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ABSTRACT: In addition to their endogenous roles as an activation system for variousEscherichia coli
metabolic pathways, the soluble flavoproteins flavodoxin (Fld) and NADPH-flavodoxin (ferredoxin)
reductase (Fpr) can serve as an electron-transfer system for microsomal cytochrome P450s. Furthermore,
since Fld and Fpr are structurally similar to the functional domains (FMN binding and NADPH/FAD
binding domains, respectively) of NADPH-cytochrome P450 reductases (P450 reductases), these bacterial
proteins represent a potentially useful model system for eukaryotic P450 reductases. Here we delineate
similarities and differences between theE. coliFpr-Fld system and rat P450 reductase as electron donors
to bovine 17R-hydroxylase/17,20-lyase P450 (P450c17). Importantly, recombinant Fpr, in combination
with recombinant Fld, supports both the hydroxylase and lyase activities of P450c17 to the same proportional
extent (hydroxylase-to-lyase ratio) as does P450 reductase. Maximum P450c17 turnover [5-6 mol of
17R-OH-progesterone (mol of P450c17)-1 min-1] was achieved using a large molar excess (50-100-fold
over P450c17) of a 1:1 ratio of Fpr-Fld, although this rate was an order of magnitude less than the
maximal P450 reductase-supported activity. Using these conditions, we have examined the effects of
increasing ionic strength and the presence of cytochromeb5 (b5) on these two systems. Critical Fld-
P450c17 electrostatic interactions are disrupted at moderate ionic strength (>100 mM NaCl) as evidenced
by significant inhibition (>50%) of Fpr-Fld-supported P450c17 activity while much higher ionic strength
(300 mM NaCl) is required to disrupt P450 reductase-P450c17 interactions to the same extent.
Interestingly, cytochromeb5 was found to dramatically inhibit both P450 reductase- and Fpr-Fld-supported
P450c17 progesterone 17R-hydroxylase activity while in contrast 17R-OH-pregnenolone lyase activity
was stimulated byb5. Investigation of the fate of reducing equivalents from NADPH added to Fpr under
aerobic conditions revealed that the majority of the protein-bound FAD of Fpr is converted to the
hydroquinone form. In constrast, the FMN of Fld is reduced by Fpr to a stable blue, neutral semiquinone
which serves as the predominant electron donor to P450c17 in reconstitution assays. Thus, while the
Fpr-Fld system and P450 reductase are fundamentally different with respect to their electrostatic
interactions with P450c17, their ability to support maximal P450c17 turnover, and the FMN redox states
(one-electron-reduced for Fld and two-electron-reduced for P450 reductase) capable of transferring electrons
to microsomal cytochrome P450s, these differences do not appear to influence the relative catalytic
efficiency of the P450c17 hydroxylase and lyase reactions.

Ferredoxin-NADP+ oxidoreductases (EC 1.18.1.2, FNRs)1

reversibly transfer reducing equivalents between NADP(H)
and the iron-sulfur clusters of various ferredoxins (Fds) and
in some cases between NADP(H) and the FMN cofactors
of flavodoxins (Flds). All FNRs contain noncovalently
bound FAD (1 mol/mol of protein) which remains tightly
associated with the enzyme during catalysis and is the conduit
through which electron transfer occurs. A number of dif-

ferent FNRs have been extensively characterized, most
notably from spinach chloroplasts (1-3), bovine mitochon-
dria (4, 5), and the cyanobacteriumAnabaena(6-8). These
FNRs are essential for such diverse metabolic pathways as
the generation of NADPH from photosynthetically reduced
ferredoxin (9) or flavodoxin (10) and the biosynthesis of
steroid hormones (11) and activation of vitamin D3 (12). The
FNR adrenodoxin reductase reduces the 2Fe-2S protein
adrenodoxin which supports reactions catalyzed by mito-
chondrial P450s in the latter two pathways.

In addition to ferredoxins, some FNRs, such as those from
Anabaenaand Escherichia coli, transfer electrons to fla-
vodoxins, an important class of microbial FMN-containing
redox proteins. Due to their low molecular weight, solubility,
and stability, flavodoxins have proven to be ideal models
for studies of FMN binding (13, 14), redox potential
modulation (15-17), and electron transfer to other redox
proteins (18-20). Unlike ferredoxins, which are one-
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electron acceptors, flavodoxins can exist in either oxidized,
one-electron reduced/semiquinone (FMNH•) or two-electron
reduced/hydroquinone (FMNH- or FMNH2) states.
NADPH-flavodoxin (ferredoxin) reductase (Fpr) fromE.

coli participates in the flavodoxin-dependent activation of
at least four enzymes: cobalamin-dependent methionine
synthase (21), pyruvate-fomate lyase (22), anaerobic ribo-
nucleotide reductase (23), and biotin synthase (24). Although
Fpr will reduceE. coli ferredoxin (22), the function of which
is still unknown (25), only reduced flavodoxin (semiquinone
or hydroquinone) has been demonstrated to be an electron
donor for these four enzyme systems. Protection against
paraquat-generated oxygen radicals in vivo has been cor-
related with Fpr expression (26), although its exact role in
this mechanism has not yet been determined.
The FNR catalytic unit, as defined by contiguous FAD

and NADP(H) binding domains, has been incorporated into
several more complex enzymes during evolution.E. coli,
for example, possess at least two enzymes, NADPH-sulfite
reductase (27) and a hemoglobin-like ferrisiderophore re-
ductase (28), which contain regions which are conserved
among FNR proteins. NADPH-cytochrome P450 reductase
(P450 reductase) has been proposed to have arisen from the
fusion of a flavodoxin and an FNR protein (29), as have the
reductase domains of cytochrome P450BM-3 fromBacillus
megaterium(30) and the mammalian nitric oxide synthases
(31).
Development of a high-level expression system for

recombinant eukaryotic microsomal P450s inE. coli lead to
the surprising observation that such enzymes are active in
the intact microbe (32, 33; E. F. Johnson, personal com-
munication). This was surprising sinceE. colido not contain
endogenous P450s and were reported not to contain an
immunologically detectable P450 reductase (34). Prelimi-
nary experiments revealed thisE. coli P450 reductase to be
cytosolic (32), and subsequent purification identified Fpr in
combination with Fld as the components of this system (35).
These experiments and those of others (33, 36) have shown
that the solubleE. coli Fpr-Fld system is able to replace,
although less efficiently, P450 reductase in supporting
microsomal cytochrome P450 activity. A more detailed
characterization of theE. coli system, however, has been
hampered by the low endogenous levels of these proteins.
In this report, we have overexpressed and purified Fpr for
further characterization, in combination with recombinant
Fld, as a P450 reductase for bovine cytochrome P450 17R-
hydroxylase/17,20-lyase (P450c17). This microsomal en-
zyme is of particular interest since it catalyzes two distinct
reactions: 17R-hydroxylation of progesterone or preg-
nenolone and cleavage of the 17,20 carbon-carbon bond of
17R-OH-pregnenolone, which are essential for glucocorticoid
(cortisol) and androgen (testosterone and estrogen) biosyn-
thesis, respectively. Evidence is presented which indicates
that theE. coli system represents a viable (although differ-
ent?) model for P450 reductase for examining protein-
protein interactions (e.g., flavodoxin-P450c17 vs P450
reductase-P450c17 interactions) and electron transfer (fla-
vodoxin to P450c17).

EXPERIMENTAL PROCEDURES

Cloning and OVerexpression of Fpr. Genomic DNA was
purified fromE. coli strain JM109 and digested withPstI.

Forward (5′-GCAGCCATATGGCTGAT-TGGGTAACAG-
GCAAAGTCACTAAAGTG-3′ which introduced anNdeI
site at the start codon) and reverse (5′-GCTGCGAATTCT-
TACCAGTAATGCTCCGCTGTCATGTGGCCCGG-
TCG-3′ which introduced anEcoRI site at the 3′ end) primers
were used for PCR amplification (cycle: 92°C, 1 min; 56
°C, 1 min; 70°C, 1 min) offpr usingPfuDNA polymerase
(Stratagene). Klenow fragment (10 units) was added to the
reaction mixture following PCR and incubated for 15 min
at 37 °C. The single major PCR product (approximately
700 bp) was gel-purified and blunt-end-ligated into pBlue-
script (Stratagene) at theEcoRV site. Competent DH5R cells
were electroporated with the pBluescript-fpr ligation mix-
ture, and white colonies were selected. Of the clones
containing inserts, three were sequenced, one of which
contained the entirefpr coding sequence and the introduced
restriction sites. Orientation of thefpr coding sequence in
pBluescript allowed convenient excision usingNdeI and
BamHI for insertion into a pET11a vector (Novagen).E.
coli strain HMS174 (DE3) (Novagen) was transformed with
the pET11a-fpr ligation mixture, and clones were selected
for overexpression.
HMS174 (DE3) cells containing pET11a-fpr were grown

overnight in LB media containing 100 mg of ampicillin/mL
which was used to inoculate (1:100 dilution) TB media
containing 1 mM MgCl2, 5 mM NaCl, and 50µg of
ampicillin/mL. Cells were grown at 33°C and 250 rpm in
a shaker-incubator (Innova) for 4 h after which isopropyl
thiogalactopyranoside (Calbiochem) was added to 1 mM final
concentration, followed by 4 h of growth/induction.
Purification of Fpr. Cells overexpressing Fpr were

pelleted (2000g for 10 min) and resuspended in ice-cold 50
mM Tris-HCl, pH 7.5, 200 mM NaCl, 5% glycerol, 1 mM
dithiothreitol (DTT), and 0.1 mM phenylmethanesulfonyl
fluoride (PMSF). Lysozyme was added to 0.5 mg/mL and
the suspension stirred at 4°C for 30 min. Following
sonication (3× 20 s bursts), the lysed cells were centrifuged
at 100000g for 30 min. The supernatant was diluted 1:10
with 20 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, and 0.1 mM
DTT (DE52 equilibration buffer) and applied to a DE52
column equilibrated with the same buffer. This column was
washed with equilibration buffer containing 40 mM NaCl,
and Fpr was eluted with equilibration buffer containing 150
mM NaCl. Fractions containing Fpr (A456 > 0.07) were
diluted 1:5 with DE52 equilibration buffer and applied to a
red Sepharose (Pharmacia) column equilibrated with the same
buffer. Following a wash step using equilibration buffer
containing 50 mM NaCl, Fpr was eluted with equilibration
buffer containing 1 M NaCl. Fractions containing Fpr were
pooled, dialyzed against 20 mM Tris-HCl, pH 7.5, 0.1 mM
EDTA, 0.1 mM DTT, 10% glycerol, and frozen at-70 °C.
Fpr concentration was determined usingε456 ) 7100 cm-1

M-1 (21).
Assay for P450c17 Catalytic ActiVities. P450c17 proges-

terone hydroxylase and 17R-OH-pregnenolone 17,20-lyase
activities were assayed with progesterone (50µM unlabeled
and 1 × 105 cpm [3H]progesterone) and 17R-OH-preg-
nenolone (10µM unlabeled and 1× 105 cpm [3H]-17R-OH-
pregnenolone), respectively, as substrates in the presence of
P450c17 (0.2µM), in reconstitution buffer (10 mM KPi
buffer, pH 7.4, 0.1 mg ofL-R-dilauroylphosphatidylcholine/
mL, 20% glycerol), 0.6 unit/mL glucose-6-phosphate dehy-
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drogenase, and the indicated reductase system (P450 reduc-
tase orE. coliFpr-Fld). Reaction mixtures were incubated
at 37 °C for 2 min before initiation with NADPH (final
concentration) 0.3 mM) and glucose 6-phosphate (final
concentration) 3 mM). Chloroform was used to terminate
and extract the steroids which were then separated by thin-
layer chromatography (37). Areas corresponding to the
expected products were excised and quantitated by scintil-
lation counting.
Expression and Purification of Recombinant Rat Cyto-

chrome P450 Reductase and E. coli Fld. The plasmid
encoding recombinant rat P450 reductase, pOR263 (38), was
kindly provided by Prof. Charles B. Kasper (University of
Wisconsin, Madison). The recombinant reductase was
expressed inE. coli and purified as described (39). E. coli
flavodoxin was expressed and purified as described (40).
Expression and Purification of Recombinant BoVine

P450c17(His)4. Bovine P450c17 containing four histidine
residues at the C-terminus was expressed inE. coli as
previously described (32) and purified with the following
modifications. Cells containing P450c17(His)4 were resus-
pended in 0.1 M Tris-acetate, pH 7.6, 0.5 M sucrose, and
1 mM EDTA (5× w/v of cells) to which lysozyme was added
(final concentration) 0.5 mg/mL) at 4°C. After slowly
adding an equal volume of ice-cold 0.1 mM EDTA, pH 8.0,
the suspension was stirred for 30 min. Spheroplasts were
pelleted and resuspended in 50 mM KPi buffer, pH 7.4, 33%
glycerol, 0.1 mM DTT, 0.1 mM EDTA, 0.1 mM PMSF, 5
µg of DNase/mL, and 40µM progesterone using a Teflon
homogenizer. Triton X-114, precondensed as previously
described (41), was added dropwise to 0.7% while stirring.
The dark reddish detergent-rich phase, formed after cen-
trifugation (100000g for 30 min), was slowly diluted 10-
fold with 50 mM KPi buffer, pH 7.4, 20% glycerol, 0.1 mM
PMSF, 40µM progesterone, 0.1% Emulgen 913, and 0.1%
sodium cholate, which was also used to equilibrate a Ni-
NTA (Qiagen) column. The diluted detergent-rich phase was
applied to Ni-NTA, washed with equilibration buffer
including additional Emulgen (final concentration) 0.2%)
and cholate (final concentration) 0.2%), 0.1 M NaCl, and
0.05 M glycine, and slowly eluted with the wash buffer
containing 30 mM histidine. Fractions containing P450c17-
(His)4 were diluted 10-fold in 1 mM KPi, pH 7.4, 20%
glycerol, 0.1% Emulgen 913, 0.1% sodium cholate, 0.1 mM
EDTA, 0.1 mM DTT, and 40µM progesterone and applied
to a hydroxylapatite column equilibrated with the same
buffer. After washing the column extensively with 20 mM
KPi, pH 7.4, 20% glycerol, 0.1 mM EDTA, 0.1 mM DTT,
and 0.3% sodium cholate, P450c17(His)4 was eluted with
400 mM KPi, pH 7.4, 20% glycerol, 0.1 mM DTT, and 0.6%
sodium cholate. Fractions containing P450c17(His)4 were
dialyzed against 50 mM KPi, pH 7.4, 20% glycerol, 0.1 mM
DTT, 0.1 mM EDTA, and 0.05% sodium cholate and stored
at -70 °C.
Spectrophotometric Assays. Spectra of Fpr, a 1:1 complex

of Fpr-Fld, and aerobic reduction in the presence of NADPH
were collected using an Aminco DW-2 scanning spectro-
photometer. The amount of Fld semiquinone was calculated
usingε579 ) 4.57 mM-1 cm-1 (42). Oxidation of NADPH
by either P450 reductase or Fpr-Fld in reconstitution buffer
(without the NADPH-regenerating system) was measured by
the decrease in absorbance (ε340 ) 6.22 cm-1 M-1) using a

Beckman DU 640 spectrophotometer with a kinetics pro-
gram.
Other Methods. Identification of the Fpr flavin was

determined by boiling the protein in the dark for 5 min,
removing the precipitated protein by centrifugation, and
injecting the filtered (0.2 mm) supernatant into a Waters
HPLC system equipped with a C18 column equilibrated as
described (43). The flavin was confirmed as FAD based on
the elution time of an FAD standard. FMN was found to
elute 1.4 min later than FAD. The assay for cytochromec
reduction was performed as previously described (42).

RESULTS

Because nativeE. coli NADPH-ferredoxin (flavodoxin)
reductase (Fpr) is a minor component of the total cellular
protein [approximately 0.1% (21)], a method was developed
for obtaining large quantities of this flavoprotein for further
characterization of the Fpr-Fld system as a microsomal P450
reductase. To be certain that the gene encoding Fdr from
E. coli JM109, the strain from which the soluble P450
reductase system was originally purified (35), was the same
as that reported previously from strain K-12 C-600 (23),
primers were designed and, following PCR, a single 700 bp
product was obtained using partially digested JM109 genomic
DNA (data not shown). DNA sequencing revealed that the
JM109 fpr clone was identical to that isolated from K-12
strain C-600 (23) (data not shown). A pET vector (11a) was
used to overexpress Fpr as has been used forE. coli
flavodoxin (40). After growth and IPTG induction, harvested
cells containing pET11a-fpr were bright yellow in color,
indicating the presence of Fpr. The results from a typical
two-step purification are summarized in Table 1 showing
that approximately 1µmol or about 30 mg of purified Fpr
is obtained per liter of cultured cells. This corresponds to
greater than 10% of the total cytosolic protein or a greater
than 100-fold increase over endogenous levels of Fpr.
The spectral properties of recombinant oxidized Fpr were

identical to those reported for the native enzyme (21),
exibiting characteristic peaks at 400 and 456 nm with a
shoulder at around 480 nm (Figure 1A). This unusual
absorbance profile has been attributed to a bent conformation
of the FAD in which the adenine moiety is hydrogen bonded
to the isoalloxazine ring as seen in the crystal structure of
this flavoprotein (44). On the basis of specific content,
greater than 95% of the purified preparation contained flavin,
which was subsequently confirmed as FAD by HPLC (data
not shown). Purified recombinant Fpr can reduce cyto-
chromec (cyt c) (Table 1) at the rate of 25.5 nmol of cytc
(nmol of enzyme)-1 min-1 at 37 °C which is the same as
the rate measured for the native enzyme [25.6 nmol of cyt

Table 1: Purification of Overexpressed Fpr fromE. coli

fraction
protein
(mg)

Fpr
(nmol)

sp content
(nmol of Fpr/
mg of protein)

reductase act.
(µmol of cytc
min-1 mg-1)

cytosola 508 3370 6.6 0.12
DE52 142 2230 15.7 0.30
Red Sepharose 58 1920 33.1 0.53b

a From 4× 500 mL cultures.b 15.6µmol of cytc reduced (µmol of
Fpr)-1 min-1 at 25 °C. 25.5µmol of cyt c reduced (µmol of Fpr)-1
min-1 at 35°C.
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c (nmol of Fpr)-1 min-1] (42). If a 10-fold excess ofE.
coli Fld (relative to 0.5µM Fpr) is included in the assay,
this rate increases approximately 3-fold, indicating that Fld
is also able to transfer electrons to cytc as has been well
established for other flavodoxins (45, 46). By comparison,
recombinant rat cytochrome P450 reductase will catalyze the
reduction of 1650 nmol of cytc (nmol of enzyme)-1 min-1

under these conditions, a value comparable to that reported
for native rat P450 reductase (47).
Addition of excess NADPH toE. coli NADPH-fla-

vodoxin (ferredoxin) reductase under aerobic conditions
results in a biphasic bleaching of the flavin absorbance,
consistent with reduction of the FAD cofactor (Figure 1A).
A small shoulder at 526 nm and a broad shoulder around
610 nm may be indicative of a small amount of the Fpr
semiquinone species. The presence of an imperfect isos-
bestic point at 506 nm and incomplete reduction of oxidized
Fpr would suggest that all redox states of the protein are
present, with the hydroquinone being predominant. Another
possibility is that the increase in long-wavelength absorbance
(>500 nm) is indicative of a charge-transfer complex
between NADP(H) and FADH2, although this was not
observed upon anaerobic reduction of the native enzyme with
sodium dithionite or NADPH (42).
RecombinantE. coli flavodoxin will bind Fpr under

conditions of low ionic strength as evidenced by an increase
in absorbance from approximately 350 to 500 nm (Figure
1B). A similar spectral change has been observed upon
binding ofAnabaenaFNR toAnabaenaFld and was used
to calculate a binding constant of 6.4µM at pH 7.0 (48).
The binding constant ofE. coli Fld to Fpr in a 1:1 complex
has recently been determined to be 1.0µM in 10 mM
potassium phosphate buffer (pH 7.0) (49). While the flavin
peaks of Fpr and Fld overlap at approximately 450 nm, they
are distinct at 400 nm (Fpr, Figure 1A) and 369 nm (Fld,
Figure 1B). The increase in absorbance of both of these
peaks upon interaction may indicate that the isoalloxazine
rings of each flavin cofactor are more exposed to the
surrounding solvent during binding of Fld to Fpr and less
affected by the quenching effects of the individual polypep-
tides.
Addition of an excess of NADPH to the 1:1 Fpr-Fld

complex under aerobic conditions results in the formation
of a stable flavodoxin semiquinone (Figure 1C) with a
maximum at 580 nm, a shoulder around 620 nm, and an
isosbestic point at 518 nm. A similar one-electron reduction
of nativeE. coli flavodoxin by native Fpr has been observed
under anaerobic conditions using either NADPH or sodium
dithionite (42). Approximately 80% of Fld is present in the
semiquinone form after 3 min (Figure 1C), and no significant
change was observed over 30 min, despite the accumulation
of NADPH (absorbance increase at 340 nm). Thus, under
conditions similar to those of the P450c17 assay, the
semiquinone of flavodoxin is predominant and therefore is
the most probable electron donor to P450c17. Doubling the
amount of flavodoxin increases the amount of semiquinone
formed (Figure 1D).
Like their native counterparts, recombinant Fpr and Fld

will support P450c17-catalyzed 17R-hydroxylation of proges-
terone (Figure 2). Previous experiments with the native
enzymes at a 1:10 Fpr-Fld ratio (10µM) achieved a turnover
number of approximately 1. Here, a large molar excess (50-

fold relative to P450c17) of a 1:1 Fpr-Fld ratio (10µM)
has been found to approach a maximal rate, producing a
P450c17 turnover number of 5. Lower concentrations of
the 1:1 ratio result in a linear decrease in P450c17 turnover
(Figure 2, inset) while doubling the concentration of Fpr and
Fld to 20 µM caused only a 20% increase in P450c17
turnover. In the presence of a large excess (50-fold) of
flavodoxin, Fpr is able to reduce Fld under aerobic conditions
at 1.6 nmol of Fld semiquinone (nmol of Fpr)-1 min-1. Since
this value is much less than the rate of P450c17 turnover, a

FIGURE 1: (A) Absorbance changes upon aerobic reduction of Fpr
by NADPH. NADPH (0.15 mM final concentration) and glucose
6-phosphate (1.5 mM final concentration) were simultaneously
added to 1 mL of 25µM Fpr in 10 mM KPi, pH 7.4, 20% glycerol,
and 1.2 units of glucose-6-phosphate dehydrogenase [sample cuvette
spectrum indicated by an asterisk (*)] and to an identical (reference)
cuvette containing the same solution minus Fpr. Absorbance
changes were recorded after NADPH addition at the time points
indicated (right). (B) Absorbance changes upon mixing Fpr with
Fld (1:1 molar ratio). Fld, absorbance spectrum of oxidized
recombinantE. coli flavodoxin (25µM, path length) 0.5 cm).
Fpr (25µM) and Fld (25µM) were placed in separate chambers
(path length) 0.5 cm) of a tandem cuvette, and absorbance spectra
before (Fpr/Fld) and after (Fpr+Fld) mixing were recorded using
buffer as a reference. (C) Aerobic reduction of a 1:1 Fpr-Fld (25
µM) mixture by NADPH (0.15 mM) in the presence of an NADPH-
regenerating system as described in (A) above. Absorbance changes
were recorded after NADPH addition at the time points indicated
(right). (D) Aerobic reduction of a 1:2 Fpr-Fld (25:50µM) mixture
by NADPH (0.15 mM) in the presence of an NADPH-regenerating
system as described in (A) above. Absorbance changes were
recorded at 0 (a), 1.5 (b), 9 (c), and 18 (d) min after addition of
NADPH.

E. coli Two-Component Microsomal P450 Reductase Biochemistry, Vol. 37, No. 17, 19986109



two-electron process, electron transfer from flavodoxin to
P450c17, must be faster than that from Fpr to Fld. Indeed,
anaerobic stopped-flow experiments examining the transfer
of the first electron to P450c17 (by formation of the reduced
CO complex) usingE. coliFpr-Fld indicate that it is direct
and occurs at an apparent rate of 2.4 min-1 when 20µM
Fpr, 20µM Fld, and 2µM P450c17 are used. Presumably,
by using a large excess of Fpr and Fld relative to P450c17,
the apparent rate-limiting step of flavodoxin reduction is
overcome.
The ability ofE. coli flavodoxin, both native and recom-

binant, to bind P450c17 and other microsomal P450s in an
ionic-strength-dependent manner strongly suggests that elec-
trostatic forces play an important role in this interaction (35,
40). As shown in Figure 3, P450c17 activity, as reconstituted
by either Fpr-Fld or P450 reductase (inset), is inhibited by
high ionic strength (200-300 mM NaCl). This effect is
more pronounced with theE. coli reductase system which
is essentially unable to provide electrons to P450c17 above
200 mM NaCl. The ionic-strength-dependent activity profile
observed with P450 reductase and P450c17 (inset) appears
to be typical relative to other P450s which have been studied

(50, 51). Specifically, these profiles are generally character-
ized by an increase in activity from low to moderate ionic
strength, followed by a decline at higher buffer or salt
concentrations. The loss of activity observed with the Fpr-
Fld system under these conditions could be explained by
disruption of either the Fpr-Fld and/or the Fld-P450c17
interaction. However, even at the highest salt concentration
tested (300 mM), almost 50% of the available flavodoxin is
in the semiquinone form, while at lower ionic strengths this
value is not greater than 70%. Collectively, these data
indicate that the Fld-P450c17 interaction, in terms of steady-
state activity, is governed by electrostatic forces more
strongly than that of Fpr-Fld.
In the absence of a suitable electron acceptor, either

artificial or physiological, recombinant rat P450 reductase
will oxidize NADPH at a rate of approximately 2 mol (mol
of reductase)-1 min-1 (Figure 4, inset). Upon coupling to
an acceptor, such as P450c17 in the presence of substrate,
diaphorase activity increases dramatically (50-fold) and
hyperbolically as a function of P450c17 concentration.
NADPH oxidation by a 1:1 complex of Fpr-Fld, by
comparison, increases only 30% (Figure 4) in the presence
of P450c17 and substrate. This modest P450-dependent
increase in NADPH oxidation by Fpr-Fld [equivalent to 10
nmol of NADPH (nmol of P450c17)-1 min-1] is ap-
proximately 50% coupled relative to the rate of progesterone
17R-hydroxylation [5 nmol of product (nmol of P450c17)-1

min-1], which is similar to the coupling observed for P450
reductase [a 1:1 ratio of P450 reductase to P450c17 will
hydroxylate approximately 40 nmol of progesterone (nmol
of P450)-1 min-1]. Thus, the relatively low P450c17
reductase activity of the Fpr-Fld system is not due to a
deficiency in the coupling of NADPH oxidation to substrate
turnover, but rather probably due to differences in protein-
protein interactions which ultimately determine the rates of
electron transfer.
In addition to its 17R-hydroxylase activity, bovine cyto-

chrome P450c17 cleaves the 17,20 carbon-carbon bond of
17R-OH-pregnenolone to form the C19 androgen dehydro-
epiandosterone (52). This reaction is catalyzed at a much
slower rate than that of progesterone 17R-hydroxylation
(Table 2). Interestingly, the hydroxylase to lyase ratio

FIGURE 2: P450c17 progesterone 17R-hydroxylase activity recon-
stituted with recombinant Fpr and Fld. P450c17 (0.2µM) samples
were preincubated for 2 min at 37°C in the presence of 10 mM
KPi, pH 7.4, 20% glycerol, DLPC (0.1 mg/mL), progesterone (50
µM), 0.6 unit of glucose-6-phosphate dehydrogenase, 10µM Fld,
and increasing amounts of Fpr before initiation with NADPH (0.3
µM final concentration) and glucose 6-phosphate (3 mM final
concentration). Inset: P450c17 activity using equimolar ratios of
Fpr to Fld.

FIGURE 3: Effect of [NaCl] on Fpr-Fld (10 µM 1:1 ratio) and
P450 reductase (0.2µM, inset) supported P450c17 hydroxylase
activity. Reaction conditions were similar to those described in
Figure 2. Numbers in parentheses represent the percentage of Fld
semiquinone (measured at 579 nm) after 4 min incubation at 37
°C.

FIGURE4: Rate of NADPH oxidation by Fpr-Fld (10µM 1:1 ratio)
and rat P450 reductase (0.2µM, inset) in the presence of increasing
amounts of P450c17. Samples in the presence of unlabeled
progesterone (50µM) and buffer minus glucose-6-phosphate
dehydrogenase were preincubated at 37°C for 2 min prior to
addition of NADPH (0.15 mM final concentrated) and recording
of the absorbance change at 340 nm.
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obtained using P450 reductase is very similar to that obtained
with E. coli Fpr-Fld (26 vs 31). Inclusion of cytochrome
b5 (b5) with either system decreases this ratio by increasing
lyase activity (8-fold for P450 reductase and 2-fold for Fpr-
Fld) and by inhibiting hydroxylase activity. The inhibition
of hydroxylase activity isb5-dependent (Figure 5) with the
apparentKi of b5 equal to 0.8µM in the presence of P450
reductase (1µM) and 0.2µM in the presence of a large
excess of Fpr-Fld (1:1, 10µM). Fpr alone or in combina-
tion with flavodoxin, like rat P450 reductase (53), can reduce
recombinant human cytochromeb5 [>50 nmol ofb5 reduced
(nmol of Fpr)-1 min-1]. From this, it would appear that it
is reducedb5 which is inhibitory. Addition of a combination
of superoxide dismutase and catalase has virtually no effect
on either activity catalyzed by either reductase system,
indicating that P450c17 activity is not mediated by super-
oxide or hydrogen peroxide (Table 2).

DISCUSSION

Escherichia coli, as probably all living organisms, possess
an NADP(H)-ferredoxin (flavodoxin) reductase which, in
this bacterium, fulfills several roles. Specifically, Fpr
primarily functions to provide reduced flavodoxin which
activates, directly or indirectly, cobalamin-dependent me-
thionine synthase, pyruvate-formate lyase, anaerobic ribo-
nucleotide reductase, and biotin synthase. A secondary, less
well-defined role for Fpr could be in the defense against
reactive oxygen. As a consequence of observing P450c17

activities inE. coli expressing P450c17 (32), we identified
this enzyme, in combination with flavodoxin, as a soluble
P450c17 reductase system (35). Subsequently, the catalytic
activities of other microsomal cytochrome P450s have been
observed to be supported by this system (33, 36). In this
report, we describe the overexpression ofE. coli Fpr and
further characterization of the Fpr-Fld system in comparison
to rat NADPH-cytochrome P450 reductase.
Reduction of Fpr by NADPH under aerobic conditions

similar to those used for the P450c17 reconstitution assay
occurs primarily as a two electron reduction of the FAD
cofactor. Although some semiquinone Fpr may be present,
the rapid formation of the hydroquinone is in agreement with
previous anaerobic experiments with the native enzyme (42).
In this respect,E. coli Fpr is similar to other FNRs such as
spinach NADP+-ferredoxin reductase (3) and adrenodoxin
reductase (5) for which the semiquinone states of each
enzyme are relatively unstable. Not surprisingly, the redox
potential for the two-electron reduction of Fpr is essentially
the same or perhaps more electropositive [-300 mV (42)]
than that for NADP+/NADPH [-317 mV (54)].
Recombinant Fpr, like its native counterpart, binds Fld

and reduces it to the semiquinone in the presence of NADPH
under aerobic conditions. The 2e- reduced form of Fld has
been reported to form under anaerobic conditions in the
presence of Fpr and an NADPH-regenerating system,
although only half the available Fld could be fully reduced
(22). Certainly, under the conditions of the P450c17 assay,
the majority of the flavodoxin (80%) can be accounted for
as the blue, neutral semiquinone with no detectable further
reduction of this species, even when using a stoichiometric
amount of Fpr. The polypeptide of Fld decreases both the
oxidized/semiquinone (Eox/sq) and semiquinone/reduced (Esq/red)
midpoint potentials of FMN [Eox/sq ) -238 mV andEsq/red
) -172 mV (55)] to -285 and-455 mV, respectively (56).
The extremely low FldEsq/redcouple provides a thermody-
namic reason for the very low level of fully reduced
flavodoxin in the presence of Fpr and NADPH. Structurally,
this lowering of the FMNEsq/red redox potential by the Fld
polypeptide is probably due to restriction of protonation at
N(1) of the isoalloxazine ring and/or destabilization of the
hydroquinone negative charge due to charge repulsion caused
by neighboring acidic amino acid residues, as has been
reported for other flavodoxins (16, 57). The precise environ-
ment of the isoalloxazine N(1), however, cannot be discerned
from the present structure ofE. coliFld (49). Interestingly,
the ox/sq couple ofE. coliFld (-285 mV) is comparable to
that of the microsomal P450 reductase FMN sq/red potential
[-270 mV (58, 59)]. It is the hydroquinone (FMNH2) and
not the stable one-electron-reduced form (FAD/FMNH•) of
P450 reductase which has been established to be the electron
donor to microsomal cytochrome P450s (60-62). In com-
parison, recent experiments with P450BM-3 indicate that the
FMN semiquinone, either red anionic (63) or blue neutral
(64), is the electron donor to the BM-3 heme, whereas the
hydroquinone has been demonstrated to be a catalytic “dead
end” (63). Thus, the redox states of the protein-bound FMNs
capable of electron transfer to the appropriate P450 hemes
are similar for theE. coli reductase (blue neutral FMNH• to
microsomal P450s, as well as other similar FNR-Fld
systems, e.g.,Anabaena) and the flavoprotein domain of
P450BM-3 (FMN-• or FMNH• to the heme domain), but

Table 2: Comparison of P450 Reductase- and Fpr-Fld-Supported
P450c17 Hydroxylase and Lyase Activities

hydroxylasea lyaseb
hydroxylase/

lyase

P450 reductase 42( 2 1.6( 0.2 26
P450 reductase+ b5 22( 1 12( 1 1.8
Fpr-Fld 5.9( 0.1 0.19( 0.1 31
Fpr-Fld+ b5 0.2( 0.04 0.49( 0.08 0.4
P450 reductase+ SODc

+ catalase
39( 2 1.6( 0.2 24

Fpr-Fld+ SODc +
catalase

5.7( 0.2 0.16( 0.02 36

a Progesterone 17R-hydroxylase activity [nmol of 17R-OH-proges-
terone (nmol of P450c17)-1 min-1]. b 17R-OH-Pregnenolone 17,20-
lyase activity [nmol of DHEA (nmol of P450c17)-1 min-1]. c Super-
oxide dismutase.

FIGURE 5: Effect of cytochromeb5 on P450c17 progesterone 17R-
hydroxylase activity as supported by Fpr-Fld (10 µM 1:1 ratio)
and rat P450 reductase (1µM, inset). Reaction conditions were
similar to those described in Figure 2.
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distinct from NADPH-cytochrome P450 reductase (FMNH2

to microsomal P450s).
The interaction of P450 reductase with microsomal P450s

is at least partially electrostatic as determined by results from
chemical modification (65-68), chemical cross-linking (69,
70), ionic strength (50, 51), and site-directed mutagenesis
(71) experiments. The effect of ionic strength on P450c17
activity as supported by P450 reductase (Figure 3, inset)
would appear to be typical. That is, the highest activity
observed at moderate ionic strength is an optimal balance
of electrostatic attraction and repulsion between the two
proteins during catalytic turnover. The activity profile of
the E. coli Fpr-Fld system is clearly different. Namely,
Fpr-Fld-supported P450c17 activity is inversely proportional
to ionic strength, and it is inhibited to a greater extent relative
to the membrane-bound P450 reductase under the same
conditions. Hydrophobic forces between the P450 reductase
membrane anchor and P450c17 may help tether the complex
and make it more resistant to ionic strength effects than the
Fld-P450c17 interaction. Interestingly, the amount of
flavodoxin semiquinone at 200-300 mM ionic strength is
only 25% less than that present at low ionic strength where
P450c17 activity is greatest. This would suggest that electron
transfer between Fld and Fpr is less sensitive to ionic strength
than the Fld-P450c17 interaction and that the observed loss
of P450c17 activity is due primarily to a disruption of the
Fld-P450c17 complex.
Inclusion of cytochromeb5 in P450 reconstitution systems

has been observed to have stimulatory, inhibitory, or
negligible effects on a multitude of P450-catalyzed reactions
(72-74). In several cases, the effect ofb5 is in part
determined by the P450 substrate and the rate at which it is
metabolized (75). For cytochrome P450c17,b5 has been
shown to dramatically stimulate the 17,20-lyase reaction for
bovine (76) and human (77) P450c17, while the hydroxylase
reaction is comparatively unaffected. While Estabrook and
co-workers (76) have detected a slight decrease in proges-
terone 17R-hydroxylation using a bovine P450c17/rat P450
reductase fusion protein in combination with recombinant
rat b5, we have observed a more dramatic decrease using
the separate proteins (bovine P450c17 and rat P450 reductase
or Fpr-Fld) and recombinant human cytochromeb5 (Figure
5). One possible explanation for these results is thatb5 is
competing for a mutually exclusive binding site on P450c17
as that for P450 reductase orE. coliFld in a manner perhaps
analogous to the competitive binding ofb5/putidaredoxin for
P450cam (78). Since cytochromeb5 has been proposed to
be capable of donating only the second, but not the first,
electron in the P450 catalytic cycle (79, 80), it would be
expected that, at least during the relatively fast and coupled
hydroxylase reaction,b5 might have an inhibitory effect.
Furthermore, the equilibrium association of cytochromeb5
with P450c17 in the presence of a large excess of Fld (refer
to Figure 5) appears to greatly favor the more physiological
P450c17-b5 interaction over P450c17-Fld. For the slower
lyase reaction, the beneficial influence ofb5, of increasing
the coupling efficiency of the P450c17 reaction (53), may
outweigh its inhibitory effects.E. coliFpr-Fld can, in fact,
support the lyase activity of P450c17 (Table 2), in contrast
to our initial observations (35), which is enhanced 2-fold by
b5. Further investigation will be required to address whether
the E. coli reductase system can provide insight into the

differing effects ofb5 on P450c17 hydroxylase and lyase
activities.
In summary,E. coli flavodoxin and NADPH-flavodoxin

reductase are, not unexpectedly, quite different from the
physiological eukaryotic P450 reductase in many respects.
Both proteins are soluble, and neither possesses domains
resembling the N-terminal membrane anchor or the FMN-
FAD linker domains of P450 reductase. Absence of a Fld
membrane anchor may partially explain the dramatic effect
of ionic strength on P450c17 activity. Furthermore, absence
of a domain to connect and tightly couple individual Fpr
and Fld proteins may contribute to the relatively low
enhancement of NADPH oxidation observed in the presence
of P450c17. Importantly, differences in the redox potentials
(as determined by protein environment) of the P450 reductase
and E. coli flavodoxin FMN cofactors determine which
reduced states are effective electron donors. ForE. coliFld,
electron transfer to P450c17 is most likely mediated by the
blue, neutral FMN semiquinone and not FMNH2, the electron
donor of P450 reductase to microsomal P450s. Despite these
differences, however, bacterial Fpr-Fld systems may have
useful applications in the study of microsomal P450-electron
donor interactions and electron transfer between these
proteins.
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