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Abstract

Adrenodoxin reductas€AR) and adrenodoxir(Adx) are components of the mammalian mitochondrial steroid-
hydroxylating system. Crystal structures of Adx, AR and a cross-linked Adx—AR complex have recently been
determined. Based on these, we have carried out a modeling and docking study to characterize the recognition
between AR, Adx and cytochrome (Cytc). To rationalize the recognition process, electrostatic potentials were
calculated by solving the Poisson—Boltzmann equations. In the Adx—AR complex modeled, a negatively charged
surface of Adx recognizes a positive surface of AR, as in the crystal structure of the Adx—AR complex, proving the
correct parameterization for the energy calculations. After forming salt bridges between the polar primary binding
sites of Adx and AR, charge compensation causes a domain movement in AR, which closes the binding cleft by 2—
4 A. Thereby, a secondary polar binding site is closed and the electron transfer pathways between the FAD of AR

and the[2Fe—2$ cluster of Adx are adjusted. Next, the model structure of a complex between Adx andv&yt
derived. The lowest-energy complex between Adx and @yatches earlier chemical modification and cross-linking
experiments, which proposed polar interactions of Lys13, Lys27, Lys72 and Lys79 ofw@t acidic residues in

Adx. Because of the short distance of 9.4 A between the redox centers, a complex, productive in electron transfer

via a different outlet pathway from the inlet route in Adx, is expected. However, a ternary complex cannot be formed
between the Adx—AR complex and Gyecause of steric hindrance. Therefore, a shuttle model for the role of Adx

in the electron transfer process to €y preferable to a relay model. In addition, no preferable docking site could
be detected for a second Adx when probing the Adx—AR complex, which is required for a quaternary organized-
cluster model of all redox partners of the hydroxylase system.
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1. Introduction

The mammalian mitochondrial steroid hydrox-
ylating system of the adrenal gland consists of

three macromolecular components, a nicotinamide

adenine dinucleotide phosphat¢éNADP(H)]-
dependent adrenodoxin reductd#dr), the [2Fe—
29 cluster-containing adrenodoxi(Adx), and a
catalytically active cytochrome P45@P450scg.
The conversion of steroids during hormone bio-
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to the binding sites, and secondly, does Clyind
to Adx in a unique way, or do different binding
sites for Cyt exist in Adx free in solution or when
complexed with AR?

We are primarily interested in the role of Adx
in electron transfer from AR to P450. Up to now,
two different models have been considered: the
organized cluster modelgl7,14, as opposed to
the shuttle model[16], where Adx sequentially
transports one electron after the other from AR to

synthesis requires electrons, which are transportedP450scc. These models may be probed by analyz-

from AR to P450 by Adx sequentially. The three-
dimensional structures of Adil], AR [2,3] and
of a covalently cross-linked complex of bofH]
have recently been solved, providing insight into

the structural basis of the electron transfer reaction.

Numerous biochemical experiments, including
chemical modification[5,6], site-specific muta-
tions [7—9 and chemical cross-linking10—17,

ing the electron transport from tHeFe—2$ clus-

ter to the Adx surface. In organized cluster models
where one or two Adx molecules function as relays
for the electron transport between AR and P450,
alternative electron transfer pathways are expected
to exist. If, conversely, a shuttle model is valid,
identical pathways within Adx may, in principle,
be used for electron transport from AR and to

have been performed to characterize interactions P450. Here, we used Gyand Adx as probes to

and electron transfer pathways within the hydrox-
ylase system. Complex formation is predominantly
driven through electrostatic forces, but hydropho-
bic patches also play a role during the interaction.
The soluble cytochrome (Cytc) is frequently
used in Adx—Cyt or AR—Adx—Cyt assays as a
final, spectroscopically active electron receptor in

search for a secondary donor—acceptor pathway
from the [2Fe—2$ cluster to the Adx surface.

To address the above issues, we set out to derive
model structures of binary or ternary complexes
involving Adx, AR and Cyt, making use of the
available crystal structures of all proteins and of
experimental data such as cross-links and chemical

place of the membrane-attached P450 when the modifications at the protein surfaces. Using these

aim is to characterize the electron transfer efficien-
cy of the system in vitro. Adx reduces Gyin
vitro, but the reaction is probably not of physio-

restraints permits establishment of theoretical mod-
els of biological relevance. To prove that the
docking calculations were parameterized with suit-

logical relevance, since the two proteins are located able energy terms, we started with electrostatic

at opposite sides of the inner mitochondrial
membrane of the adrenal cortk3]. At low ionic

strength they form stable complexes with a disso-

ciation constant of 34 nM[14]. Intermolecular
interactions in the 1:1 complex are mainly ionic
in charactef15]. Up to now, no systematic screen-
ing for residues of Cyt interacting with compo-

and van der Waals energy-minimization calcula-
tions for the known complex of Adx—AR. Subse-
quent modeling of the docking of Adx to
uncomplexed AR provided some insight into the
recognition process yielding the Adx—AR com-
plex. Finally, we modeled the docking of Cyto
Adx and to the covalent Adx—AR complex, and

nents of the hydroxylase system has been probed the Adx—AR complex with a secondary
undertaken. However, changes in the interactions Adx. The results support the shuttle hypothesis for

with Cytc in the electron transfer assays could
influence the results attributed to the hydroxylase
system components. It is well known that reduced
Adx reacts extremely rapidly to reduce Cyin

complex with AR, as well as without the reductase

[16]. Therefore, there are several points of interest

to be investigated. Firstly, which residues belong

Adx.
2. Materials and methods
2.1. Data preparation

The crystal structure of truncated bovine Adx
[Adx(4—-108], lacking the N-terminal residues
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Serl-Glu4 and the C-terminus from Aspl09 to cytochromec and cytochromec oxidase [25].
Glu128 of Adx, was recently determingi] [Pro- From experimental data, an ionic strength of 50—
tein Data Bank(PBD) entry 1AYH. The coordi- 100 mM is suggested for stable Adx—AR1] and
nates of the covalently cross-linked complex of Cytc—Adx [26] complexes.

wild-type Adx with the adrenodoxin reductase

Adx—AR [4] (entry 1E6H, of uncomplexed AR . .

[2] (entry 1CJJ, of AR complexed with 23 Docking experiments

NADP* [3] (entry 1E1D, and of horse heart

cytochromer [19] (entry 1HRO were taken from In a series of docking experiments, Adx was
the Protein DatabanK20]. The programunBsD first docked on uncomplexed AIR], mimicking
[21] was used for calculation of electrostatic poten- the pre-complex in situ, and then Adx was docked
tials, and protein—ligand docking was carried out on AR using the coordinates of Adx and AR from
with pot [22]. To use these programs, atomic the covalently cross-linked Adx—AR compld#].
coordinates were prepared as follows. Polar hydro- Next, Cyt was docked on the cross-linked Adx—
gens were added with CN£3]. Partial atomic AR complex, Cyt was docked on Adx, and finally
charges for the proteins, heme groU@Fe-2$  Adx was docked on the cross-linked Adx—AR
cluster and flavin adenine dinucleotideFAD)  complex. The first-mentioned molecule in each
were based on themBER |ib|’ary [24] Histidine Computer experiment was allowed to move, and
side chains were neutral, with one hydrogen either the second was kept stationary, fixed at the origin
on N° or N, depending on the ligation by Fe or f the grid. The shape of the moving molecule
hydrogen bonding. The N-terminus of the acety- \yas approximated by its atomic coordinates and
lated Cyt was neutral and the C-terminus nega- ot by the van der Waals volumi@2] to permit
tively _Chargid-l T,Z?j ot\;]eraIL chag;e 0_‘; the g?rze an approach within 1.5 A of the stationary mole-
group Is—2.4. In AdX the charged residues GIU%, = ¢ 1e and small side-chain conformational changes
Aspl19, Lys126, Glul28, the N-terminus and the upon docking. The partial charges were taken from

e e e X2 he e lbray and place t he alomic pos-
' tions of the non-hydrogen and polar hydrogen

AR are not known. Because the truncated (i atoms. The shape of the stationary molecule was

108) binds to AR, P450scc and Gywith similar re resénted b eI\O 3.0-A layer of favgrable otential

affinity as the wild-type protein, these residues are P yas. yer ot '
To map the shape potential of the stationary

not expected to play an essential role in recognition i . i - 2
and binding processes. To check the parameteri-Molecule onto the grid, grid points within 4.5 A

zation of the system, an initial docking experiment Of non-hydrogen atoms were assigned a value
was performed with the aim of reproducing the —1, and then grid points within 1.5 A of non-

known Adx—AR complex. hydrogen atoms were assigned a highly unfavora-
ble value of 1000. All other grid points were
2.2. Electrostatic potentials assigned a value of 0. Large changes in magnitude

and distribution of the electrostatic potential were

Electrostatic potentials were calculated by solv- avoided by limiting extreme potentials t64 and
ing the Poisson—Boltzmann equations with the —6 kcal mol* e to obtain only a small number
program uHBD [21]. The grid for the potential of false favorable-energy positions moT [25]. In
values was restricted to maximum dimensions of the ~ minimum  energy search by por,
128x128%x 128 A3 with 1-A spacing because of 128x128x128 grid points and 54 000 rotational
the limits imposed by the docking progranot orientations( ~ 6° sampling were used because of
[22]. Dielectric constantg=3 for the protein and  the limitations of boT. The computational time
£=80 for the aqueous surrounding, and an ion was 48 h using a heterogeneous network of 8 SGI
exclusion radius of 1.4 A were chosen following R12000, R10000, R4400 processors and one 1-
the example recently set for the similar system of GHz Linux-PC in parallel.
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3. Results and discussion
3.1. Electrostatic recognition of AR by Adx

The recognition process and complex formation
between Adx and AR are strongly ionic strength-
dependen{16], and the driving force of the first
recognition steps is clearly of electrostatic type.
More than 65% of the buried surface in the Adx—
AR complex [4] are of polaypolar or of mixed
type (Table 1. Each of the molecules has an
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ular to that plane. The secondary binding sites of
both moleculegAsp39 and Asp41 in Adx; His28
and Lys27 in AR are too far from each other to
form a salt bridge between Adx Asp39 and AR
Lys27, as observed in the Adx—AR crystal
structure.

The primary docking event may thus induce the
domain motion by charge compensatiffig. 2),
and thereby enable the secondary interaction. This
is confirmed by modeling the docking between
both components, taking their coordinates from

asymmetric potential caused by the negative charg-the covalently cross-linked comple¥]. In form-

es on Adx and the positive charges on ARig.

ing this complex, AR permits a much more precise

1). Both molecules possess strong dipoles in copla- Positioning of Adx in its positively charged cleft

nar orientation(not shown. Both partner proteins

(Fig. 2). The 20 lowest-energy configurations

search for each other in a semi-closed sphere, andfound by pot show a ftight clustering of Adx,
subsequently optimize charge and non-polar inter- Visualized by the[2Fe—2$ cluster in Fig. 2, in

actions. Because the crystal structure of uncom-

plexed AR[2] is used for docking, Adx does not
find the same position on AR as in the experimen-
tally determined comple)4]. This result was to
be expected, sinceoT cannot take into account

front of the electron donor, the isoalloxazine ring
of AR, varying the position nearly coplanés-0.5
A in horizontal directiony within 3 A. In part,
these deviations may be attributed to the grid
space of 1 A, the smallest value possible. The

the induced domain movement that is observed to correctness in paositioning the movable molecule is

occur upon complex formatiof4]. Despite the
rigid AR, the primary binding site of AdxAsp72,
Asp76, Asp79 docks to the primary interaction
region of AR (Arg211, Arg240, Arg244} with a
maximal offset of 3.5 A within a plane containing
the primary and secondary binding sites of AR
(Fig. 1), and of approximately 3.5 A perpendic-

Table 1

obvious upon comparison with the experimental
Adx—AR complex, where the third interaction

region consists of the peptides Ala45-Thr54 of
Adx, and Glu57-Thr64 and lle376—Met380 of

AR, and it is taken as proof of the suit-

able parameterization needed for the energy
calculations.

Interface characterization and electron transfer properties of crystallographically analyzed ferredoxin—ferredoxin reductase complexes,
of a cytochrome-—cytochromec peroxidase complex, and of an Adx—Cyhodel complex

Complex Donor— Interaction aregA2) Coupling Experimental
acceptor X constant electron
distance Total Polar I;|1y(ér_o- Mixed transfer
&) phobic rate(s 1)

Adx—AR 10.3 2369 508 780 1082 10_° 3-4

Fd—FNR,Anabaena 6.7 1711 431 524 809 32103 6000

Fd—FNR, maize leaf 5.9 1771 463 499 846 813 120

Adx—Cytc, model 9.4 1569 246 584 894 B304 400

Cytc-peroxidase—Cyt 19.0 1064 265 327 473 7210 °2 700-3500

The interaction areas were determined with the progrant (C. Broger, personal communicatipeorresponding to the definition
given in[27]. The coupling constant was calculated with the prograsRLEM [28]. The crystal structures of bovine Adx—AR, Fd—
FNR from Anabaena, Fd—FNR from maize leaf and horse cytochrome&ytochromer peroxidase from yeast were recently deter-

mined[4,29-31.

2 Electron transfer pathway differs from the Ala194—-Alal193—-Gly192-Trp191 peptide proposed by Pelletier anfBKraut
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Fig. 1. Molecular modeling of an Adx—AR completa) Electrostatic potentials of Adx and AR calculated with the progtamp

[21]. Blue contours indicate positive and red contours negative potential. AR coordinates are taken from uncomplexed reductase

[2]. Adx and AR are oriented as in the modeled complex, but have been shifted apart to reveal the complete potentiallsurfaces.
20 minimum-energy positions of Adx, marked by thgliFe—2$ cluster position(green), and the position of AdXred) within the
covalently cross-linked Adx—AR compleX]. Figures were produced withuanta (Molecular Simulations Inc, 1997and sETorR

[32).

Adx binds to AR, independent of the presence
of NADPH in the latter. Fig. 3 depicts the electro-
static potential at the Adx—AR complex, which is
rotated by 180with respect to Fig. 2. The positive
potential maximum is located within a cleft open
for NADPH to diffuse into, resulting in a juxta-
position of its nicotinamide moiety against the
isoalloxazine ring of FAD[3]. Either Adx or
NADPH induces similar conformational changes
upon binding to AR(Fig. 4), exploiting the flexi-
bility of the hinge region between the protein’s
FAD and NADP domains. The induced distance
differences in € -atom positions between the AR—
NADP* [3] and Adx—AR[4] complexes in com-
parison with uncomplexed AIR] are comparable.
This means that the primary docking of Adx to
the AR binding pocket may be facilitatétecause
the pocket is bigger and more opeéhino NADPH
is bound to AR. Conversely, Adx binding to the

pre-formatted redox partner AR may immediately
lead to a tighter complex, followed only by fine
tuning of the structure. On the other hand, the
diffusion of NADPH into the cleft is somewhat
restricted by Adx, acting as a shutter at one of
three open sides and by the slight closure of the
cleft. To probe the shuttle model for Adx, the
sequence of docking events in which NADPH-
binding with induced cleft closing is followed by
Adx binding, or vice versa, has to be investigated.

3.2. Electrostatic recognition of Adx—AR by Cytc

The Adx—AR complex is less stablé.; =300
s~1 [16]) than a typical protein—protein, e.g. an
inhibitor—protease complef27]. This is also true
for the two other known ferredoxin—ferredoxin
reductase complexes from the cyanobacterium
Anabaena [29] and maize leaf30,33, as well as
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NADP-
domain

Fig. 2. Induced fit of AR during Adx—AR complex formatiofa) Superposition of the FAD domains of free ARlack) and AR

from the Adx—AR complexred) shows the domain rearrangement of AR yielding an AR conformation active in electron transfer.
(b) 20 minimum-energy positions of Adx, marked by thgdFe—2$ cluster positions(green), docked to active AR(red). The
[2Fe—-2$ cluster in the cross-linked Adx—AR complex is colored red. Figures were producedsmitr [32].

for the crystallographically characterized complex in Fig. 5. Because the region with positive poten-
of cytochromec—cytochromec peroxidase[31], tial around Cyt will interact with the areas of the
judging from the buried areas within the complexes complex showing residual negative potential, there
(Table 1. At least for the ferredoxin—reductase are only few favorable positions available at the
complexes, it is unclear whether the ferredoxin complex surface. The two out of the top 20
acts like a shuttle, transferring the electrons from configurations of the minimum-energy grid
one redox partner to the other, or rather like a (marked | and Il in Fig. 5h which are near the
relay in an organized cluster of all components. In Adx—AR boundary, are probably not active in
an organized cluster, Adx needs two different electron transfer, because the heme is tangential to
pathways for electrons, although overlapping bind- the Adx surface and its center is 21-28 A away
ing sites exist with AR and P450sc7]: the from the [2Fe—2$ cluster. The Cyt positions Il
proposed primary pathway from the isoalloxazine and IV at the distant AR surface are also non-
ring of AR to the [2Fe—2$ cluster of Adx [4], productive.

and a hypothetical secondary pathway, where the

electron moves from the iron—sulfur cluster to the 3.3. Electrostatic recognition of Adx by Cytc

terminal acceptor. To find this outlet we used &yt

as well as Adx, as a probe for the crystallographic ~ The crystallized Adx—AR complejd] is cross-
Adx—AR complex. The potential energy distribu- linked between Adx Asp39 and AR Lys27, but
tion around the complex and around €ig shown the primary interaction region remains freely dis-
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Q@ >2kT
j e -1kT
<-2kT

Fig. 3. Electrostatic potential for Adx—AR—NADPH complex formati¢a) Electrostatic potentials of Adx—AR calculated with the
programunsD [21]. AR is rotated by approximately 180n comparison to Fig. 1. Blue contours indicate positive, red contours
negative potential(b) Electrostatic potential contoured at a higher level. Maximal residual positive-potential is around the binding
pocket of NADPH. NADFP is modeled and positioned within the Adx—AR complex correspondiff].tBigures were produced

with QuanTa (Molecular Simulations Inc, 1997

sociable after reduction of Adx. The binding of suggested by chemical probif§] as candidates
P450scc to the Adx—AR complex and the activity for interaction sites with Adx, as well as with
of the system in transformation of cholesterol to cytochromec oxidase [35], and several of the
pregnenolone have recently been demonstrated andysines (Lys13, Lys72, Lys8p detected in the
discussed as strong evidence for such dissociationinteraction site of the crystallographically charac-
during electron transfer, thus favoring the shuttle terized Cyt—cytochromec peroxidase complex
concept[12]. [31]. In particular, the Cyt residue Lysl13 is
To provide further support for this view, we attached to the Adx peptide Glu68—GIlu73, which
performed docking experiments between isolated was found earlier by cross-linking experiments
Adx and Cyt. The top 20 configurations of the [34]. The Adx residues Glu74, Asp79 and Asp86
minimum-energy grid and the most probable active are not located within the interface, and their
Cytc—Adx complex with the lowest energy are madification would not influence the interaction
shown in Fig. 6a. The interaction map of the with Cytc as found earlier, to¢36].
minimum-energy complex(Fig. 7) shows four The buried area between €yand Adx is similar
regions of Adx, lle25-Asp3l, Cys46-—Leu50, to the ferredoxin interaction areas of the known
Glu68—GIlu73 and Cys92—-Thr97, to be in contact electron-transfer complexes as given in Table 1,
with the Cyt peptides Valll-Cysl7, Lys27— and the Cyt—Adx complex tends to be less stable
Thr28 and Asn70-Lys86. These Cypeptides  than the Adx—AR complex. Of course, the inter-
contain lysines Lys13, Lys27, Lys72, Lys79, all action areas for the modeled CyAdx complex
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Fig. 4. Distances between*C atoms of free and complexed AR molecules. After superposition of the FAD domains, the distances

between € atoms of free AR, AR in the cross-linked comgiex,

molecule A; yellow, molecule Band AR co-crystallized with

NADP™* (colored blach [3] show the equivalence of AR domain movement caused by Adx or NADP  binding.

can only be approximate, becauseT is not
capable of changing side-chain conformations,
which is possibly required for optimal interaction.
Since Adx should not need to dissociate from the
Adx—AR complex during electron transfer from
NADPH to Cyt [37], after formation of the Cyt-
Adx complex, it was tried to fit this complex to
AR in a way that reproduces the Adx—AR recog-
nition observed within the Adx—AR compléeX].
It is observed that steric hindrance by AR will
prevent formation of this type of ternary complex
between Adx, AR and Cyt However, after a
slight movement of the Adx component by approx-
imately 2-5 A from the AR surface, the Gy
Adx complex described can be established. This
is in agreement with the inactivity of the cross-
linked Cytt—Adx towards AR[34], because the
Cytc—Adx complex can only be formed with
reduced Adx after dissociation from AR.

The acetate group at the N-terminus of €ig
in direct contact with AR, which may have dis-
turbed complex formation in earlier experiments
[6]. Unfortunately, the model does not explain the

higher binding constant to Gytfor the wild-type
Adx in comparison to the truncated form, because
the C-terminus of Adx is opposite to the Gyt
docking site.

Most probably, between Adx and Cytthe
electron uses a recently proposed secondary path-
way along Adx FeZCys92 rather than F¢Cys52
[38]. The distance between the donor and acceptor
edge is approximately 9.4 A and the theoretical
coupling constantTable 1 is higher than between
Adx and AR, in agreement with the experimental
electron-transfer rate of 400§ [16]. The rate-
limiting step of the electron transfer from AR to
Cytc should be between Adx and AR, in agreement
with the experimental resultf39]. Although we
assume a secondary electron pathway in Adx,
different from the primary one, the small molecule
Cytc may also be reduced by a shuttle rather than
by a relay mechanism. This is also possible in a
cytochrome reduction assay when Adx is cova-
lently cross-linked to AR[11]. Fig. 6b shows a
possible arrangement of the ternary complex,
where Adx rotates around the cross-linked residues
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Fig. 5. Docking of Cyt to Adx—AR. (a) Electrostatic potentials of Cytand Adx—AR calculated with the prograomep [21]. The
blue contours indicate positive, red contours negative potentiak &grdinates were taken from PDB entry 1HRT]. (b) 20
minimum-energy positions of Cytmarked by their hemesstick presentationaround the covalently cross-linked complegeen
C* trace [4]. Figures were produced withuanTA (Molecular Simulations Inc, 1997and SETOR[32].

Adx-Asp39 and AR-Lys27. Normally, Adx would  fer (35 A). Four of the top 20 energetically
move from AR to Cyt without being tethered by  favorably positioned Adx are in contact with the

the cross-link. Adx molecule boupd to AR first. Here, the redox
centers are 23-25 A from each other and Glu79
3.4. Electrostatic recognition of Adx by Adx is accessible to P450scc, but the secondary iron—

sulfur cluster is buried between the two Adx

Recently, quaternary complexes of AR- molecules and not neighbored to the heme group
(Adx),—P450scc have been discussgB]. To of P450scc. A_ thl_rd group of Fjocked Adx blocks
explore this possibility, we used Adx as a probe the NADPH binding cleft by its C-terminus. No
on the Adx—AR complex in a further set of Secondary Adx has been detected in a similar
docking experiments. Because the most prominent Position as predicted from crystal packipl]. In
residual positive potential is located at the NADPH conclusion, a secondary position for docking of
cleft site of the Adx—AR complexFig. 3), the Adx as an anchor for P450scc when assembling
second Adx will dock at the NADP domain of AR an organized complex of all redox partners of the
and/or near the boundary between AR and the cholesterol hydroxylase system could not be
primary Adx. For the most energetically favorable detected using the known structures of the oxidized
complexes resulting from docking, tHeFe—2$ components.
cluster and Glu7912,4Q of the second Adx are
accessible for P450scc, but the distance between
the [2Fe—2% clusters within the first and the This paper honors the lasting contributions to
second Adx is unfavorably large for electron trans- physical biochemistry of Prof John T. Edsall. We

Acknowledgments
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Fig. 6. Docking of Cyt to Adx. (a) Minimum-energy configuration of an Adx—Gytomplex formed by the free redox partners
Adx (green) and Cyt (red—brown). The 19 next-best Cytpositions are marked by their heméb) Putative configuration of the
minimum-energy Adx—Cyt complex in an electron transfer assay with the covalently cross-linked Adx—AR complex. The Adx
(green) may freely rotate around the marked covalent cross-link. Figures were producedewitk [32].
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Fig. 7. Tentative interaction map for the model complex of Adx-eC¥he bars indicate the surface area per amino-acid side chain
(A?) buried by contacts to amino acids of the other protein. Pptadar contact areas are shown in red, hydrophttyidrophobic
areas as open bars and mixed-type contact areas in green. The putatively cross-linked [@4§iduescolored green, and residues
colored red mark the likely electron pathway. This figure was produced xgitte (C. Broger, personal communicatipn
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