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The cholesterol side-chain cleavage reaction catalyzed by cytochrome P450scc com-
prises three consecutive monooxygenase reactions (22R-hydroxylation, 20S-hydroxyla-
tion, and C,;-C,, bond scission) that produces pregnenolone. The electron equivalents
necessary for the oxygen activation are supplied from a 2Fe-2S type ferredoxin, adreno-
doxin. We found that 1:1 stoichiometric binding of oxidized adrenodoxin to oxidized
cytochrome P450scc complexed with cholesterol or 25-hydroxycholesterol caused shifts
of the high-spin EPR signals of the heme moiety at 5 K. Such shifts were not observed
for the low-spin EPR signals. Ligation of CO or NO to the reduced heme of cytochrome
P450sce complexed with reduced adrenodoxin and various steroid substrates did not
cause any change in the axial EPR spectrum of the reduced iron-sulfur center at 77 K.
These results are in remarkable contrast to those obtained for the cytochrome
P450cam—-d-camphor-putidaredoxin ternary complex, suggesting that the mode of cross
talk between adrenodoxin and cytochrome P450scc is very different from that in the
Pseudomonas system. The difference may be primarily due to the location of the
charged amino acid residues of the ferredoxins important for the interaction with the

partner cytochrome P450.
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putidaredoxin.

The cholesterol side-chain cleavage reaction catalyzed by
cytochrome P450scc (P450sce; CYP11A1) comprises three
consecutive monooxygenase reactions; i.e., hydroxylation at
the 22R-position, hydroxylation at the 20S-position, and
C,-C,, bond scission. Three molecules of dioxygen and six
electron equivalents are required to accomplish the side-
chain cleavage reaction. The electron equivalents are sup-
plied from a 2Fe-2S type iron-sulfur protein, adrenodoxin
(Adx), which can accommodate a single electron equivalent
supplied from a flavin-containing NADPH-adrenodoxin re-
ductase (AR). Each monooxygenase cycle consists of the fol-
lowing five steps. (a) Substrate binding to P450scc in the
oxidized state, (b) first electron transfer from reduced Adx
(Adx™d) to the ferric heme, (c) dioxygen binding to the fer-
rous heme iron, (d) second electron transfer from Adx™ to
the dioxygen-bound ferrous heme iron, and (e) dioxygen ac-
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tivation followed by hydroxylation of the substrate (see
reviews such as Ref. 1).

Since Adx is a small (MW ~ 14,000) and highly acidic
protein, the nature of the interaction between P450scc and
Adx was believed to be electrostatic (2). Coghlan and Vick-
ery found that the Asp residues at positions 76 and 79 of
human Adx are important for binding to P450scc based on
a site-directed mutagenesis study (3), suggesting that the
Adx-binding site of P450scc involves basic amino acids.
Based on specific chemical modification studies (4, 5), the
putative Adx-binding site was proposed to exist at the sur-
face of P450scc proximal to the heme iron, which is coordi-
nated with a cysteinyl thiolate ligand (4). Indeed, the iden-
tified Adx-binding sequence in the K-helix contains Lys res-
idues at positions 377 and 381, and an Arg residue at posi-
tion 385, all of which are exclusively conserved among the
mitochondrial cytochrome P450 subfamily including cyto-
chromes P450scc (6), P45011B (7), P450¢27 (8), P450D,-1a
(9), and P450D,-24 (10). This proposal was later confirmed
by site-directed mutagenesis studies of P450scc (11) and
P450¢27 protein (12). The substitution of the conserved Lys
residues with neutral or negatively charged residues
caused extensive decreases in the interaction with oxidized
Adx (Adx=) and in the enzymatic activity (11, 12).

Upon the event of the electron transfer reaction from Adx
to P450scc, two types of ternary complex might be formed;
L.e., the Adx™-oxidized P450scc-substrate complex and the
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Adx™-oxygenated P450scc-substrate complex. The second
one is of particular interest. We previously showed that the
addition of Adx™ to reduced P450scc complexed with phe-
nylisocyanide caused a visible spectral change in the heme
absorption (13). Since this spectral change showed clear
saturation with a 1:1 stoichiometry, it was suggested that
the binding of Adx™ on the proximal surface of the P450scc
molecule caused a conformational change around the fer-
rous heme moiety (13). Similar spectral perturbation at the
heme moiety upon Adx™-binding was observed for the fer-
rous heme-NO complex (14) and the ferrous heme-CO com-
plex (15) of P-450scc. Therefore, perturbation of the
electronic structure at the heme moiety upon the binding of
Adx™ might be a common phenomenon, and may be re-
lated to the electron transfer and the following oxygen acti-
vation event.

Very recently, it was shown that the binding of ligands
such as CO, NO, and O, to the reduced heme iron of
the analogous ternary complex [reduced putidaredoxin
(Pdx™)—reduced cytochrome P450cam—d-camphor complex]
in Pseudomonas putida caused a change in the EPR spec-
tra of Pdx™ (I6). This result was interpreted as showing
that a change in the active site of cytochrome P450cam
(P450cam) upon ligand binding was transmitted to Pdx™
within the ternary complex and produced a conformational
change of the 2Fe-2S active center (16). Thus, analyses of
the interaction between P450 and its electron donor, iron-
sulfur protein, are increasingly important for clarifying the
mechanism of the oxygen activation at the heme center in
detail.

In the present study, the interaction between Adx and
P450scc was examined by EPR spectroscopy in both the
reduced and oxidized states to reveal the mechanism of the
transmission of the conformational change in the ternary
complex. The present results suggest that the mode of cross
tatk between Adx and P450scc is very different from that in
the Pseudomonas system.

EXPERIMENTAL PROCEDURES

Materials—P450scc(SF) and Adx were purified from
bovine adrenocortical mitochondria to homogeneity as pre-
viously described (17, 18). P450scce(SF) and P450scc-sub-
strate complexes in 20 mM potassium phosphate buffer
(pH 7.4) containing 20% (v/v) glycerol and 0.1 mM EDTA
(buffer A) were prepared as previously described (19), and
were concentrated to about 0.5-0.6 mM. For use, the sam-
ples were diluted appropriately with buffer A. Adx in buffer
A was added in excess to the P450scc-substrate complex in
the ratio of 1:1.2 when the heme moiety was examined by
EPR spectroscopy. On the other hand, excess P450scc was
added (in the ratio of 1:1.2) when the iron-sulfur cluster
moiety was examined. For a titration experiment with
Adx=, P450scc—25-hydroxycholesterol complex in the oxi-
dized state (at 169.7 pM) was mixed with various concen-
trations (from 0 to 316.2 pM) of Adx™ in buffer A. To ex-
amine the effect of glycerol, Adx, the P450scc—25-hydroxy-
cholestrol complex, and the ternary complex were prepared
in 20 mM potassium phosphate buffer (pH 7.4) and 0.1 mM
EDTA (buffer B), and then concentrated and diluted appro-
priately with buffer B.

P450cam and Pdx expressed in Escherichia coli were
purified to homogeneity as described previously (16, 20),
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and then concentrated and diluted appropriately with
either buffer A or buffer B. The expression vectors for the
P450cam and Pdx genes were kindly supplied by Dr. Hideo
Shimada (Keio University).

Measurements of EPR Spectra—A 150 pl solution con-
taining either Adx or Adx plus P450scc in buffer A or buffer
B was transferred to a screw-capped EPR tube. The pro-
teins were reduced with sodium dithionite as previously
described (16). When necessary, CO or NO gas was anaero-
bically infroduced to the EPR tube containing Adx™ and
reduced P450scc. For the Pdx-P450cam system, samples
were reduced in a similar manner to as previously de-
scribed (16).

EPR measurements were carried out at an X-band (9.35
GHz) microwave frequency with a Varian E-12 EPR spec-
trometer (San Fernando, CA) with following instrumental
parameters: microwave power, 5 mW, modulation fre-
quency, 100 kHz; and modulation amplitude, 0.5 mT. An
immersion Dewar flask was used for the measurements at
liquid nitrogen temperature (77 K); whereas an Oxford flow
cryostat (ESR-900) was used for measurements at 5 and 15
K. The microwave frequency was calibrated with a micro-
wave frequency counter (Takeda Riken, model TR5212).
The magnetic field strength was determined as the nuclear
magnetic resonance of protons in water. The accuracy of the
g-values was approximately = 0.001.

MALDI-TOF Mass Spectrometry—Mass spectrometric
analyses of P450scc and Adx were carried out on a Voyager
RP mass spectrometer (Perseptive Biosystems, Farming-
ham, MA, USA) using an accelerating voltage of 20 kV, as
described previously (21).

RESULTS

EPR Signals of the Ferric Heme of P450scc—The EPR
spectrum of the ferric heme of P450scc is strongly depen-
dent on the structure of the bound substrate (J9). In the
substrate-free (SF) state, the heme iron was in the pure
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Fig. 1. EPR spectra of ferric low-spin signals of the P450scc-
22R-hydroxycholesterol complex in the absence and pres-
ence of Adx®*. EPR spectra of 148 pM P450scc were obtained at
15K in 20 mM potassium phosphate, pH 7.4, containing 20% glyc-
erol and 0.1 mM EDTA in the absence of Adx (a) and in the presence
of 178 pM Adx= (b).
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low-spin state. Binding of 22R-hydroxycholesterol (or 225-
hydroxycholesterol, 20S-hydroxycholesterol, or 22-ketocho-
lesterol) maintained the spin equilibrium almost com-
pletely in the low-spin state at both room and low (15 K)
temperatures (19). On the other hand, binding of choles-
terol or 25-hydroxycholesterol caused a shift of the spin
equilibrium almost completely to the high-spin state at
room temperature. Nevertheless, in the low temperature
(15 K) EPR spectra, these complexes showed low-spin sig-
nals of significant intensity, as previously reported (19, 22).
Complex formation of these oxidized P450scc with Adx™ did
not cause any appreciable change in any of these low-spin
EPR signals. A representative example is shown in Fig. 1,
in which oxidized P450scc formed a complex with 22R-
hydroxycholesterol in the presence (Fig. 1b) or absence (Fig.
la) of Adx™ (1:1.2 ratio). Three g-values (g, = 2.468, g, =
2.254, and g, = 1.907) of the low-spin species did not show
any appreciable change upon the Adx™-binding, although a
relative population of the two low-spin species became
slightly perturbed (Fig. 1).

The high-spin EPR signals derived from the ferric heme
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Fig. 2. (A) EPR spectra of ferric high-spin signals of the
P450scc-cholesterol complex in the absence and presence of
Adx™. (B) Expanded spectra of ferric g8 high-spin signals of
the P450scc-cholesterol complex in the absence and pres-
ence of Adx*™. EPR spectra of 170 pM P450scc were obtained at 15
K (A) and 5 K (B) in 20 mM potassium phosphate, pH 7.4, containing
20% glycerol and 0.1 mM EDTA in the absence of Adx (a) and in the
presence of 205 pM Adx= (b).
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of P450scc were examined for the cholesterol- and 25-hy-
droxycholesterol-complexes. The oxidized P450scc-choles-
terol complex without Adx™ showed both high-spin (g =
8.08, g = 3.56, and g = 1.675) and low-spin (g, = 2.425, g, =
2.248, and g, = 1.910) signals at 15 K (Fig. 2, A-a). The
addition of Adx™ in a slight excess amount (in the ratio of
1:1.2) did not have any effect on the low-spin signal, as
found for the low-spin species of the P450scc-22R-hydroxy-
cholesterol complex. However, the high-spin EPR signal
showed a drastic change upon the addition of Adx*. All
three components showed significant shifts to g = 8.12,g =
3.49, and g = 1.657, respectively (Fig. 2, A-b). This indicates
that the g-anisotropy in the heme-plane increased signifi-
cantly. For clarification, the g8 component of the high-spin
signal was examined further at 5 K. In the absence of Adx,
the g8 signal showed a peak at g = 8.08; whereas in the
presence of Adx™, it shifted to g = 8.12 (Fig. 2B). In the case
of the P450scc—25-hydroxycholesterol complex, very similar
spectral changes occurred (spectra not shown). The EPR
spectrum in the absence of Adx showed both high-spin (g =
8.08, g = 3.57, and g = 1.683) and low-spin (g, = 2.418, g, =
2.249, and g, = 1.912) signals at 15 K. The addition of Adx=
in a slight excess amount (in the ratio of 1:1.2) did not have
any appreciable effect on the low-spin signal. However, the
high-spin signal showed a drastic change with significant
g-value shifts to 8.12, 3.51, and 1.669, respectively.

To clarify the stoichiometry of the Adx-binding to oxi-
dized P450scc, we analyzed the shifts of the high-spin sig-
nals (for both the g = 8 and g = 1.65 signals) at 5 K of the
P450scc—25-hydroxycholesterol complex in the presence of
various concentrations of Adx™. As shown in Fig. 3, the
shift of the g8 high-spin signal from g = 8.08 (without Adx)
to g = 8.12 (with Adx™) was almost completed at around the
ratio of 1:1, and there was no further shift upon the addi-
tion of excess Adx™. For the high-spin signal around g =
1.65, a very similar result was obtained. The shift from g =
1.690 (without Adx) to g = 1.675 (with Adx™) was completed
at around the ratio of 1:1, and there was no further shift
(spectra not shown). These results suggest that Adx™ forms
a complex with oxidized P450scc with a 1:1 stoichiometry.

EPR Signals of the Ferric Heme of P450cam—The EPR
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Fig. 3. Effect of Adx**-binding on the ferric g8 high-spin sig-
nal of the P450scc-25-hydroxycholesterol complex. The num-
bers below the arrow indicate the molar ratios of Adx™ relative to
P450scc. The inset shows a plot of the EPR intensity at the magnetic
field of 81.0 mT in the spectra. The conditions for the EPR measure-
ments were the same as in Fig. 2, except for the P450scc concentra-
tion (178.2 uM).
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spectrum of the oxidized P450cam—d-camphor complex at 5
K showed both high- (g = 7.90, 3.97, 1.772) and low-spin (g,
= 2415, g, = 2.241, g, = 1.977) signals (Fig. 4, A-a). The
addition of a slight excess amount (1:1.2) of Pdx™ had sig-
nificant effects on the EPR spectrum. First, the relative
population of the low- and high-spin species changed signif-
icantly, favoring the low-spin state, as previously reported
(23). Second, the g-values for both the low- and high-spin
signals showed significant changes, leading to increases in
the g-anisotropy. The g-values for the low-spin species were
now 2.435, 2.234, and 1.969, respectively, whereas the g-
values for the high-spin species were g = 8.02 and g = 3.82.
For clarification, the high-spin g8 signal was further exam-
ined at 5 K. It showed a clear shift from g = 7.87 (without
Pdx) to g = 8.02 (with Pdx™) at 5 K (Fig. 4B, a and b). Spec-
tral changes for the low-spin species upon Pdx*-binding
were reported previously by Lipscomb (23), but the shift of
the high-spin signals of P450cam is reported for the first
time.

EPR Signal of the Adx Iron-Sulfur Center—The EPR
spectrum of Adx™ alone showed a characteristic axial sig-
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Fig. 4. (A) EPR spectra of ferric high- and low-spin signals of
the P450cam-d-camphor complex in the absence and pres-
ence of Pdx. (B) Expanded spectra of ferric g8 high-spin
signals of the P450cam—-d-camphor complex in the absence
and presence of Pdx™. EPR spectra of 170 pM P450cam were ob-
tained at 5 K in 20 mM potassium phosphate, pH 7.4, containing
20% glycerol and 0.1 mM EDTA in the absence of Pdx (a) and in the
presence of 205 pM Pdx™ (b).
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nal with g, = 2.024 and g, = 1.937 originating from the
iron-sulfur center at 77 K (Fig. 5, a). Complex formation
with reduced P450scc(SF) did not have any appreciable
influence on the EPR signal of the iron-sulfur center (spec-
trum not shown). Ternary complex formation upon pre-
addition of various substrates (including cholesterol, 20S-
hydroxycholesterol, 22R-hydroxycholesterol, 22S-hydroxy-
cholesterol, 25-hydroxycholesterol, and 22-ketocholesterol)
to P450sce also did not significantly affect the EPR signal
of the iron-sulfur center. Only the data for the reduced
P450sce—cholesterol-Adx™ ternary complex are shown
(Fig. 5, b). The addition of CO (Fig. 5, ¢) or NO (spectrum
not shown) to the ternary complex did not cause any appre-
ciable changes either. Careful analyses involving difference
spectroscopy (reduced ternary complex minus Adx™ alone,
and CO-reduced ternary complex minus reduced ternary
complex) confirmed that there were negligible shifts for
both the g, = 2.024 and g, = 1.937 signals for the ternary
complexes with cholesterol, 22R-hydroxycholesterol, 22S-
hydroxycholesterol, and 22-ketocholesterol (spectra not
shown).

Ternary complex formation with the reduced P450scc—
20S-hydroxycholesterol complex caused a spectral change
in the difference spectrum of Adx™, giving a trough at
348.1 mT (spectrum not shown). Binding of CO to the fer-
rous heme iron of P450scc-20S-hydroxycholesterol in the
ternary complex also caused a trough at 348.1 mT in the
difference spectrum. These spectral changes were found,
however, to be due to the residual g,-component of the low-
spin species from the oxidized P450scc—20S-hydroxycholes-
terol complex. Since this steroid complex is very resistant
to reduction with sodium dithionite, this type of negative
peak at 348.1 mT persisted after the usual incubation on
ice. Prolonged incubation of the ternary complex (with or
without CO) caused the complete loss of this negative peak.

Effects of Glycerol—The effects of depletion of glycerol
from the buffer on the EPR signals of Adx™! were exam-
ined. No spectral change was observed between the EPR
spectra for Adx™ alone, the reduced P450scc—25-hydroxy-
cholesterol-Adx™ ternary complex, and the CO-reduced

77K g,=2.024 g, =1.937
a
(+P4505cc( Chot))
v
b
(+C0)
v
c
310 320 330 340 350 360

Magnetic Field (mT)

Fig. 5. EPR spectra of Adx™ in the absence and presence of
the P450scc-cholesterol complex and CO. EPR spectra of 148
pM Adx™ were obtained at 77 K in 20 mM potassium phosphate, pH
7.4, containing 20% glycerol and 0.1 mM EDTA in its free state (a),
in the presence of 178 uM of the ferrous P450scc-cholesterol complex
without CO (b) and with excess CO (c).
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ternary complex, all prepared in buffer B (spectra not
shown). The spectra were almost identical with those of the
corresponding species prepared in buffer A. Therefore, we
infer that the absence of the spectral change of the 2Fe-2S
center of Adx™ in the ternary complexes and in the CO-
reduced ternary complexes is not due to the presence of
glycerol in the buffer used, but due to its intrinsic nature.

The effects of the addition of glycerol on the EPR signal
from Pdx™ were also examined. In the absence of glycerol
(i.e,, in buffer B), a trough of the g, signal was observed at
346 mT, as previously reported (16). In the presence of 20%
(v/v) glycerol (i.e., in buffer A), the trough showed a shift to
347 mT (spectra not shown). The ternary complex forma-
tion with the reduced P450cam-d-camphor complex in
buffer A did not cause any further changes in the EPR sig-
nal from Pdx™ (spectra not shown). However, the addition
of CO to the reduced ternary complex in buffer A caused
significant sharpening of the trough at 348 mT (spectra not
shown), resulting in very similar spectra to those of the
CO-reduced P450cam-d-camphor-Pdx™ ternary complex
in the absence of glycerol (16). Thus, even in the presence of
20% (v/v) glycerol, ligand binding to the reduced heme cen-
ter of P450cam caused a change in the EPR signal from
Pdx™! within the same ternary complex. The details of the
effect of glycerol on the EPR signals from Pdx™ will be
published elsewhere.

MALDI'TOF Mass Spectrometry—Since Adx and
P450scc used in the present study were prepared from
bovine adrenal cortex, rather than being cloned and ex-
pressed proteins, the heterogeneity of the samples was ex-
amined by MALDI-TOF mass spectrometry. It has been
reported that proteolysis of Adx during purification occurs
due to contamination of adrenal cortex preparations by
small amounts of adrenal medulla containing trypsin-like
and carboxypeptidase activities (24). The mass spectra of
P450scc showed a clear [M+H*] peak at 56,366.0 (m/z)
(spectra not shown). This value is very close to the theoreti-
cal value (56,378.3) of the mature form (residues 1-481)
based on the deduced amino acid sequence (6). The mass
spectra of Adx showed a multiple [M+H*] peak in the
region of 12,400 to 14,050 (m/z) (spectra not shown). The
peaks with the highest and lowest m/z values (14,041.0
and 12,400.0) correspond to the mature Adx form (residues
1-128; theoretical molecular weight, 14,042.8) and a trun-
cated form (residues 1-113; theoretical molecular weight,
12,392.9), respectively, based on the deduced amino acid
sequence (25). A major peak appeared at 12,626.5 (m/z),
which corresponds to a truncated form (residues 1-115)
with a theoretical molecular weight of 12,620.2.

DISCUSSION

In the present study we showed that the conformational
change occurring upon binding of Adx™ at the protein sur-
face of P450scc could be transmitted to the ferric heme cen-
ter. The titration experiment with Adx™ showed a clear
shift in the g-value of the high-spin EPR signals from the
P450scc—25-hydroxycholesterol complex with a 1:1 stoichi-
ometry (Fig. 3), indicating the binding of Adx*™ to a specific
site on the surface of the P450scc molecule. It should be
noted that such shifts in the g-value were observed only for
the high-spin species (Fig. 2). Even if the same substrate
molecule (i.e., 25-hydroxycholesterol or cholesterol) was
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bound at the substrate-binding site, the low-spin signals
did not show any shift in the g-value upon the addition of
Adx=. Consistent with this observation, there was no shift
in the low spin signals upon Adx*=-binding to the P450scc—
22R-hydroxycholesterol complex (Fig. 1) (or the 22S-hy-
droxycholesterol, 20S-hydroxycholesterol, and 22-ketocho-
lesterol-complexes), in which the high-spin EPR species
were almost negligible.

One may argue that Adx™ does not form a tight complex
with oxidized P450scc in the low-spin state and, therefore,
there might be no effect of the Adx™-binding on the low-
spin signals. However, we previously performed titration of
oxidized P450scc in the substrate-free state (fully low-spin
state) with Adx™ and found an apparent dissociation con-
stant (K)) of 0.38 pM based on the spectral change at the
Soret band (4). This value is comparable to those for Adx™-
binding to the P450scccholesterol complex (K, = 0.8 pM
(3), and K, = 0.23 pM (11)), indicating high-affinity binding.
For the interaction of Adx™ with reduced P450scc in the
low-spin state, there is ample evidence of the formation of
the complex, such as for the CO-reduced (15, 26), NO-
reduced (14), and phenylisocyanide-reduced (13) states.
Therefore, it is reasonable to assume that P450scc forms a
complex with Adx irrespective of the oxidation state or spin
state at the sub-micromolar concentration.

The higher sensitivity of the high-spin species to the con-
formational change at the protein surface may be related to
the local conformation around the heme center. The ab-
sence of the heme axial ligand ¢rans to the proximal thi-
olate ligand may reduce the conformational rigidity around
the heme moiety, leading to the increased flexibility as to
the conformational change of the protein. On the other
hand, the low-spin heme center, where an H,O or hydrox-
ide ion is expected to be coordinated to form a relatively
rigid hydrogen bond network with surrounding amino acid
residues and a substrate molecule, could sustain the confor-
mational change at the protein surface caused by Adx-bind-
ing. The presence of the substrate molecule must be very
important for the rigidity of the low-spin species of P450scc,
since clear spectroscopic evidence of Adx-binding was ob-
tained exclusively in the absence of the steroid substrate
(13, 14).

Comparison with the P450cam-Pdx system gave us very
interesting results. The apparent dissociation constant of
the Pdx™=-binding to the oxidized P450cam—d-camphor com-
plex [K, = 10-30 pM (27), and K, = 16.8 pM (28)] suggests a
much weaker interaction than in the oxidized P450scc-
Adx™ system. However, the observed shifts of the g-values
for the high-spin EPR signals upon binding of Pdx™ (Fig.
4A) were even larger than those for the P450scc-cholesterol
(Fig. 2A) and P450sce—25-hydroxycholesterol complexes.
Further, the Pdx™-binding caused changes in both the spin
equilibrium and the g-values of the low-spin signals as well
(Fig. 4A). The shift in the spin equilibrium favoring the
low-spin state was very significant, as reported previously
by Lipscomb (23). (A much smaller spin equilibrium shift
favoring the low-spin state was observed upon binding of
Adx™ to the P450scc-cholesterol complex, as shown in Fig.
2A.) He also reported the changes in the low-spin signal
upon the Pdx=-binding (23). Consistent with this observa-
tion, there is much spectroscopic evidence of the formation
of the P450cam-Pdx complex in the low-spin states [for CN-
oxidized (29) and CO-reduced (30) states].
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Thus, it may be concluded that the effect of the ferre-
doxin-binding on the heme moiety is much more extensive
for the P450cam—d-camphor complex than the correspond-
ing species of P450scc, suggesting the increased flexibility
of P450cam. The large difference in the downshifts of the
bound C-O stretching vibration upon binding of the re-
duced ferredoxin partner [8.0 cm™! for the P450cam—d-cam-
phor-CO complex (30), and 0.1-3.3 cm™ for various
P450scc-substrate-CO complexes (15)] is also consistent
with this view.

On the other hand, no spectral change occurred in the
EPR spectra for the reduced iron-sulfur moiety of Adx upon
the addition of P450scc alone or P450sce plus heme ligand,
irrespective of the nature of the bound steroid substrate
(Fig. 5). This result is also in remarkable contrast with
those for the P. putida system. Shimada et al. showed that
the complex formation with reduced P450cam-d-camphor
alone could induce the EPR spectral change in the g,
region of the iron-sulfur center of Pdx™ (16). A further
structural change occurred at the iron-sulfur center, giving
a very broad g, signal upon the binding of CO (NO, or O,)
to the ferrous heme of P450cam (I16). It was proposed,
therefore, that, in the P. putida system, a change in the
P450cam active site caused by the ligand-binding is trans-
mitted to Pdx™ within the ternary complex and then pro-
duces a conformational change of the 2Fe-2S active center
(16). In the present study, we confirmed that such a confor-
mational change of the 2Fe-2S center of Pdx™! within the
ternary complex could occur even in the presence of 20% (v/
v) glycerol.

The apparent discrepancy between the affinities of ferre-
doxin-binding and the effects of the complex formation on
the respective metal center (the heme center and the iron-
sulfur center) suggests that there might be a distinct differ-
ence in the mode of interaction between the P450scc-Adx
complex and the P450cam-Pdx complex, in addition to the
difference in the molecular flexibility.

The structure of Pdx™ was solved by NMR spectroscopy
(31, 32). On the other hand, the X-ray structures of both
truncated (residues 4-108) and full-length (residues 2-128)
forms of bovine Adx™ were determined and were the same
as each other except for a limited number of side-chain ori-
entations (33, 34).

K. Takeuchi et al.

Common features to all 2Fe-2S type ferredoxins are the
highly negative surface charge and the involvement of
acidic residues in the interaction with the redox partners
(Fig. 6). The longer C-terminal tail of Adx compared to that
of Pdx should be noted (Fig. 6). However, in the X-ray struc-
ture, there is no electron density for the C-terminal part of
the full-length molecule (residues 112-128) (34). Deletion of
residues 115-128 (24) or 109-128 (35) of bovine Adx did not
essentially affect the ability of electron transfer to P450scc.
These observations suggest that the C-terminal part (resi-
dues 112-128) does not have an important role in the struc-
tural integrity of Adx or the interaction with P450scc. Our
mass spectrometric analyses of Adx suggest that the C-ter-
minal part of Adx is indeed very susceptible to proteolysis,
resulting in C-terminal heterogeneity.

Pdx and Adx are both composed of two domains (the
“core domain” and the “interaction domain” with a large
hairpin structure) and their structures were superimposed
taking into account the domaing as well as the insertion/
deletion (Fig. 7) (33). The iron-sulfur center is located in the
“core domain” and is close to the protein surface for both
Pdx and Adx (33). However, the residues involved in the
recognition of the P450 partner showed a somewhat larger
difference between Pdx and Adx. The charged residues of
Adx important for the interaction with P450scc (i.e., Asp72,
Glu73, Asp76, and Asp79) (3) are all located within the
large hairpin structure, i.e., the “interaction domain” (33,
34) (Fig. 7). On the other hand, the charged residues of Pdx
important for the interaction with P450cam (i.e., Asp34,
Asp38, and Trpl06 carboxylate) (36) reside within the “core
domain” (Fig. 7). Thus, it may be expected that the elec-
tronic structure at the reduced iron-sulfur center of Adx
could be influenced differently from that of Pdx upon com-
plex formation with the P450 partners. Asp34, Asp38, and
Trpl106 carboxylate of Pdx are very close to the iron-sulfur
center (Fig. 7) and, therefore, the conformational change at
the P450cam-Pdx interface may be easily reflected by the
electronic structure of the iron-sulfur center. Conversely,
the electronic structure of the P450scc heme center could
be influenced differently from that of P450cam upon com-
plex formation with the ferredoxin partners.

The heme(Fe)-S(Cys) bond of P450 is intrinsically much
stronger than the heme(Fe)-N (His) bond of usual hemopro-
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Fig. 7. Stereo views of the molecular structures of Adx (yellow)
and Pdx (red). The two structures are superimposed based on the
least-square fitting algorithm to minimize the distance-squared be-
tween pairs of C, atoms. The figure shows the C, traces of the two
ferredoxins. The [2Fe-2S] clusters are shown as squares in light blue

teins (37), as indicated by the stronger rhombic distortion
of the ferric high-spin EPR signal (38). The significant in-
crease in the in-plane g-anisotropy of the ferric high-spin
EPR signals of P450scc and P450cam upon binding of part-
ner ferredoxins, as observed in the present study (Figs. 2
and 4), indicates a further increase in the heme (Fe*)-
S(Cys) bond strength. The results are fully consistent with
the resonance Raman observation of Unno et al. (39). They
observed that Pdx®-binding to the oxidized P450cam-d-
camphor complex caused an increase in the heme (Fe*)-
S(Cys) stretching frequency of the ferric high-spin species
by ~3 cm™. They interpreted this as showing that the nega-
tively charged character of Pdx screens the proximal posi-
tive charges on P450cam and promotes sulfur-iron electron
donation, leading to the increased Fe-S stretching fre-
quency (39). In this context, it may be very informative to
examine the effect of Adx™-binding on the heme (Fe*)-
S(Cys) stretching frequency of the ferric high-spin species
of P450scc. Adx apparently exhibits stronger binding affin-
ity to the partner P450, as discussed above, although Pdx
and Adx bear similar negative charges on the protein sur-
face (having almost the same theoretical pl values of 4.4).
We may be able to evaluate the conformational flexibility at
the P450scc—-Adx interface.

Several models for the physiological electron transfer
reactions among P450scc, Adx, and AR have been dis-
cussed. These include a shuttle mechanism model in which
Adx forms consecutive 1:1 complexes with AR and P450scc
(40), and models requiring the formation of an organized
1:1:1 ternary complex (41) or a 1:2:1 quaternary complex
between AR, Adx, and P450scc (42). In the present study,
we obtained evidence indicating that oxidized Adx forms a
1:1 complex with oxidized P450scc in the presence of a sub-
strate. Previously, we showed that reduced Adx forms a 1:1
complex with reduced P450scc (13). Thus, 1:1 complex for-
mation seems to be a general phenomenon for the Adx-
P450sce interaction and, therefore, the dimer formation of
Adx (34) during the electron transfer from AR to P450scc
seems unlikely under physiological conditions. On the other
hand, a recent X-ray crystallographic study on a covalent
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and in purple in the center. Some side chains important for the inter-
action with P450 partners are shown in blue for Adx (Asp72, Glu73,
Asp76, and Asp79) and in green for Pdx (Asp34, Asp38, and Trpl04).
The atomic coordinates were obtained from the Protein Data Bank
(*1AYF” for Adx and “1PUT" for Pdx).

1:1 complex of Adx and AR suggested that the organized
1:1:1 complex is also unlikely (43). Further, no steroido-
genic hydroxylase activity could be detected in the covalent
Adx-P450scc complex/AR test system (44). These lines of
evidence seem to favor the shuttle mechanism for the phys-
iological electron transfer in the steroidogenic electron
transfer system in mitochondria.

We are grateful to Dr. Hideo Shimada, Prof Yuzuru Ishimura
(Keio University), and Prof. Tadao Horiuchi for the gifts of expres-
sion vectors P450cam and Pdx.
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