation E48&49G/hCYP17,  of these residues with glycine almost completely eliminates
and varying amounts of wild-type b5, showing that the b5 mutation the capacity of b5 to stimulate 17,20-lyase activity but does

does not alter stimulation of 17,20-lyase activity by wild-type b5. : ; : ;
Bars indicate meaet SD of triplicate experiments. not compromise the structural Integrity or capacity to accept
electrons from POR.

DHEA (%)

10

Among the possible explanations for the altered activity
of b5 mutation E48Gt+ E49G, this mutation could either DISCUSSION
bind well to the hCYP1POR complex, but not stimulate The cleavage of 17preg to DHEA by hCYP17 is stimulated
17,20-lyase activity, or the b5 mutation could bind poorly 10-fold by b5, a biochemical process that is critical for human
to the hCYP1YPOR complex. To distinguish between these physiology @5). Comprehensive mutagenesis of surface-
possibilities, we assayed 17,20-lyase activity in competition exposed b5 residues shows that b5 residues E48, E49, and
experiments with both b5 mutation E48GE49G and wild- perhaps R52 are important components of a binding site for
type b5. First, we held the concentration of wild-type b5 the hCYP17POR complex that mediates stimulation of

N 4

Human EHPGGEEVLR
Rabbit EHPGGEEVLR

Horse DHPGGEEVLR
Mouse EHPGGEEVLR
Rat EHPGGEEVLR
Pig EHPGGEEVLR
Cow EHPGGEEVLR

Chicken  EHPGGEEVLR

Ficure 4: Location of residues E48, E49, and R52 on b5 surface. The crystal structure of the soluble portion of bovine b5 is used for
illustration (pdb id no. 1CYO), with the heme and axial histidineseid protein backbone igellow, and side chains of conserved residues
corresponding to E48, E49, and R52 of human bblire E48, E49, and R52 are located on a shetielix adjacent to the heme in the
core-1 domain of b5. Alignment of b34) from eight mammalian speciemsget lower right) shows that the region containing E48, E49,

and R52 (underlined, numbering for human b5) is highly conserved.
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17,20-lyase activity. Mutation of b5 residues E48 and E49  Nevertheless, our data suggest that the surface incorporat-
both to glycine reduces the maximal stimulation of 17,20- ing E48, E49, and possibly R52 is involved in the stimulation
lyase activity by over 95% yet does not impair the capacity of 17,20-lyase activity. Since these residues are situated on
of the protein to bind heme or to accept electrons from POR. a shorta-helix of only one turn that is highly conserved
Furthermore, the analogous b5 mutation E48AE49A is (34) (Figure 4), we speculate that unwinding or disordering
reduced normally by b5 reductas®), confirming that these  of this helix may be involved in the interaction of b5 with
residues are not essential for the reduction of b5 by the hCYP17POR. Future studies to characterize this interac-
flavoproteins. The presence of b5 mutation E48@&49G tion and to elucidate the mechanism of b5 action in detalil
does not impair the ability of wild-type b5 to stimulate will provide powerful information that might be used to
17,20-lyase activity, providing evidence that b5 mutation develop novel strategies to selectively inhibit the 17,20-lyase
E48G+ E49G has poor affinity for the binding site on the reaction and thus block androgen and estrogen synthesis
hCYP1%POR complex occupied by wild-type b5. Therefore, without disrupting cortisol production. Agents based on this
our data suggest that the electron-transfer properties of bSknowledge will be useful in the treatment of cancers and
and its allosteric effect on hCYP17 activity can be dissociated hyperplasias of the prostate and breast, as well as polycystic

by targeted mutagenesis.
Few previous studies have examined the structural require-

ovary syndrome and sexual precocity.

ments of b5 for the stimulation of 17,20-lyase activity. Lee- ACKNOWLEDGMENT
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this group suggests that the stimulation of CYP2B4 meth- SUPPORTING INFORMATION AVAILABLE

oxyflurane metabolism by b5 does involve electron transfer
(28, 36) and thus differs from the action of b5 on hCYP17.

MALDI-TOF mass spectra for wild-type b5 and b5

More recently, Yang and Hammes constructed chimeras of mutations E49G and E48G E49G; pregnenolone 17-
human b5 andXenopusb5 and showed that human b5 hydroxylation by hCYP17 in the absence and presence of

residues 1641 were important for stimulating the 17,20-
lyase activity of hCYP1737). However, these experiments

b5; and influence of wild-type b5 and b5 mutations D65G,
R73G, and E48G- E49G on 17,20-lyase activity of purified

used chimeras, not single or double amino acid substitutions,bovine CYP17 in reconstituted assays. This material is

and thus are not directly comparable to our results.
Among the limitations of our studies, we were unable to

available free of charge via the Internet at http://pubs.acs.org.
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