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Self-association of adrenodoxin studied by using
analytical ultracentrifugation
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Abstract

The mitochondrial steroid hydroxylase system of vertebrates utilizes adrenodoxin (Adx), a small iron–sulfur cluster protein of about 14 kDa as
an electron carrier between a reductase and cytochrome P450. Although the crystal structure of this protein has been elucidated, the solution
structure of Adx was discussed contrary in the literature [I.A. Pikuleva, K. Tesh, M.R. Waterman, Y. Kim, The tertiary structure of full-length
bovine adrenodoxin suggests functional dimers, Arch. Biochem. Biophys. 373 (2000) 44–55; D. Beilke, R. Weiss, F. Löhr, P. Pristovsek, F.
Hannemann, R. Bernhardt, H. Rüterjans, A new electron mechanism in mitochondrial steroid hydroxylase systems based on structural changes
upon the reduction of adrenodoxin, Biochemistry 41 (2002) 7969–7978]. Therefore, it was necessary to study the self-association of this protein
by using analytical ultracentrifugation over a larger concentration range. As could be demonstrated in sedimentation velocity experiments, as well
as sedimentation equilibrium runs with explicit consideration of thermodynamic non-ideality, the full-length protein (residues 1–128) in the
oxidized state resulted in a monomer–dimer equilibrium (Ka~3×10

2 M−1). For truncated Adx (1–108), as well as the reduced Adx, the
association behavior was strongly reduced. The consequences of this behavior are discussed with respect to the physiological meaning for the Adx
system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Iron sulfur proteins belong to a distinct protein class and are
widely distributed in bacteria, plants and animals [1]. Mostly
ferredoxins contain either a [4Fe–4S] cluster or a [2Fe–2S]
cluster by which these proteins take part in electron transfer
reactions [1,2]. As part of the mitochondrial steroid hydroxylase
system of vertebrates the [2Fe–2S] ferredoxins transfer one
electron from an NAD(P)H dependent reductase to different
cytochromes P450. Some bacterial [2Fe–2S] ferredoxins share
similar functions. Adrenodoxin (Adx), the shuttle protein in the
adrenal cortex, is a soluble low molecular mass protein of
14 kDa. Recently, the X-ray crystal structures of a truncated
form [3] as well as wild-type protein of Adx [4] and a complex
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of Adx with the natural electron donor adrenoxin reductase [5]
were analyzed. Furthermore, molecular regions and distinct
amino acids, which are involved in the interaction with
reductase and P450, were determined using the techniques of
chemical modification [6], cross-linking [7] and site-directed
mutagenesis [8–10].

To describe the mechanism of the electron transfer reactions
by Adx, a cluster and a shuttle mechanism have been proposed
[11,12]. Cluster models either invoking a ternary complex [13]
or a quaternary complex with two molecules of Adx, one
reductase and one P450 molecule have been discussed [14,15].
The shuttle mechanism considers Adx as a mobile electron
carrier between reductase and P450 supported by the fact that
the dissociation constant for the complex Adx-reductase is
enhanced more than 20 times by reduction [16]. Recently, a
mechanism proceeding via a modified shuttle mechanism was
proposed, with both monomers and dimers acting as electron
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carriers, as deduced from the observation that oxidized Adx can
form dimers in cross-linking experiments [17]. Furthermore,
molecular mass values clearly higher than that of the monomer
were found in light scattering studies [4]. Surprisingly, these
authors found higher molecular masses at lower Adx concen-
trations (1.37 mg/ml) and lower molecular masses at higher
concentrations (10 mg/ml). This behavior seems to violate Le
Chatelier's principle and can be explained partially by
considering the thermodynamic non-ideality in such high
concentrations. Therefore, it was necessary to repeat such
experiments using analytical ultracentrifugation allowing to
consider the influence of virial coefficients on the self-
association of proteins [18]. Here we describe studies of Adx
and a shorter variant of this protein Adx (4–108) with respect to
the dimerization behavior using sedimentation equilibrium and
sedimentation velocity experiments in an analytical ultracen-
trifuge. Some additional experiments were also carried out with
reduced Adx.

2. Materials and methods

Adrenodoxin was prepared as described earlier [19].
Besides the wild-type protein consisting of 128 amino acids,
also a shorter form comprising amino acids 4–108 (truncated
Adx) was used in the studies (see [20]). Moreover, reduced
Adx was obtained by careful addition of sodium dithionite.
Protein concentration was determined using an extinction
coefficient of 1.1×104 M−1 cm−1 at 414 nm [21]. Only
electrophoretically pure proteins were used in the experi-
ments. The mass spectrometric molecular weight determina-
tion (Q-Tof1, Micromass, Manchester, UK) gave a molecular
mass of the purified recombinant Adx that corresponds
exactly to the sequence encoded by the cDNA without
heterogeneity due, for example, to the partial hydrolysis of the
C-terminus. For further experiments, the samples were
dissolved in 10 mM K-phosphate buffer, pH 7.4, containing
0.3 M NaCl.

Molecular mass and self-association studies on the proteins
were carried out by using an analytical ultracentrifuge XL-A
(Beckman, Palo Alto, CA). Sedimentation equilibrium experi-
ments were performed for the direct calculation of the
association constants based on the increased molecular mass.
About 300 μl solute graduated in different concentrations were
loaded into seven standard double sector cells and centrifuged
for 2 h at 24,000 rpm (overspeed) followed by 70–100 h
equilibrium speed at 20,000 rpm and 10 °C. In each experiment,
the records were manifold repeated and compared to be sure the
sedimentation equilibrium was ascertained. The radial concen-
tration distributions in each run were recorded at wavelengths
between 414 and 640 nm depending on the concentration used
in the experiments. This wavelength interval contains no steep
region, which can falsify the absorption measurement. In order
to study the association behavior in solutions of high protein
concentration, non-ideality had to be considered and as
mentioned earlier [22–24,18] the thermodynamic analysis of
solutions at high protein concentration is difficult because the
concentration power series may not converge. Recently, we
developed an approach to overcome this problem by fitting the
following equation to the data
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Here c is the weight concentration in g/l, and K2 and K3 are the
association constants for dimer and trimer formation. The B
symbols (describing the excluded volume caused by the
collision processes) are the true statistically defined virial
coefficients [25]. The first index defines the number of
monomers, the second index the number of dimers and the
third index the number of trimers in the collision process. The
activity of the monomers, z, calculated from the activity at the
reference radius, was obtained from the so-called ψ function
[26]. B20 is the known second virial coefficient. Since it is
impossible to estimate the higher virial coefficients directly,
these were calculated according to Boublik and Nezbeda [27]
and defined as multiples of B20 valid for uncharged molecules
and known shape. In all experiments, the influence of charge on
the virial coefficients was excluded by addition of an appropriate
amount of NaCl. Eq. (1) has the additional advantage of being
explicit in concentration. Simple integration of this expression
yields the theoretical loading concentration for the sector cells.

cL ¼ 2

r2b � r2m

Z rb

rm

crd rdr: ð3Þ

A program VIRIAL was written to fit the experimental data. It is
able to fit simultaneously seven concentration profiles of different
loading concentrations. These were obtained from a sedimenta-
tion equilibrium run using an eight-hole rotor. In order to reduce
the number of fitting parameters, the effective loading concentra-
tion of each cell was calculated by numerical integration of the
selected part of the radial concentration distribution. From this, the
reference concentration of each cell was determined. The
extinction coefficient for the chosen wavelength was derived
from the records obtained at 3000 rpm and the known
concentration of the protein. This technique is called signal
conservation [28] was first developed by Minton [29].

Additional sedimentation velocity experiments were per-
formed. About 400 μl Adx at different concentrations were
centrifuged in standard 12 mm double sector cells at
50,000 rpm. The radial absorbance distributions were recorded
at a wavelength of 415 nm at 2-min intervals.

A program LAMMNUM [30] with numerical solution of the
Lamm equation according to Claverie et al. [31], Cox and Dale
[32] and Schuck [33] was written. It allows the user to estimate
ideal equilibrium constants (Kb) and the position of the
meniscus (rm) and cell base (rb). LAMMNUM can also take into
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account the concentration dependence of the sedimentation
coefficients given by

sc ¼ s0=ð1þ kscÞ ð4Þ
with sc the sedimentation coefficient at concentration c and s0 at
infinite dilution. A negative sign of ks is diagnostic of mass
interaction [34]. The program works with numerical calculated
derivatives according to Todd and Haschemeyer [35]. The
parameters (Kb, ks) were introduced into the Claverie scheme
according to Schuck [33]. This scheme uses the constituent
sedimentation and diffusion coefficients defined by Steiner [36]
and Cox [37]. To achieve more numerical stability, the
dependence of the sedimentation (sn) or diffusion (Dn)
coefficients on the degree of association, n, is described by the
well-known relations for spherically shaped complexes. To
enhance the variability other exponent p, such as 2/3 can be
chosen but not estimated by fitting. The constituent (weight
average) sedimentation coefficient is

s cwð Þ ¼ SM
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for the constituent (gradient average) diffusion coefficient it
follows that
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cM means the weight concentration of monomers, which can be
calculated from the total concentration at each radial point by
using the law of mass action. The program allows the
introduction of the molecular weight and calculates the diffusion
constant from the current sedimentation coefficient during the
fit. Additionally, the frictional ratio can be introduced to
calculate the sedimentation coefficient. If the sedimentation
coefficient is held constant, the number of estimated parameters
is reduced by two (s=sedimentation coefficient, D=diffusion
coefficient). The excluded volume of Adx was derived from the
diffusion coefficient obtained in dilute solution. D is related to
the Stokes radius (Rs) as follows,

Rs ¼ kT=6pgD ð7Þ
with k the Boltzmann constant and η the dynamic viscosity of
the solvent. B20, here the excluded volume, was determined
according to Wills and Winzor [38] from the particle radius (Rs),
the molecular mass (M) and Avogadro's number (NA) according
to Eq. (8).

B20 ¼ 16pR3
sNA=3M : ð8Þ

A program Cox was written and used to generate synthetic
concentration profiles. The binding constant and the concentra-
tion dependence of s (Eq. (4)) were again introduced according
to Schuck [33].

When using our program LAMMNUM to estimate binding
constants without consideration of the concentration depen-
dence of sedimentation coefficients (Eq. (4)) one estimates
clearly to low bottom radii [39]. To avoid interference
aggregates, we have limited the fit region near behind the
crossing point that is the radius position near the cell base where
the concentration profiles of the different solute concentrations
intersect. Additionally, we limited the maximal absorbance to a
value scarcely over the plateau level.

To describe the apparent molecular mass of dimers and
momomers, the scaled particle theory of Gibbons [40] is
excellently suited to higher concentrations because this theory
offers a closed equation for the virial coefficients. The shape of
the dimers was approximated by a prolate spherocylinder with a
volume twice that of the monomer. Assuming the monomers as
spheres, their volume is exact a quarter of the virial coefficient
B20 calculated by Eq. (8). The breadth of the spherocylinder
corresponds to the diameter of the monomer the length is 5/3
times the diameter. The osmotic pressure (π) of spherical
particles is described by

p
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where v is the volume of the spherical monomer.
With the help of the Gibbs–Duhem equation, the partial

chemical potential of the solute (μ) is given by
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The centrifuge equation [41] now reads
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For the apparent molecular weight Mapp ¼ AlnðcrÞ
Ar2

follows
by derivation from Eqs. (11) and (12)

Mapp ¼ M
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The osmotic equation for prolate spherocylinders (dimers) reads
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where vD is the volume of the dimers. Then
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Fig. 2. Radial absorbance distributions (symbols) and fits to the data (curves) of
1.4 g/l Adx in 10 mM K-phosphate buffer, pH 7.4, containing 0.3 M NaCl. The
profiles were recorded at 415 nm at time intervals of 8 min. The temperature was
20 °C and the speed 50,000 rpm. Only each second record is shown. Residuals
are given in 1.6-fold amplification compared to the radial absorbance
distributions.
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and the apparent molecular weight of the prolate spherocylin-
ders (dimers) is given by

Mapp;D ¼ MD

1þ vDc 1
ð1�vDcÞ þ 1

ð1�vDcÞ2 �
40

9ð1�vDcÞ3 þ
100

9ð1�vDcÞ4
� � :

ð16Þ

If weight concentrations g/l are used for v and also for vd, the
same excluded volume l/g can be applied.

3. Results

3.1. Sedimentation equilibrium

In order to study the self-association of Adx, regarding to the
virial effects, sedimentation equilibrium experiments were
carried out. The radial concentration distributions were recorded
at 640 nm and transferred into weight concentrations based on an
absorbance of 0.10908 for 1 g/l at this wavelength (see Fig. 1).
The curves covering a concentration range of a few μg/ml at the
meniscus up to about 12 g/l near the cell base were fitted globally
using Eqs. (1) and (2) using a molecular mass of 14,190 Da for
the monomeric protein.

3.1.1. Adrenodoxin
The association constant for the dimerization event was found

to be Ka= (0.038±0.006) g/l or (2.7±0.4) ·10
2 M−1 at 10 °C.

This parameter was obtained by using a value of B20=0.0058±
0.00014 g/l which should correspond to the excluded volume of
Adx and is similar to that value derived from D and Rs (Eq. (8)).
This value corresponds to 8 times the partial specific volume or
four times the ‘swollen’ volume [42]. Caused by the weak
binding coefficient the virial coefficient B20 cannot estimate
directly as additional fitting parameter [43] with suitable
accuracy [18]. Without consideration of virial coefficients,
Fig. 1. Radial concentration distribution curves of Adx in 10 mM K-phosphate
buffer, pH 7.4, containing, 0.3 MNaCl. The profiles with loading concentrations
between 1.4 and 2.4 g/l were recorded after 72 h equilibrium speed at
20,000 rpm at 10 °C and a wavelength of 640 nm. The curves were fitted using
Eq. (2).
the association constants (Ka) are considerably diminished
K≈ (8±3) M−1.

3.1.2. Adrenodoxin (4–108) truncated
In order to estimate the influence of the C-terminal amino

acids on the association of Adx (4–108) corresponding
experiments with this protein were carried out. In sedimentation
equilibrium with considering the thermodynamic non-ideality,
clearly lower association constants were determined indicating
that the C-terminal amino acids are involved in the self-
association of Adx. From experiments with a concentration
range between 1.8 and 7.0 g/l, an average association of
Ka=32 M−1 was deduced (not shown).

3.2. Sedimentation velocity

3.2.1. Adrenodoxin
In order to recognize the behavior of Adx, at first velocity

runs obtained at 50,000 rpm were analyzed with our LAMM [44]
program. Fig. 2 demonstrates a limited number of whole-
boundary radial concentration distributions from the 23, which
were recorded at 600-s intervals. A molecular mass of 14.8 kDa
was determined somewhat higher than the theoretical value
(14.19 kDa) indicating that only a few dimers exist in
equilibrium with monomers. Additionally, we used our program
LAMMNUM to determine the dependence of the sedimentation
constant on concentration. We found a negative value (ks=
−0.0008) indicative of slight mass interaction [34]. Another
possibility to recognize dimers is the sedimentation distribution,
which uses differentiated profiles. But tests with simulated
curves generated with our program COX shows that no usable
shoulder or peaks occur with such low sedimentation constants
(s<1.8 S). That indicates that the generation of a g⁎(s) plot in
such cases does not provide reliable information regarding
protein association. With LAMMNUM and the fit procedure



Fig. 3. Influence of the concentration on the apparent molecular masses (MAPP)
of wt-adx derived from the association constant Ka=2.7 ·10

2 M−1 obtained at
10 °C using a virial coefficient B20=0.0058 g/l (middle curve). The upper and
lower lines represent the corresponding molecular masses for Ka=∞ (only
dimers) or Ka=0 (only monomers), respectively.
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described in Materials and methods, we found an ideal
association constant of 89±40 M−1. For sedimentation velocity
experiments, the consideration of non-ideality is not possible.
Such low association constants were also found in sedimenta-
tion equilibrium experiments when virial coefficients were
neglected.

The known molecular mass M1=14.19 kDa was used as a
numerical constraint for the fitting. The estimation of equili-
brium constants from sedimentation velocity experiments works
well for dilute solutions andmoderate association constants. The
sedimentation and diffusion constant were determined to be
s=1.52±0.05 S and D=(9.9±0.2) ·10−7 cm2/s.

3.2.2. Adrenodoxin (4–108) truncated
In sedimentation equilibrium analysis accounting for

thermodynamic non-ideality gave clearly lower association
constants indicating that the C-terminal amino acids are
involved in the self-association of Adx. With sedimentation
velocity, no significant binding constant was found as expected
from the low value obtained in equilibrium runs. Indeed when
neglecting virial coefficients in such calculations an association
constant near zero results (K<10).

3.2.3. Reduced adrenodoxin
Occasion on the low temporally stability of reduced Adx

(less than about 48 h) only sedimentation velocity runs were
carried out. With our program LAMMNUM, no significant self-
association was found.

4. Discussion

We have studied the association behavior of dissolved Adx
by sedimentation-velocity ultracentrifugation to determine the
type of associates formed and by sedimentation equilibrium
runs to determine the affinity of the interaction under conditions
of thermodynamic non-ideality. Whereas the truncated mutant
Adx (4–108) has only an extremely weak tendency to associate
(Ka=32 M−1) wild-type Adx forms dimers with moderate
affinity Ka= (2.7±0.4) ·10

2 M−1. The main difference in the
association behavior between both species seems to be caused
by the C-terminal amino acids.

The tendency of Adx to self-associate in solution was
proposed in the literature by several groups [4,17,13]. This was
concluded from molecular mass studies by size exclusion
chromatography, electrophoretic mobility and light scattering at
different loading concentrations or derived from X-ray crystal
structure analysis. Light scattering studies on Adx [4] yield high
average molecular weights (about 23 kDa) suggesting strong
dimer formation. On the other hand, their finding that the
monomer−dimer equilibrium is shifted toward dimer formation
when the ionic strength is increased and toward monomers
when the Adx concentration is increased seems to be surprising.
Clearly, the effects of thermodynamic non-ideality in inter-
pretation of their results were ignored. Studies on biopolymers
with hydrodynamic, scattering or other physico-chemical
methods yield expected molecular parameters only in dilute
solutions. In concentrated protein solutions higher than about
2 g/l, one has to consider the thermodynamic non-ideality
caused by charge effects and the exclusion volume. This leads
to a distinct reduction of the apparent molecular mass and other
molecular parameters. Indeed, the apparent molecular masses of
dissolved molecules decrease due to virial effects. Whereas the
charge effect can be neglected by addition of an appropriate
amount of neutral salts, the excluded volume is a defined value
of each molecule and has to be considered, especially at higher
concentrations. Based on the averaged association constant
Ka= (2.7±0.4) ·10

2 M− 1 and a B20=0.0058 g/l, we have
calculated the apparent molecular masses of Adx. As seen in
Fig. 3, the apparent molecular masses of Adx increase as
expected with increasing concentrations, however, only up to
about 4 g/l. Although the concentration of dimers increases
furthermore, the apparent molecular mass values decrease at
higher protein concentrations due to the influence of the
excluded volume. Additional plotted curves for pure Adx
monomers and dimers show a negative, but non-linear
concentration dependence of the apparent molecular masses
(Fig. 3). The curves based on self-association and dimeric Adx
moved closer together at higher concentrations.

Exact data to describe the solution structure of Adx with
respect to its reliable association behavior are missing. An
important precondition is the use of a pure functional Adx free
of by-products. In this communication, we present thermo-
dynamically exact equilibrium constants that describe unequi-
vocally the association behavior of Adx and the mutated form of
Adx (4–108) in solution over a large concentration range and in
a solution of moderate ionic strength that corresponds to
physiological conditions. The association constants for a
monomer–dimer equilibrium communicated here are small
and explain why self-association is only apparent at high
concentrations (e.g. 12 g/l) (Fig. 3). For the reduced Adx, no
significant self-association could be observed.

Estimated association constants without consideration of the
thermodynamic non-ideality for Adx so far communicated [4]
are clearly different from the parameters derived in the present
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study and not understandable from the physicochemical point of
view. Surprisingly, strong dimerization was found at low
concentrations, violating Le Chatelier's principle.

The association behavior of Adx described in this study is in
good agreement with the electron shuttle mechanism described
first by Lambeth et al. [12] and the advanced modified shuttle
mechanism suggested by Beilke et al. [17]. According to the
shuttle model, Adx serves as a mobile carrier between Adx-
reductase and different cytochromes P450. In the oxidized form,
an equilibrium between monomers and dimers is present,
whereas upon reduction conformational changes in the C-
terminal contact region lead to the dissociation of the
homodimer. This is important for the physiological function
because a freely accessible C-terminus participates in the
cytochrome P450 binding [20,45]. In addition, the association
behavior of Adx indicates that the amount of dimers increases at
higher protein concentrations, which may accelerate the loading
of the Adx molecules in the Adx-reductase-Adx complex under
conditions of high steroid biosynthetic activity of the mitochon-
dria because the number of association and dissociation events
will be reduced significantly.
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