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ABSTRACT: Bovine adrenodoxin (Adx) plays an important role in the electron-transfer process in the
mitochondrial steroid hydroxylase system of the bovine adrenal cortex. Using electron paramagnetic
resonance (EPR) spectroscopy, we showed that photoreduction of the [2Fe-2S] cluster of Adx via (4′-
methyl-2,2′-bipyridine)bis(2,2′-bipyridine)ruthenium(II) [Ru(bpy)2(mbpy)] covalently attached to the protein
surface can be used as a new approach to probe the “shuttle” hypothesis for the electron transfer by Adx.
The 1.5 Å resolution crystal structure of a 1:1 Ru(bpy)2(mbpy)-Adx(1-108) complex reveals the site of
modification, Cys95, and allows to predict the possible intramolecular electron-transfer pathways within
the complex. Photoreduction of uncoupled Adx, mutant Adx(1-108), and Ru(bpy)2(mbpy)-Adx(1-
108) using safranin T as the mediating electron donor suggests that two electrons are transferred from the
dye to Adx. The intramolecular photoreduction rate constant for the ruthenated Adx has been determined
and is discussed according to the predicted pathways.

The mechanism of transfer of six electrons from the
reduced nicotinamide adenine dinucleotide phosphate (NAD-
PH)1 to the terminal heme protein, side-chain-cleavage
cytochrome P450 (P450scc), via a membrane-attached fla-
voprotein, adrenodoxin reductase (AR), and an electron-
transferring non-heme iron protein, Adx, has not been finally
explored. Three alternative models have been suggested in
the literature: (i) a “shuttle” model in which Adx carries
electrons from AR to P450scc by sequential binding to these
proteins (1, 2), (ii) an electron transfer through an organized
ternary complex of AR, Adx, and P450scc (3), and (iii) a
quaternary complex of AR, Adx dimer, and P450scc (4).

On the basis of our previous crystallographic (5, 6) and
cross-linking (7, 8) as well as nuclear magnetic resonance
(NMR) (8) results, we are in favor of the shuttle hypothesis.
This model is supported by the lack of activity of the cross-
linked Adx-P450scccomplex within the reconstituted steroid
hydroxylase system and the observation of largely overlap-

ping Adx surface areas involved in interactions with both
AR and P450scc. To probe the “shuttle model”, we used a
photosensitive ruthenium complex to examine whether a
single Adx could be reduced in the absence of AR.

In this study, we report the preparation of the ruthenium
complex-modified bovine Adx, its crystal structure, and its
susceptibility to photoreduction. On the basis of the high-
resolution crystal structure of the modified Adx, possible
intramolecular electron-transfer pathways are proposed.

MATERIALS AND METHODS

Construction of pET3d-AdxZNT108.The plasmid pKKAdx
(9) was used as a template in order to amplify the Adx
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1 Abbreviations: Adx, adrenodoxin; Adx(C95S), adrenodoxin mutant
with cysteine-to-serine substitution; Adx(1-108) and Adx(4-108),
truncated forms of Adx; AR, adrenodoxin reductase; CO, carbon
monoxide; DMSO, dimethyl sulfoxide; DTT, 1,4-dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; EPR, electron paramagnetic resonance;
ES-TOF-MS, electrospray time-of-flight mass spectrometry; FPLC, fast
protein liquid chromatography; IPTG, isopropylâ-D-thiogalactopyra-
noside; MLCT, metal-to-ligand charge transfer; N-6×His tag, N-
terminal 6×His tag; NADPH, reduced nicotinamide adenine dinucle-
otide phosphate; Na2S2O4, sodium dithionite; NMR, nuclear magnetic
resonance; P450cam, camphor monooxygenase fromPseudomonas
putida; P450scc, side-chain cleavage cytochrome P450; PDB, Protein
Data Bank; PCR, polymerase chain reaction; rmsd, root-mean-square
deviation; Ru(bpy)2(Br-mbpy)(PF6)2, (4-bromomethyl-4′-methyl-2,2′-
bipyridine)bis(2,2′-bipyridine)ruthenium(II) bishexafluorophosphate;
Ru(bpy)2(mbpy)-Adx(1-108), Ru(bpy)2(mbpy)-modified Adx(1-
108); Ru(II)*, excited state of the ruthenium complex; SDS-PAGE,
polyacrylamide gel electrophoresis with sodium dodecyl sulfate; Ru-
(bpy)3, tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate; Xa, factor
Xa.
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fragment with the N-terminal 6×His tag (N-6×His tag) using
5′-ACT GCC ATG GGT CAC CAC CAC CAC CAC CAC
ATC GAA GGT CGA-3′ and 5′-GGG GAA GCT TAT TCT
ATC TTT GAG TTC-3′ primers. The PCR fragment encod-
ing the N-6×His tag followed by the factor Xa (Xa) cleavage
site and the sequence of 128 amino acids of bovine Adx
was ligated into the expression vector pET3d (10) after the
NcoI/BamHI restriction. A stop codon was inserted following
the sequence, encoding 108 amino acid residues of Adx
(pET3d-AdxZNT108). Site-directed mutagenesis was per-
formed with the mutagenic primers 5′-ACT GTT CGA GTA
CCT TAA GCC GTG TCT GAT GCC-3′ and 5′-GGC ATC
AGA CAC GGC TTA AGG TAC TCG AAC AGT-3′ using
the QuikChange mutagenesis protocol (Stratagene Ltd.,
Cambridge, U.K.).

Proteins.BL21(DE3)pLysE CodonPlus (Novagen, Darm-
stadt, Germany) with pET3d-AdxZNT108 was cultivated in
Luria-Bertani medium with ampicillin (100µg/mL) and
chloramphenicol (50µg/mL) overnight at 37°C. Adx was
overexpressed by adding 1 mM isopropylâ-D-thiogalacto-
pyranoside (IPTG) at 30°C for 12 h. Cells were harvested
at 4°C by centrifugation at 8000 rpm for 10 min and stored
at-70 °C. The thawedEscherichia colicells were disrupted
in a French Press (Spectronic Unicam) in 20 mM Tris-HCl
buffer, pH 7.4 (buffer A), containing 300 mM KCl and 10
mM imidazole. Adx was purified on Ni-NTA agarose
(Qiagen GmbH, Hilden, Germany) using 250 mM imidazole
in buffer A. Further, using DEAE 52 cellulose Servacel
(Serva Electrophoresis GmbH, Heidelberg, Germany) the
mutant protein was eluted over a linear gradient (0-50%)
of 1 M KCl in buffer A. Adx homogeneity was analyzed by
a fast protein liquid chromatography (FPLC) on the HiLoad
26/60 Superdex 200 (Amersham Pharmacia Biotech, Freiburg,
Germany).

Expression and purification of the Adx mutant with
cysteine-to-serine substitution [Adx(C95S)] was described
elsewhere (9). Recombinant Adx and AR were expressed
and purified as described (11), and P450scc was isolated and
purified from the mitochondria of bovine adrenal cortex (12).
The purity of Adx, AR, and P450sccwas estimated withA414/
A276, A280/A450, andA393/A276 ratios, respectively. The con-
centrations were determined usingε414 ) 9.8 (mM cm)-1

(13) and ε450 ) 10.9 (mM cm)-1 (14) for Adx and AR,
respectively. The P450sccconcentration was determined using
the carbon monoxide (CO) difference spectrum, assuming
ε450-490 ) 91 (mM cm)-1 (15). All UV -vis spectra were
obtained on the UV-vis scanning spectrophotometer UV-
2102 (Shimadzu, Kyoto, Japan).

Enzymatic CleaVage of the N-6×His Tag and Purification
of Adx(1-108). A protocol for the Novagen factor Xa
cleavage capture kit (Calbiochem-Novabiochem GmbH,
Schwalbach/Ts., Germany) was used with slight modifica-
tions. For enzymatic cleavage of the fusion 6×His tag a
frozen stock solution of Adx(N-6×His tag/Xa/1-108) or the
protein after gel filtration was used. Adrenodoxin was first
concentrated to a final volume ofe0.5 mL and final
concentration ofe0.001 M in 0.05 M Tris-HCl, pH 8.0, 0.1
M NaCl, and 0.005 M CaCl2. The reaction was carried out
with a 20:1 (Adx:Xa) molar ratio at 4°C for 20 h to prevent
possible protein degradation at room temperature. After
incubation time Xa was inhibited with 0.001 M Pefablock
SC (Pentapharm Ltd., Basel, Switzerland) at room temper-

ature (15 min) before the reaction mixture was applied to
the affinity capture Xarrest agarose. Then, the sample was
loaded, gently mixed with the agarose, and incubated for 5
min to increase the binding of Xa. Adrenodoxin was
recovered by spin filtration at room temperature at 2000 rpm
for 5 min. Collected protein was applied to a small Ni-NTA
test column to check the completeness of the reaction. The
protein homogeneity after cleavage of the N-6×His tag was
analyzed by FPLC, 18% polyacrylamide gel electrophoresis
with sodium dodecyl sulfate (SDS-PAGE), and electrospray
time-of-flight mass spectrometry (ES-TOF-MS).

CoValent Modification of Adx(1-108).Solid (4-bromom-
ethyl-4′-methyl-2,2′-bipyridine)bis(2,2′-bipyridine)ruthenium-
(II) bishexafluorophosphate [Ru(bpy)2(Br-mbpy)(PF6)2] was
used for modification of Adx(1-108) as described for
camphor monooxygenase fromPseudomonas putida(P450cam)
(16). Stereoselective purification of the ruthenium complex
was not carried out. Adrenodoxin was concentrated to a final
volume of 0.5 mL and concentration ofe0.001 M in 0.1 M
potassium phosphate buffer, pH 8.0, and then preincubated
(4 °C, 30 min) with a 3-fold molar excess of 1,4-dithiothreitol
(DTT) (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
to avoid formation of disulfide bonds. A tenfold molar excess
of Ru(bpy)2(Br-mbpy)(PF6)2 was dissolved in dimethyl
sulfoxide (DMSO) (Merck KGaA, Darmstadt, Germany) and
added to an aliquot of the protein, and then the reaction
mixture was incubated with slight shaking for 2 h in thedark.
The reaction was stopped by removing the excess of reagents
on Sephadex G-25 M (Amersham Pharmacia Biotech,
Freiburg, Germany), preequilibrated with 0.05 M Tris-HCl
buffer, pH 7.4, at 4°C. The crude reaction mixture was
further purified over a (0-50%) gradient of 1 M KCl in
buffer A on a Bioscale Q2 column using the BioLogic high-
pressure chromatography system (Bio-Rad Laboratories, Inc.,
München, Germany). The stoichiometry of Ru(bpy)2(mbpy)
bound to Adx(1-108) was determined as described (16). To
prove that Cys95 is the modification site, the Adx(C95S)
mutant was labeled with the ruthenium complex and further
purified as described for Adx(1-108).

Mass Spectrometry.The electrospray time-of-flight mass
spectrometry (ES-TOF-MS) was performed to check the
molecular weights of Adx(1-108) and Ru(bpy)2(mbpy)-
Adx(1-108). Mass spectra were obtained employing a
Q-TOF1 mass spectrometer (Micromass, Manchester, U.K.)
with an accuracy of 0.01%. The protein solutions were
desalted on Poros R1 material (Applied Biosystems, Darm-
stadt, Germany), eluted with 60% acetonitrile, 39% water,
and 1% formic acid, and introduced via a Harvard syringe
pump at a flow rate of 200 nL/min.

Redox Potential Measurements.Redox potentials of Adx,
Adx(1-108), and Ru(bpy)2(mbpy)-Adx(1-108) were de-
termined using the dye photoreduction method with safranin
T (Sigma-Aldrich, Steinheim, Germany) as an indicator and
mediator (17). In the presence of ethylenediaminetetraacetic
acid (EDTA) the oxidized dye can be converted to its
colorless reduced form by illumination. P450cam was used
as a reference protein for a typical one-electron acceptor
instead of P450scc, because the latter has been less investi-
gated. The reaction conditions (2.6 mL) for each protein were
0.1 M potassium phosphate buffer, pH 7.3, containing 0.01
M EDTA (Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many), freshly prepared glucose (8 mg/mL), 18µL of 0.001
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M safranin T, and the oxygen scavenger system (4 mg/mL
glucose oxidase and 2 mg/mL catalase). First, a protein
solution was stirred with N2 for 30 min in a black precision
cell of quartz (Hellma GmbH & Co., KG, Mu¨llheim,
Germany) and finally incubated with the oxygen scavenger
system in the dark for the next 30 min. All oxidized and
reduced spectra were obtained anaerobically. Reduction was
initiated by illumination steps (3-5 s) of the sample with a
500 W xenon lamp. After each illumination step, the
spectrum (320-700 nm) was immediately recorded. A total
of 10-15 illuminations were carried out. The redox potentials
were determined using the Nernst equation (eq 1) under
equilibrium conditions, where the potentials of the dye and
the protein are equal (Edye ) Eprotein):

where R, T, F, nprotein, and ndye are the gas constant,
temperature (K), the Faraday constant, and the number of
electrons transferred in the reaction for each redox pair of
the protein (Adx or P450cam) and the dye, respectively.E0(dye)

and E0(protein) are the standard redox potentials given in
millivolts. [Cox] and [Cred] represent the concentrations of
the oxidized and reduced components, respectively. The ratio
[Cox]/[Cred] was determined as (1- a)/a, wherea represents
the fraction of the reduced component. Thea is determined
from the ratio of the absorbance change in the difference
spectrum (spectrum after illumination minus spectrum with-
out illumination) at 414 nm (for Adx) and at 521 nm (for
safranin T) to the maximal absorbance change produced for
100% reduction, which was induced by sodium dithionite
addition at the end of the experiments. In a separate
experiment, it was found that dithionite is able to completely
reduce Adx as well as the dye, which is the prerequisite to
apply this procedure. Usingndye ) 2 and anE0(dye) of -289
mV for safranin T (18), the redox potential for each
illumination step was determined using the left side of eq 1.
These potentials were then plotted versus the decadic
logarithm of [Cox(protein)]/[Cred(protein)]. From the slope andy
intercept of the linear fit of the experimental points, the
number of transferred electrons,nprotein, and the standard
redox potentialE0(protein), respectively, for Adx and P450cam

were determined.
Electron-Transfer Capability of Adrenodoxin.Adx, Adx-

(1-108), and Ru(bpy)2(mbpy)-Adx(1-108) were investi-
gated using the cytochromec reduction (11) and NADPH-
induced reduction of P450sccassays (19). The kinetics of the
cytochromec reduction was investigated in 0.033 M potas-
sium phosphate buffer, pH 7.4, at room temperature. The
reaction mixture (1 mL) contained 60µM cytochromec
(Boehringer Mannheim GmbH, Germany), 2µM AR, and
variable amounts (0.05-1.5µM) of the investigated adreno-
doxins. The reaction was started by adding NADPH at a final
concentration of 0.14 mM. Reduction of cytochromec was
monitored by measurement of the increase of the absorbance
at 550 nm. The activities were calculated usingε550 ) 20
(mM cm)-1 for the reduced minus oxidized cytochromec
(11).

Enzymatic reduction of P450scc was studied in the recon-
stituted steroid hydroxylase system in 0.033 M potassium
phosphate buffer, pH 7.4, at room temperature. The reaction
mixture (1 mL) containing 0.67µM P450scc, 3.34 nM AR,
and 0.33-1.67 µM Ru(bpy)2(mbpy)-Adx(1-108) was
treated with CO for 2 min, avoiding foam formation in the
sample. Samples with Adx (0.33-1.67µM) and unmodified
Adx(1-108) (0.33-1.67 µM) were prepared in the same
manner as ruthenated Adx(1-108). After saturation with CO
the reaction in all samples was initiated by adding the
NADPH-regenerating system [0.14 mM NADPH, 0.002 M
glucose 6-phosphate, and 1 unit/mL glucose-6-phosphate
dehydrogenase (all from Serva Feinbiochemica GmbH &
Co., KG, Heidelberg, Germany)]. Formation of the CO-
heme complex was detected by an appearance of the peak
at 450 nm.

Photoreduction of Adx(1-108). The applicability of the
photoreduction method was checked first with unmodified
Adx(1-108) in buffer A containing 0.1 M EDTA and 10%
glycerol to see whether the protein stability might be affected
by irradiation. The sample (0.1 mL) was gently stirred with
nitrogen for 1 h before illumination in a black precision cell
of quartz with a small optical window (2 mm× 2 mm).
The sample was then irradiated for 60 min (in 10 min
intervals) at 25°C using the argon ion laser Innova 90
(Coherent, Inc., Palo Alto, CA) at 457.9 nm with the final
output of 60 mW. The stability was checked spectrophoto-
metrically. The 1:1 Ru(bpy)2(mbpy):Adx(1-108) sample was
prepared in the same manner and exposed for 20-40 min
in an EPR tube and 75 min for spectroscopic studies.
Photoreduction was monitored by the decrease of the
absorbance at 414 nm. Reoxidation was done at 4°C. EDTA
has been used as a sacrificial electron donor that reacts
irreversibly with Ru3+ to form Ru2+. The rate of EDTA
oxidation iskQ ) 1.1× 108 M-1 s-1 (20). The usage of 0.1
M EDTA ensures that all Ru3+ formed during illumination
are instantaneously reduced to Ru2+, thus minimizing the
Fe2+/Ru3+ back-transfer, and that the EDTA concentration
can be assumed as constant during the experiment. Addition
of 0.1 M EDTA to the samples had no influence on the
spectrum of the Ru(bpy)2(mbpy)-Adx(1-108) complex.

The observed reduction rates (kobs) were derived from the
slope of the plot ln(1- R) versus illumination timet (16),
whereR is the fraction of the photoreduced Adx(1-108).
Ratesket at three different Ru(bpy)2(mbpy)-Adx(1-108)
concentrations (0.01, 0.05, and 0.17 mM) were calculated
using eq 2 according to Contzen et al. (16):

where kd summarizes all decay processes of the excited
ruthenium complex (16). Its value of (7( 1) × 106 s-1 was
determined for Ru(bpy)3-cytochromec (21, 22) and assumed
to be also an approximate value for the ruthenium complex
used here.I0, κ, andd are the intensity of the laser, extinction
coefficient of the ruthenium complex absorption at 457.9 nm,
and optical path length, respectively. The error ofket is
calculated taking into account the errors arising from
fluctuations of the illuminating laser power ((0.5%) and the
errors ofkd, andkobs as described (16). The rate constantket

consists of two contributions (eq 3). The intermolecular (ket2)

E0(dye)+ 2.303
RT

ndyeF
log

[Cox(dye)]

[Cred(dye)]
)

E0(protein)+ 2.303
RT

nproteinF
log

[Cox(protein)]

[Cred(protein)]
(1)

ket )
kd

(I0κd/kobs) - 1
(2)
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rate constant was determined from the slope in the plotket

versus the concentrations of Ru(bpy)2(mbpy)-Adx(1-108).
The intramolecular rate (ket1) is obtained from the extrapola-
tion of the Ru(bpy)2(mbpy)-Adx(1-108) concentration to
zero using the equation:

EPR. “Negative” control samples [Adx(1-108), water-
soluble tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate
(Ru(bpy)3) (Sigma-Aldrich, Steinheim, Germany) plus Adx-
(1-108) in a 1:1 ratio, and just the water-soluble ruthenium
complex itself] and Ru(bpy)2(mbpy)-Adx(1-108) were
thoroughly deoxygenated with nitrogen for 1 h asdescribed
(23). Then, each EPR sample tube was placed in the laser
beam, so that the tube length and laser beam were aligned
in parallel. This ensures an optimal irradiation of the samples.
Additionally, the sample with Adx(1-108) (“positive”
control) was reduced in an EPR tube with fresh solid sodium
dithionite (Na2S2O4). After illumination and chemical reduc-
tion, the samples were flash-frozen by immersing the EPR
tubes into liquid nitrogen. EPR measurements were per-
formed on an X-band (9.5 GHz) EPR spectrometer (Bruker
300E, Germany) equipped with an Oxford ESR 9 helium
flow cryostat at 80 K with modulation frequency, 12.5 kHz;
microwave power, 5 mW; and modulation amplitude, 5 G
[10 G for the illuminated sample of Ru(bpy)2(mbpy)-Adx-
(1-108)]. The spin quantification of the reduced [2Fe-2S]
cluster of Adx(1-108) was carried out using CuSO4 as a
standard (24).

Crystallization of Ru(bpy)2(mbpy)-Adx(1-108).The modi-
fied protein was crystallized by the hanging-drop vapor
diffusion method as described for Adx(4-108) (5). Crystals
grew in 1 week at 4°C. Data were collected at 90 K on a
MAR-165CCD at X06SA-PX (Swiss Light Source, Villigen,
Switzerland). Processing, scaling, and conversion were done
with XDS (25).

Structure Determination and Refinement.An initial struc-
ture of the 1:1 Ru(bpy)2(mbpy):Adx(1-108) complex was
determined by molecular replacement using AMoRe (26) and
Adx(4-108) (5) [Protein Data Bank (PDB) entry 1AYF] as
a search model. The structure was refined with REFMAC
(27) at 20-1.5 Å resolution including (i) isotropic refinement
of Adx(1-108) without the ruthenium complex, (ii) place-
ment of water molecules, and (iii) positioning of the
ruthenium moiety into the remaining difference density and
subsequent refinement. The coordinates of the ruthenium
complex isomers were adapted from the PDB entry 1K2O
(28). Refinement results and fitting of the ruthenium complex
were analyzed using the graphical display program O (29).
Grouped TLS refinement produced the final model. The
density of the ruthenium moiety and side chain of Cys95
was improved using the program EDEN (30). Possible
electron-transfer pathways within the Ru(bpy)2(mbpy)-Adx-
(1-108) complex were calculated using the program HAR-
LEM (31). The two crystal structures, Ru(bpy)2(mbpy)-
Adx(1-108) and unmodified Adx(4-108) (1AYF), were
compared by least-squares fitting of their CR positions using
the program LSQKAB (32).

RESULTS

1:1 Ru(bpy)2(mbpy):Adx(1-108) Complex.The complex
was eluted from a Bioscale Q2 column at 23-24% of 1 M

KCl in buffer A. Differences in the visible spectra of the
oxidized Adx(1-108) and the modified Adx(1-108) are due
to the spectral contribution of the ruthenium complex in the
spectrum of Adx(1-108) (Figure 1). Adx, Adx(1-108), and
Ru(bpy)2(mbpy)-Adx(1-108) were active in transporting
electrons to cytochromec and P450scc (Table 1 and Figure
2). No specific 1:1 covalent complex of Adx(C95S) with
the ruthenium complex could be purified.

Mass Spectrometry Data.Data revealed complete cleavage
of the N-6×His tag and formation of the 1:1 Ru(bpy)2-
(mbpy):Adx(1-108) complex. Experimental molecular masses
of 11879.0 Da [Adx(1-108)] and 12470.5 Da [Ru(bpy)2-
(mbpy)-Adx(1-108)] correspond to the theoretical values,
11880.4 and 12472.04 Da, respectively, calculated without
the [2Fe-2S] cluster.

Crystal Structure of 1:1 Ru(bpy)2(mbpy):Adx(1-108).The
structure is deposited with the PDB under the access code
2BT6. Crystallographic data are summarized in Table 2.
Generally, molecule A of the Ru(bpy)2(mbpy)-Adx(1-108)
complex was better refined than molecule B in the asym-
metric unit.

Prominent electron density, which protrudes from the
protein surface in the form of open circles, indicating the
presence of aromatic rings, was observed in the vicinity of
Cys95 of both Adx(1-108) molecules in the asymmetric
unit. Positioning of one of the two Ru(bpy)2(mbpy) isomers
into this density and subsequent refinement confirmed the
presence of the ruthenium complex in the crystal structure.
Clearly observed 2Fo - Fc electron density between the C39

atom of the Ru(bpy)2(mbpy) moiety and the side chain of

ket ) ket1 + ket2[Ru(bpy)2(mbpy)- Adx(1-108)] (3)

FIGURE 1: Modification of Adx(1-108) with Ru(bpy)2(mbpy). The
absorption spectra are Ru(bpy)2(mbpy)-free Adx(1-108) (0.026
mM; red), free ruthenium complex (0.026 mM; blue), and 1:1 Ru-
(bpy)2(mbpy)-Adx(1-108) complex (black).

Table 1: Cytochromec Reduction Assay

protein activity [nmol min-1 (nmol of Adx)-1]a

Adx 59.5( 3.2b

Adx(1-108) 62.5( 7.0
Ru(bpy)2(mbpy)-Adx(1-108) 40.2( 4.0

a Cytochromec reduction was followed at 550 nm in the presence
of 0.14 mM NADPH.b Standard deviations were calculated from two
independent experiments, including six measurements with variable
concentrations of substrates.
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Cys95 confirms the existence of the covalent link. Residual
difference density revealed the simultaneous binding to Adx-
(1-108) of the other Ru(bpy)2(mbpy) isomer in the crystal
lattice. The side-chain conformation of Cys95 differs,
depending on the bound Ru(bpy)2(mbpy) isomer. Covalently
bound Ru(bpy)2(mbpy) is situated on the protein surface and
tilted toward the [2Fe-2S] cluster (Figure 3A).

Fitting a subset of CR positions of Ru(bpy)2(mbpy)-Adx-
(1-108) onto Adx(4-108) showed that coupling of the
bipyridyl complex did not influence the overall structure of
Adx(1-108) (Supporting Information, Figure S1). The
backbones of the superimposed area (residues 6-108) of
modified Adx(1-108) and Adx(4-108) are very similar with
root-mean-square deviation (rmsd) of 0.337 Å. Two Ru-
(bpy)2(mbpy)-Adx(1-108) complexes and two Adx(4-108)
molecules in their asymmetric units were also compared
(Figure S1). The rmsd of CR positions between two Ru(bpy)2-
(mbpy)-Adx(1-108) was 0.150 Å, lower than that between
two Adx(4-108) molecules, 0.428 Å, probably reflecting
the lower resolution of the former structure, 1.85 Å.

Two preferential intramolecular electron-transfer pathways
were predicted by the program HARLEM for two complexes
in the asymmetric unit. Upon light absorption, an electron
in the ruthenium complex is formally transferred from the
excited metal center to one of the bipyridyl ligands, so that
a metal-to-ligand charge-transfer (MLCT) state is formed.
From the excited MLCT state, an electron will further be
transferred to the Fe2 atom of the iron-sulfur cluster of Adx-
(1-108) (Figure 3B). The first pathway is operating for the
∆-isomer of Ru(bpy)2(mbpy) bound to molecules A (11.77
Å) and B (11.95 Å) and for theΛ-configuration in molecule
A (12.62 Å) (Figure 3B), and the path begins with a through-
space jump from the C23 or C21 atom of theπ-system of the
bipyridyl ligand to the carbonyl oxygen of Cys92. Then, the
path leads over the covalent bonds of Cys92 to the Fe2 atom.
The second path (23.71 Å) for theΛ-isomer in molecule B
is longer and leads from C39 of Ru(bpy)2(mbpy) via the

covalent bonds of the Cys95, Ile94, Gln93, and Cys92
residues to the Fe2 atom (Figure 3B).

Redox Potentials.The redox potentials of Adx, Adx(1-
108), and Ru(bpy)2(mbpy)-Adx(1-108) were measured as
-282( 4.5,-302( 4.6, and-306( 5.2 mV, respectively.
Interestingly, the determined Nernst slopes in eq 1 for these
proteins are 26( 1.1, 31 ( 1.5, and 28( 1.8 mV,
respectively (Figure 4). These values are close to 30 mV,
indicating that apparently two electrons are transferred from
the dye to Adx. Measuring the redox potential of P450cam

(-312( 5.8 mV), which is known as one-electron-acceptor
protein, a slope of 66( 2.8 mV was determined. This
corresponds to∼60 mV for a one-electron transfer, as
expected.

Light-Induced Reduction.Illumination of Adx(1-108) did
not affect its stability, as proved by an unchanged absorption
spectrum (data not shown). For Ru(bpy)2(mbpy)-Adx(1-
108) a 30-40% absorbance decrease at 414 nm has been
observed after 45 min of illumination (Figure 5A). Generally,
during irradiation a progressive absorbance increase between
487 and 700 nm was detected with an isosbestic point at
487.5 nm (Figure 5A), and it influenced the shape of the
difference spectra of Ru(bpy)2(mbpy)-Adx(1-108). In
Figure 5B there is a prominent maximum at 500 nm in the
difference spectrum of the photoreduced Ru(bpy)2(mbpy)-
Adx(1-108), while a minimum is observed for the chemi-
cally reduced Adx(1-108). On the other hand, coupled
Adx(1-108) does not reveal a positive peak at 550 nm, as
is seen for Adx(1-108). Interestingly, upon addition of
sodium dithionite to the Ru(bpy)2(mbpy)-Adx(1-108)
sample, the same difference spectrum is obtained as for the
Na2S2O4-reduced Adx(1-108) (data not shown). Because the
absolute extent of the reduction is small in the pure
photoreduction experiment, the spectral changes of Adx and
of the ruthenium complex might compensate each other. This
would, however, imply that small spectral changes of the
ruthenium complex occur under illumination. Indeed, those
changes were observed when the ruthenium complex alone
was illuminated. This may also explain why we obtained
only 20-25% of the intensity of the initial spectrum after
overnight reoxidation of the photoreduced Adx sample.

A linear relationship between ln(1- R) andt was observed
(Figure 5C). After 45 min data deviated from the linearity
and were therefore not included in the plot. Observed rates,
kobs, are calculated from the slope: (2.0( 0.03)× 10-5 s-1

(0.01 mM), (6.4( 0.1) × 10-5 s-1 (0.05 mM), and (1.8(
0.2) × 10-4 s-1 (0.17 mM), where errors are the standard
deviation from the linear fit (Figure 5C). These rates are used
to calculate the ratesket, which are 158.3( 22.3 s-1 (0.01
mM), 483.1( 68.6 s-1 (0.05 mM), and 1437.5( 327.3 s-1

(0.17 mM). From the slope of the plot ofket versus the Ru-
(bpy)2(mbpy)-Adx(1-108) concentrations (Figure 5D) the
intermolecular bimolecular rate constantket2 ) (7.98( 0.04)
× 106 M-1 s-1 was obtained. They intercept of the linear
fit at zero concentration of Ru(bpy)2(mbpy)-Adx(1-108)
gives the intramolecular monomolecular rate constantket1

of 80.6 ( 3.6 s-1.
EPR Data.In Adx(1-108) as isolated, the iron-sulfur

cluster is in the EPR-silent oxidized [2Fe-2S]2+ state. In this
state the electron spins on both FeIII irons (eachS ) 5/2)
couple antiferromagnetically to a total spinS) 0. In contrast,
the reduced form, [2Fe-2S]1+, in which the spins of FeIII

FIGURE 2: NADPH-induced reduction of P450scc. Oxidized (black)
spectrum and carbon monoxide-bound form (red) spectrum of
reduced P450scc (0.67 µM) when the 1:1 Ru(bpy)2(mbpy)-Adx-
(1-108) complex was used as an electron carrier in the reconstituted
steroid hydroxylase system [for Adx and Adx(1-108) data are not
shown]. CO-difference spectrum of P450scc (blue). (Inset) Close-
up view of the oxidized and CO-treated after reduction spectra of
P450scc. Concentrations of all three adrenodoxins were in the range
between 0.33 and 1.67µM.
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(S ) 5/2) and FeII (S ) 2) on both irons couple to a total
electron spinS ) 1/2, is EPR active. Illuminated Ru(bpy)3,
Adx(1-108), and a 1:1 mixture of Adx(1-108) plus Ru-
(bpy)3 showed no EPR signals. The last two results indicate
that the [2Fe-2S]2+ cluster stays oxidized after illumination
of these samples. In contrast, the typical EPR signal of the
reduced [2Fe-2S]1+ cluster was obtained from the chemically
and ruthenium-mediated (photochemically) reduced samples
of Adx(1-108) and Ru(bpy)2(mbpy)-Adx(1-108), respec-
tively. Two traces, a and b in Figure 6, show that by
dithionite reduction of Adx(1-108) two slightly different
species of the reduced [2Fe-2S]1+ center were obtained from
four samples. The first species exhibits a broader spectrum
with g-values ofg| ) 2.024(2) andg⊥ ) 1.938(2), which
are in excellent agreement with values reported earlier (33).
In trace b the low-field absorption peak moved to higher

field (lower g), and the high-field absorption moved to
slightly lower field (higherg) with correspondingg-values
of g| ) 2.012(2) andg⊥ ) 1.942(2), respectively. Although
almost all EPR spectra of bovine Adx, which were published
in the literature so far, show our first species, the second
species has been recently also observed (34) for the truncated
forms of Adx, Adx(4-108) and Adx(4-114), suggesting a
rather different symmetry of the reduced [2Fe-2S] cluster
than in the wild-type form. We used always Adx(1-108)
only, so that the presence of two slightly different species
in one mutant cannot be explained now. However, the [2Fe-
2S] cluster is situated near the protein surface, and small
structural changes could be induced by different pH values
and/or different local dithionite concentrations. The chemi-
cally reduced Ru(bpy)2(mbpy)-Adx(1-108) samples (four
samples were measured) (trace c in Figure 6) represent a

Table 2: X-ray Data Collection and Refinement of the Ru(bpy)2(mbpy)-Adx(1-108) Structure

parameter value

diffraction dataa space group P212121

cell constantsa/b/c(Å) 50.51/56.97/79.08
resolution (Å) 1.5
mosaicity (deg) 0.1
observed/unique reflections 259462/35907
redundancy 7.2
completeness (%) (all data/last shell) 95.7/89.6
Rsym

b (%) (overall/last shell) 5.4/38.5
〈I/σ(I)〉 (overall/last shell) 19.1/4.4

asymmetric unit complexes/atoms 2/2024
protein, chains/residues/atoms 2/204/1868
iron-sulfur clusters/atoms 2/8
water molecules 215
ruthenium complex, chains/atoms 2/78

averageB andR factors Ru(bpy)2(mbpy)-Adx(1-108),A/B (Å2) 10.61/11.17
solvent (Å2) 18.94
Rc/Rfree

d 16.67/19.26
rmsd of refined atoms bond distances (Å) 0.012

bond angles (deg) 3.125
Ramachandran plot statistic residues in most favored regions (%) 93.7

residues in additionally/generously/disallowed regions (%) 6.3/0/0
a Using XDS.b Rsym ) ∑|I - 〈I〉|/∑|I|. c R ) ∑|Fo - Fc|/∑|Fo|. d The freeR factor was calculated using 5% randomly selected reflections.

FIGURE 3: Molecular structure of Ru(bpy)2(mbpy)-Adx(1-108). (A) Secondary structure plot of the complex (molecule A). Ru(bpy)2-
(mbpy) isomers are in stick representation (Λ, blue, and∆, red) with the ruthenium atoms as spheres. Cysteine side chains and the [2Fe-2S]
cluster are drawn in ball-and-stick representation. (B) Possible electron-transfer pathways calculated by the program HARLEM. Red dotted
line: pathway for the∆-isomer in molecules A and B. Through-space jump from the C21 atom of Ru(bpy)2(mbpy) to the carbonyl O of
Cys92 (Λ-isomer in molecule A), marked as a blue dotted line, is followed by further transfer through the covalent bonds of Cys92 (marked
also as a red dotted line) as in the∆-isomer. The path via the protein backbone is shown in blue ball-and-stick representation, starting from
C39 of Ru(bpy)2(mbpy). Pictures of the structure were prepared using the program MOLMOL (49).
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superposition of the EPR spectra of the two species above.
Trace d in Figure 6 shows the EPR spectrum of the
photoreduced [2Fe-2S]1+ cluster in the Ru(bpy)2(mbpy)-
Adx(1-108) samples (two samples were measured), which
are virtually identical with the first species in the chemically
reduced unmodified Adx(1-108) sample (Figure 6, trace a).

By spin quantification of the chemically reduced Adx(1-
108) samples we have determined that the ratio between the
concentration of spins and Adx(1-108) concentration was
1.09 and 1.1 in two independent measurements with an error
of (10%. These results indicate that 100% of the iron-
sulfur clusters are in the mixed valence FeIIFeIII state; that
means reduced Adx represents the [2Fe-2S]1+ state.

DISCUSSION

Many investigations have been already carried out to
explore the electron-transfer mechanism in the mitochondrial
steroid hydroxylase system of the adrenal cortex which,
however, still remains unclear. To probe the shuttle model
for the electron transfer, we used an alternative approach,
which is based on a light-induced AR-free reduction of
bovine adrenodoxin. For this purpose we have covalently
modified Adx(1-108) with the ruthenium(II) bipyridyl
complex.

Our results reveal four important findings, which concern
(i) the successful labeling of Adx with the ruthenium complex
and analysis of its 3D structure, (ii) the kinetics of the light-
induced reduction of the iron-sulfur cluster of Adx via the
labeled ruthenium bipyridyl complex, (iii) comparison of
light-induced and chemical reduction of the [2Fe-2S] cluster
of Adx by EPR and visible spectroscopy, and (iv) the number
of transferred electrons in the safranin T-mediated photore-
duction.

Labeling of Adx(1-108) with the Ruthenium Complex.
This is the first crystal structure of a ruthenium complex-
modified [2Fe-2S] ferredoxin. The bound ruthenium complex
protrudes from the Adx(1-108) surface and is oriented
toward the [2Fe-2S] cluster (Figure 3A). This position of

the complex might affect the cluster microenvironment and,
as a consequence, its midpoint potential. The redox potentials
of Ru(bpy)2(mbpy)-Adx(1-108) (-306 mV) and Adx(1-
108) (-302 mV) are almost identical, indicating an intact
iron-sulfur cluster environment. However, differences in the
kinetics of cytochromec reduction between Ru(bpy)2(mbpy)-
coupled and free Adx(1-108) have been observed, suggest-
ing that labeling might affect intermolecular electron transfer.
By molecular modeling and energy minimization for free
Adx and cytochromec and the Adx-cytochromec complex,
it is proposed that in the complex with the lowest energy
the peptide stretches Ile25-Asp31, Cys46-Leu50, Glu68-
Glu73, and Cys92-Thr97 of Adx and Val11-Cys17,
Lys27-Thr28, and Asn70-Lys86 of cytochromec form the
interface (35). The Adx peptide stretch Cys92-Thr97
contains the Cys95-Ru(bpy)2(mbpy) modification site. Thus,
the slowest kinetics, which was observed for the cytochrome
c reduction using Ru(bpy)2(mbpy)-Adx(1-108), despite its
identical redox potential with Adx(1-108), can be explained
by steric hindrance when modified Adx(1-108) and the
cytochrome interact.

Kinetics of the Light-Induced Reduction of the Iron-Sulfur
Cluster of Adx.Ruthenium complex labeling of different
heme proteins such as cytochromeb5 and cytochromec has
originally been established by several laboratories to study
intramolecular electron-transfer routes and to check the
different distance dependence models (36, 37). Our studies
show that the electron-transfer rate depends on the concen-
tration of the ruthenium-labeled Adx(1-108), indi-
cating intermolecular transfer taking place (ket2 ) ∼8 × 106

M-1 s-1). The intermolecular electron transfer was also
observed in previous studies of ruthenium complex-labeled
cytochrome P450cam (16). Extrapolation to an Adx concen-
tration of zero gives the intramolecular rate constant, which
is found to be∼81 s-1. Considering the driving force∆G
of ∼0.5 V for the excited state of the ruthenium complex
(Ru(II)*) to oxidized Adx(1-108), which was estimated from
the redox potentials of∼-0.8 V (38) and∼-0.3 V for the
Ru(II)* and the [2Fe-2S] cluster, respectively, the distances
of ∼7-9 Å between two redox groups have been estimated
from the Dutton plot (39). This distance range is close to
the average edge-to-edge distances of 9-10 Å from the
ruthenium ligand (C23 and C21 atom) to Fe2 (Figure 3B),
but it is shorter than the HARLEM-determined pathways,
12-13 Å. According to the concept of the Dutton plot (39),
the electron-transfer rate is determined only by the distance
between the redox pair (e.g., in the present work 7-9 Å),
with specific electron tunneling pathways being insignificant
in biological electron transfer. This is a major difference from
the “pathway” (40) model in which specific tunneling paths
are expected to play a more significant role in biological
electron transfer. The obtained distances/paths cannot be
compared, despite the small difference between them,
because the theoretical model for their determination is
different. Nevertheless, if one considers the recently devel-
oped (41, 42) “worm” model for determining the electron-
transfer pathways, one may reconcile the “straight-line” and
pathway models. The worm model roughly assumes a straight
line between donor and acceptor, where the paths wind along
this line and reflect in that way the specific role of the
microenvironment of the protein structure. Thus, on the basis
of this assumption the present HARLEM-determined path-

FIGURE 4: Determination of the redox potentials of adrenodoxins
and P450cam: Adx (9), Adx(1-108) (O), Ru(bpy)2(mbpy)-Adx-
(1-108) (2), and P450cam(3). They intercept of each fitting curve
(solid lines) gives the redox potential of a protein.n(protein) for Adx
and P450cam could be derived from the slope of every linear fit in
the plot. Concentrations of the proteins were in the range between
60 and 70µM.
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ways (∼12-13 Å) and Dutton distances (∼7-9 Å) are (i)
in the distance range for biological electron transfer (38) and
(ii) could be assigned to the determined intramolecular rate
constant.

EPR and Visible Spectra of the(Photo)reduced [2Fe-2S]
Cluster of Adrenodoxin.The EPR spectrum of the chemically
reduced Adx samples shows two species [g| ) 2.024(2),
g⊥ ) 1.938(2) andg| ) 2.012(2),g⊥ ) 1.942(2)] (Figure
6, traces a and b), whose population may depend on
solvent conditions and freezing procedures as described
elsewhere (43). The EPR spectrum of the photoreduced
ruthenium complex-coupled Adx does not possess specific
new g-values, but it shows only one of the two reduced
[2Fe-2S]1+ species mentioned above, which seems to be
stabilized in this complex. These EPR data show that the
attachment of the ruthenium complex does not affect the local
geometry of the iron-sulfur cluster. Moreover, it indicates
that the photoreduction of Adx via a covalently attached
ruthenium complex can be achieved. It is not clear, however,
why the chemically reduced ruthenated Adx always showed
the presence of two species, which was also observed for
the chemically reduced, unmodified Adx samples.

During chemical reduction, the absorption decrease through
the entire UV-vis spectrum (260-700 nm) of Adx was
monitored. The main features, however, are the appearance
of the prominent negative peaks at 414 and 450 nm and, at
the later stages of the reduction, of the positive peak at 550
nm. The UV-vis spectrum of the chemically reduced
ruthenated Adx(1-108) did not differ from that of the
uncoupled, dithionite-reduced protein, but the spectrum of
the photoreduced modified ferredoxin shows different fea-
tures. These differences are clearly visible in the difference
spectra of Adx (Figure 5B). However, the insufficient
photoreduction level of Adx and possible irreversible spectral
changes of the ruthenium complex itself cannot clearly
explain the observed spectral differences that arise from
applying two reduction techniques.

Number of Transferred Electrons in Safranin T-Mediated
Photoreduction.The observed slope of∼30 mV in the Nernst
plot for Adx, Adx(1-108), and Ru(bpy)2(mbpy)-Adx(1-
108) indicates that the safranin T-mediated photoreduction
leads apparently to the transfer of two electrons to adreno-
doxin. The earliest potentiometric titration studies on Adx
revealed that the number of accepted electrons per mole of

FIGURE 5: Photoreduction of Adx(1-108). (A) Absorption spectra of oxidized and photoreduced (from 15 to 75 min) 1:1 Ru(bpy)2-
(mbpy)-Adx(1-108) were obtained under anaerobic conditions. The downward and upward arrows indicate the absorbance decrease at
414 nm and increase between 487 and 700 nm, respectively. (B) Difference spectra of the photoreduced Ru(bpy)2(mbpy)-Adx(1-108)
after 15 (red) and 75 min (blue) and chemically reduced Adx(1-108) (black). (C) Formation of photoreduced Ru(bpy)2(mbpy)-Adx(1-
108) as a function of the illumination time. Solid lines are linear fits of the function ln(1- R) ) -kobst at 0.01 mM (9), 0.05 mM (O), and
0.17 mM (2) Ru(bpy)2(mbpy)-Adx(1-108) complex, respectively. Error bars correspond to relative errors of the reduced fraction|∆R/R|
of 50.5% (0.01 mM), 11.8% (0.05 mM), and 7.7% (0.17 mM) at 2700 s. (D) Plot ofket versus Ru(bpy)2(mbpy)-Adx(1-108) concentrations
([). Error bars correspond to the confidence intervals with the significance level equal to 0.05.
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the protein, known as a one-electron-carrier protein, is two
(44). These data are also supported by the anaerobic titration
with NADPH in the presence of AR (45). In the present
work, an artifact or wrong application of the safranin T
method is excluded, because for a typical one-electron-
acceptor protein, here P450cam, a Nernst slope of 66 mV was
obtained, as is expected. However, the spin quantification
based on the EPR spectra of Adx indicates that just one spin
per Adx molecule is localized in the iron-sulfur cluster
(Figure 6, trace a), excluding the possibility that the iron-
sulfur cluster itself of one Adx molecule accepts and stores
both electrons.

The most plausible explanation for this apparent contra-
diction is that two electrons are tranferred from safranin
T to two Adx molecules. These may be present in the
monomeric or dimeric state and may simultaneously (two
electrons at a time) or sequentially (one electron at a time,
as suggested in ref13) accept in total two electrons from
the dye, i.e., one electron per iron-sulfur cluster of each
protein molecule. This model is supported by the fact
that oxidized Adx exists both as a monomer and as a dimer
(5, 46). Beilke et al. (8) have proposed a mechanism
of electron transfer via Adx dimers that represents a variant
of the shuttle model suggested by Lambeth et al. (2).
However, only reduced monomeric Adx will be active in
transporting electrons to P450scc (47), whereas monomeric
(33, 48) and perhaps dimeric oxidized protein can inhibit
the side-chain cleavage turnover in vivo by binding to
P450scc.

In this study, we have successfully established the pho-
toreduction of Adx(1-108), which encourages us to further
develop this approach to study electron transfer to P450scc

via the Ru(bpy)2(mbpy)-Adx(1-108) complex. This may
help to finally prove or disprove the shuttle hypothesis of
electron transfer by adrenodoxin. The generation of a Ru-
(bpy)2(mbpy)-Adx(1-108) complex which is chemically
cross-linked to P450scc in the previously established orienta-
tion (7) and capable of transferring electrons to its heme upon
photoactivation would demonstrate that higher order com-
plexes involving adrenodoxin reductase are not required for
electron transfer in steroid hormone biosynthesis.
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