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Native yeast NADPH–cytochrome P450 oxidoreduc-
ase (CPR; EC 1.6.2.4) and a soluble derivative lacking
3 amino acids of the NH2-terminus have been overex-
ressed as recombinant proteins in Escherichia coli.
he presence of a hexahistidine sequence at the
-terminus allowed protein purification in a single

tep using nickel-chelating affinity chromatography.
odium dodecyl sulfate–polyacrylamide gel electro-
horesis confirmed the predicted molecular weights of
he proteins and indicated a purity of >95%. Protein
unctionality was demonstrated by cytochrome c re-
uction and reconstitution of CYP61-mediated sterol
22-desaturation. Steady-state kinetics of cytochrome
reductase activity revealed a random Bi-Bi mecha-
ism with NADPH donating electrons directly to CPR
o produce a reduced intermediary form of the en-
yme. The kinetic mechanism studies showed no dif-
erence between the two yeast CPRs in mechanism or
fter reconstitution with CYP61-mediated 22-
esaturation, confirming that the retention of the
H2-terminable membrane anchor is functionally
ispensable. © 2001 Academic Press

Key Words: NADPH–cytochrome P450 oxidoreduc-
ase; cytochrome P450; purification; reconstitution; re-
ction mechanism.

NADPH–cytochrome P450 oxidoreductase (CPR; EC
.6.2.4) is a membrane-bound flavoprotein involved
ith cytochrome P450 (CYP) in hydroxylation of its

ubstrates by transferring electrons from NADPH to
he CYP molecule (1, 2). In fungi, individual CYP sub-
trates can be pollutants (for review, 3) or steroids (4);
dditionally, CYPs can be biosynthetic enzymes of, for
nstance, terpene, alkaloid, aflatoxin or sterol biosyn-
hesis (for review, 5). CPR also has the ability to trans-
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3 To whom correspondence should be addressed. Fax: (0044) 1970

22350. E-mail: Steven.Kelly@aber.ac.uk.
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ll rights of reproduction in any form reserved.
genase, cytochrome c and cytochrome b5), potassium
erricyanide, therapeutically important compounds
uch as anticancer drug mitomycin c and the herbicide
araquat (for review, 6). As noted above CPR partici-
ates in sterol biosynthesis and in the yeast Saccharo-
yces cerevisiae is defined as Ncrp1p donating elec-

rons to squalene epoxidase, sterol 14a-demethylase
CYP51) and sterol D22-desaturase (CYP61) (7).

Yeast cytochrome P45014dm (sterol 14a-demethylase;
YP51) catalyzes the removal 14a-methyl group from

anosterol in the ergosterol biosynthetic pathway and
s the target for azole antifungal drugs, which are
ommonly used in agriculture and medicine (8). Two
ther enzymes of yeast ergosterol biosynthesis require
PR, CYP61 a sterol 22-desaturase (9–11) and a non-
YP monooxygenase, squalene epoxidase (12). The

ormer may also be present in other Kingdoms of Life
here sterol 22-desaturation is observed unlike in an-

mals, but the latter is present in all organisms pro-
ucing sterol (13). A yeast NCPR1 gene disruption is
ot lethal, unlike CYP51 gene disruption (14), indicat-

ng the presence of an alternative electron donating
ystem (7). However NCPR1 gene disrupted strains are
00-fold more sensitive to ketoconazole (azole drug)
han the non-disrupted strain (15). This indicates the
eductase may have an indirect involvement in toler-
nce of fungus to azole drugs.
Here the proteins were produced as N-terminally

ppended his-tagged derivatives following heterolo-
ous expression in Escherichia coli, purified to homo-
eneity and demonstrated both to be catalytically ac-
ive in cytochrome c reduction and reconstitution of
rgosterol biosynthesis in cell lysates of a CPR dis-
upted yeast strain. Understanding the structure/
unction/mechanism of this enzyme at the molecular
evel will help in the development of antifungal drugs
locking essential electrons transfer during ergosterol
iosynthesis, to understand the mechanism of fungal
YP mediated xenobiotic metabolism and to unravel
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nd pollutants.

ATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma Chemical
ompany (Poole, UK), unless otherwise stated. Chemicals for the
reparation of phosphate buffers were obtained from Fisher Scien-
ific (Loughborough, UK). Sodium cholate was obtained from Acros
ine Chemicals (Loughborough, UK).

Cloning of native and soluble yeast CPRs for expression in E. coli.
PR:pET15b expression vector was constructed by subcloning a 2.1
b SalI–HindIII fragment containing CPR gene, released from CPR:
Ep51 (16), into XhoI–BamHI site of pET15b using a 0.35 kb
indIII–BamHI fragment, obtained from YEp51 plasmid, as a

inker. Similarly CPR (D33):pET15b expression vector was produced
y subcloning a 2.3 kb SalI–BclI fragment containing CPR (D33)
ene, released from CPR (D33):YEp51 (16), into the unique XhoI–
amHI site of the E. coli expression vector, pET15b. All recombinant
NA manipulations and bacterial transformations were carried out
s described previously (17).

Overexpression and purification of native and soluble yeast CPRs
n E. coli. Protein expression was carried out by following the
rocedure described previously (18). The expression vectors were
ransformed into BL21DE3 (pLysS) strain. The transformed strains
ere grown overnight at 37°C and with shaking at 150 rpm in Luria
roth (LB) containing ampicillin (50 mg/ml) and chloramphenicol (34
g/ml). Heterologous protein expression was induced with 0.5 mM

sopropyl-b-D-thiogalactopyranoside (IPTG) for 20 h at 25°C and
ith shaking at 190 rpm after the cell density had reached to an
ptical density of 0.5–0.7 at 660 nm. The cells were harvested at 4°C
y centrifugation at 5000g for 10 min. The cell pellet of 1 L culture
as resuspended in 40 ml of buffer A (50 mM KPi [pH 7.5] buffer

ontaining 0.5 M NaCl). Cells were lysed by freeze–thawing. The cell
ysate were centrifuged at 4°C for 10 min at 5000g to remove cell
ebris and then at 100,000g at 4°C for 60 min to separate membrane
ractions (pellet) from cytosolic fractions (supernatant). The mem-
rane fractions were resuspended in buffer A. Protein concentration
as determined by the bicinchoninic acid method (BCA; Sigma)
sing bovine serum albumin standards.

Purification of native and soluble CPR. His6-tagged native and
oluble CPR were purified by a single step using nickel-chelating
ffinity chromatography. Membrane bound CPR was solubilized
ith 2% (w/v) sodium cholate as described previously (19). Both

olubilized, native CPR and the cytosolic fraction containing soluble
PR were applied onto a 5 ml Ni21-NTA affinity chromatography

olumn (Qiagen) previously equilibrated with 5 volumes of binding
uffer (20 mM Tris–HCl, pH 7.5, containing 500 mM NaCl and 50
M glycine). The column was washed with 10 volumes of binding

uffer and 10 volumes of wash buffer (binding buffer containing 20
M imidazole). Highly purified CPR protein was obtained when a

inear gradient of 5 to 100 mM imidazole (10 ml each of wash buffer
nd elution buffer) was used for elution. The fractions containing
urified native and soluble CPR (monitored by cytochrome c reduc-
ion assay) were pooled, dialyzed overnight against 10 mM potas-
ium phosphate buffer, pH 7.5, concentrated by ultrafiltration using
0 kDa membrane (Whatman) to 30 mg/ml and stored at 280°C. All
teps were carried out at 4°C and 1 ml/min flow rate. SDS–PAGE
as performed as described by Laemmli (12). A set of SDS–protein

tandards (Sigma) were used and consisted of myosin (205 kDa),
-galactosidase (116 kDa), phosphorylase b (97 kDa), bovine serum
lbumin (66 kDa), ovalbumin (45 kDa) and carbonic anhydrase (29
Da). The electrophoresed gel was stained with Coomassie Blue
-250 to visualize protein bands.
49
oluble CPR. Yeast cytochrome sterol D22-desaturase (CYP61) was
urified from yeast microsomal fractions as described previously
10). Each reaction mixture contained 0.5 nmol purified CYP61 and
U of purified native or soluble yeast CPR in a total volume of 50 ml.
o this, 50 mg dilauroylphosphatidylcholine (DLPC) was added and
he reaction volume adjusted to 950 ml with 100 mM potassium
hosphate buffer, pH 7.2. Ergosta-5,7-dienol was added at the ap-
ropriate concentration and the mixture sonicated until a white
uspension had formed. Ergosta-5,7-dienol was purified from a
olyene-resistant erg5 mutant of S. cerevisiae (20). NADPH was
dded to the mixture to start the reaction. All reactions were incu-
ated at 37°C for 20 min in a shaking water bath. In control exper-
ments, the involvement of CPR was examined by omission of P450,
ADPH or CPR to the reconstituted system. Sterol substrate and
etabolite were extracted following the addition of 3 ml methanol, 2
l (0.5% w/v) pyrogallol in methanol and 2ml 60% (w/v) potassium
ydroxide (in water) and incubation at 90°C for 2 h in a preheated
ater bath. After cooling the saponified mixture was extracted with
3 5 ml hexane and dried under nitrogen. A Hewlett/Packard

C/MS was used to confirm sterol identities. An Ultra 1 capillary
olumn was used (10 m 3 0.2 mm) on a temperature program 50°C
1 min) increased by 40°C/min to 290°C with a run time of 17 min.
njection port temperature was 280°C (splitless) and the carrier gas
as helium at 40 kPa.

Determination of the kinetic mechanism of native and soluble yeast
PR. Kinetics assays relied on the change in absorbance at 550 nm
hen oxidized cytochrome c is converted into reduced cytochrome c
ith an extinction coefficient of 21.1 mM21. The kinetics assay sys-

em contained an enzymatic NADPH regeneration system and con-
isted of 0.1 M Tris–HCl, pH 7.8, 2 mM glucose-6-phosphate, 3 units
f glucose-6-phosphate dehydrogenase (Sigma) in a total volume of 1
l. The cytochrome c concentration was 50 mM when NADPH was

he variable substrate and the NADPH concentration was 50 mM
hen cytochrome c was the variable substrate. The change in absor-
ance at 550 nm was monitored against time at 26°C. Protein con-
ents of 212 and 41 ng were used per assay for the native and soluble
nzymes. To determine the enzyme mechanism of each CPR, sub-
trate saturation experiments were performed varying the cyto-
hrome c concentration at three different fixed NADPH concentra-
ions of 2.5, 5, and 50 mM. Velocities are expressed as picomoles
educed cytochrome c produced per minute per picomole of enzyme.
inetic parameters were determined by nonlinear regression using

he Michaelis–Menten equation to determine km and vmax values.
inear regression was used to analyze the Lineweaver–Burk plots
onstructed for the enzyme mechanism studies. The analyses were
erformed using ProFit 5.01 (QuantumSoft, Zurich, Switzerland).

ESULTS

xpression of Native and Soluble Yeast CPR Proteins
in E. coli

The yeast CPR contents were determined by using
he cytochrome c reduction assay. As expected native
PR localized in the membrane fraction of E. coli and

he amino-terminal truncated and soluble CPR form
ocated in the cytosolic fraction (also confirmed by

estern blot, not shown). The specific contents and
ields are shown in Table 1. Soluble CPR protein ex-
ressed at very high levels compared to the native CPR
rotein. No CPR was detected in the cytosolic fractions
f E. coli expressing native CPR protein. The results
learly indicated that the N-terminal truncated yeast
PR localized in the cytosol following expression in a
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imilar manner to previous reports for mammalian
PR following trypsin-cleavage experiments (21).

urification and Characterization of Native and
Soluble Yeast CPR

SDS–PAGE of purified native and soluble CPRs (Fig.
) revealed the soluble enzyme consisted of predomi-
antly (ca. 95%) one polypeptide of Mr 75 kDa and that
he native CPR contained one major polypeptide of Mr

1 kDa. Both purified CPRs were yellow in color, indi-
ating the presence of flavin. Further confirmation was
btained through UV/visible spectral analysis. The na-
ive and soluble CPRs produced a spectrum with max-
mal absorption at 455 and 380 nm. Addition of
ADPH to pure CPR followed by air reoxidation (by

ncubating at room temperature for 10 min) resulted in
decrease in the absorption at 455 nm and the appear-
nce of a broad absorption band 550–650 nm charac-
eristic of the air-stable semiquinone (not shown). The
xidized and reduced spectra of both CPRs were indis-
inguishable from those of other microsomal CPRs (22,
3).
Purified native and soluble CPR were assayed by

heir ability to reduce cytochrome c. The specific activ-
ty of the purified native CPR in reducing cytochrome c
as 52 mmol/min/mg protein. This value is consistent
ith published values for CPRs purified from various
rganisms, i.e., 50–60 mmol/min/mg protein (for re-
iew, 6). The specific content of reductase was calcu-
ated as 17 nmol/mg protein (by assuming 1 nmol CPR
educes 3 mmol of cytochrome c).

terol D22-Desaturase (CYP61) Activity Following
Reconstitution with Native and Soluble CPR

Ergosta-5,7-dienol was aerobically metabolized by a
econstituted monooxygenase system containing
YP61 and either native and soluble yeast CPR. Sol-
ble CPR could drive CYP61 mediated sterol D22-
esaturation giving a km of 25 mM and a maximal
nzymatic rate (vmax) of 3.1 nmol ergosterol formed/
in/nmol CYP61. These values compared with a km of

0 mM and a maximal enzymatic rate (vmax) of 2.1 nmol

The Specific Contents and Protein Yields of Native and
oluble CPR Following Heterologous Expression in Esche-
ichia coli

CPR

Amount (nmol)

per mg protein

per L cultureCytosol Membranes

ative ND 0.02 6 0.005 7.5 6 2.1
oluble 0.35 6 0.06 ND 112 6 11.7
50
esaturation driven by native CPR. No significant dif-
erence in km was observed coupled with only a slight
eduction in CYP61 catalytic activity. The identity of
he sterol peaks in gas chromatography were confirmed
y mass spectroscopy and showed conversion of the
terol substrate into ergosterol. Control experiments
howed P450, CPR and NADPH dependency for the
eaction.

inetic Mechanism Determination for Native and
Soluble Yeast CPR

Both yeast native and soluble CPRs obeyed
ichaelis–Menten kinetics with respect to both cyto-

hrome c and NADPH (Fig. 2). The kinetic parameters

FIG. 1. SDS–PAGE of native and soluble yeast CPRs. An 11%
crylamide resolving gel was used and protein bands were detected
y staining the gel with Coomassie blue R-250. Protein loadings were
a. 5 mg for each sample and each protein standard band.



derived (Table 2A) were similar for both yeast CPRs.
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51
he km values for cytochrome c were similar at 1.59
nd 1.12 mM and the km values for NADPH were nearly
dentical at 1.46 and 1.41 mM for the native and soluble
PRs. Consequently, both native and soluble CPRs
ave identical affinities for both cytochrome c and
ADPH. The maximum turnover numbers were deter-
ined to be 75 molecules per second for the soluble
PR and 11 molecules per second for the native CPR.
Kinetic studies showed no difference in the catalytic
echanism for yeast native and soluble CPRs.
ineweaver–Burk plots of the substrate saturation
ata where cytochrome c was the variable substrate at
ifferent fixed concentrations of NADPH gave a dis-
inctive pattern of near parallel lines (Fig. 3). This is
ndicative of a random Bi-Bi- ping-pong kinetic mech-
nism in which the first product must be released
efore the second substrate can bind and with no ter-
ary complex being involved. Table 2B lists the appar-
nt kinetic parameters derived from the Lineweaver–
urk plots in Fig. 4. A plot of 1/vmax against 1/NADPH
oncentration (Fig. 4) allowed further determinations
f km for NADPH to be made and were calculated to be
.22 and 2.80 mM for the native and soluble CPRs.

ISCUSSION

Since there is only one CPR gene in eukaryotes with
he exception of some plant species (24), CPR must be
ble to interact with and reduce the widely divergent
ytochromes P450 which exist in each organism.
herefore understanding the process by which this

nteraction occurs is an important biological goal. Fur-
hermore, establishing the molecular structure for
PR and its relation to the many properties inferred

rom spectral, electrochemical, spectroscopic, kinetic
nd site-specific mutagenesis studies at the atomic

2

Saturation Experiments (A) and the Determined Kinetic
e Mechanism Experiments (B)

km for NADPH (mM) nmax
a

1.46 6 0.1 662 6 4.0
1.41 6 0.06 3506 6 13.0

nmax
a

2.5 5 50

431 560 781
2347 3240 4704

uced per minute per picomole CPR.
FIG. 2. Substrate saturation of yeast native and soluble CPRs
ith increasing cytochrome c concentrations at 50 mM NADPH (A)
nd increasing NADPH concentrations at 50 mM cytochrome c (B).
he data points are means of three replicates with standard error
ars shown. Protein present per assay was 212 ng for the native
nzyme (F) and 41 ng for the soluble enzyme (E). Velocities are
xpressed in picomoles reduced cytochrome c produced per minute
er picomole of enzyme.
The Determined Kinetic Constants Derived from Substrate
Constants Derived from the Enzym

A

CPR km for cyt c (mM) nmax
a

Native 1.59 6 0.2 721 6 11
Soluble 1.12 6 0.07 4597.0 6 32.0

B

CPR

km for cyt c (mM)

2.5 5 50

Native 1.02 1.24 1.49
Soluble 0.55 1.12 1.20

a nmax is expressed in units of picomoles of reduced cytochrome c prod



l
a
g
p
o
s
C
r
m
B
d
s
C
o
r
m

compared to full-length CPR with the expression sys-
t

M
c
o
s
i
a
n
c
T
t
a
6
o
m

b
c
f
s
v
T
t
t
c
c
o
r
t
s
f
p
r
p

o
1
C

n
i
c
c
B
s
c
p

Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
evel is essential (for review, 25). Understanding such
spects can only be possible through X-ray crystallo-
raphic studies. However, crystallization of membrane
roteins is still a difficult task and to date is still
vercome by making membrane proteins water-
oluble. According to the currently accepted model,
PR inserts into the membranes of the endoplasmic

eticulum through the N-terminal hydrophobic do-
ain, which acts as a membrane-binding anchor (26).
ased on this model soluble CPR can be obtained by
eleting the N-terminal domain of CPR. Even though
oluble CPR can be prepared by the trypsinolysis of
PR (21), in order to eliminate the possible side effects
f proteolysis on the CPR soluble catalytic domain,
ecombinant DNA techniques were utilized. Further-
ore the truncated CPR expressed at very high levels

FIG. 3. Initial velocity patterns obtained from enzyme mecha-
ism substrate saturation experiments. Substrate saturation exper-

ments using of yeast native and soluble CPRs with increasing cyto-
hrome c concentrations were performed at three fixed NADPH
oncentrations of 2.5 mM (F), 5 mM (■), and 50 mM (Œ). Lineweaver–
urk plots of these data were constructed for the native (A) and
oluble (B) CPRs. Velocities (v) are expressed as picomoles reduced
ytochrome c produced per minute per picomole of enzyme. All data
oints are means of three replicates.
52
em used in this study.
Both the native and soluble yeast CPRs obeyed
ichaelis–Menten kinetics with respect to both cyto-

hrome c and NADPH when the concentration for one
f the substrates was varied at a fixed level of the
econd substrate. This is in agreement with the kinet-
cs displayed by CPRs isolated from insects, plants and
nimals (1, 27–29, 31). The turnover numbers for the
ative and soluble CPRs were 11 molecules per second
ompared to 75 molecules per second, respectively.
his compares with published turnover numbers of 50
o 6100 per second for other CPRs (29). The specific
ctivities of the native and soluble CPRs were 8.3 and
0 mmol/min/mg, respectively. This compares to previ-
usly published specific activities of 15 to 180 mmol/
in/mg (2, 16, 27, 29, 32–34).
The derived kinetic parameters for native and solu-

le CPRs were almost identical. The km values for
ytochrome c were 1.59 and 1.12 mM and the km values
or NADPH were 1.46 and 1.41 mM for the native and
oluble CPRs. These values were within the 1 to 10 mM
alues of those previously published (1, 27–29, 30–31).
here was no difference in the kinetic mechanism be-
ween the native and soluble CPRs. Substrate satura-
ion experiments using both CPRs where cytochrome c
oncentrations were varied at different fixed NADPH
oncentrations gave Lineweaver–Burk plots consisting
f a series of near parallel lines. This is indicative of a
andom bi-bi- ping-pong kinetic mechanism in which
he first product must be released before the second
ubstrate can bind with no ternary complex being
ormed. This type of kinetic mechanism was also dis-
layed by rat liver NADPH (P450) reductase (31). Mu-
ataliev et al. (29) however, established that overex-
ressed house-fly CPR followed a random bi-bi

FIG. 4. Intercept (1/vmax) replots for the initial velocity patterns
btained from Fig. 4 for native CPR (F) and soluble (E) CPRs. The
/vmax values shown have been multiplied by 1000 for the full-length
PR and by 10,000 for the cytosolic CPR.
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omplex.
A ping-pong mechanism would involve the formation

f an enzyme conformation that carries the reducing
quivalence obtained by the conversion of NADPH to
ADP1, and is therefore likely to be unstable. In com-
arison, an enzyme mechanism that involved a ternary
omplex would allow a more direct transfer of reduc-
ant from NADPH to cytochrome c or cytochrome P450
s both substrates must bind to the CPR molecule prior
o the reaction proceeding. In free solution a CPR
echanism that involved a ternary complex would

herefore be favored.
CPR, in vivo, is located in the E.R. membrane in

ukaryotes with the ratio of CPR to cytochrome P450
pproximately 1 to 10 (26). Therefore, the advantage
he ternary complex mechanism holds over the ping-
ong mechanism will be diminished because CPR
ould be in close proximity to one of its natural sub-

trates, cytochrome P450. The reduced form of the CPR
nzyme formed in a ping-pong mechanism could
uickly transfer the reducing equivalence to the cyto-
hrome P450 in the E.R. membrane, and the stability
f the reduced enzyme conformation thus becomes less
mportant. The efficiency of both enzyme mechanisms
n the E.R. membrane now becomes primarily depen-
ent on the availability of external NADPH. In free
olution, a mechanism that involved a ternary complex
ould be favored over a ping-pong mechanism. How-
ver, in vivo, in the E.R. membrane, there is less rea-
on to prefer one mechanism against the other on effi-
iency grounds. Further kinetic studies are required on
urified CPRs from a wide range of organisms to es-
ablish whether there is any evolutionary preference
or one catalytic kinetic mechanism over another.

CKNOWLEDGMENT

We are grateful to the Biotechnology and Biological Science Re-
earch Council for support.

EFERENCES

1. Philips, A. H., and Langdon, R. G. (1962) Hepatic triphosphopy-
ridine nucleotide-cytochrome c reductase: Isolation, characteri-
sation and kinetic studies. J. Biol. Chem. 237, 2652–2660.

2. Vibet, A., Dintinger, T., Maboundou, J. C., Gaillard, J. L., Divoux,
D., and Silberzahn, P. (1990) Estrogen synthetase in the horse—
Comparison of equine placental and rat liver NADPH cyto-
chrome c (P450) reductase activities. FEBS Lett. 261, 31–34.

3. Muncnerova, D., and Augustin, J. (1994) Fungal metabolism and
detoxification of polycyclic aromatic hydrocarbons: A review.
Bioresource Technol. 48, 97–106.

4. Smith, K. E., Ahmed, F., Williams, R. A. D., and Kelly, S. L.
(1994) Microbial transformation of steroids. VIII. Transforma-
tion of progesterone by whole cells and microsomes of Aspergillus
fumigatus. J. Steroid Biochem. Mol. Biol. 49, 93–100.

5. Porter, T. D., and Coon, M. J. (1991) Cytochrome P450—
53
mechanisms. J. Biol. Chem. 266, 13469–13472.
6. Lu, A. Y. H. (1989) NADPH Cytochrome P450 reductase. In

Molecular Aspects of Monooxygenases and Bioactivation of Toxic
Compounds (Arinc, E., et al., Eds.), pp. 125–137, Plenum Press,
New York.

7. Lamb, D. C., Kelly, D. E., Manning, N. J., Kaderbhai, M. A., and
Kelly, S. L. (1999) Biodiversity of the P450 catalytic cycle: yeast
cytochrome b5/NADH cytochrome b5 reductase complex drives
the entire sterol 14-demethylation (CYP51) reaction. FEBS Lett.
462, 283–288.

8. Yoshida, Y. (1988) Cytochrome P450 of fungi: Primary target for
azole antifungal agents. In Current Topics in Medical Mycology
(McGinnis, M. R., Ed.), Vol. 2, pp. 388–418, Springer-Verlag,
New York.

9. Hata, S., Nishino, T., Komori, M., and Katsuki, H. (1981) In-
volvement of cytochrome P450 in sterol D22-desaturation in er-
gosterol biosynthesis of yeast. Biochem. Biophys. Res. Commun.
51, 1349–1354.

0. Kelly, S. L., Lamb, D. C., Corran, A. J., Baldwin, B. C., Parks,
L. W., and Kelly, D. E. (1995) Purification and reconstitution of
activity of Saccharomyces cerevisiae P450 61, a sterol 22-
desaturase. FEBS Lett. 377, 217–220.

1. Skaggs, B. A., Alexander, J. F., Pierson, C. A., Schweitzer, K. S.,
Chun, K. T., Koegel, C., Barbuch, R., and Bard, M. (1996) Clon-
ing and characterisation of the Saccharomyces cerevisiae C-22
sterol desaturase gene encoding a 2nd cytochrome P450 involved
in ergosterol biosynthesis. Gene 169, 105–109.

2. Mercer, I. (1984) The biosynthesis of ergosterol. Pestic. Sci. 15,
133–155.

3. Weete, J. D. (1989) Structure and function of sterols in fungi.
Adv. Lipid Res. 23, 115–167.

4. Kalb, V. F., Woods, C. W., Turi, T. G., Dey, C. R., Sutter, T. R.,
and Loper, J. C. (1987) Primary structure of the P450 lanosterol
demethylase gene from Saccharomyces cerevisiae. DNA 6, 529–
537.

5. Sutter, T. R., and Loper, J. C. (1989) Disruption of the Saccha-
romyces cerevisiae gene for NADPH-cytochrome P-450 reductase
causes increased sensitivity to ketoconazole. Biochem. Biophys.
Res. Commun. 160, 1257–1266.

6. Venkateswarlu, K., Lamb, D. C., Kelly, D. E., Manning, N. J.,
and Kelly, S. L. (1998) The N-terminal domain of yeast NADPH-
cytochrome P450 reductase is not required in sterol biosynthesis.
J. Biol. Chem. 273, 4492–4496.

7. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual, 2nd ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

8. Bellamine, A., Mangla, A. T., Nes, W. D., and Waterman, M. R.
(1999) Characterisation and catalytic properties of the sterol
14a-demethylase from Mycobacterium tuberculosis. Proc. Natl.
Acad. Sci. USA 96, 8937–8942.

9. Lamb, D. C., Kelly, D. E., Schunck, W. H., Shyadehi, A. Z.,
Akhtar, M., Baldwin, B. C., and Kelly, S. L. (1997) The mutation
T315A in Candida albicans sterol 14a-demethylase causes re-
duced enzyme activity and fluconazole resistance through re-
duced affinity. J. Biol. Chem. 272, 5682–5688.

0. Parks, L. W., Bottema, C. D. K., Rodriguez, R. J., and Lewis,
T. A. (1985) Methods Enzymol. 111, 333–346.

1. Black, S. D., and Coon, M. J. (1982) Structural features of liver
microsomal NADPH cytochrome P450 reductase: Hydrophobic
domain, hydrophilic domain and connecting region. J. Biol.
Chem. 257, 5929–5938.

2. Kurzban, G. O., Howarth, J., Palmer, G., and Strobel, H. W.
(1990) NADPH-cytochrome P-450 reductase: Physical properties



and redox behavior in the absence of the FAD moiety. J. Biol.

2

2

2

2

2

2

2

the house fly (Musca domestica). Insect Biochem. Mol. Biol. 29,

3

3

3

3

3

3

Vol. 286, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Chem. 265, 12272–12279.
3. Oprian, D. D., and Coon, M. J. (1982) Oxidation-reduction states

of FMN and FAD in NADPH-cytochrome P-450 reductase during
reduction by NADPH. J. Biol. Chem. 257, 8935–8944.

4. Benveniste, I., Lesto, A., Hasenfratz, M. P., Kochs, G., and
Durst, F. (1991) Multiple forms of NADPH-cytochrome P-450
reductase in higher plants. Biochem. Biophys. Res. Commun.
177, 105–112.

5. Sevrioukova, I. F., and Peterson, J. A. (1995) NADPH-P-450
reductase: Structural and functional comparison of the eukary-
otic and prokaryotic isoforms. Biochimie 77, 562–572.

6. Shen, A. L., and Kasper, C. B. (1993) Protein and gene structure
and regulation of NADPH-cytochrome P-450 reductase. In
Handbook of Experimental Pharmacology: Cytochrome P450
(Schenkman, J. B., and Greim, H., Eds.), Vol. 105, pp. 35–59,
Springer-Verlag, Berlin, Germany.

7. Andersen, J. F., Utermohelm, J. G., and Feyereisen, R. (1994)
Expression of house fly CYP6A1 and NADPH cytochrome P450
reductase in Escherichia coli and reconstitution of an insecticide-
metabolising P450 system. Biochemistry 33, 2171–2177.

8. Menting, J. G., Cornish, T. E., and Scopes, R. K. (1994) Purifi-
cation and partial characterisation of NADPH cytochrome c re-
ductase from Petunia hybrida flowers. Plant Physiol. 106, 643–
650.

9. Murataliev, M. B., Arino, A., Guzov, V. M., and Feyereisen, R.
(1999) Kinetic mechanism of cytochrome P450 reductase from
54
233–242.
0. Ponnamperuma, K., and Croteau, R. (1996) Purification and

characterisation of an NADPH cytochrome P450 (cytochrome c)
reductase from spearmint (Mentha spicata) glandular trichomes.
Arch. Biochem. Biophys. 329, 9–16.

1. Sem, D. S., and Kasper, C. B. (1994) Effect of ionic strength on
the kinetic mechanism and relative rate limitation of steps in the
model NADPH cytcohrome P450 oxidoreductase reaction with
cytochrome c. Biochemistry 34, 12768–12774.

2. Kargel, E., Menzel, R., Honeck, H., Vogel, F., Bohmer, A., and
Schunck, W. H. (1996) Candida maltosa NADPH cytochrome
P450 reductase: Cloning of a full length cDNA, heterologous
expression in Saccharomyces cerevisiae and function of the
N-terminal region for membrane anchoring and proliferation of
the endoplasmic reticulum. Yeast. 12, 333–348.

3. Kojima, H., Takahashi, K., Sakane, F., and Koyama, J. (1987)
Purification and characterisation of NADPH cytochrome c reduc-
tase from porcine polymorphonuclear leukocytes. J. Biochem.
102, 1083–1088.

4. Shephard, E. A., Phillips, I. A., Bayney, R. M., Pike, S. F., and
Rabin, B. R. (1983) Quantification of NADPH cytochrome P450
reductase in liver microsomes by a specific radioimmunoassay
technique. Biochem. J. 211, 333–340.

5. Williams, C. H., and Kamin, H. (1962) Microsomal triphosphopy-
ridine nucleotide-cytochrome c reductase of liver. J. Biol. Chem.
237, 587–595.


	MATERIALS AND METHODS
	RESULTS
	TABLE 1
	FIG. 1
	FIG. 2
	TABLE 2

	DISCUSSION
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENT
	REFERENCES

