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Mitochondrial adrenodoxin (Adx) was found to
cross-react with microsomal cytochrome P450 2B4
(CYP2B4) as the terminal electron acceptor. When
compared with NADPH-cytochrome P450 reductase
(P450R), the natural redox partner of CYP2B4, Adx
was less efficient both in transferring the first electron
and in coupling the system. The ferredoxin yielded an
unusual reverse type | spectral change with low-spin
CYP2B4, which underwent transformation to a typical
type | optical perturbation upon deletion of the signal
anchor sequence (A2-27) of the hemoprotein. Trunca-
tion of CYP2B4 slightly fostered electron transfer from
Adx, but was deleterious to reduction of the engi-
neered isozyme by P450R. Addition of manganese-
substituted cytochrome bs, which failed to serve as an
electron donor to CYP2B4, augmented the amount of
hemoprotein existing in form of a low-spin complex
with Adx and affected the ferredoxin-dependent re-
duction kinetics through causing a proportional rise
in both K, and V... Conservative replacement of
Asp-76 with glutamate in the Adx molecule was asso-
ciated with a drastic drop in reductive efficiency to-
ward CYP2B4, while spectral binding of the mutant to
the hemoprotein was marginally changed. The results
support the concept of an evolutionary relationship
between the various cytochrome P450 forms as re-
gards the conservation of surface regions participat-
ing in contacts with heterologous donor proteins.
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Cytochrome P450 (P450 or CYP; EC 1.14.14.1) en-
zymes represent a group of structurally related hemopro-
teins involved in the oxygenation of a variety of exo- and
endobiotic compounds (1). P450 monooxygenases have
been classified into two categories based on their
electron-supplying redox partners. Thus, in one class of
cytochromes P450, comprising mitochondrial and bacte-
rial isoforms, an FAD-containing enzyme, ferredoxin re-
ductase (EC 1.18.1.2), and an iron-sulfur ferredoxin of the
Fe,S, type serve for bridging reducing equivalents from
NAD(P)H to the terminal acceptor (2). In the other class,
which includes microsomal P450 isozymes, NADPH-
P450 reductase (P450R; EC 1.6.2.4) has been recognized
to be the chemically competent electron carrier that con-
tains one molecule each of FAD and FMN (3).

Initial observations failed to substantiate cross-
reactivity of redox components purified from pro- and
eukaryotic systems (4), suggesting high specificity for the
individual donor/acceptor couples. However, subsequent
studies revealed that ferredoxins (flavodoxins) isolated
from microbial and plant sources, respectively, were ca-
pable of supporting catalytic activities when reconsti-
tuted with a diversity of microsomal P450 species (5-8).
Similarly, an N-terminal-modified rat mitochondrial
P450c27, targeted to the yeast microsomal compartment,
could be reconstituted with yeast microsomal P450R (9).

The interchangeability of microsomal P450R with
mitochondrial ferredoxins in reductive processes in-
volving microsomal cytochromes P450 lacks apprecia-
ble documentation. Here, we delineate similarities and
differences between the bovine adrenodoxin (Adx) sys-
tem and P450R as electron donors to rabbit liver mi-
crosomal CYP2BA4.

MATERIALS AND METHODS

Materials. NADPH, glucose 6-phosphate, glucose-6-phosphate
dehydrogenase (EC 1.1.1.49), glucose oxidase (EC 1.1.3.4) and cata-
lase (EC 1.11.1.6) were obtained from Boehringer (Mannheim, Ger-
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many). Dilauroyl L-a-phosphatidylcholine and hexobarbital were
purchased from Sigma (Deisenhofen, Germany). All other reagents
were of the highest purity commercially available.

Protein expression and purification. Truncated CYP2B4 lacking
amino acid residues 2-27, CYP2B4 (A2-27), was expressed fused to
glutathione S-transferase in E. coli host strain JIM109 (Stratagene,
Heidelberg, Germany), liberated from the transferase moiety by
thrombin treatment, and purified to a specific content of 15 nmol/mg
protein exactly as described previously (10). Full-length CYP2B4
was purified to apparent electrophoretic homogeneity from hepatic
microsomes of male New Zealand White rabbits pretreated with
phenobarbital (50 mg/kg) for 7 consecutive days (11); the specific
hemoprotein content averaged 17 nmol/mg protein. The concentra-
tion of the native and recombinant pigment was determined as
indicated by Omura and Sato (12) using an absorption coefficient of
91 mM *cm

Manganese-substituted cytochrome bs (Mn-bs) was prepared by
modification of rabbit liver microsomal bs as detailed elsewhere (13)
and quantified using an absorption coefficient for the reduced protein
of 75 mM ™ cm™* at 432 nm.

Wild type adrenodoxin and its site-directed mutant were ex-
pressed in E. coli and purified as reported previously (14). The
A,1/A6 ratio of the preparations was 0.9. The concentration of the
recombinant proteins was determined using an absorption coefficient
of 9.8 mM ' cm ™ at 414 nm (15).

NADPH-adrenodoxin reductase (AdR) and P450R, isolated by es-
tablishes procedures from bovine adrenocortical mitochondria (16)
and rabbit liver microsomes (11), were measured on the basis of their
absorbance at 450 and 456 nm, respectively, using absorption coef-
ficients of 11.3 and 21.4 mM * cm ™ (17,18).

Spectral measurements. Binding of Adx to P450 was studied us-
ing a set of matched tandem cuvettes. The final assay mixtures
consisted of 2 uM native or truncated CYP2B4, 4 uM Adx protein,
and 48 uM dilauroyl phosphatidylcholine in 100 mM sodium phos-
phate, pH 7.4, containing 20% glycerol and 0.04% Emulgen 911. For
some measurements, the incubation media were supplemented with
4 uM Mn-bs. Optical complex formation was followed at 25°C by
scanning difference spectra in the region from 370 to 450 nm with a
Shimadzu UV-265 FW spectrophotometer; optical pathlength was
1.0 cm.

Enzyme assays. The Kinetics of NADPH-supported reduction of
ferric P450 were assessed at 25°C in anaerobic reaction mixtures
comprising 1 to 2 uM native or truncated CYP2B4, varying amounts
of P450R (or Adx protein plus 0.3 uM AdR), 48 uM dilauroyl phos-
phatidylcholine (sonicated until clarification was observed), 1 mM
hexobarbital, 100 mM glucose, glucose oxidase (400 wg/ml), and
catalase (75 ug/ml) in 100 mM sodium phosphate, pH 7.4; some
assays were carried out in the presence of 4 uM Mn-bs. The systems
were preincubated at room temperature for 15 min to allow efficient
association of the redox partners. Subsequently, the samples were
gassed for 5 min with CO. Reactions were initiated by the rapid
addition, in a plunger cuvette, of NADPH to yield a final concentra-
tion of 1 mM. Absorbance changes at 450 nm relative to 500 nm were
monitored with an Aminco DW-2 spectrophotometer operated in the
dual-wavelength mode.

NADPH oxidase activity was measured at 25°C in aerobic media
composed of 1 uM CYP2B4, 0.6 uM P450R (or 7uM Adx plus 0.3 uM
AdR), 48 uM dilauroyl phosphatidylcholine, 2 mM hexobarbital, and
50 uM NADPH in 100 mM sodium phosphate, pH 7.4. Disappear-
ance of the reduced cofactor was followed by the decrease in absor-
bance at 340 nm using an absorption coefficient of 6.22 mM ' cm™*
(19). For determining H,O, production, the above mixtures were
fortified with NADPH-regenerating system consisting of 10 mM glu-
cose 6-phosphate, 6 mM MgCI.,, and glucose-6-phosphate dehydroge-
nase (5ug/ml) and incubated at room temperature for 15 min. Per-
oxide was quantified by the ferrithiocyanate method (20).
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FIG. 1. Initial-velocity patterns of NADPH-sustained CYP2B4
reduction by Adx and P450R. The initial rates of cofactor-driven
formation of the ferrous-carbonyl adduct of P450 were assessed at
25°C by monitoring the absorbance change at 450 nm, the basic
reaction mixtures containing ferric hemoprotein, phospholipid, hex-
obarbital and either Adx/AdR (A) or P450R (B) as the electron do-
nors. The particular redox systems studied were as follows. Panel A:
®, AdX/CYP2B4; O, Adx/CYP2B4/Mn-bs; O, Adx/ICYP2B4(A2-27);
A, Adx(D76E)/ CYP2B4. Panel B: @, P450R/CYP2B4; O, P450R/
CYP2B4(A2-27). The lines were obtained by non-linear regression
analysis using the Corel QuattroPro 7. 0 software. The points rep-
resent the means of two to three experiments.

RESULTS AND DISCUSSION

The main concern of the present study was to com-
pare Adx and P450R with respect to their capacity to
donate electrons to CYP2B4. To this end, NADPH-
supported, hexobarbital-stimulated reduction of the
ferric hemoprotein was assessed in reconstituted mi-
cellar systems containing either P450R or Adx/AdR as
the redox partner. As regards the latter chain, a satu-
rating concentration of AdR, corresponding to about
50-times the apparent K, value for the reductase (21),
was applied throughout our experiments. Since flavin-
to-iron/sulfur electron transfer was not rate limiting
under these conditions (14), reduction activity toward
CYP2B4 became entirely Adx-dependent. Measure-
ments were conducted under strictly anaerobic condi-
tions to avoid autoxidation of the terminal acceptor.
Hence, observed velocities of accumulation of ferrous
CYP2B4 primarily reflected rates of electron flow. The
kinetic data derived from such assays are plotted in
Figure 1 and are summarized in Table 1. As can be
seen, both P450R and Adx were active, but the appar-
ent K, value for the former donor was found to be
12-times lower as compared with that for the ferre-
doxin, while the reductive capacity (V... value) of the
Adx-linked system was about 3-times that of the
P450R-sustained one. From these data, the efficiency
of electron transfer (V,../K.) in the Adx-dependent
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TABLE 1

Initial-Velocity Kinetic Constants for the Reduction
of Ferric CYP2B4 by Adx and P450R

Cytochrome P450 reduction

Vmax
Km (pmol/min/

Redox system studied (M) nmol P450) V max! K
Adx/CYP2B4 0.73+0.05 91.1*+65 1248 +8.9
Adx/CYP2B4/Mn-bs 1.16 + 0.08 1326 *+94 1143 +8.1
Adx/CYP2B4(A2-27) 232*+0.14 3952 *245 1703 +104
Adx(D76E)/CYP2B4 387 *0.16 916=*38 23.7*0.9
P450R/CYP2B4 0.06 =0.01 275*0.9 4583 *15.6
P450R/CYP2B4(A2-27) 0.12 =0.01 23.1+15 1925=* 122

Note. The apparent K,, and V.., values, reflecting the reactivities
and reductive capacities of Adx protein and P450R toward CYP2B4,
were taken from the double-reciprocal initial-velocity plots presented
in Figure 1. Calculations were carried out by non-linear regression
analysis using the Corel QuattroPro 7.0 software. The data are the
means = SEM of two to three experiments.

route could be calculated to be 27% that in the P450R-
promoted pathway.

In another set of experiments, electron transfer to
CYP2B4, as judged by NADPH oxidation in the pres-
ence of hexobarbital, was investigated under aerobic
conditions along with cofactor-driven H,O, formation
at saturating level (~10K,) of P450R and Adx, respec-
tively. As shown in Table 2, the proportion of peroxide
formed to NADPH utilized with barbiturate present
was strongly dependent on the donor operative, oxyfer-
rous CYP2B4 being more readily autoxidizable when
Adx was the supplier of reducing equivalents. This was
interpreted to mean that Adx was less efficient than
P450R in coupling the system through donation of the
second electron to the oxygenated hemoprotein. Alter-
natively, binding of Adx to CYP2B4 might have desta-
bilized the protonated iron-peroxo intermediate to re-
lease peroxide. On the basis of these findings and that
of a previous report, demonstrating that CYP2B4 can

TABLE 2

Rates of Aerobic NADPH Consumption and H,0, Pro-
duction by CYP2B4 Reconstituted with Adx/AdR or P450R
in the Presence of Hexobarbital

Activity (nmol/min per nmol CYP2B4)

Donor NADPH oxidation H,0, production

system (a) (b) (b)/(a)
Adx/AdR 2.15*+0.21 1.57 = 0.07 0.73 = 0.04
P450R 228 +0.19 0.57 = 0.02 0.25 + 0.01

Note. Assays were performed at 25°C as detailed under “Materials
and Methods” by following cofactor utilization at 340 nm and
peroxide-linked formation of ferrithiocyanate at 480 nm. The data
represent the means = SEM of two to three experiments.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

0.2

o
i

Absorbance x 102
o
(=)

.

=4

o
T

1
370 390 410 430 450
Wavelength (nm)

-0.2

FIG. 2. Spectral binding of Adx to CYP2B4. Difference spectra
were obtained by reacting 2 uM native (a,b,d) or truncated (c)
CYP2B4 with 4 uM wild type (a,b,c) or mutated (d) Adx reconstituted
into phospholipid in the absence (a,c,d) or presence (b) of 4 uM
Mn-bs.

undergo reduction by bacterial redoxins (5), we con-
cluded that CYP2B4 lacked specificity for P450R as the
electron donor. Nevertheless, the flavoprotein reduc-
tase appeared to be the preferred redox partner for this
P450 isozyme.

In order to better understand the aberrant Kinetic
behaviour between Adx and P450R, studies were de-
signed to analyze peculiarities in the interaction of the
two donors with CYP2B4. Thus, the discrepancy in the
affinities of Adx and P450R for the hemoprotein (Table
1) prompted us to examine the nature of ferredoxin
binding to CYP2B4 more closely using difference spec-
troscopy as a probe for complex formation. Most strik-
ingly, Adx produced a reverse type | spectral change,
also termed modified type 11, characterized by a Soret
band at 420 nm and a trough at 380 nm when reacted
with CYP2B4 in the presence of phospholipid (Figure
2, curve a), while P450R has been previously demon-
strated to generate a typical type | optical perturbation
with this P450 form (22). The unusual Adx-induced
spectral species could be ruled out to arise from the fact
that excess dilauroyl phosphatidylcholine, which itself
elicits a type | optical shift with CYP2B4 (23), might
have displaced the ferredoxin from some type | binding
site to unmask a type Il component hidden in the
difference spectrum: omission of the phospholipid from
the assay media attenuated the amplitude of the re-
verse type | spectral change by 47%, but failed to
abolish its basic features (data not shown). Unlike the
mitochondrial CYP11A1l (24), low-spin CYP2B4 thus
gave a difference spectrum with Adx. The question
arose as to whether the NH,-terminal, membrane in-
sertable signal anchor sequence of CYP2B4 might have
played some role in Adx binding. Indeed, association of
the ferredoxin with cytochrome lacking amino acid res-
idues 2-27 resulted in transition of the reverse to a
regular type | high-spin complex exhibiting a maxi-
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mum at 380 nm and a minimum at 420 nm (Figure 2,
curve c¢). Thus, the structural integrity of the hydro-
phobic tail portion of CYP2B4 was recognized to be
intrumental, by direct or/and indirect means, to the
specific mode of Adx anchoring. The observed low-to-
high spin switch in complexing of the ferredoxin was
obviously beneficial to electron transfer, as there was a
significant (p < 0.05) increase by 36% in the V ./K,
value in the presence of hexobarbital (Figure 1A and
Table 1). In contrast to these findings, previous and
present data from our laboratory show that deletion of
residues 2-27 in the CYP2B4 molecule failed to affect
the mode of P450R binding to the engineered enzyme
(22) and caused a marked drop by 58% in reductive
efficiency when P450R was the donor of reducing
equivalents (Figure 1B and Table 1). It should be
pointed out that the impact of CYP2B4 truncation on
the kinetics of Adx- and P450R-directed cytochrome
reduction was unlikely to arise from aberrant partiti-
tioning of the modified hemoprotein between the lipid
and aqueous phases of the assay media to alter the
statistical probability of the redox partners to encoun-
ter one another, since we have recently shown that loss
of residues 2-27 in the NH,-terminal region of CYP2B4
did not restrict access of the mutant enzyme to micellar
phospholipid (22).

Attention was drawn to the fact that b; had been
previously reported to act on certain P450 isoforms
such as to modify catalytic activities via mechanism(s)
not accounted for by its role as an electron carrier
(13,25). Therefore, we have used manganese-substi-
tuted bs in an attempt to elucidate a possible effector
function of the pigment when reconstituted under an-
aerobic conditions with CYP2B4 and the Adx-depen-
dent redox chain in the presence of NADPH. It has to
be emphasized that we were unable to detect measur-
able NADPH-driven reduction of the oxidized Mn-b; by
Adx/AdR (data not shown). This finding was analogous
to the failure of the modified polypeptide to accept
electrons from P450R (13), excluding donor properties
toward P450. However, binding of the manganese-
substituted derivative to CYP2B4 was assumed to
proceed in a way comparable with that of bg, since
available data from resonance Raman spectroscopy in-
dicated a structure of the hexacoordinated Mn-bs quite
similar to that of the native congener (26).

Inclusion of Mn-bs in the assay mixtures increased
the amount of CYP2B4 existing in form of a low-spin
adduct with Adx (Figure 2, curve b) and provoked a
shift of the kinetic tracings for Adx-mediated electron
transfer to the ferric hemoprotein parallel to those
obtained in the absence of the modifier (Figure 1A).
This was associated with a significant (p ,, and V ., SO
that reductive efficiency remained unchanged (Table
1). This was taken to indicate that docking of Mn-b; to
CYP2B4 might have brought about a conformational
rearrangement(s) on the surface of the isozyme serving
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to directly enhance k., for reduction, the observed de-
crease in affinity of Adx most likely resulting from an
important numerical contribution of k., to the value of
K. (27). On the other hand, previous studies by our
laboratory failed to substantiate any measurable influ-
ence of Mn-bs; on the kinetics of NADPH-sustained
CYP2B4 reduction when catalyzed by the P450R com-
ponent (28).

Further information on the mode of Adx binding to
CYP2B4 came from experiments with ferredoxin, in
which aspartate located at position 76 in the highly
conserved acidic domain had been replaced with gluta-
mate via site-directed mutagenesis; such a substitu-
tion was of interest, since Asp-76 has been reported to
be critical for the binding of both AdR and CYP11A1
(14, 29). The recombinant Adx (D76E) protein exhib-
ited unchanged redox properties and CD as well as
EPR spectra characteristic of regular assembly of the
iron-sulfur cluster, while affinity for AR was mark-
edly diminished (14). The latter was compensated for
by the large excess of AdR used throughout our mea-
surements (see above).

The conservative exchange of the polar residue in the
Adx molecule maintained the negative charge at posi-
tion 76, but was thought to affect the precise steric
positioning of the carboxyl moiety such as to impede its
short-range interactions. In fact, the mutant D76E ex-
hibited a 5.3-fold increase in the K,, value with undis-
turbed reductive potency (V.. value) toward CYP2B4,
so that V,./K,, levelled down to a value 19% that for
the wild type (Figure 1A and Table 1). When CYP2B4
was reacted with a 2-fold molar excess of engineered
ferredoxin, a stoichiometry at which cytochrome reduc-
tion was decelerated by 51% (cf. Figure 1A), the mag-
nitude of the resultant reverse type | optical change
was decreased by some 18% relative to the Adx-
induced spectrum (Figure 2, curve d). Unless one as-
sumes that the latter was a token of unspecific inter-
action of the redox components, the above data would
have suggested that hampered non-productive binding
of the mutated ferredoxin to CYP2B4, possibly affect-
ing precollision spacial orientation of the partners, did
not constitute the overriding mechanism responsible
for the pronounced disruption of electron flow. Rather,
defective alignment, due to loss of a fixed geometry, of
site(s) involved in the immediate transfer of reducing
equivalents might have been of vital importance (29).

Collectively, we have furnished experimental evi-
dence of the ability of mitochondrial Adx to cross-react
with microsomal CYP2B4 as the terminal electron ac-
ceptor. This finding supports and extends previous
work (5-9) on a possible evolutionary relationship be-
tween the diverse P450 forms as regards the conserva-
tion of surface regions participating in interactions
with heterologous, nonconventional donor proteins.
With some P450 isozymes, such sites appear to be
located remote from each other, as suggested by the
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distinct spectral complexes generated with CYP2B4
and either Adx or P450R and the Kinetic response of
the ferredoxin to the presence of Mn-bs. With other
types of P450, contact regions might be accomodated
close to each other or overlap. Thus, there seems to
exist competition of putidaredoxin and microsomal bs
for a common domain on microbial CYP101 (30). Sim-
ilarly, bs has been reported to displace Adx from some
mutually exclusive patch on the surface of mitochon-
drial CYP11A1 (31). A more detailed molecular delin-
eation of specific protein-protein associations across
the P450 family will be the subject of future studies.
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