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ABSTRACT: The adrenal ferredoxin (adrenodoxin, Adx) is an acidic 14.4-kDa [2Fe-2S] ferredoxin that
belongs to the vertebrate ferredoxin family. It is involved in the electron transfer from the flavoenzyme
NADPH-adrenodoxin-reductase to cytochromes P-450sccand P-45011â. The interaction between the redox
partners during electron transport has not yet been fully established. Determining the tertiary structure of
an electron-transfer protein may be very helpful in understanding the transport mechanism. In the present
work, we report a structural study on the oxidized and reduced forms of bovine adrenodoxin (bAdx) in
solution using high-resolution NMR spectroscopy. The protein was produced inEscherichia coliand
singly or doubly labeled with15N or 13C/15N, respectively. Approximately 70 and 75% of the15N, 13C,
and1H resonances could be assigned for the reduced and the oxidized bAdx, respectively. The secondary
and tertiary structures of the reduced and oxidized states were determined using NOE distance information.
1HN-T1 relaxation times of certain residues were used to obtain additional distance constraints to the
[2Fe-2S] cluster. The results suggest that the solution structure of oxidized Adx is quite similar to the
X-ray structure. However, structural changes occur upon reduction of the [2Fe-2S] cluster, as indicated
by NMR measurements. It could be shown that these conformational changes, especially in the C-terminal
region, cause the dissociation of the Adx dimer upon reduction. A new electron transport mechanism
proceeding via a modified shuttle mechanism, with both monomers and dimers acting as electron carriers,
is proposed.

Bovine adrenal-ferredoxin (bovine adrenodoxin, bAdx in
the following)1 is a 14.4-kDa [2Fe-2S] ferredoxin that
belongs to the vertebrate ferredoxin family whose members
exhibit a high degree of sequence homology (1, 2). Bovine
adrenodoxin is involved in the electron transfer from the
flavoenzyme NADPH-adrenodoxin-reductase (AdR) to the
cytochromes P-450scc and P-45011â. It is part of the mito-
chondrial electron transport chain that is responsible for the
production of steroid hormones in mammals, and is located
in the adrenals (3) and several other tissues including brain
(4), placenta (5), gonads (6), and liver (7-9) (in low
amounts).

Four mechanisms of electron transfer (ET) have been
suggested so far (10-14). According to the shuttle model,

bAdx serves as a mobile carrier between AdR and Cyt P450
(10, 11) (Figure 1). Other models propose a ternary (1:1:1)
(12) and a quarternary complex (1:2:1) (13). The fourth
model (14) starts from an Adx dimer which transports either
one or two electrons. According to the latter model, ET can
take place according to the 1:2:1 as well as the shuttle model
(Figure 1). It is, however, possible that different mechanisms
are active in different redox systems.

Bovine adrenodoxin has 128 amino acid residues with five
cysteines at positions 46, 52, 55, 92, and 95. Four of the
cysteines provide the ligation of the [2Fe-2S] cluster. The
fifth cysteine, Cys95, has a free sulfur-hydrogen group (15).

In the oxidized state, both irons in the iron-sulfur cluster
are high-spin Fe(III) and are antiferromagnetically coupled
in the ground state (S) 0). This accounts for the paramag-
netism of oxidized bovine adrenodoxin at physiological
temperatures (16-20) that causes broadening of the line
widths and interferes with nuclear Overhauser effect (NOE)
studies. In the reduced state (S) 1/2), one iron is Fe(II) and
the other is Fe(III), and paramagnetic effects are observed
at all temperatures.

Bovine adrenodoxin has been the subject of X-ray studies
for more than 20 years (14, 21-24). Up to now, two X-ray
structures have been published (14, 22), one of them of a
shortened construct ranging from amino acid residues 4-108
(22)]. Conventional1H NMR spectroscopy has been utilized
to study full-length bovine adrenodoxin (25-28).
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We have recently described the sequence-specific assign-
ments of the15N, 13C′, 13Cali, 1Hali, and1HN resonances for
oxidized bovine adrenodoxin (29). In the present work, the
sequence-specific assignments for reduced bAdx were de-
termined, and the secondary and tertiary structures of the
protein in both oxidation states were investigated. It was
shown that redox-dependent changes of the C-terminus not
only exercises an influence on the binding to the cytochrome
but is also responsible for the dissociation of the adrenodoxin
dimer that exists in the oxidized state. A new electron
transport mechanism is suggested based on structural changes
upon reduction and on investigations of the reduced state at
low concentrations.

EXPERIMENTAL PROCEDURES

Chemicals.15NH4Cl, 13C6-D-glucose (fermentation grade),
and 13C3-glycerol were purchased from Martek (Martek
Biosciences Corp., Columbia, MD). Sodium dithionite was
purchased from Sigma-Aldrich (Germany).

Protein Expression and Purification.Bovine adrenodoxin
was produced inEscherichia colistrain BL21 by using the
plasmid pKKHC/bAdx with the strong trc-promotor as
described previously (30). The cells were lysed by sonication.
The protein was first purified by fractionated ammonium
sulfate precipitation. In the first step of the precipitation, the
concentration of ammonium sulfate was slowly increased to
30%. In the second step, the concentration was raised to 50%.
After purification of the sample using hydrophobic interac-
tion chromatography (HIC) and ion exchange chromatog-
raphy (IEC), the purity index (A414/A276) was up to 0.9
indicating high purity of the protein.

Preparation of Labeled Protein Samples.Singly 15N-
labeled and15N/13C doubly labeled bAdx were prepared as
follows. One bacterial colony ofE. coli strain BL21 with
plasmid bAdx/pKKHC was grown on M9 plates with 100

mg/L ampicillin for 18 h. One liter of M9 medium with
labeled compounds was inoculated with the grown cells, each
liter of this medium containing 6 g of Na2HPO4, 3 g of KH2-
PO4, 0.5 g of NaCl, 0.25 g of MgSO4‚7H2O, 0.16 g of FeCl3,
0.15 g of CaCl2‚2H2O, and 0.050 g of thiamine. For uniform
15N labeling, 1 g of glucose, 2.5 g of glycerol (the use of 1
g of glucose and 2.5 g of glycerol per liter M9-media results
in highest expression rates), and 1 g of 98%15NH4Cl were
used in the M9 medium; for double labeling, 1 g of 98%
13C6-glucose, 2.5 g of 98%13C3-glycerol, and 1 g of 98%
15NH4Cl were used. The culture was incubated at 37°C with
shaking until the OD600 reached 0.8. IPTG (150 mg) was
added to induce the expression. After 18 h of continuing
incubation in a shaker at 37°C, the bacteria were harvested
using centrifugation. The yield of expression was 46 mg of
Adx/L of M9 media.

NMR Sample Preparation.About 20 mg of bAdx were
used for each NMR sample yielding concentrations of
approximately 3 mM. Protein concentrations were determined
usingε414 ) 11 mM-1 cm -1 (31). Amicon stirred cells and
YM10 membranes were used to concentrate the protein and
to exchange the buffer. Oxidized NMR samples were
prepared in 50 mM NaHPO4 buffer (pH 7.4) containing 50
mM NaCl, 10%2H2O, and 2,2-dimethyl-2-sila-pentasulfo-
neacid (DSS) as standard. Reduction of bAdx with sodium
dithionite was prepared as described elsewhere (32).

NMR Spectroscopy and Data Processing.NMR experi-
ments were recorded on DMX500 and DMX600 Avance
Bruker spectrometers equipped with1H/13C/15N triple-
resonance probeheads and pulsed-field-gradient (PFG) ac-
cessory. The NMR data sets were collected at 27°C. The
assignment of the protein backbone was based on eight
different experiments: HNCA (33, 34), HN(CO)CA (35),
H(N)CACO, HNCACB (36), HNCO (33, 37-39), HBHA-
(CO)NH (40), HCACO (33), and (HCA)CO(CA)NH (41).
The side chain assignment was achieved using the 3D (H)-
CC(O)NH-TOCSY, 3D HCCH-TOCSY (42), 3D HNHB
(43), and 3D TOCSY-(15N,1H)-HSQC (44-48) experiments.
Furthermore, 3D NOESY-(15N,1H)-HSQC and 3D NOESY-
(13C,1H)-HSQC experiments (44-48) were used to collect
NOE information. All conditions were the same for oxidized
and reduced protein samples.

NMR data were processed on Silicon Graphics worksta-
tions with the X-win-NMR software 1.1 (Bruker).1H
chemical shifts were measured relative to internal DSS (taken
as 0 ppm). The15N and13C chemical shifts were referenced
indirectly to DSS by multiplying the spectrometer frequency
corresponding to 0 ppm in the1H spectrum with the15N/1H
and13C/1H frequency ratio, respectively, or by the frequency
ratio reported by Wishart et al. (49).

The homonuclear three bond coupling constant3J[HN-HR]
was determined using aJ-modulated CT-HMQC experiment
(50). NonselectiveT1 relaxation times of all detectable1H
protons were determined by the inversion recovery method
(51). The chemical shift index (CSI) (52) was determined
for the 1HR, 13C′, 13CR, and13Câ chemical shifts of oxidized
and reduced bAdx.

Structure Calculation.The effect of the paramagnetic
center onT1 times was used to approximately determine
distances between single hydrogens and the [2Fe-2S] center
(53). The self-written program Nmr2st (54) was used to
automatically find distance constraints. These constraints

FIGURE 1: Electron transport mechanisms from the literature: (A)
The shuttle model where a Adx monomer serves as mobile carrier
between Adr and Cyt P450 (10, 11); (B) Modified shuttle model
in which Adx dimers serve as electron carrier (14). In models (C)
and (D), a ternary and a quarternary complex is proposed (12, 13).

7970 Biochemistry, Vol. 41, No. 25, 2002 Beilke et al.



were inserted in DYANA version 1.5 (55) and used to
determine the structure in repeated rounds of distance-based
structure calculations. To include the iron-sulfur cluster in
the DYANA calculations, it was necessary to define a
hypothetical amino acid that contains the iron-sulfur cluster
as side chain (55).

Cystein 46 was selected as the hypothetical amino acid.
Both the distances of sulfur and iron atoms and the distances
to the adjacent sulfur atoms of the other three cysteines (C52,
C55, and C92) were obtained from the X-ray structure (22).
The geometry of the iron-sulfur cluster was assumed to be
fixed.

FIGURE 2: The combined chemical shift differences∆δtot between oxidized and reduced Adx.∆δtot includes the chemical shift differences
of HN, CR, HR, and 15N. The shifts are most pronounced in the C-terminal region. Another region (loop 80-86) that is proposed to be
important for protein-protein interactions is also affected.

FIGURE 3: Chemical shift index of the reduced (above) and the oxidized state (below). Rectangles upward:â-strands; rectangles
downward: R-helix. The secondary structures obtained from NOE data are also indicated (grey symbols). The arrows (above) represent
â-strands and the other symbols (below) stand forR-helical secondary structure elements.
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RESULTS

Sequential resonance assignments of bAdx were achieved
by the combined analysis of a series of 3D triple resonance
experiments including HNCA, HN(CO)CA, H(N)CACO,
HNCACB, HNCO, HBHA(CO)NH, HCACO, and (HCA)-
CO(CA)NH. The sequential assignments of the side chain
resonances were achieved using the 3D (H)CC(O)NH-
TOCSY, 3D HCCH-TOCSY, 3D HNHB, 3D TOCSY-
(15N,1H)-HSQC experiments. We used 3D-NOESY-(15N,1H)-
HSQC and 3D-NOESY-(13C,1H)-HSQC spectra to obtain
NOE distance restraints.

The resonances of approximately 70 and 75% of the 128
amino acid residues could be assigned for the reduced and
the oxidized bAdx, respectively. Most of the nonassigned
residues are located close to the [2Fe-2S] cluster and are
affected by its paramagnetism. Comparison of the HSQC

spectra of oxidized and reduced bAdx shows that the
dispersion of amide resonances in both redox states is
satisfactory. The difference in chemical shifts has been
determined for the resonances of the HN, CR, HR, and 15N
atoms. The combined chemical shift differences∆δTOT (56)
are shown in Figure 2. The shifts are most distinct in the
C-terminal domain as exemplified by Val 111. The reso-
nances around Tyr 82 also show moderate differences in
chemical shift. Chemical shift differences of single residues
could be observed for Leu 38 and Leu 57.

Three helices and fourâ-strands were indicated by the
CSI analysis for the oxidized state (Figure 3). After the
measurement of selectiveT1 times, 86 of the 1283J(HN,HR)
coupling constants could be obtained. On this basis, structural
information on theφ dihedral angle could be obtained (57).
For example, values of the coupling constants>8 Hz are

FIGURE 4: T1 times of the reduced state. Close to the [2Fe-2S] cluster the relaxation times clearly decrease. Regions 29-31, 44-57,
76-78, and 90-94 could not be assigned due to the paramagnetic properties of the [2Fe-2S] cluster.

FIGURE 5: Superposition of the final 10 calculated NMR structures of reduced (left) and oxidized bAdx (right). Due to paramagnetism, the
region around the [2Fe-2S] cluster is not well defined (circle). In the reduced state, paramagnetic effects are more pronounced. Some
structurally relevant areas are marked. The figure was generated using MOLMOL (ETH Zu¨rich).
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observed in residues Ile7 to Ile12 indicating an extended
backbone structure in that region which is possibly part of a
â-strand.3J(HN,HR) coupling constants that are smaller than
5 Hz indicate helical structure elements.

The HR
i-HN

i+3 and HR
i-HN

i+4 NOE patterns from the15N-
NOESY-HSQC experiment suggest that helical structures
exist in the domains between residues 29-35, 64-69, 72-
79, and 98-101 in the oxidized state (Figure 3). As expected,
there are no HRi-HN

i+2 NOEs inR-helical regions (58). The
situation is similar for the reduced state; however, in this
case the third helix is shorter and ranges from residue 72 to
75. These secondary structural elements were also identified
for the reduced state except for theâ-strand 56-58 and the
helix 61-64.

Figure 4 shows the influence of the [2Fe-2S] cluster on
T1 relaxation. The region of residues 29-32, 44-57, 76-
78, and 90-94 of the reduced bAdx are strongly affected
by the paramagnetism. The distances between single hydro-
gens and the [2Fe-2S] center are calculated from ther-6

dependence of the paramagnetic relaxation rates (52). Only
HN protons were used for calculations that are affected by
paramagnetism. There is a very good agreement between the
distances of reduced bAdx obtained from NMR and the
X-ray data (22) of the oxidized form, with the exception of
Val 32 and Tyr 82.

For both redox states, a structure calculation was carried
out with the program DYANA (Figure 5) using about 1300
and 1600 distance constraints for the reduced and oxidized
bAdx, respectively. Significant differences are caused by the
increased impaired electron-spin density on the metal cluster
in reduced relative to oxidized Adx. The coordinates of the
two redox states have been deposited in the RCSB Protein
Data Bank with PDB ID code 1L6U for the oxidized state
and 1L6V for the reduced state. The backbone RMSD values
of the final 10 structures are 1.63( 0.2 Å and 2.36( 0.25
Å for the oxidized and reduced states, respectively. The
atomic RMSD of the annealed structures for the backbone
is 0.94( 0.16 Å for the oxidized state and 1.53( 0.22 Å
for the reduced state. Both structures differ particularly
(Figure 5) in the regions of residues 29-31, 43-55, 76-
78, and 90-94 where resonance assignment could not be
accomplished because of the proximity to the paramagnetic
cluster. However, differences also exist in domains that could
be fully assigned. For instance, the loop 80-84 changes its
position. The NMR structure of the oxidized state has been
superimposed to both the X-ray structure and the NMR
structure of the reduced state (Figure 6). The RMSD of
backbone atoms is shown in Table 1. The results suggest
that the solution structure of oxidized Adx is quite similar
to the X-ray structure (the overall RMSD without regions
that could not be assigned is 1.23 Å). The largest differences
between the two redox states was found in the region 68-
85 (RMSD: 3.07 Å). This region includes the primary
interaction domain (72-79) as well as the loop 80-84.

DISCUSSION

Due to the paramagnetic properties of bAdx only 70% of
the amino acid resonances of the reduced and 75% of the
oxidized state could be assigned. The assignment was also
complicated by the flexibility of the C-terminus, especially
in the oxidized state.

The differences in paramagnetic behavior of the two redox
centers must also be taken into account. Differences in
chemical shifts are not necessarily caused by structural
changes; this is particularly true in the vicinity of the [2Fe-
2S] cluster. On the other hand, differences in chemical shifts
of atoms which are more than 8 Å distant from the cluster
can indicate structural changes upon oxidation/reduction.

Taking this into account, the NMR parameters of the
reduced and oxidized states have been compared. Differences

FIGURE 6: (A) Superposition of the backbone atoms of the mean
NMR structure (grey) of Adx(ox) and the X-ray (red) structure.
The overall fold of the two structures is similar, and the RMSD
value is 1.23 Å for the backbone atoms. (B) Superposition of the
two solution structures of the reduced (blue) and the oxidized (grey)
state of bAdx. The majority of the differences between the two
states appear to be in the region 68-85 (RMSD: 3.07 Å). This
region includes the primary interaction domain (72-79) as well as
the loop 80-86.

Table 1: RMSD Values of Several Regions of Adxa

residues
RMSD NMR(ox)/

X-ray(ox)
RMSD NMR

(ox/red)

6-40; 57-76; 79-89; 96-108 1.23 2.21
6-25 0.61 0.79
6-40 1.05 1.56
68-76; 79-85 1.23 3.07
85-89; 95-108 0.83 1.51

a Column 1 comparison of X-ray and NMR structures in the oxidized
state. The RMSD values for regions without the paramagnetic affected
backbone atoms are 1.23. Column 2: comparison of the oxidized and
reduced states of the solution structures show the largest changes in
the interaction domain (68-76; 79-85).
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could be observed in the CSI which uses the1HR, 13C′, 13CR,
and 13Câ resonances to predict the secondary structure. In
the oxidized state, the involvement of residues 56-58 in a
â-strand was indicated in addition to the regions 6-12, 18-
24, 103-107 that are also suggested in the reduced state.
Here the residues 110-112 were additionally indicated.
Furthermore, the helix 61-64 is only predicted in the
oxidized state.

Differences between the redox states could also be
observed in the NOE patterns. When considering the helix
F between the residues 72-79, it must be noted that the

resonances of amino acids 77 and 78 could not be observed
in NOESY-HSQC spectra of the reduced state. This could
be caused by changes of the paramagnetic environment in
the different redox states or, more probably, redox-dependent
structural changes. After reduction of bAdx by the reductase,
the bAdx-AdR complex dissociates, which may be induced
by structural changes in the binding domain containing the
helix 72-79. A decrease in distance between the metal
cluster and residues 77-78 could be the reason sequential
connectivities are not observed. Additionally, the helix 29-
35 is shortened in the reduced state.

FIGURE 7: Suggested mechanism of interaction of bAdx with Adx-reductase. The Adx(ox) dimer binds to the reductase. One electron is
transferred to the Adx bound to the reductase. The electron is then transported to the second Adx molecule which dissociates changing the
conformation in the contact domain of the dimer. After reduction, the second Adx dissociates, too. Both Adx(red) monomers are again
oxidized by the Cyt P450 system and the Adx(ox) dimer is forming again.
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When comparing the chemical shifts of resonances in both
redox states significant differences are observed in residues
38, 57, 75, 81-83, 95, and the C-terminal region (Figure
2). Our findings agree very well with the results of other
groups (27, 32). Tyr82 is probably involved in protein-
protein interactions (27, 59). As already suggested (22, 27),
the reduction of Adx may result in a breakdown of the
hydrogen bond between His56 and Tyr82. This change could
be transferred to the primary interaction domain (Asp72-
Asp79; helix F). We also suppose that the change of the
redox state results in a breakdown of the hydrogen bond
between His 56 and Tyr 82. The loop from 80 to 86 changes
its position. Most likely, the helix F is stabilized by this loop
in the oxidized state. In the reduced state, this helix is
shortened resulting in a change of the position of Asp 79.
This change may induce the dissociation of the complex
between AdR and Adx. There exist hydrophobic interactions
between Tyr82 and Pro108 that are not influenced by the
redox switch. This could be the reason for the redox-
dependent movement of the C-terminal part.

Structural changes in the region of Tyr 82 may also explain
the differences in chemical shifts of the oxidized and reduced
state. The chemical shift variations indicate that the C-
terminus is the most affected region connected with the
change of the Adx redox state. Similar changes were also
observed in other ferredoxins such as human ferredoxin (32)
and putidaredoxin (60). It is assumed that these changes are
important for the interaction with the corresponding cyto-
chromes. This assumption is supported by mutagenesis
studies (61, 62).

The structural features of the oxidized state are well
defined and very similar to the X-ray structure. In the
evaluation of the reduced protein structure, about 10% less

constraints were available especially in structurally relevant
central domains. These differences are connected with the
increased paramagnetism of the metal cluster in reduced
relative to oxidized bAdx. After refinement of the structures,
RMSD values of 2.36( 0.25 for the reduced and 1.63(
0.2 for the oxidized state have been obtained for all heavy
atoms. The best 10 structures of the oxidized and reduced
states were analyzed using the PROCHECK procedure (63);
in the Ramachandran plot, 0.6% of all residues are located
in disallowed regions of the oxidized state, and about 4% in
those of the reduced state. For that reason, the structure of
the reduced state determined using the DYANA program
must be viewed with caution especially for the regions close
to the iron sulfur cluster. However, comparing both redox
states a significant structural difference in the interaction
domain can be derived.

According to the present work, the reduction of the [2Fe-
2S] cluster results in structural changes of the protein. Such
redox-dependent changes were also described for human
ferredoxin (32), putidaredoxin (60), and bAdx (27). To our
knowledge, a comparison of the X-ray structures of ferre-
doxins in both redox states has been reported in one single
case only (64), mainly because of extreme difficulties in
handling of the protein in the unstable reduced state.

It has been indicated by Pikuleva et al. (14) that Adx is
essentially present as a dimer at low concentrations. Using
dynamic light scattering, a molecular weight of 22.7 kDa
was found at concentrations of 97µM Adx and 10 mM
potassium phosphate indicating that Adx is primarily forming
a dimer. At concentrations of 779µM and 10 mM potassium
phosphate, the molecular weight decreases to 16 kDa (14).
The dissociation of the dimer at higher concentrations was
explained with repulsive forces between the highly acidic
Adx molecules which begin to dominate when the concen-
tration of the protein in solution is increased. The dimer does
not affect the NMR measurements as concentrations of Adx
are in the millimolar range (2-3 mM). In its natural
environment, however, one must assume that a dimer exists
in the oxidized state due to lower concentrations in the
mitochondrial matrix. Changes of redox state result in
conformational changes in the contact region of the dimer,
especially in the C-terminal region. These results lead to the
conclusion that the dimer either dissociates, or the Adx(red)
molecules change their position relative to each other upon
reduction. Another reason for the dissociation may be the
participation of the C-terminus in the binding to some Cyt
P450 species (61, 62). In the case of a dimer, the C-terminal
part would not be freely accessible.

Electron Transport Mechanism.The assumption of a 1:2:1
complex formation of AdR, two Adx molecules, and the
cytochrome appears unlikely in connection with structural
changes between both redox states. According to other
reports (65, 66, 68), such a quarternary complex is also
unlikely to occur. In addition, it has been shown that a 1:1
complex is formed between Adx and cytochrome (66).

A series of experimental data have suggested that the
organized 1:1:1 complex between the reductase, the Adx,
and the cytochrome is also unlikely to occur (65, 67, 68).
The high degree of overlap of the two recognition sites
clearly rules out the formation of a functional ternary
complex involving AdR, Adx, and the cytochrome (67).

FIGURE 8: To demonstrate that a 1:2 complex may be formed, the
X-ray structure [14] of the Adx-dimer (Adx1(pink)-Adx2(grey))
was superimposed to the X-ray structure (70) of the reductase-
Adx (Adr(green)-Adx1(pink)) complex (Figure 8). As can be seen,
interactions between the unbound Adx2 and the reductase are
unlikely due to the large distance between them favoring the
formation of a 1:2 complex at low concentrations of Adx. The
triangle indicates hydrophobic interaction between Tyr82 and
Pro108 and a hydrogen-bond between His56 and Tyr82 in the
oxidized state. Redox dependent movements are represented by
arrows. The break of the hydrogen bond between His56 and Tyr82
results in a movement of the loop around Tyr82. This movement
leads to a conformational change of the C-terminal part pushing
off the second Adx molecule. The figure was generated using
MOLMOL (ETH Zürich).
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As a result, the following mechanism for electron transport
is suggested (Figure 7). The Adx(ox) dimer is preferentially
formed in equilibrium with the Adx(ox) monomer. The
reductase receives NADPH, which transfers a hydride ion
to produce NADP(+) and FADH(-). The docking process
displaces Tyr 331 and Arg 124 in the reductase (69). The
Adx dimer binds to the reductase. FADH(-) transfers one
electron to the Adx(1) bound to the reductase as described
by Müller et al. (70). Then the electron is transported to the
second Adx(2) molecule, which is not bound to the reductase
(14). The reduced Adx(2) dissociates changing the confor-
mation in the contact domain of the dimer. FADH* transfers
the second electron to the second Adx(1) molecule which is
still bound to the reductase. After reduction, the second Adx-
(1) dissociates changing the conformation of helix F. Both
Adx(red) monomers are again oxidized by the Cyt P450
system and the Adx(ox) dimer is reconstructed.

The question remains why Adx molecules (one electron
transporter) dimerize in nature. The transport of two electrons
via a dimer can proceed much faster than via two monomers.
If the monomer is acting as a shuttle, the second Adx could
only bind when the first one is dissociated. These two steps
(dissociation and binding) would need additional time, which
could be avoided with dimers. Additionally, the preceding
equilibrium between monomer and dimer could play an
important role. For example, the use of electrons for steroid
hormone production would take place via a complicated
regulation system (71) in which cAMP is involved. When
NADPH concentration increases, dimers of Adx(ox) are
reduced to Adx(red) resulting in a decrease of Adx(ox)
concentration. The ratio between dimer and monomer is
changed toward the dimer, i.e., electrons can be transported
faster and more effectively. If only monomers were present,
a decrease of the Adx(ox) concentration could not be
compensated immediately. In case of reduction, the purpose
of the dissociation of the dimer could be to maintain the
equilibrium. In the oxidized state, the equilibrium between
monomer and dimers possibly serves to regulate the transfer

rate of electrons. In case of high adrenodoxin concentrations,
monomers are supposed to increase the extent of electron
transport. The rate is determined by the excessive supply of
oxidized Adx. To maintain the rate of electron transport at
low concentrations dimers are preferentially used for electron
transfer.

It was shown that oxidized Adx inhibits cholesterol side
chain cleavage by competition (68). At low concentrations,
the dimerization process of Adx could prevent the inhibition
of cytochrome.

A precondition for the suggested mechanism is a 1:2
complex formation between the reductase and the Adx-dimer.
To demonstrate that a 1:2 complex may be formed, the X-ray
structure (14) of the Adx-dimer (Adx1-Adx2) was super-
imposed to the X-ray structure (70) of the reductase-Adx
(Adr-Adx1) complex (Figure 8). As indicated, interactions
between the unbound Adx and the reductase are unlikely
due to the large distance favoring the formation of a 1:2
complex at low concentrations. The X-ray structure deter-
mination of AdR-Adx complex was carried out at high
protein concentrations according to the conditions of crystal-
lization. Presumably under these conditions, no 1:2 complex
formation was observed. The break of the hydrogen bridge
between His56 and Tyr82 results in a movement of the loop
around Tyr82. This movement leads to a conformational
change of the C-terminal part pushing off the second Adx
molecule (Figure 8).

To find out whether reduced Adx(ox) dimers dissociate
by reduction as we suppose, the behavior of the reduced state
was investigated at low concentrations. Native SDS-gel
electrophoresis and gel-filtration showed that no dimer can
be detected under these conditions, which would be in favor
of our model. To further prove these findings, cross-linking
experiments were performed. These experiments have clearly
shown that dimers are mainly present in the oxidized state
while only monomers are observed in the reduced state
(Figure 9). On the basis of investigations of the Adx(4-
108) mutant, it could be shown that the C-terminus is

FIGURE 9: Cross-linking experiments of oxidized and reduced bAdx. Lane 1 of the SDS gel shows the full-length oxidized bAdx. The
oxidized and reduced full-length bAdx are cross-linked and shown in lanes 2 and 3. The oxidized state is mainly present as a dimer,
whereas monomers only occur in the reduced state. The same experiments were performed with Adx-(4-108) mutants (lanes 5-7). These
data show that the c-terminus is of particular importance for the dimerization process.
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essential for the dimerization process (Figure 9). These data
confirm the suggested mechanism. Summarizing the results
of the present work, the shuttle model suggested by Lambeth
et al. (11) could be confirmed. It must be emphasized,
however, that electron transport can take place via both a
monomer or a dimer species (Figure 10). Dimers are
preferentially formed in the oxidized state. Significant
conformational changes, especially in the C-terminal region,
lead to the dissociation of the Adx dimer upon reduction.

The process of steroid synthesis must occur quickly and
effectively. In mitochondrial steroid hydroxylase systems,
adrenodoxin dimers serve to optimize the reaction. The
dissociation of the dimer upon reduction accelerates the
electron transport.
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