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ABSTRACT: The interaction between yeast iso-1-cytochromec (C102T) and two forms of bovine
adrenodoxin, the wild type and a truncated form comprising residues 4-108, has been investigated using
a combination of one- and two-dimensional heteronuclear NMR spectroscopy. Chemical shift perturbations
and line broadening of amide resonances in the [15N,1H]HSQC spectrum for both15N-labeled cytochrome
c and adrenodoxin in the presence of the unlabeled partner protein indicate the formation of a transient
complex, with aKa of (4 ( 1) × 104 M-1 and a lifetime of<3 ms. The perturbed residues map over a
large surface area for both proteins. For cytochromec, the dominating effects are located around the
exposed heme edge but with other areas also affected upon formation of the complex. In the case of
adrenodoxin, effects are seen in both the recognition and core domains, with the largest perturbations in
the recognition domain. These results indicate that the complex has a dynamic nature, with delocalized
binding of cytochromec on adrenodoxin. A comparison with other transient complexes of redox proteins
places this complex between well-defined complexes such as the cytochromec-cytochromec peroxidase
complex and entirely dynamic complexes such as the cytochromeb5-myoglobin complex.

Electron transfer between proteins, as observed in cellular
metabolism, generally requires formation of complexes with
a high turnover rate. These protein-protein complexes are
characterized by a lifetime on the order of milliseconds and
equilibrium dissociation constants (Kds) in the millimolar to
micromolar range (1). These characteristics have led to the
term transient complexes. A fundamental question is how
transient complexes achieve a high turnover rate and yet react
with sufficient specificity for the ET1 step to be efficient.
Complexes of redox proteins can be formed not only between
physiological partners but also between nonphysiological
partners. Nonphysiological partners can demonstrate fast ET
(2, 3) and Kd values in the same range as that of the
physiological partner, for example, between mitochondrial
cytochromec and chloroplast plastocyanin (4-7). Recent
studies (8-11) on various physiological as well as non-
physiological ET complexes suggest that specificity has been
“sacrificed” to achieve high turnover rates. This is apparent

in particular for the complex of cytochromeb5 and myo-
globin, where no specific complex appears to be formed,
but rather a complex existing as a dynamic ensemble of
orientations (9, 10, 12-14).

Adrenodoxin (128 residues;Mr ) 14.4 kDa) is a member
of the vertebrate-type [2Fe-2S] ferredoxins and contains a
single [2Fe-2S] cluster with each iron tetrahedrally coordi-
nated by two cysteinyl sulfurs and twoµ-sulfido ligands (15).
Adx acts as an electron shuttle in the mitochondrial ET chain
responsible for the production of steroid hormones in
mammals. It receives electrons from a NADPH-dependent
adrenodoxin reductase (AdR) and donates them to cyto-
chrome P450scc (CYP11A1), which in the adrenals catalyzes
the side chain cleavage of cholesterol, or to cytochromes of
the CYP11B family, involved in the formation of cortisol
and aldosterone (16).

Adx contains a stretch of amino acids (residues 109-128)
which is absent in plant-type ferredoxins. This C-terminal
“tail” of Adx has been proposed to be highly flexible and
disordered (17). In the crystal structure of the wild-type
protein, electron density is observed up to residue 111 (18),
whereas in the crystal structure of the cross-linked wild-type
Adx-AdR complex, the tail is structured up to residue 117
and makes contact with the reductase (19). A truncated form
(comprising residues 4-108) of Adx demonstrates a de-
creased affinity for the AdR, but an electron transfer rate
more efficient than that of the wild-type protein (15).
Moreover, truncation of Adx enhances the efficiency of ET
to CYP11B1 and improves the binding to cytochrome P450
(20, 21).

In Vitro ET from AdR to Adx is often monitored by fast
subsequent ET from Adx to mitochondrial cytochromec
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(22-25). The hemoprotein cytochromec is used in this
reaction as a model for the hemoprotein cytochrome P450.
Although this represents a nonphysiological reaction, it is
widely used because the one-electron transfer from AdR to
Adx is the slowest and thus the rate-limiting step in the
reaction (26). The fact that Adx and cytochromec show fast
ET suggests that a complex is formed. We have investigated
the interaction of Adx and cytochromec in solution using
NMR spectroscopy.

NMR spectroscopy provides a fast method for analyzing
weak protein-protein interactions (27), and is therefore
highly amenable to the study of transient protein complexes.
Using isotope labeling of one protein (usually with15N) and
titrating in the unlabeled partner protein, chemical shift
changes in a [15N,1H]HSQC spectrum can be observed,
provided that the dissociation rate constant for the complex,
koff, is sufficiently high (>200 s-1) (28-34). These chemical
shift changes along with increases in line widths contain
information concerning the dynamics within the complex (8,
10). Moreover, from the chemical shift changes upon
complex formation the stoichiometry of binding and the
equilibrium binding constant can be determined, and the
interaction site(s) can be mapped.

In our previous studies with transient complexes, chemical
shift maps for only one of the proteins in the complex could
be obtained (8, 10, 11, 33, 34). Here however, both proteins
have been labeled with15N, enabling the analysis of the
effects of complex formation on both proteins. Two forms
of bovine Adx, the wild type and the truncated form, Adx-
(4-108), with yeast iso-1-cytochromec (C102T) were
analyzed. The results indicate the presence of dominant sites
for binding on both proteins, but also some degree of mobility
within the complex, resulting in interactions of cytc with a
large part of Adx. These results allow comparisons to be
drawn with other transient ET complexes of both physi-
ological and nonphysiological origin in which cytc is a
partner (7, 11, 34).

MATERIALS AND METHODS

Protein Isolation.Isotope-enriched15N-labeled and un-
labeled yeast cytc (C102T) were expressed inEscherichia
coli and purified as previously described (35, 36). Adreno-
doxin was produced inE. coli BL21 using the plasmid
pKKHC containing eitherwt Adx or the truncated mutant
Adx(4-108), which is missing amino acids 1-3 and 109-
128 (21). The cells were grown in M9 minimal medium
containing15NH4Cl as the sole nitrogen source, supplemented
with FeCl3 (50 µM), 250 ppm thiamine, and trace amounts
of B, Mn, Zn, Mo, Cu, and Co salts. The cell pellet was
frozen at-20 °C prior to purification. For purification, the
thawed cell pellet was lysed by sonication. The supernatant
was first loaded onto an anion exchange column (TSKgel
DEAE-TOYOPEARL, 650S-TOSOH Corp., Tokyo, Japan).
The brown fractions, containing Adx, were pooled and
concentrated using an Amicon Centriprep centrifugal filter
device and then further purified using gel filtration (Sephadex
G-50 fine, Pharmacia Biotech). The purity index (A414/A276)
was 0.9, an indication of highly pure isolated, labeled
proteins.

Preparation of NMR Samples.Oxidizedwt Adx and Adx-
(4-108) were exchanged into 20 mM sodium phosphate (pH
7.4) by ultrafiltration methods (Amicon; YM5 membrane).

Ferrous cytc was prepared in an analogous way except an
excess (2-3-fold) of sodium ascorbate was added prior to
buffer exchange. Protein concentrations were determined
optically according to the absorbance peak at 550 nm (ε )
27.5 mM-1 cm-1) for ferrous cytc (37) and at 414 nm (ε )
9.8 mM-1 cm-1) for oxidized Adx (38).

NMR samples of15N-labeled and unlabeled cytc ranged
in concentration from 1.4 to 3.6 mM, and for15N-labeled
and unlabeled Adx concentrations in the range of 0.58-1.0
mM were used. All NMR samples contained 1 mM DTT
and 6% D2O for lock and 100µM TSP and [15N]acetamide
as internal references. The pH for all protein samples was
adjusted to 7.40( 0.05, and the solutions were degassed by
blowing argon over the surface.

Backbone Amide NMR Assignments.All NMR experi-
ments were performed on a Bruker DMX600 spectrometer
operating at 285 K equipped with a TXI-Z-GRAD (1H, 13C,
15N) probe. For sequence-specific assignment of back-
bone amide resonances ofwt Adx and Adx(4-108), two-
dimensional (2D) homonulear NOESY and TOCSY and
heteronuclear 2D [15N,1H]HSQC, 2D [15N,1H]HSQC-NOE-
SY, and 2D [15N,1H]HSQC-TOCSY spectra were recorded.
Data processing was performed in AZARA (available from
ftp://ftp.bio.cam.ac.uk/pub/azara), and resonance assignment
was performed in ANSIG (39, 40) on the basis of assign-
ments at pH 7.4 and 300 K (41).

NMR Titration Experiments.Four sets of titration data
were recorded each with the addition of microliter aliquots
of cyt c into an initial Adx sample. Before the start of each
titration, reference spectra were recorded with either [15N]-
cyt c or [15N]Adx. For the first titration, an initialwt Adx
concentration of 0.74 mM was used with a final molar ratio
of 1:2.5 (wt Adx:[15N]cyt c). In the second, 0.96 mM Adx-
(4-108) was used with a final molar ratio of 1:1.25 [Adx-
(4-108):[15N]cyt c]. In the third, 0.85 mM [15N]Adx was
used with a final molar ratio of 1:2.0 ([15N]wt Adx:cyt c).
Finally, an initial [15N]Adx(4-108) concentration of 0.58
mM with a final molar ratio of 1:2.2 [[15N]Adx(4-108):cyt
c] was used. Before and after each titration step, the pH of
the sample was verified and adjusted if necessary. All
titration experiments were carried out using one-dimensional
(1D) proton and 2D [15N,1H]HSQC (42) spectra. Data
processing of the 1D proton spectra was performed in
XWINNMR, and the [15N,1H]HSQC spectra were processed
in AZARA. Chemical shift perturbations of15N and1H nuclei
for the respective15N-labeled proteins upon interaction with
their unlabeled partner were analyzed by overlaying the
spectra of the bound form with the free protein in the
assignment program ANSIG (39, 40).

Titration CurVes and AVerage Amide Chemical Shift.
Chemical shift changes of amide1H or 15N nuclei were
plotted against the molar ratio of cytc and Adx. A two-
parameter nonlinear least-squares fit of the data using a one-
site binding model which corrects for dilution effects (43)

was performed in the program Origin version 6.0 (Microcal
Software, Northampton, MA). In eq 1,R is the [cytc]:[[ 15N]-

∆δbinding ) 1
2
∆δmax(A - xA2 - 4R) (1)

A ) 1 + R + PR+ C
PCKa
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Adx] ratio, ∆δbinding is the chemical shift change relative to
the free protein when titrating in the partner protein,∆δmax

is the chemical shift change forR f ∞, P and C are the
concentrations of [15N]Adx at the start of the titration and
of the stock cytc solution, respectively, andKa is the binding
constant. For data in which cytc resonances were observed
([15N]cyt c), R is replaced in eq 1 with 1/R and ∆δmax is
replaced with∆δ0, the chemical shift change for nuclei of
[15N]cyt c for R f 0.

For a comparative representation between the different sets
of titration data, the amide chemical shifts were extrapolated
to the 100% bound form by estimating from the titration
data the percentage of bound protein at a stoichiometry of
1:1. The average amide chemical shift perturbation (∆δavg)
was then derived from

in which ∆δN represents the change in the chemical shift
of the amide nitrogen and∆δH represents the change in the
chemical shift in the amide proton (44).

RESULTS

Backbone Amide Assignments of Cyt c and Adx. Amide
assignments for ferrous cytc from previous work (34) were
used with amides-4, 3, 4, 34, 57, 60, 83, 84, and 87 out of
a possible 104 non-proline residues being unassigned under
the conditions presented here due to either spectral overlap
or exchange with bulk solvent. In this study, two forms of
oxidized Adx were used:wt Adx, residues 1-128, where
the first amino acid is changed from serine to methionine,
and a shortened construct [Adx(4-108)], where the highly
flexible C-terminal tail (17), residues 109-128, and residues
1-3 were absent (21). Assignments of the amide nuclei of
wt Adx were aided by known literature assignments (41),
with Adx(4-108) being assigned in the work presented here
(Table S1). From a total of 127 and 103 non-proline residues
for wt Adx and Adx(4-108), respectively, 50 amide
resonances remained unassigned forwt Adx and 25 for Adx-
(4-108). In the oxidized form of Adx, both the high-spin
FeIII ions are antiferromagnetically coupled in the ground
state (S ) 0), with the thermal population of excited states
at physiological temperatures accounting for the paramag-
netic effects observed in the NMR spectra (45). Therefore,
for both wt Adx and Adx(4-108), residues situated in the
vicinity of the Cys ligand binding loops remained unassigned
(44-56 and 90-94) due to fast paramagnetic relaxation.
Furthermore, residues 109-128 (forming the flexible C-
terminal tail) and residues 2-4, 25, 26, 32, 37, 62, 65, 69,
83, and 85 forwt Adx and 4, 22, 32, 37, 71, 78, and 101 for
Adx(4-108) remained unassigned in this work.

Titration of [15N]Cyt c to Adx and Chemical Shift
Mapping.Ferrous [15N]cyt c was titrated into a sample of
oxidized Adx, and a series of 2D [15N,1H]HSQC spectra were
recorded. Experiments with bothwt Adx and Adx(4-108)
were carried out. In both cases, a general broadening of the
resonances and significant chemical shift changes (∆δbinding)
for the amide nuclei of cytc were observed (Figure 1A).
Increases in the line width at half-height in the proton
dimension of 26 and 21 Hz were observed upon interaction

with wt Adx and Adx(4-108), respectively. The observed
line broadening of the perturbed cytc peaks is no larger than
that of the unaffected peaks in the bound form. This behavior
is characteristic of a fast exchange regime on the NMR time
scale (koff > 300 s-1), yielding a single averaged resonance
for the perturbed amide peaks of cytc upon formation of a
complex with Adx. Addition of excess [15N]cyt c caused the
perturbed peaks to move back toward the positions of the
free form. The∆δbinding values for several perturbed [15N]-
cyt c resonances (both1H and 15N) are plotted against the
molar ratio of [15N]cyt c and Adx in Figure 1 (panels B and
C) and fitted globally to a 1:1 binding model (eq 1). A
binding constant (Ka) of (4 ( 1) × 104 M-1 was obtained
for titration to bothwt Adx and Adx(4-108), indicating that
at the protein concentrations that were used approximately
80% of cytc is bound to Adx at a molar ratio of 1.0.

∆δavg ) x(∆δN/5)2 + ∆δH2

2
(2)

FIGURE 1: (A) Overlay of part of the [15N,1H]HSQC spectra of
yeast ferrous cytc in the free form (black) and bound towt Adx
(gray). The [15N]cyt c:wt Adx ratio was 0.5:1 in 20 mM sodium
phosphate at pH 7.4 and 285 K. Examples of titration curves for
the titration of ferrous [15N]cyt c to wt Adx. The chemical shift
changes (∆δbinding) for the HN (B) and NH (C) atoms of cytc residues
are plotted as a function of the [15N]cyt c:Adx ratio and fitted
globally using eq 1 for a 1:1 complex, yielding aKa of (4 ( 1) ×
104 M-1.
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The backbone amide chemical shifts for cytc at a molar
ratio of 1.0 with Adx were extrapolated to 100% bound, and
the average amide chemical shift (∆δavg) was calculated from
eq 2. Forty-four cytc amides are significantly affected upon
titration to wt Adx and 37 upon titration to Adx(4-108)
(Figure 2A,B). In Figure 3, the∆δavg values for cytc upon
interaction with both forms of Adx have been color-coded
according to the size of their shift, and mapped onto surface
representations of the protein. The majority of the affected
amides lie on the front face of cytc surrounding the exposed
heme edge, with the amides of G6, A7, T8, L9, K11, T12,
Q16, E21, K79, and L85, exhibiting the largest∆δavg values
(g0.03 ppm) for formation of a complex withwt Adx, with
the addition of K72 for formation of a complex with Adx-
(4-108). At the rear of the protein, binding effects are also
observed. For formation of a complex withwt Adx, the
effects at the rear of cytc are more extensive than with Adx-
(4-108), but the effects are just above the significance limit.

Titration of Cyt c to [15N]Adx and Chemical Shift
Mapping.As with the previous [15N]cyt c titrations, addition
of microliter aliquots of ferrous cytc to oxidized [15N]Adx
led to a general increase in the line broadening and a
significant number of∆δbinding effects for15N and1H nuclei
in the [15N,1H]HSQC spectra for both forms of [15N]Adx
(Figure 4A). Again, this is consistent with a fast exchange
process on the NMR time scale. For some significantly
perturbed peaks,∆δbinding values were plotted as a function
of the molar ratio of cytc and [15N]Adx, and fitted globally
to a 1:1 binding model (eq 1). The fits are consistent with
the previous reverse titration data for [15N]cyt c with a Ka

of (3 ( 1) × 104 M-1.
In Figure 2 (panels C and D), the∆δavg amide chemical

shifts extrapolated to 100% bound for [15N]Adx upon
interaction with cytc are plotted as a function of Adx residue

number. Forwt Adx, 41 amides are affected, while for Adx-
(4-108), 37 are affected. The perturbed Adx resonances have
been mapped in accordance with the size of their chemical
shift change upon formation of a complex with cytc onto
the respective crystal structures of Adx in Figure 5.

FIGURE 2: Changes in the average amide chemical shift (∆δavg) extrapolated to 100% bound experienced by [15N]cyt c upon formation of
a complex with (A)wt Adx and (B) Adx(4-108) and the∆δavg for [15N]wt Adx (C) and [15N]Adx(4-108) (D) experienced upon formation
of a complex with cytc. Dashed lines indicate the∆δavg categories (g0.03 ppm for large,g0.02 ppm for medium,g0.01 ppm for small,
and<0.01 ppm for insignificant) for chemical shift mapping onto surface representations of the two proteins.

FIGURE 3: Chemical shift mapping of cytc in the presence of (A)
wt Adx and (B) Adx(4-108). Surface representations of ferrous
cyt c (PDB entry 1YCC) (46) were generated using GRASP version
1.3 (47). Residues for which a∆δavg was calculated are color-coded
according to the categories in Figure 2: red forg0.03 ppm, orange
for g0.02 ppm, yellow forg0.01 ppm, and blue for<0.01 ppm.
Unassigned and proline residues are in gray, and the heme is colored
green. Residues are identified with the single-letter amino acid code,
and the surfaces on the right have been rotated 180° around the
vertical axis, with respect to those on the left.
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The polypeptide chain of Adx is organized into two
domains (48). The first is a large core domain, harboring
the iron-sulfur cluster and spanning residues 5-55 and 91-
108. The second domain forms a large hairpin and comprises
residues 56-90. The latter domain bears the key residues
for recognition of AdR and CYP11A1 and is termed the
recognition domain. The chemical shift maps display patches
of residues affected in both the core and recognition domain,
with the majority of the amides with the largest∆δavg values
(g0.03 ppm) situated in the latter. The amides of G42, T71,
D76, M77, L78, and A81 show the largest∆δavg values for
wt Adx, and K24, S28, G42, E68, A69, D79, A81, D86,
and R87 demonstrate the largest∆δavg values for Adx(4-108).

For wt Adx, a number of sharp resonances are observed
in the [15N,1H]HSQC spectra which from previous assign-
ments are known to arise form the flexible C-terminal tail
of the protein (41). Line broadening (5 Hz) and chemical
shift changes are observed for a small number of tail peaks
in the HSQC spectra ofwt Adx upon formation of a complex
(Figure 6). These observations suggest that the tail is in some
manner involved in formation of a complex with cytc,
although without affecting the affinity of the overall binding.

1D Adx:cyt c NMR Titrations. It is unclear whether the
hydrophobic area surrounding the active site binding loop
is involved in complex formation, due to the paramagnetism
of the iron-sulfur cluster. A clue that suggests the active
site senses the binding of cytc arises form the one-
dimensional1H spectrum of Adx. Here two distinct down-
field-shifted signals are observed (Figure 7A). These have
been assigned to Hδ1 of His56 and Hγ of Ser88 (49). The
downfield position of the latter proton is due to its direct
H-bond involvement with the unprotonated Nε2 of His56 (48).
His56 is conserved in all vertebrate-type ferredoxins (except

FIGURE 4: (A) Overlay of part of the [15N,1H]HSQC spectra of
bovine Adx(4-108) in the free form (black) and bound to ferrous
cyt c (gray). The cytc:Adx ratio was 2.2:1 in 20 mM sodium
phosphate at pH 7.4 and 285 K. (B) Examples of titration curves
for the titration of ferrous cytc to [15N]Adx(4-108), with the
chemical shift changes (∆δbinding) for HN resonances of Adx(4-
108) plotted as a function of the cytc:[15N]Adx ratio and fitted
globally using eq 1 for a 1:1 complex, yielding aKa of (3 ( 1) ×
104 M-1. The margin of error in the data is equivalent to the size
of the symbols.

FIGURE 5: Chemical shift mapping in the presence of ferrous cyt
c for (A) wt Adx and (B) Adx(4-108). Surface representations of
wt Adx (PDB entry 1CJE) (18) and Adx(4-108) (PDB entry 1AYF)
(48) were generated using GRASP version 1.3 (47). Residues for
which a ∆δavg was calculated are color-coded according to the
categories in Figure 2: red forg0.03 ppm, orange forg0.02 ppm,
yellow for g0.01 ppm, and blue for<0.01 ppm. Unassigned and
proline residues are in gray; purple represents the position of His56,
and green indicates two of the active site cysteine residues (Cys46
and Cys52). Residues are identified with the single-letter amino
acid code, and the surfaces on the right have been rotated 180°
around the vertical axis, with respect to those on the left.

FIGURE 6: Overlay of part of the [15N,1H]HSQC spectra of bovine
wt Adx in the free form (black) and in complex with ferrous cytc
(gray). Asterisks mark the unassigned tail peaks which are perturbed
upon complex formation.
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terpredoxin where it is an Arg) and immediately follows the
third cysteinyl ligand coordinating the iron-sulfur cluster.
Furthermore, it is central to a network of hydrogen bonds
that extends throughout the recognition domain.

Upon addition of cytc, Hδ1 of His56 shifts to a downfield
position, whereas Hγ of Ser88 is unaffected (Figure 7A). The
∆δbinding values plotted as a function of the molar ratio of
cyt c and Adx can be fitted to a 1:1 binding model, with a
Ka of (4 ( 3) × 104 M-1, in agreement with the binding
constant from the 2D experiments. In principle, the chemical
shift perturbation of a histidine proton could arise from a
pH change during the titration. However, the working pH
was 7.4, and the pKa of His56 Hδ1 is <5 (50). Furthermore,
during the four titration experiments, the pH was monitored
throughout, and the perturbation of Hδ1 of His56 to a
downfield position was always consistent and follows, within
error, a binding curve with the expectedKa. For these reasons,
it is reasonable to attribute the shift to formation of a
complex.

DISCUSSION

It has been proposed that transient protein complexes can
range from well-defined to highly dynamic (8, 10). At one
end of the scale, the partners bind in a specific (single)
orientation for a large fraction of the lifetime of the complex,
utilizing both electrostatic and hydrophobic interactions. For
this type of interaction, the∆δbinding is large for polar and
hydrophobic residues, which may be a consequence of

desolvation upon complex formation. In these complexes,
the interface is well-defined and they are amenable to
structure determination in solution, as has been demonstrated
for cyt f and Pc from both higher plants andPhormidium
laminosum(51, 52).

At the other end of the scale, there is no specific orientation
but rather a dynamic ensemble of orientations governed
predominantly by electrostatics. In such dynamic complexes,
the apparent lack of surface matching allows more than one
orientation within a binding domain to be sampled. These
orientations would most likely have similar energies and be
in fast exchange, resulting in averaging of chemical shift
perturbations over all orientations. In combination with the
absence of close contacts and extensive desolvation, this
would explain the smaller chemical shift perturbations in
these complexes and the more extensive binding sites. This
is appreciated in Figure 8 (panels A and B) with plots of
∆δavg for cyt c in complex with CcP (34) and for cytb5 in
complex with Mb (10), respectively. The latter complex is
much more dynamic (9, 12-14), and demonstrates much
smaller∆δavg values overall.

The chemical shift mapping study on cytc in complex
with its physiological partner CcP (34) indicated a binding
site encompassing the whole of the front face of the cytc
molecule (Figure 9A). The large chemical shift changes
(g0.08 ppm) for polar and hydrophobic residues (T12, Q16,
V28, and F82) most likely arise due to short-range interac-
tions pulling the complex into a single orientation for a
significant fraction of the complex lifetime. This binding site
in solution agrees with the one observed in the crystal state
(53). In a complex with a nonphysiological partner, cytf,
the binding site on cytc was similar though less extensive
and two cytc molecules were found to bind to cytf (11). In
a complex with another nonphysiological partner, Pc, a
highly delocalized binding site on cytc was observed,
suggesting the complex existed as a dynamic ensemble (7)
as appears to be the case with a physiological partner
flavocytochromeb2, as determined from kinetic and molec-
ular modeling studies (54). In a complex with Adx, the
binding site on cytc is less extensive and the average∆δbinding

values are somewhat smaller than those of the cytc-CcP
complex (Figure 8A,C and Figure 9). Nevertheless, the
largest chemical shift changes are located around the heme
edge, suggesting a predominant site of interaction for Adx,
and to a lesser extent an interaction with other parts on the
cyt c surface. In particular, in the complex withwt Adx,
residues on the back side of cytc show more extensive
perturbations than with Adx(4-108). It is tempting to ascribe
this to interactions with the flexible tail ofwt Adx, which
also demonstrates perturbations, but this remains speculative.

For [15N]Adx, the ∆δavg values are similar in magnitude
to those observed for cytc (Figure 8D), with an even
distribution of charged, polar, and hydrophobic residues
being affected upon interaction with cytc. The dominating
binding site is located around the negative patch of the
recognition domain. This electrostatic interaction is not
surprising considering the net charges at neutral pH,+8 for
cyt c and-8 for wt Adx. Like in the case of cytc, however,
the interactions are quite dispersed, suggesting that cytc
samples a large area of the Adx surface. The dispersion
appears to be strongest for Adx(4-108), particularly in the
recognition domain where a much broader region appears

FIGURE 7: 1D 1H NMR data for the titration of ferrous cytc into
wt Adx (20 mM potassium phosphate at pH 7.4 and 285 K). (A)
Downfield-shifted signals of (A) Hδ1 of His56 and (B) Hγ of Ser88
for wt Adx in the absence (free) and with an increasing ratio of
ferrous cytc and Adx. (B) Titration curve for Hδ1 of His56 upon
addition of ferrous cytc, fitted using a 1:1 complex model with a
Ka of (4 ( 3) × 104 M-1.
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to be affected compared to a more localized area forwt Adx
(Figure 5). Furthermore, although chemical shift changes are
observed for both forms of Adx in the core domain, they
are larger in this region for Adx(4-108). It should be noted
that the lack of data on the iron-sulfur binding region and
the C-terminal tail inwt Adx results in an incomplete picture
of the binding map for cytc on Adx.

The peptide strand on Adx, which has been proposed to
bind to the partner proteins of Adx, AdR, and cytochromes
P450, stretches from residues 45-56 and 65-80 (15, 55).
From the study presented here, it is apparent that the
backbone amides of these residues are nearly all affected in
the presence of cytc. Furthermore, the presence of several
strongly affected residues in the core domain, particularly
V34, D39, D41, and G42, provides convincing evidence that
cyt c also samples this surface region. This region has been
implicated in cytochrome P450cam (CYP101) binding by

the homologous bacterial ferredoxin, putidaredoxin (56, 57),
and more recently, the crystal structure of the cross-linked
AdR-Adx complex has shown that this region of Adx is in
contact with the surface of the reductase (19).

The crystal structure of Adx shows that His56 sits in a
hollow behind the active site and is surrounded by the side
chains of Pro108 and Tyr82 (18, 48). The location of His56
suggests that the hydrophobic patch surrounding the iron-
sulfur cluster is affected upon complex formation, with His56
sensing the cytc binding rather than being directly involved.
This would be in agreement with results from kinetic studies
with His56 mutants where it was postulated that His56 plays
only an indirect role in binding redox partners (58). This
evidence supports the previously proposed view that His56
acts as a communicative link between the active site in the
core domain and the residues in the recognition domain
required for binding a partner (49).

In conclusion, the complex of Adx and cytc demonstrates
dominant binding sites at the negative patch in the recogni-
tion domain and the heme edge region, respectively. The
chemical shift perturbation maps, in combination with the
similar size of the chemical shift perturbations both for polar
and hydrophobic and for charged residues, indicate that the
complex is dynamic, with both proteins sampling other
surface areas away from the predominate binding sites. These
features further serve to highlight that surface complemen-
tarity is relatively unimportant in transient complexes.
Finally, the cyt c-Adx complex can be placed between
complexes with well-defined binding sites such as the cyt
c-CcP complex (34) and highly dynamic complexes such
as the cytb5-Mb complex (10).

FIGURE 8: Average amide chemical shift plots (at 100% bound) for transient complexes plotted against the respective residue number of
the 15N-labeled protein. (A) [15N]Cyt c(FeII)-CcP(FeIII ) complex from yeast, in 20 mM sodium phosphate in whichI ) 100 mM (NaCl)
at pH 6.0 and 313 K with aKa of ∼2 × 105 M-1 (34) (B) [15N]Cyt b5(FeIII )-metMb(FeIII ) complex from bovine, in 10 mM potassium
phosphate at pH 6.0 and 300 K with aKa of 5 × 103 M-1 (10). (C and D) [15N]Cyt c(FeII)-wt Adx(FeIIIFeIII ) and cytc(FeII)-[15N]wt
Adx(FeIIIFeIII ) complexes from yeast and bovine, respectively, in 20 mM potassium phosphate at pH 7.4 and 285 K with aKa of 4 × 104

M-1 (this work).

FIGURE 9: Comparison of the chemical shift maps for 100% bound
yeast cytc in complex with its physiological partner yeast CcP
(A) and with the nonphysiological partner bovinewt Adx (B). Color
coding is the same as in Figure 3, with purple representing chemical
shift changes ofg0.08 ppm.
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