ELSEVIER

Available online at www.sciencedirect.com

SCIENCE‘(ﬁDIRECT®

Biochemical and Biophysical Research Communications 338 (2005) 491-498

BBRC

www.elsevier.com/locate/ybbrc

The interaction domain of the redox protein adrenodoxin is mandatory
for binding of the electron acceptor CYP11A1, but is not required
for binding of the electron donor adrenodoxin reductase ™
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Abstract

Adrenodoxin (Adx) is a [2Fe-2S] ferredoxin involved in electron transfer reactions in the steroid hormone biosynthesis of mammals.
In this study, we deleted the sequence coding for the complete interaction domain in the Adx cDNA. The expressed recombinant protein
consists of the amino acids 1-60, followed by the residues 89-128, and represents only the core domain of Adx (Adx-cd) but still incor-
porates the [2Fe-2S] cluster. Adx-cd accepts electrons from its natural redox partner, adrenodoxin reductase (AdR), and forms an indi-
vidual complex with this NADPH-dependent flavoprotein. In contrast, formation of a complex with the natural electron acceptor,
CYP11ALl, as well as electron transfer to this steroid hydroxylase is prevented. By an electrostatic and van der Waals energy minimiza-
tion procedure, complexes between AdR and Adx-cd have been proposed which have binding areas different from the native complex.
Electron transport remains possible, despite longer electron transfer pathways.

© 2005 Elsevier Inc. All rights reserved.
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In mammals, the adrenal cortex is the primary site of
synthesis of a number of important steroid hormones. Also
here, oxygenases play an important role, which were dis-
covered by Osamu Hayaishi 50 years ago as enzymes that
catalyse the oxidative cleavage of substrates by incorpora-
tion of atmospheric dioxygen into the substrate. Therefore
this publication is dedicated to him and his pioneering dis-
covery. The presence of different oxygenases (i.e., cyto-
chrome P450s), localized in either the mitochondria or
endoplasmic reticulum, work in concert for the sequential
oxygenation of the steroid nucleus. The initial and rate-lim-
iting step of this biosynthesis, the conversion of cholesterol
to yield pregnenolone, the precursor of all steroid hor-
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mones, is performed by the mitochondrial cholesterol con-
verting P450 system composed of the NADPH-dependent
FAD-containing adrenodoxin reductase (AdR),' adreno-
doxin (Adx), and the cytochrome P450,.. (CYP11A1).
Bovine Adx, localized in the mitochondrial matrix, serves
as an electron transfer protein in this P450 system and also
directs electrons to the cytochrome CYP11B1 involved in
producing the steroid hormones cortisol and aldosterone
[1]. The mature soluble form of adrenodoxin consists of
128 amino acids and belongs to the group of ferredoxins car-
rying a [2Fe-2S] cluster. The Adx molecule is organized in
two structural domains, a core domain containing the

U Abbreviations: Adx, bovine adrenodoxin wild type; Adx-cd, deletion
mutant of adrenodoxin lacking amino acids 60-88; AdR, adrenodoxin
reductase; CYPL1AL, cytochrome P450,.; CD, circular dichroism; ET,
electron transfer; SOE-PCR, site overlapping PCR; PCR, polymerase
chain reaction; EDC, N-ethyl-N’-dimethylaminopropyl-carbodiimide;
NHS, N-hydroxysuccinimide.
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iron-sulfur cluster, coordinated with four cysteines[2],and a
hairpin domain [3]. The hairpin, also referred to as the recog-
nition domain, is required for recognition and interaction of
Adx with its redox partners. This recognition is mainly based
on electrostatic interactions of negatively charged amino
acids on the surface of Adx with positively charged amino
acids of AdR or of cytochrome P450, respectively [4,5].
The different acidic residues of the recognition domain con-
tribute unequally to the stabilization of the two complexes,
but show a significant overlap for the binding site of AdR
and CYP11A1 [6]. Amino acids 68-86 of Adx were shown
to interact with both, AdR and CYP11A1 [7]. Aspartates
76 and 79 seem to be essential for interaction with AdR
and CYP11A1, while aspartate 72 and glutamate 73 seem
tointeract only with CYP11A1 [8]. Tyrosine 82 has also been
suggested to be close to the binding site of AdR and
CYPI11A1 [9]. Additional interaction sites localized in the
core domain have been identified by the resolved crystal
structure of a cross-linked 1:1 complex of Adx and AdR [5]
as well as by site-directed mutagenesis studies. These interac-
tion sites are localized in a second acidic patch around posi-
tion Asp-39, the putative electron transfer region around the
iron—sulfur cluster loop [10,11], and involve C-terminal res-
idues of the ferredoxin [12].

Apart from the interacting residues of the redox part-
ners, the overall organization of the functional electron
transferring complex is still under investigation. Kido and
Kimura [13] have reported that in the presence of cholester-
ol a stable 1:1:1 complex of Adx with its redox partners was
formed. In contrast, Lambeth et al. [14] have proposed that
Adx functions as a mobile electron shuttle transferring
electrons from AdR to the cytochrome P450. According
to a third model proposed by Hara and Takeshima [15],
electron transfer occurs using two molecules of Adx trans-
ferring the electrons needed to the cytochrome P450. Addi-
tional evidence that Adx forms dimers has been obtained
recently [16,17]. Nevertheless, how the reducing equivalent
is transferred from AdR to CYP11A1 by Adx is still a mat-
ter of controversial discussion.

In this study, we describe a deletion mutant, Adx-cd, con-
sisting of only the core domain, generated by SOE-PCR
cloning. In order to investigate the specific role of the remain-
ing interaction sites in the adrenodoxin core domain for its
redox partners, the deletion mutant Adx-cd was character-
ized in comparison with full-length Adx by biophysical and

Table 1
Oligonucleotides for SOE-PCR

biochemical methods. In particular, Adx-cd was analyzed
in vitro for its ability to associate with AdR and with
CYPI11ALl, for its function as electron acceptor for AdR,
and for its function to support the P450-catalyzed cholester-
ol side-chain cleavage. The experimental results have been
complemented by protein—protein docking calculations.

Materials and methods

Reagents and biochemicals. Taq DNA polymerase was from Biozym
and restriction endonucleases were from GE Healthcare. Steroids were
purchased from Sigma. All other reagents were of the highest purity grade
commercially available.

Construction of the cDNA for adrenodoxin mutant. The cDNA of the
deletion mutant Adx-cd was obtained in two subsequent reactions. In a
first amplification step, two fragments with overlapping ends were pro-
duced by PCR. Fragment 1, obtained using primer pair 1 (Table 1), codes
for amino acids 4-60 in wild-type adrenodoxin and continues with amino
acids 89-94, which serve as the overlapping region. Fragment 2, which
codes for amino acids 89-128 with an overlapping region from amino acid
55 to 60 in the N-terminal position, was produced using the primer pair 2.
Together, these two fragments serve as the template for the following PCR
using the forward primer from primer pair 1 and the reverse primer from
primer pair 2 as a new primer pair. In this second amplification step, a
fragment was obtained which codes for the mutant adrenodoxin protein.
The fragment was cloned into the expression vector pET3d [18]. The
accurate cDNA sequence was verified by sequencing.

Expression and purification. Escherichia coli strain BL21(DE3) was
used for protein expression. Recombinant Adx and AdR were purified as
described [2,19]. Protein concentration was calculated using &44 =9.8
(mM cm)~' for Adx [20], and &s50=11.3 (mMecm)~' for AdR [21].
CYP11Al from bovine adrenal glands was isolated according to Akhrem
et al. [22]. Adx-cd was purified using standard protocols for Adx isolation.

Spectroscopic methods. Absorption spectra in the UV/visible region
were recorded at room temperature using a Shimadzu double-beam
spectrophotometer UV2101PC.

CD spectra were recorded as described [23] using a Jasco 715 spec-
tropolarimeter. Temperature-dependent measurements were carried out at
a heating rate of 50 °C h™' from 20 to 65 °C with a temperature increment
of 0.2 °C, monitoring the decrease of the circular dichroism signal at
440 nm. Ty, was calculated from CD scans with a nonlinear regression
program using a two-state model [24,25].

EPR spectroscopy. Two hundred microliters of a 1 mM adrenodoxin
solution was reduced with dithionite under anaerobic conditions in a glove
box. After transferring the sample into an EPR tube, it was frozen in li-
quid nitrogen. EPR spectra were recorded with a Bruker spectrometer ER
420 with a microwave frequency of 9.5 GHz and a field modulation fre-
quency of 100 kHz. An immersion Dewar flask was used for the mea-
surements at liquid nitrogen temperature (77 K).

Redox potential measurements. Redox potentials of Adx and Adx-cd
were determined using the dye photoreduction method with Safranin T as
indicator and mediator as described [26].

Oligonucleotide

Primer pair 1
Forward
Reverse

Primer pair 2
Forward
Reverse

5'-ggggCCATggeCAgCTCAgAAgATAAAATAACAETC-3'
5'-gATCTggCAgCCCAACCETTCAAAgATgA geTgACA-3'

5'-TgTCACCTCATCTTTgAAgCCTTgggCTgCCAgATC-3’
52008 ATCCTTAAggTACTCgAACAgTCATATTg-3’

The sequences which code for the overlapping region are underlined and restriction sites for cloning are in bold letters. The polymerase chain reaction
primers with appropriate cloning sites and overlapping sites were chemically synthesized by BioTez GmbH, Berlin.
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Enzyme activity assays. The interaction of Adx and AdR was assayed
following the reduction of cytochrome ¢ in a buffer containing 20 mM
potassium phosphate (pH 7.4) and 10 mM potassium chloride. The
reaction was initiated by the addition of NADPH. The absorption change
at 550 nm was monitored, and the activity was determined using an
extinction coefficient of 20 mM cm™! for cytochrome ¢. Additionally, the
electron transfer from AdR to Adx was also assayed following the
reduction of Adx in a buffer containing 20 mM potassium phosphate, pH
7.4. The reaction was initiated by the addition of NADPH. The absorp-
tion change at 415 nm was monitored.

The cholesterol side-chain cleavage was assayed in a reconstituted
system catalyzing the conversion of cholesterol to pregnenolone according
to the procedure of Sugano et al. [27]. Assays were performed at 30 °C in
50 mM potassium phosphate, pH 7.4, 0.1% Tween 20 and contained a
NADPH regenerating system. The samples were analyzed by reversed-
phase HPLC with an isocratic system of acetonitril/isopropanol (30:1).

Optical biosensor measurements. The interaction between Adx and AdR,
as well as the interaction between Adx and CYP11Al, was assayed using a
BIAcore X system and CMS5 chips, i.e., a carboxy-methylated dextran
surface for coupling of adrenodoxin. Adx was immobilized onto the sensor
surface using a mixture of EDC and NHS (Biacore, Uppsala, Sweden) with
a flow rate of 5 ul min~" at 20 °C. The sensor surface was activated using
two injections of 50 pl of a mixture of EDC and NHS. A continuous flow of
HBS-EP buffer (10 mM Hepes buffer, pH 7.4 containing 0.15 M NaCl,
3mM EDTA, and 0.005% (v/v) polysorbate 20) was maintained over the
sensor surface. Specific surfaces were obtained by injecting Adx or Adx-cd.
These proteins were diluted in HBS-EP and used at a concentration of
60 uM. The procedure of immobilizing the protein was completed by an
injection of 50 pul with a flow rate of 10 plmin~! 1M ethanolamine
hydrochloride to block the remaining ester groups. Eight hundred response
units (RU) of both proteins was immobilized, which corresponds to
0.8 ng protein mm 2 sensor surface. The Adx/AdR interaction was inves-
tigated by applying AdR solutions ranging from 10 nM to 2 uM diluted in
HBS with a continuous flow of 10 ul min~'. Before each measurement, the
Adx-surface was regenerated with 2 mM NaOH. The same was performed
using CYP11A1 as a second interaction partner of Adx.

Docking experiments. Crystal structures of AdR and Adx have been
determined recently [3,5]. A three-dimensional structure of the Adx-cd was
then calculated by the Swiss-Model [28]. Because intermolecular interac-
tions involving Adx-cd are electrostatically driven in the same way as Adx-
ligand binding, theoretical docking of Adx-cd to AdR was performed
using the calculation of minimum electrostatic and van der Waals energy
of a complex between both. We followed the strategy described recently by
Miiller et al. [29] using the program DOT [30]. AdR was fixed in the center
of a 1-A spaced grid and Adx-cd was moved from grid point to grid point
around AdR. At each grid point, the moving molecule was rotated with a
6° sampling searching for the minimum energy of the complex. The shape
of the moving molecule was approximated by its atomic coordinates not
taking into account the van der Waals volumina [30] of the atoms to
permit an approach within 1.5 A of the stationary molecule and small side-
chain conformational changes upon docking. The partial charges were
taken from the AMBER library [31] and placed at the atomic positions of
the non-hydrogen and polar hydrogen atoms. The shape of the stationary
molecule was defined by a 3.0-A layer of favorable potential. To avoid
large changes in magnitude and distribution of the electrostatic potential,
extremes of >4 and <—6 kcal mol~! ¢! were cancelled [29]. In the mini-
mum-energy search by DOT, 128 x 128 x 128 grid points and 54,000
rotational orientations were used. The calculation took 50 h on four SGI
octanes with 400-MHz processors.

Results
Protein expression and purification
Adx-cd was expressed as a holoprotein with a yield

of 1100 nmol L™! of E. coli culture. The protein was
purified to homogeneity, yielding a Q-value (A415/A276)

of 0.5. Adx-cd has a calculated molecular weight of
10.7 kDa.

Spectral characterisation of Adx-cd

Adx-cd exhibits absorption spectra characteristic of a
correctly assembled [2Fe-2S] cluster (Fig. 1A). Slight dif-
ferences can be found in the UV/Vis spectra of oxidized
and reduced Adx-cd (data not shown) compared with
Adx, such as a higher absorption at 458 nm in the oxi-
dized state and a slight drift of the maximum from 415
to 413 nm.

Circular dichroism (CD) spectra of the adrenodoxin mu-
tant show changes in the absorbance maximum, which is
usually at 440 nm for the wild type. A drift of 2 nm from
440 to 438 nm could be detected for Adx-cd. In addition,
the shape of the peak at 438 nm changed in comparison
to the Adx signal at 440 nm (Fig. 1B). This unsymmetric
peak indicates changes in the environment of the iron—sul-
fur cluster. Furthermore, in the aromatic region (near-UV
region) of the CD spectra, changes could be observed and a
slight effect could also be observed in the far-UV region,
which might be due to local conformational changes of
the mutant.

EPR spectra of Adx-cd (Fig. 1C) displayed a slight mod-
ification in the g, as compared with Adx spectra. Addition-
ally, a second signal of 1927 was obtained which indicates
slight changes in the conformation of the iron—sulfur clus-
ter. A gj value of 2.02 was measured for both Adx as well as
the mutant protein Adx-cd.

Redox potential

Although the molecular parameters determining the re-
dox potential of a protein are not fully understood, changes
in the redox potential of ferredoxins seem to reflect either
changes in the nature of the ligands or in the water accessibil-
ity of the metal clusters, e.g., conformational changes of the
cluster environment. The redox potential of Adx-cd was esti-
mated to be —282 4+ 5 mV under our experimental condition
which is about 8§ mV lower compared with Adx. This is in
agreement with the spectroscopic data which also indicate
small changes in the cluster environment.

Thermal stability

Thermal unfolding of Adx and Adx-cd upon increasing
temperature was followed by measuring their circular
dichroism. Single-wavelength melting curves were recorded
at 440 nm, where the maximal circular dichroism of the
iron—sulfur cluster is observed by slowly increasing the
temperature from 20 to 65 °C. The circular dichroism sig-
nal decreases in a sigmoidal manner upon increasing tem-
perature, allowing a corresponding fit of the data. With
48.7°C, the Ty, value of the oxidized Adx-cd is only
0.8 °C lower than that of wild-type Adx (Fig. 1D), and re-
duced proteins also show similar results. Measurements
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Fig. 1. Spectroscopical analysis of Adx and Adx-cd. (A) The absorbance spectra of Adx (black) and Adx-cd (gray) were measured using a Shimadzu
double-beam spectrophotometer UV2101PC. The concentration of the proteins was | mM in 10 mM potassium phosphate buffer (pH 7.4). (B) Samples
used for CD spectra in the visible range of Adx (black) and Adx-cd (gray) contained 100 uM adrenodoxin in 10 mM potassium phosphate buffer (pH 7.4).
(C) EPR spectra of 1 mM reduced recombinant samples (black—Adx, grey—Adx-cd) were taken at 77 K in 10 mM potassium phosphate buffer, pH 7.4.
(D) Single-wavelength melting curves were recorded at 440 nm for Adx (black) and Adx-cd (gray). The temperature of 40 pM adrenodoxin solutions was
slowly increased from 20 to 65 °C in a glycine buffer, pH 8.5, containing 2-mercaptoethanol, Na,S, and ascorbic acid.

were performed in a 40 mM glycine buffer, pH 8.5, contain-
ing Na,S and ascorbic acid to promote reconstitution of
the iron—sulfur during refolding of the protein. Neverthe-
less, Adx-cd was not able to reintegrate the iron—sulfur
cluster, even after overnight incubation.

Interaction of Adx and Adx-cd with AdR

Using Adx-cd itself as indicator of a reduction by AdR,
we could follow a reduction of Adx-cd which was revers-
ible. However, the reaction was slow compared with the
reaction between Adx and AdR, and we obtained a K, val-
ue of 24.4 uM and a V,,, value of 0.9 s7! (Table 2).

Binding of Adx and Adx-cd to CYPI11AI and AdR

To directly test the ability of Adx-cd to bind to
CYPI11A1 and AdR, respectively, we performed optical
biosensor studies. In measurements with different concen-
trations of CYP11Al, no complex formation between
CYPI11Al and Adx-cd was detectable. In contrast to this
result, we could observe a binding of AdR to Adx-cd.

Table 2
Parameters of Adx-cd compared to Adx

Adx Adx CD
Midpoint potential (mV) 274 +5 —282+5
T (oxidized form) (°C) 49.5+0.3 48.7+0.5
Binding to AdR, Kp (uM) 0.7+0.2 40+1.5

0.134£0.05  nd.
0.7+0.1[10] n.d
0.3+0.1[10] n.d
73+ 1.0[11] 0.9430 £0.1

Binding to CYP11Al, Kp (1M)
Cholesterol side chain cleavage, K, (tM)
Cytochrome ¢ reduction assay, K, (nM)
Reduction by AdR, k,p, (max) (s™h

n.d., not detectable.

The binding curves were obtained using concentrations of
AdR from 10 nM to 2 uM and were analyzed assuming a
one-to-one interaction with a drifting baseline. The result-
ing Kp value was 7.7 x 10~ M for Adx and 4.0x 107°M
for Adx-cd.

Reconstitution of cholesterol side-chain cleavage activity

Further, the ability of the mutant to support the conver-
sion of cholesterol to pregnenolone was studied in a recon-
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stituted system with AdR and CYPI11A1l. However, even
with prolonged reaction time and increased amount of
ferredoxin no product formation could be detected with
Adx-cd.

Docking experiments

To help explain the experimental results, docking studies
were carried out using the program DOT. As shown in
Fig. 2, the most probable binding position of Adx-cd at
the AdR surface (Fig. 2C) is not identical with the position
determined for the Adx (Fig. 2A) by X-ray crystallography
[5]. Two preferential binding sites exist among the 20 dock-
ing sites of lowest energy. Five of the Adx-cd models bind
to the left site of the NADPH-binding cleft, namely to AdR
Lys345 and AdR Glu307, and fit into the NADPH-binding
cleft. The [2Fe-2S] cluster is positioned far away from the
isoalloxazine of AdR. The ten lowest-energy configurations
are represented by an Adx-cd molecule shown in Fig. 2B.
Putatively interacting charged residues of AdR belong to
two spots around Argl98, Arg234, and Arg242, and
Lys369 and Arg370, respectively, and the corresponding
counterparts Aspll, Glul3, Asp35 and Asp37, as well as
Asp23, Asp27, and Glu43 of Adx-cd (Fig. 2D). The elec-
tron donor and acceptor are 17 A apart, a reasonable
distance for electron transfer. Only one of the docked
Adx-cd molecules occupies a position similar to that within
the AdR - Adx complex. Here, Lys208, Arg211, Lys243,
Arg244, and Lys59 of AdR interact with Glul3, Asp35,
Asp37, and Glu43 of Adx-cd (colored green in Fig. 2B).
Binding of Adx-cd to P450scc was not modeled, because
no structure is known for the cytochrome.

Discussion

Ferredoxins belong to a broad family of proteins present
in bacteria, plants, and animals. They are divided into
plant- and vertebrate-type ferredoxins, depending on their
structure and function. Physiologically, ferredoxins func-
tion as one-electron carriers in a variety of redox reactions,
transferring electrons to cytochromes and other proteins in
subsequent steps. The tertiary structure of ferredoxins dis-
plays two main regions, an iron-sulfur cluster containing
core domain and a variable interaction domain [32,33].
The larger hydrophobic core folds into a B-grasp motif
which is highly conserved among ferredoxins, whereas the
smaller interaction domain displays structural differences
for the subfamilies.

In bovine adrenodoxin, the residues 1-55 and 91-128
belong to the core domain whereas the region between
the residues 56 and 90 forms the acidic interaction domain.
The [2Fe-2S] type iron—sulfur cluster is embedded into the
hydrophobic core domain close to the surface of the pro-
tein and is coordinated by four cysteines (Cys46, Cys52,
Cys55, and Cys92) [3,17].

Electron transfer pathway calculations using the program
HARLEM revealed highest electronic coupling between the
cluster iron and amino-acid residues on the surface of the
core domain [10]. This indicates that electrons are most prob-
ably transferred via this region. In agreement with this, the
interaction domain in adrenodoxin shows only small cou-
pling values, indicating a low involvement of this region in
direct electron transfer of ferredoxins [32].

The function of the interaction domain is rather the
recognition of the redox partners and the tuning of the

Fig. 2. Crystal structure of adrenodoxin-adrenodoxin reductase complex and complexes of Adx-cd docked to AdR by electrostatic and van der Waals
energy minimization using program DOT [30]. (A) Crystal structure of the wild-type Adx - AdR complex [5]. Adx is colored orange, AdR gray, the [2Fe—
2S] cluster in cpk representation magenta, FAD in cpk representation dark gray, and amino-acid side chains in the primary and secondary interaction sites
[5] are shown as balls and sticks. (B) Twenty docked AdR - Adx-cd complexes of lowest energy. AdR is colored dark gray and Adx-cd light gray. The Adx-
cd colored green occupies an equivalent position as the Adx in the Adx - AdR crystal structure, the Adx-cd colored orange marks the docked Adx-cd
position of minimal energy. (C) Docked AdR - Adx-cd complex of lowest energy. Side chains included in the interaction are shown in ball-and-stick
representation. Figure was produced with MOLSCRIPT [39]. (D) Electrostatic interactions between AdR and Adx-cd within the best-energy complex
calculated by program DOT. Surface drawings of AdR (left) and Adx-cd (right). Adx-cd is rotated by 180° relative to its orientation within the complex.
Surfaces are colored corresponding to the electrostatic potential for an ionic strength of 0.1 M. The deepest blue and red correspond to potentials of 4+ 10
kT. Blue surface regions have positive potential, and red surfaces have negative potential. Interacting amino acids are labeled. Surfaces were calculated and

displayed with GRASP [40].
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electron transfer complex, which is influenced by structural
changes during the redox process [14,16]. Any conforma-
tional change of the iron—sulfur region can be further trans-
ferred to the flexible interaction domain via the hydrogen
bond system of the crucial His56 positioned at the interface
between the core domain to the interaction domain [34].

This histidine in position 56, together with 19 proximate
amino acids covering the complete interaction domain, was
deleted in this study resulting in the mutant protein Adx-
cd. Interestingly, the recombinant protein can be expressed
and purified as a stable holoprotein, which displays UV/
visible spectra typical for a [2Fe-2S] cluster containing fer-
redoxin in the oxidized state (Fig. 1A). Slight changes in
the absorption maxima indicate alterations in the environ-
ment of the cluster which could be confirmed by CD and
EPR measurements (Figs. 1B and C). These results clearly
show that the core domain itself is sufficient to integrate the
iron—sulfur cluster as well as to fold properly in order to en-
sure the structural requirements for the basic functions of
the ferredoxin.

Moreover, the iron—sulfur cluster has been integrated in
a functional, redox-active, manner as shown by UV/visible
spectra after reduction with sodium dithionite. The cluster
possesses an only slightly changed redox potential com-
pared to wild-type adrendoxin (Adx: —274 mV, Adx-cd:
—282mV). This effect on the potential turned out to be
unexpectedly weak but can be explained on the one hand
by an only marginal influence of the deleted 6 negative
charges of the interaction domain. On the other hand,
the deletion of the hydrogen bonds connecting both do-
mains seems not to lead to a persistent distortion of the
hydrogen network in the cluster vicinity. In addition, the
EPR results suggest only a slight conformational change
in the cluster environment, consistent with nearly unaltered
accessibility to the solvent, which might lower the midpoint
potential in the mutant only slightly. Taken together, the
described experimental results reveal that the core domain
itself is sufficient to control the redox properties of the
iron—sulfur cluster of the ferredoxin, indicating that the ba-
sic structural requirements of the ferredoxin to function as
an electron transporter have been maintained in the three-
dimensional design of the core domain.

Furthermore, our results also indicate that the folding
process of the core domain of Adx is independent from
the interaction domain, which is a prerequisite for the
incorporation and stability of the iron—sulfur cluster. A
similar conclusion was drawn by Sow et al. [35]. Their arti-
ficial redox-active miniferredoxin, consisting of a 31 amino-
acid polypeptide, could integrate a [4Fe—4S] cluster in the
absence of an interaction domain and showed similar spec-
troscopic properties as the ferredoxin of Desulfovibrio
gigas. The folding process of ferredoxins is driven by a mul-
titude of hydrophobic interactions and many hydrogen
bonds which stabilize the core domain. In this context, res-
idue Prol108 plays a pivotal role for the correct folding of
Adx because this amino acid has been proposed to form
a hydrogen bond with residue Argl4 [36], which is essential

for correct folding of the protein. This hydrogen bond,
which is expected to be still present in Adx-cd, forms a con-
nection between the carboxy and the amino terminus and
stabilizes the protein. In contrast, the salt bridge between
Glu74 and Arg89 seems to be dispensable for stabilizing
the core domain, although it is important for the folding
and stability of the full-length Adx [37]. On the other hand,
removing the amino acids of the interaction domain desta-
bilizes Adx-cd to a certain extent as indicated by thermal
unfolding experiments. Nevertheless, it has to be noted that
the core domain, independently of the interaction domain,
is stable enough to exist as a mini-Adx.

In order to examine if Adx-cd also satisfies the other cri-
teria of a ferredoxin, e.g., to form complexes with the redox
partner proteins, optical biosensor measurements have
been performed. The calculated Kp value for the binding
of AdR to Adx-cd was increased by a factor of 5 compared
with the interaction of AdR and Adx (Table 2), which leads
to the suggestion that the complex formed is tight enough
to allow an electron transfer between these proteins. The
assumption that the natural electron donor AdR can re-
duce Adx-cd was confirmed by electron transfer assays
containing NADPH, AdR, and Adx-cd. However, the rate
of the Adx-cd reduction by AdR is one order of magnitude
lower compared with Adx (Table 2).

This is in agreement with the electrostatic potential cal-
culations and computer docking experiments. In the ten
lowest-energy docking models, Adx-cd binds to a putative
interacting site of AdR represented by two charged areas
around Argl98/Arg234/Arg242 and Lys369/Arg370,
respectively. The corresponding counterparts of Adx-cd
are formed by the negatively charged areas Aspl1/Glul3/
Asp35/Asp37 and Asp23/Asp27/Glu43 (Fig. 1D). The cal-
culated interaction site of Adx-cd with AdR is overlapping
but not identical with an interaction area which has been
proposed recently as second interaction region on the basis
of protein—protein cross linking, crystal structure analysis,
and site-directed mutagenesis studies [5,10]. The calcula-
tions indicate a distance of 17 A between electron donor
and acceptor which is reasonable for electron transfer but
is about 7 A longer than that experimentally observed in
the complex of AdR with Adx. This is in agreement with
a reduced rate of electron transfer from AdR to Adx-cd.

In contrast to the above results for the complex forma-
tion with AdR, no interaction between the Adx-cd mutant
and CYP11A1 could be detected in biosensor measure-
ments. This correlates with the results obtained in the
CYPI11Al-dependent substrate conversion assay, contain-
ing a reconstituted system with AdR, NADPH, CYP11Al,
and Adx-cd. In this assay, no substrate conversion could be
detected; even prolonged reaction times did not lead to
product formation. The complex formation and the follow-
ing electron transfer in this reaction thus appear to depend
on the interaction domain of Adx. Surprisingly, in assays
using cytochrome ¢ as artificial electron acceptor, also no
electron transfer could be detected. This suggests that
Adx-cd, although being able to accept electrons from
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AdR, is unable to deliver them to the cytochromes without
the interaction domain. The data are also consistent with
our previous results demonstrating that the interaction be-
tween Adx and AdR is only slightly ionic-strength-depen-
dent, whereas the interaction of Adx and CYPI1Al
shows a clear salt effect [38].

In this context, it has to be mentioned that the interac-
tion domains of ferredoxins show significant structural dif-
ferences between the subfamilies, whereas their core
domains are highly conserved. The structural differences
and therefore the importance of the interaction domains
for the binding of the redox partner cytochrome P450
can be explained by a co-evolution of interaction domain
and cytochrome P450, a process which was driven by a
constantly increasing number of cytochromes P450 [1]. In
contrast to this, the number of reductase isoforms re-
mained constant [6]. As a consequence, the residual surface
of the core domain conserved all basic characteristics need-
ed for the interaction with AdR, a process optimized early
in molecular evolution, but is lacking essential characteris-
tics for the binding to CYP11A1, which might have been
established evolutionarily later.

Summarizing, we demonstrate the construction and
purification of an adrenodoxin mutant, Adx-cd, possessing
only the iron—sulfur cluster containing core domain but
missing the whole interaction domain. Although numerous
residues have been deleted, the core domain restored all
structural information for a proper folding and integration
of a prosthetic group. Adx-cd may thus be reminiscent of
an archetypical redox-active ferredoxin, which can func-
tionally bind to its electron donor but has not yet gained
the capacity to interact with its electron acceptor which ar-
rived later in molecular evolution.
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