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The orientations of cytochrome c in the highly
dynamic complex with cytochrome b5 visualized by
NMR and docking using HADDOCK
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Abstract

The interaction of bovine microsomal ferricytochrome b5 with yeast iso-1-ferri and ferrocytochrome c has
been investigated using heteronuclear NMR techniques. Chemical-shift perturbations for 1H and 15N nuclei
of both cytochromes, arising from the interactions with the unlabeled partner proteins, were used for
mapping the interacting surfaces on both proteins. The similarity of the binding shifts observed for oxidized
and reduced cytochrome c indicates that the complex formation is not influenced by the oxidation state of
the cytochrome c. Protein–protein docking simulations have been performed for the binary cytochrome
b5–cytochrome c and ternary (cytochrome b5)–(cytochrome c)2 complexes using a novel HADDOCK
approach. The docking procedure, which makes use of the experimental data to drive the docking, identified
a range of orientations assumed by the proteins in the complex. It is demonstrated that cytochrome c uses
a confined surface patch for interaction with a much more extensive surface area of cytochrome b5. Taken
together, the experimental data suggest the presence of a dynamic ensemble of conformations assumed by
the proteins in the complex.
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Interprotein electron transfer (ET) reactions are at the heart
of many biological processes such as oxidative phosphory-
lation and photosynthesis. These reactions can be described
as a sequence of events that include association of the mol-

ecules into an encounter complex, the formation of an active
ET complex, ET, and the subsequent dissociation of the
complex (Crowley and Ubbink 2003). Protein–protein ET
complexes can be classified as transient, in which a com-
promise between specific binding and fast dissociation must
be reached in order to achieve high turnover rates.

The cytochrome c (cyt c)–cytochrome b5 (cyt b5) com-
plex was the first ET complex for which a detailed structural
model was proposed (Salemme 1976). Docking of the avail-
able X-ray structures of the individual proteins (Mathews et
al. 1972; Takano et al. 1973) was performed by optimiza-
tion of the electrostatic contacts via visual inspection and
least-square minimization of the heme-to-heme distance.
The resulting model suggested the existence of a single,
well-defined complex of 1:1 stoichiometry exhibiting four
intermolecular complementary charge interactions [E48-

Reprint requests to: Marcellus Ubbink, Gorlaeus Laboratories, Leiden
Institute of Chemistry, Leiden University, P.O. Box 9502, 2300 RA
Leiden, The Netherlands; e-mail: m.ubbink@chem.leidenuniv.nl; fax: +31-
71-527-4349.

3Present address: Department of Biochemistry and Molecular Biology,
University of Parma, Parco Area delle Scienze 23/A, 43100, Parma, Italy.

Abbreviations: AIR, ambiguity-driven intermolecular restraints; cyt b5,
cytochrome b5; cyt c, cytochrome c; EM, energy minimization; ET, elec-
tron transfer; HSQC, heteronuclear single quantum coherence; NMR,
nuclear magnetic resonance; Pr, heme propionate; RMSD, root-mean-
square deviation; SA, simulated annealing; 1D, one-dimensional; 2D, two-
dimensional.

Article published online ahead of print. Article and publication date are at
http://www.proteinscience.org/cgi/doi/10.1110/ps.041150205.

Protein Science (2005), 14:799–811. Published by Cold Spring Harbor Laboratory Press. Copyright © 2005 The Protein Society 799

 on February 2, 2006 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


K13, E44-K27, D60-K72, and the (6-Pr)-K79; cyt b5 resi-
dues listed first], nearly coplanar heme groups separated by
8 Å, and water exclusion from the binding interface (Sa-
lemme 1976). This model stimulated the development of
experimental approaches to test the structural properties and
ET mechanism of the complex.

The first direct evidence for formation of the nonphysi-
ological complex between cyt b5 and cyt c came from the
gel permeation and ultracentrifugation studies (Stoneheur-
ner et al. 1979) and was later supported by electronic spec-
troscopy (Mauk et al. 1982) and NMR (Eley and Moore
1983). Early attempts to identify the residues involved in
complex formation were concerned with chemical modifi-
cation of specific lysyl residues on the surface of cyt c (Ng
et al. 1977; Smith et al. 1980), esterification of cyt b5 heme
propionates (Reid et al. 1984; Mauk et al. 1986), and mu-
tagenesis of the cyt b5 carboxylate groups (Rodgers et al.
1988; Rodgers and Sligar 1991) combined with steady-state
kinetics, spectrophotometry, and hyperbaric spectroscopy,
respectively. Although these studies supported the general
validity of the Salemme model both in terms of stoichiom-
etry and the residues involved in the interaction, it was
suggested that several other interprotein electrostatic con-
tacts might contribute to complex formation (Ng et al. 1977;
Stoneheurner et al. 1979; Mauk et al. 1986). The latter
suggestion went in line with the earlier findings that five to
seven intermolecular charge interactions would account for
the observed ionic strength dependence of the cyt c reduc-
tion by cyt b5 (Stoneheurner et al. 1979).

In the course of further investigation of the complex, it
became clear that the accumulating experimental data, from
1D NMR spectroscopy (Miura et al. 1980; Eley and Moore
1983; Burch et al. 1990; Whitford et al. 1990), spectropho-
tometry (Mauk et al. 1986), and kinetics of the ET from cyt
c to cyt b5 (Willie et al. 1992) could not be accurately
interpreted in the frame of the static Salemme model. The
existence of at least two structurally similar complexes or of
a dynamic ensemble of nearly isoenergetic adducts of 1:1
stoichiometry was suggested (Eley and Moore 1983; Mauk
et al. 1986; Burch et al. 1990; Willie et al. 1992), and the
structure of an alternative complex proposed (Mauk et al.
1986). Brownian dynamics simulation of the ET complex
led to the conclusion that there is “a single binding domain
contributing to electron-transfer dynamics, but not a single
conformation as would be observed in a crystal” (Northrup
et al. 1993). Indeed, two predominant classes of complexes
were observed as follows: the more dominant one, involv-
ing four interactions E48-R13, E56-K87, D60-K86, and Pr-
K72 (cyt b5 residues listed first), and the other being of
Salemme type.

From the analysis of NMR titration curves and the line-
broadening change at higher cyt c concentrations, it has
been suggested that in addition to a binary complex, a ter-
nary (cyt b5)–(cyt c)2 adduct is also formed (Miura et al.

1980; Whitford et al. 1990). Despite the strong criticism of
the proposed 1:2 stoichiometry (Mauk et al. 1995), a recent
NMR study of the complex by Banci et al. (2003) supported
the concept of the ternary complex. In particular, analysis of
the molecular tumbling correlation rates of the complex in
the millimolar concentration range has indicated the pres-
ence of multiple equilibria with stoichiometric ratios of 1:1
and 1:2.

Recently, the 2D NMR mapping of the interactions in
ferrous/ferrous (Hom et al. 2000; Banci et al. 2003; Shao et
al. 2003) and ferric/ferric (Hom et al. 2000) complexes were
reported. In the study of Banci et al. (2003), chemical-shift
perturbation maps for both cyt b5 and cyt c were deter-
mined. These studies indicate involvement of somewhat dif-
ferent residues in the complex formation, but they all show
that the cyt b5 surface region that is involved in the inter-
action is more extensive than that predicted by any of the
static models (e.g., Salemme 1976; Mauk et al. 1986; Rod-
gers et al. 1988).

In the present work, the complexes of ferric bovine cy-
tochrome b5 with ferric and ferrous yeast iso-1-cytochrome
c are investigated, and the interaction surfaces are mapped
for both proteins. Analysis of the binding maps allows us to
define the surface areas involved in the complex formation,
and to perform protein–protein docking simulations using
HADDOCK (Dominguez et al. 2003). This novel approach,
unlike traditional docking algorithms, allows direct incor-
poration of the experimental restraints to drive the docking.
Both binary (cyt b5–cyt c) and ternary [cyt b5–(cyt c)2 ]
complexes are described. The resulting orientations,
adopted by the proteins in the various complexes, represent
an ensemble of structures most likely assumed by cyt b5 and
cyt c in solution.

Results

In order to generate docked structures of the complex be-
tween cyt b5 and cyt c using HADDOCK, chemical-shift
mapping of the binding interfaces of both interacting pro-
teins is a prerequisite. For this purpose, four titration ex-
periments, differing in the 15N-labeled protein and oxidation
state of cyt c, were performed. In each case, complex for-
mation is evidenced by an increase in line-width (7–9 Hz)
for all resonances in the NMR spectrum, as well as chemi-
cal-shift perturbations of certain resonances. As seen for all
titrations, the magnitude of the line broadening is the same
for both shifted and unaffected peaks in the bound form,
with a single set of amide peaks in the 2D [15N, 1H] HSQC
spectrum being observed. These findings indicate that the
cyt b5–cyt c complex is in fast exchange on the NMR time
scale. The estimate for the lower limit of the dissociation
rate (koff >> √2���/2, where �� is the maximal observed
��binding in Hz) of 200 sec−1 for both the ferricyt b5–ferricyt
c and the ferricyt b5–ferrocyt c complexes is comparable to

Volkov et al.

800 Protein Science, vol. 14

 on February 2, 2006 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


the recently reported lower limit value of 180 sec−1 for the
ferrous complex of cyt b5 with cyt c (Shao et al. 2003).

Interaction of 15N ferricyt b5 with ferricyt c

In the downfield region of the 1D 1H NMR spectrum of
ferricyt b5 (Fig. 1), a number of well-resolved hyperfine-
shifted heme resonances and several less-intense signals are
observed. The latter are due to the minor form of cyt b5, in
which the heme is rotated by 180° about the �-�-meso axis
in respect to the major form (La Mar et al. 1978, 1981;
Keller et al. 1980). The peaks of the major form assigned to
the 1-CH3 (∼11.7 ppm), 6-�-Pr CH2 (∼14.2 ppm), 5-CH3

(∼21.5 ppm), and 2-C�H (∼27.5 ppm; data not shown) shift
during the titration with ferric cyt c (Fig. 1), while the
position of 7-�-Pr CH2 signal (18.8 ppm) does not change.
The chemical-shift perturbations of the resonances corre-
sponding to the 1-CH3 and 5-CH3 in the major form fit well
to a 1:1 binding model with the shared equilibrium associa-
tion constant (Ka) of (5 ± 3) × 104 M−1 (Fig. 2A), in good
agreement to a value of (6 ± 3) × 104 M−1 reported recently
for the ferrous–ferrous complex (Shao et al. 2003). Chemi-
cal-shift changes of the signal attributed to the 6-�-Pr CH2

do not follow the 1:1 binding model (Fig. 2B).
Chemical-shift perturbations were also monitored for the

amide resonances in a series of 2D [15N, 1H] HSQC spectra.
Small ��binding for 41% of ferricyt b5 amides were ob-
served, with the largest averaged chemical-shift perturba-
tion (��avg) of 0.054 ppm for Y27. The ��avg values for cyt
b5 amides in the presence of 2.5 molar equivalents of fer-
ricyt c were plotted as a function of cyt b5 residue numbers
(Fig. 3A). Several representative titration curves were plot-
ted and fitted globally to a 1:1 binding model. A number of
residues fit well with the resulting shared binding constant
of (5 ± 3) × 104 M−1 (Fig. 2A), indicating that, at the protein

concentrations used, ∼80% of cyt b5 is bound to ferricyt c at
the molar ratio of 1.0. For most residues, however, the ti-
tration curves do not fit well to the 1:1 binding model (Fig.
2B).

The chemical-shift changes for ferricyt b5 were mapped
onto surface representations of the protein and colored ac-
cording to increasing ��avg values (Fig. 4A). Two adjacent
surface areas on cyt b5 that are influenced by binding of
ferricyt c are found on the front and left sides of the protein.
The patch on the front side of cyt b5 contains the affected
residues E43–E44, R47–E48, N57, D60–V61, S64, and
D66, which surround the heme, and L9 and D53, which are
located somewhat farther from the heme group (Fig. 4A).
On the left side, the affected surface residues H26–Y27 and
E59–D60 form a single patch, while the amino acids V4 and
D82 are spatially distant from other interacting residues
(Fig. 4A). In addition to the solvent-exposed cyt b5 amino
acids described above, several buried residues show signifi-
cant ��binding upon interaction with cyt c. These are the
heme ligands (H39 and H63), the residues that form part of
the hydrophobic heme-binding pocket (L25, L46, A54, and
F58), and two amino acids (I12 and I24) that are located

Figure 1. Downfield hyperfine shifted signals of ferricyt b5 in the absence
(0) and the presence of increasing amounts of ferricyt c. The cyt c/cyt b5

ratio is given next to each spectrum. The assignments of several peaks of
the major form of cyt b5 are indicated. The resonances marked with an
asterisk arise from the protons of ferricyt c. The resonances marked with a
hash are due to the minor form of cyt b5.

Figure 2. Chemical-shift perturbations of ferricyt b5 plotted as a function
of the ferricyt c/ferricyt b5 ratio and fitted to a 1:1 binding model. (A)
Titration profiles for several cyt b5 nuclei that fit well to the 1:1 binding
model with a shared Ka of (5 ± 3) × 104 M−1. (B) Titration profiles for
several cyt b5 nuclei that do not fit well to the 1:1 binding model. The
curves represent the best shared fit to a 1:1 binding model.

The complex of cytochrome c and cytochrome b5
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toward the bottom of the protein (Fig. 4B). Amide chemi-
cal-shift perturbations of the buried cyt b5 residues cannot
be explained in terms of direct binding of cyt c and likely
arise due to secondary effects.

In order to ascertain whether intermolecular pseudocon-
tact shifts arising from the paramagnetic ferricyt c contrib-
ute to the observed chemical-shift perturbations of cyt b5

resonances, ferricyt c was reduced by adding a stoichiomet-
ric amount of sodium ascorbate at the end of the titration.
Comparison of the HSQC spectrum of the ferric–ferric with
that of the ferric–ferrous complex did not show any signifi-
cant differences, which would be attributed to pseudocon-
tact shifts. Therefore, it was concluded that the observed
shifts arise solely from complex formation.

Interaction of 15N ferricyt b5 with ferrocyt c

To investigate the influence of the oxidation state of cyt c on
complex formation, 15N ferricyt b5 was titrated with ferro-
cyt c. Reduced cyt c is diamagnetic and does not give rise
to signals in the downfield region of the 1D NMR spectrum.

Therefore, several cyt b5 peaks that overlapped with cyt c
resonances in the ferric–ferric experiment could be ob-
served. In addition to the 1-CH3 (∼11.7 ppm), 6-�-Pr CH2

(∼14.2 ppm), 5-CH3 (∼21.5 ppm), and 2-C�H (∼27 ppm;
data not shown), chemical-shift perturbations of 7-�-Pr CH2

(15 ppm) of the minor form and an unassigned signal at 16.5
ppm could be monitored. Again, these spectral changes
were attributed to complex formation and fitted to a 1:1
binding model. The signals arising from 1-CH3, 5-CH3, and
the 7-�-Pr CH2 of the minor form fit well to this model
(data not shown). Analogously to the ferric–ferric titration,
2D [15N, 1H] HSQC spectra were recorded and small
��binding for various 15N and 1H nuclei observed. Values of
��avg plotted as a function of residue number give results
that are very similar to those for the ferric–ferric titration,
with the main difference being the amino acids I24, D53,
and N57, which are not affected during the titration with
ferrocyt c (see Fig. 1A in supplemental material). The val-
ues of ��binding for several amide resonances together with
those for three 1D peaks were fitted globally to a 1:1 bind-
ing model with a resulting Ka of (4 ± 1) × 104 M−1. The
value of the association constant implies that, for the protein
concentrations used, ∼80% of cyt b5 is bound to ferrocyt c
at the molar ratio of 1.0. Although a number of resonances
do not fit accurately to the 1:1 binding model, in general, the
deviation from 1:1 stoichiometry is less pronounced than in
the ferric–ferric titration.

Interaction of 15N ferricyt c with ferricyt b5

Complex formation between cyt b5 and cyt c was also in-
vestigated from the cyt c side. For this purpose, the same set
of experiments as for the 15N cyt b5–cyt c system was
performed, but with 15N cyt c as the observed protein. In the
1D NMR spectra of ferricyt c, two signals at 35.0 and 31.5
ppm, assigned to the heme 8-CH3 and 3-CH3 groups, re-
spectively (Gao et al. 1990), exhibit shifts during titration
with ferricyt b5. The ��binding for the two peaks can be fitted
to a 1:1 binding model with a Ka of (3 ± 1) × 104 M−1, in
agreement with the value obtained for the corresponding
15N cyt b5–cyt c titration. Upon addition of cyt b5, chemical-
shift perturbations of ferricyt c amides were monitored in
the [15N, 1H] HSQC spectra. Small ��binding for 32% of the
ferricyt c amides were observed, with the largest ��avg of
0.123 ppm for K86. The ��avg values for ferricyt c in the
presence of 2.5 equivalents of cyt b5 are plotted as a func-
tion of ferricyt c residue number in Figure 3B. The chemi-
cal-shift perturbations in both 15N and 1H dimensions fit
well to the 1:1 binding model with a Ka from the global fit
of 10 different binding curves (6 ± 3) × 104 M-1, again con-
sistent with the corresponding cyt b5 titration. The Ka value
suggests that, at the protein concentrations used in the ex-
periment, 75% of ferricyt c is bound to cyt b5 at the molar
ratio of 1.0.

Figure 3. Averaged amide chemical-shift perturbations (��avg) plotted as
a function of the residue number. (A) 15N ferricyt b5 in the presence of 2.5
molar equivalents of ferricyt c. (B) 15N ferricyt c in the presence of 2.5
molar equivalents of ferricyt b5. The lines denote the significance levels of
the mean ��avg value, the mean plus one half of the standard deviation, and
the mean plus one standard deviation.
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Using the same procedure as for 15N cyt b5, the residues
of cyt c were color-coded and mapped onto the surface
representation of the protein (Fig. 4C). Residues exhibiting
the largest ��avg are T8-L9, T12, Q16, K72, G77, K79,
A81-F82, and K86, all of which are located in a patch
surrounding the heme edge. A few weakly affected amides
are found on the opposite side of the protein (Fig. 4C).
Several buried residues also exhibit significant chemical-
shift perturbations during the titration with cyt b5 (Fig. 4D).
These are G6, F10, C14, Y48, V57, and L85, all of which sit
in the core of the protein.

Interaction of 15N ferrocyt c with ferricyt b5

Analysis of the [15N, 1H] HSQC spectra for the 15N ferrocyt
c–ferricyt b5 titration shows that the oxidation state of cyt c
has little effect on the binding properties of the two cyto-
chromes. Plotting ��avg for ferrocyt c in the presence of 2.5
molar equivalents of cyt b5 against the cyt c residue num-
bers gives results very similar to those for the ferricyt c (see
Fig. 1B in supplemental material). The main difference is
found for the amides of K79 and K86, with the former being
more affected when the cyt c is reduced and the latter when

cyt c is oxidized. Several residues of ferrocyt c, which ex-
hibit significant ��binding, fit well to the 1:1 binding model
with a shared Ka of (3 ± 1) × 104 M−1 (data not shown). The
value of the association constant indicates that, at the pro-
tein concentrations utilized in the experiment, 70% of the
ferrocyt c is bound to cyt b5 at the molar ratio of 1.0.

Finally, to check for intermolecular pseudocontact shifts
arising from ferricyt b5 and affecting the amides of ferrocyt
c, sodium dithionite was added at the end of the titration in
order to generate the completely reduced complex. Simi-
larly to what was observed for the 15N ferricyt b5–cyt c
titration, no evidence for the presence of intermolecular
paramagnetic effects was obtained.

Effects of ionic strength on complex formation

Complex formation between cyt b5 and cyt c, with net
charges in the ferric form of −7 and +10, respectively (Mar-
goliash et al. 1961; Tsugita et al. 1970), is electrostatically
driven. In order to assess the influence of the ionic strength
on the complex formation, two salt titrations, differing in
the 15N-labeled protein, were performed. In each experi-
ment, the sample containing the 15N-labeled protein and 2.1

Figure 4. Chemical-shift mapping of 15N cyt b5 in the presence of ferricyt c, and 15N ferricyt c in the presence of cyt b5. Surface
representations of cyt b5 (A) (PDB entry 1cyo; Durley and Mathews 1996), with residues colored according to the magnitude of their
��avg experienced upon binding of ferricyt c (��avg � 0.029 ppm in red, ��avg � 0.023 ppm in orange, ��avg � 0.017 ppm in yellow)
and of ferricyt c (C) (PDB entry 2ycc; Berghuis and Brayer 1992), with residues colored according to the magnitude of their ��avg

experienced upon binding to ferricyt b5 (��avg � 0.030 ppm, red, ��avg � 0.022 ppm, orange, ��avg � 0.014 ppm in yellow).
Unassigned and proline residues are shown in dark gray; the heme group is in green. Ribbon representations of cyt b5 (B) and ferricyt
c (D) show the buried residues affected upon the interaction (labeled ball-and-stick). Coloring scheme is the same as in A and B. The
positions of the N and C termini are indicated. Surface representations in this figure were generated with GRASP 1.3 (Nicholls et al.
1991); ribbon representations in this figure and Figures 5–7 were created using MOLSCRIPT (Kraulis 1991) and rendered in Raster3D
(Merritt and Bacon 1997).

The complex of cytochrome c and cytochrome b5
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molar equivalents of the unlabeled partner was titrated by
adding small aliquots of NaCl solution to a total salt con-
centration of 20–220 mM (see Materials and Methods for
details). To correct for the ionic strength effect on the free
protein, the ��binding values for each titration point were
determined by using the isotonic sample containing only
15N-labeled protein as a reference. For both ionic strength
titrations, increasing salt concentration leads to the uniform
decrease of the ��binding for all affected residues of both
proteins (data not shown).

Protein–protein docking

NMR experiments performed in this study have allowed for
the chemical-shift mapping of the interacting surfaces on
both proteins upon complex formation. However, as a fast-
exchange NMR signal is averaged over all molecular ori-
entations, the observed maps represent an average of the
multiple orientations of the proteins in the complex. In order
to gain a structural insight into the possible orientations that
are adopted by the protein molecules in the complex, in
silico docking simulations were carried out, using the bind-
ing maps as input. Two docking runs for the binary com-
plexes of cyt b5–ferricyt c and cyt b5–ferrocyt c and two
runs for the ternary complexes of cyt b5–(ferricyt c)2 and cyt
b5–(ferrocyt c)2 were performed. The results of the docking
simulations for the complexes with reduced and oxidized
cyt c are very similar; therefore, only the latter results are
discussed below. The data concerning the runs with the
reduced cyt c can be found in the supplemental material.

For both binary and ternary complexes of cyt b5 with
ferricyt c, the ambiguous intermolecular restraints (AIRs)
were generated using the active and passive residues speci-
fied for both proteins. According to the procedure described
in Materials and Methods, 13 cyt b5 residues exhibiting
significant ��avg and high solvent accessibility were de-
fined as active, as well as two solvent-accessible heme
groups, 5-CH3 and 6-�-Pr CH2, which shift during the ti-
tration with cyt c. Twenty-one surface-exposed amino acids
that occur close to the active residues were defined as pas-
sive. For ferricyt c, 11 active and 22 passive residues were
specified in an analogous way (for the complete list of ac-
tive and passive residues and the flexible segments for both
proteins, see Table 1 in supplemental material). The dock-
ing process, which is governed by the combination of elec-
trostatic, van der Waals, and AIR restraints, generates so-
lutions that are clustered using a backbone RMSD cutoff
criterion (for details, see Materials and Methods and
Dominguez et al. 2003).

For the binary cyt b5–ferricyt c complex, 10 clusters of
solutions were obtained with a 2.0 Å RMSD cutoff. As can
be appreciated from the values of the nonbonded energy
terms, which are plotted as a function of the backbone
RMSD from the lowest-energy structure calculated over
five best structures of each cluster (Fig. 5A), the docking

solutions consist of several groups of structures that have
nearly equal energies (for the structural statistics of all clus-
ters, see Table 2A of the supplemental material). The spatial
distribution of the docking solutions is shown in Figure 5, B
and C, in which the centers of mass of cyt c molecules from
the lowest-energy structure of each cluster are superim-
posed on the cyt b5 structure, and vice versa.

It is evident that the interacting surface of cyt c is con-
fined to a single patch on the front side of the protein, while
cyt b5 provides a much more extensive area for the inter-

Figure 5. HADDOCK docking solutions for the binary complex of cyt b5

with ferricyt c. (A) Intermolecular nonbonded energy as a function of the
backbone RMSD from the lowest energy structure for the docked struc-
tures. The clusters averages are indicated by filled circles with error bars,
which represent the standard deviation from the mean for the five lowest-
energy structures of each cluster. The clusters are numbered according to
the increasing energy. Stereo views of the centers of mass of (B) cyt c from
each cluster (gray spheres) superimposed onto the ribbon representation of
cyt b5, and (C) cyt b5 from each cluster (gray spheres) superimposed onto
the ribbon representation of cyt c. The ribbon representations of the pro-
teins in B and C are shadowed from light to dark gray according to the
increasing ��avg, with the heme group shown in sticks. The centers of mass
were calculated for the lowest energy structure of each cluster. The num-
bering of the clusters corresponds to that in A.

Volkov et al.

804 Protein Science, vol. 14

 on February 2, 2006 www.proteinscience.orgDownloaded from 

http://www.proteinscience.org


action with cyt c. Overall, the docking solutions consist of
two subpopulations of clusters: one in which cyt c molecule
docks to the front face of cyt b5 (“head-on” orientation) and
the other with cyt c binding to the left side of cyt b5 (“side-
on” orientation). The ensemble of the five lowest-energy
structures for two representative clusters with the “side-on”
and “head-on” orientations are depicted in Figure 6, A and
B, respectively.

As mentioned above, the cyt b5–cyt c titration profiles for
many of the cyt b5 residues cannot be explained in terms of
a 1:1 binding model (Fig. 2B). One of the explanations for
the observed binding curves could be the formation of
higher-order protein complexes with increasing cyt c con-
centration. In order to verify the possibility of a ternary
complex formation, the protein–protein docking of the cyt
b5–(cyt c)2 heterotrimer was performed with a modified
version of HADDOCK, allowing direct docking of ternary
complexes (see Materials and Methods). Again, only the
results for the docking run with the oxidized cyt c are dis-
cussed, and those with the reduced cyt c can be found in the
supplemental material. The set of AIRs used for the docking
of the trimer was the same as that for the binary complex
(see Table 1 in supplemental material), with the modifica-
tion such that each active residue of ferricyt b5 had a re-
straint to all active and passive residues of both ferricyt c or
ferrocyt c molecules. The results for the simultaneous dock-
ing of two ferricyt c molecules to one cyt b5 are presented
in Figure 7. The increased number of degrees of freedom in
a ternary system makes clustering of the docking solutions
more difficult, as can be appreciated from Figure 7A, which
shows a broader structure distribution compared with that of
the binary complex (Fig. 5A). Clustering of the docked
structures with a backbone RMSD cutoff of 3.75 Å resulted
in 10 partially overlapping clusters (for the structural sta-
tistics, see Table 2C in Supplementary material). The dis-
tribution of cyt c molecules around cyt b5 is shown in Figure
7B. Compared with the binary complex, the same surface
areas on cyt b5 sustain the interactions with cyt c molecules.
An ensemble of structures for the ternary complex (Fig. 7C)
looks very much like a combination of binary complexes

with the “side-on” and “head-on” orientations (Fig. 6), im-
plying that similar interactions between the partner mol-
ecules take place in the binary and ternary complexes.

Figure 6. Docking models of the binary cyt b5–cyt c complexes with
“side-on” (A) and “head-on” (B) orientations. Ensembles of the five lowest-
energy structures for the cluster 3 (A) and cluster 8 (B) are shadowed from
light to dark gray according to the increasing ��avg, with the heme group
shown in sticks. The positions of the protein termini are indicated.

Figure 7. HADDOCK docking solutions for the ternary complex of cyt b5

with two ferricyt c molecules. (A) Intermolecular nonbonded energy as a
function of the backbone RMSD from the lowest energy structure for the
docked structures. The clusters averages are indicated by filled circles with
error bars, which represent the standard deviation from the mean for the
five lowest-energy structures of each cluster. (B) Centers of mass of fer-
ricyt c from each cluster (gray spheres) superimposed onto the ribbon
representation of cyt b5. The centers of mass were calculated for the lowest
energy structure of each cluster. The numbering of the clusters corresponds
to that in A. (C) Ensemble of the three lowest-energy structures of the
lowest-energy cluster (1 in A and B). The positions of the protein termini
are indicated. The ribbon representations are shadowed as in Figures 5
and 6.
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Discussion

NMR study of the cyt b5–cyt c complex

Previous attempts to study by heteronuclear NMR the com-
plex between cyt b5 and cyt c, in which one or both proteins
are in the oxidized state, have been severely hampered by
the auto-reduction of cyt c (Banci et al. 2003). Under the
experimental conditions used in this work (Sigma Chelex
pretreated 20 mM sodium phosphate at pH 6.0), both pro-
teins are stable, and no self-reduction of ferricyt c occurs
during the experiments. The binding constants, as estimated
from fitting the titration curves to a 1:1 binding model, are
(5 ± 3) × 104 M−1 and (3 ± 1) × 104 M−1 for ferricyt b5–
ferricyt c and ferricyt b5–ferrocyt c complexes, respectively.
These are in good agreement with previously reported val-
ues, which range between 4–8 × 104 M−1 at low ionic
strength and pH 7.0 at 298–303 K (Mauk et al. 1982; Ro-
dríguez-Marañón et al. 1996; Shao et al. 2003). As pointed
out by Shao et al. (2003), the variations in these values can
be attributed to different protein sources and experimental
conditions, especially the ionic strength, which is notori-
ously difficult to control at high protein concentrations.

The NMR titrations show that the chemical-shift pertur-
bations of some cyt b5 resonances follow a 1:1 binding
model, while others clearly deviate (Fig. 2). At the same
time, the binding curves for most cyt c resonances exhibit
monophasic behavior (data not shown). A plausible expla-
nation for this phenomenon could be the formation of
higher-order protein complexes with increasing cyt c con-
centrations. Assessing the stoichiometry of the cyt b5–cyt c
complex from the NMR titration curves should be done with
care, because the complex is sensitive to variations in the
solution ionic strength, which arise from addition of the
partner protein in the course of the titration (Mauk et al.
1995). In this study, the approximate ionic strength of so-
lution, as estimated using the approach described by Eley
and Moore (1983), increased from 45 to 55 mM with the
addition of protein aliquots up to two molar equivalents. A
further ionic strength increase of ∼1 mM at the end of the
titration occurred due to the pH correction after each titra-
tion step. On the basis of the ionic strength titration curves,
it could be calculated that a total ionic strength increase of
11 mM causes negligible effects on the binding curves.
Thus, changes of the ionic strength during the titration ex-
periments cannot account for the observed binding curves
that deviate from 1:1 binding behavior. The presence of a
ternary complex, in which one cyt b5 molecule interacts
with two molecules of cyt c, has been suggested before
(Miura et al. 1980; Whitford et al. 1990), and later criticized
(Mauk et al. 1995). Although the experimental data pre-
sented in this work are not sufficient for reliable fitting to a
1:2 binding model, combined with the protein–protein

docking, they support the formation of a (cyt b5)–(cyt c)2

complex, in agreement with the results of another recent
NMR study (Banci et al. 2003).

Comparison of the amide binding shifts (��avg) for the
cyt b5 residues upon interaction with either ferric or ferrous
cyt c reveals that the only significant differences are found
for three amino acids (I24, D53, and N57), which are per-
turbed by the binding of oxidized, but not reduced cyt c. The
same comparison for the residues of ferric and ferrous cyt c
upon interaction with cyt b5 shows that the chemical-shift
perturbations for all but two amino acids are similar. These
two residues, K79 and K86, have the most salt-sensitive
resonances in the protein (data not shown; see also Crowley
et al. 2002). Therefore, the variations in ��avg between the
ferric and ferrous forms might be due to slight discrepancies
in ionic strengths during the two titrations, rather than to the
redox-dependent differences in the binding of cyt c to cyt
b5. Taken together, it is concluded that the complex forma-
tion between ferric cyt b5 and cyt c is not markedly influ-
enced by the oxidation state of the latter.

The data presented in this work suggest that the interac-
tion interface of cyt b5 in the complex with either reduced or
oxidized cyt c is more extensive than that reported recently
(Shao et al. 2003) or predicted by the static models of Sa-
lemme (1976) and Rodgers et al. (1988). The perturbed
surface residues of cyt b5 are located at two adjacent regions
(Fig. 4A), which are similar to those described by Banci et
al. (2003). In contrast to the results of Hom et al. (2000), no
binding at the suggested “cleft” site is observed in our ex-
periments. Many affected amino acids are found on the front
face of cyt b5, in a patch surrounding the exposed heme
edge (Fig. 4A). Among those are the charged groups im-
plied by the Salemme (1976) and Northrup et al. (1993)
models, E44, E48, D60, and the most exposed Pr (6-�-Pr
CH2). Involvement of these residues in the complex forma-
tion, as well as E56, which is not affected in our work, was
shown in an earlier study, by a combination of site-directed
mutagenesis and NMR techniques (Qian et al. 2001). In a
recent report, it was confirmed that these residues play a
pivotal role in stabilization of the complex, but are not
crucial for the intermolecular ET (Ren et al. 2004).

Another affected surface area is located on the left side of
cyt b5, where most of the perturbed residues cluster in a
single patch (Fig. 4A). Although the majority of the affected
cyt b5 residues are charged, implying that the intermolecular
electrostatic interactions play a predominant part in the for-
mation of this complex, several surface-exposed polar and
hydrophobic amino acids are also perturbed by the addition
of cyt c. Interestingly, the binding surface map of cyt b5 in
the complex with cyt c looks very similar to that for the
highly dynamic interaction with metmyoglobin (Worrall et
al. 2002), with the residues E43, E44, D60, and V61
strongly affected in both, which implies the similarity of the
binding mode used by cyt b5 in both interactions.
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The cyt c residues experiencing significant chemical-shift
changes upon interaction with cyt b5 are confined to a single
surface patch on the front side of the molecule (Fig. 4C).
This region is similar to that observed by Banci et al. (2003)
upon interaction with rabbit cyt b5, with the main difference
being the �4 helix (residues 90–101), being unaffected in
our study. Among the cyt c residues most affected by the
binding to cyt b5 are K72, K79, and K86, which are in-
volved in the models suggested by Salemme (1976) and
Northrup et al. (1993). Comparison of the binding map for
cyt c bound to cyt b5 with that of cyt c in the complex with
the nonphysiological partner adrenodoxin (Worrall et al.
2003) reveals a considerable similarity of the surface areas
that are influenced by complex formation. Chemical-shift
mapping studies of the interacting surface of cyt c upon
binding to yeast cytochrome c peroxidase (Worrall et al.
2001), cyanobacterial cytochrome f (Crowley et al. 2002),
and pea plastocyanin (Ubbink and Bendall 1997) indicate
that among the most perturbed residues are T12 (Q12 in
horse heart cyt c used by Ubbink and Bendall 1997), Q16
and K79. This is also observed for the cyt c in the complex
with cyt b5 (present work). This finding suggests that cyt c
uses a conserved set of surface-exposed amino acids for the
interactions with a variety of partner proteins in solution.

For both cyt b5 and cyt c, there are several solvent-inac-
cessible amino acids, for which the observed chemical-shift
perturbations cannot be caused directly by the binding
event. Such phenomenon has been explained in terms of
secondary effects, which arise from transmittance of the
primary effect of the complex formation from the surface of
the protein to its core via chemical bonds and hydrogen
bonds (Ubbink and Bendall 1997). In the case of cyt b5 and
cyt c, most of the affected buried residues are located in
close proximity to the heme group (Fig. 4B,D); therefore,
the observed effects could be attributed to small changes in
heme environment induced by complex formation.

When compared with each other, it is evident that the
interaction surface of cyt b5 is more extensive than that of
cyt c. Although the NMR experiments used in this study
cannot discriminate between the chemical-shift changes in-
duced by either the direct-binding events or the associated
secondary effects, it is believed that no significant structural
rearrangement of the partner proteins occurs upon cyt b5–
cyt c complex formation (Mauk et al. 1995). In this case, the
binding of cyt c to cyt b5 in a single, well-defined orienta-
tion with a 1:1 stoichiometry does not account for the ob-
served chemical-shift perturbation maps. As there are two
simultaneously affected areas on the surface of cyt b5, the
interaction implies the coexistence of at least two different
complexes with cyt c, or the presence of an ensemble of
structures with similar energies as has been suggested be-
fore (Mauk et al. 1986, 1995; Burch et al. 1990; Banci et al.
2003). It seems likely that, during the complex formation,
cyt c uses a specific and confined region to explore a much

wider area on cyt b5. The reason for this behavior is prob-
ably the much more dispersed charge distribution on the
latter.

The presence of a dynamic ensemble of structures rather
than a single, well-defined cyt b5–cyt c complex is further
confirmed by the fact that no intermolecular pseudocontact
shifts are observed. Contrary to previously published data
(Guiles et al. 1996), comparison of the HSQC spectra of the
ferricyt b5–ferricyt c complex with those of the complexes
in which either only cyt c or both proteins were reduced,
shows no significant differences. This implies that no para-
magnetic effect arising from the ferric heme group of cyt c
is experienced by the amide protons of cyt b5 and vice versa.
As previously proposed (Ubbink and Bendall 1997), the
absence of the intermolecular pseudocontact shifts can be
explained by assuming that the proteins adopt a multitude of
different orientations in the complex, all of which are in fast
exchange. In this way, the paramagnetic, orientation-depen-
dent effects would average to zero (Ubbink and Bendall
1997).

The magnitude of the chemical-shift perturbations for
both cyt b5 and cyt c is also consistent with the existence of
multiple protein orientations within the complex. These ori-
entations, which have nearly equal energies and are in fast
exchange, result in averaging of the chemical-shift pertur-
bations over all orientations. In combination with the ab-
sence of close contacts and extensive desolvation, this
would explain the observed small ��binding in the complex
(Worrall et al. 2003). Comparison of the absolute values of
��avg for the cyt b5–cyt c complex with those for other
dynamic systems places it between that of cyt c–cytochrome
c peroxidase (Worrall et al. 2001), in which the proteins
occupy a single orientation for a significant fraction of the
complex lifetime, and the highly dynamic complex of cyt
b5–metmyoglobin (Worrall et al. 2001). The values of the
��avg for the cyt b5–cyt c complex are of the same magni-
tude as those for the dynamic complexes of cyt c with
adrenodoxin (Worrall et al. 2003) and horse heart cyt c with
pea plastocyanin (Ubbink and Bendall 1997), suggesting
that cyt b5 and cyt c adopt different orientations within the
complex, rather than form a single, well-defined structure.
Addition of salt to the protein complex leads to the uniform
decrease of the ��binding for the affected residues, reaching
the values of the chemical shifts of the free protein at the
end of the titration. Such behavior is typical of a complex
dominated by electrostatic interactions, and implies that, at
higher ionic strength, both dynamics of the complex forma-
tion and the range of orientations sampled by the proteins in
the complex remain similar to those at low ionic strength.

Protein–protein docking

HADDOCK is a new in silico docking approach, which
allows direct incorporation of biochemical and/or biophysi-
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cal information to drive the docking process (Dominguez et
al. 2003). Unlike traditional docking algorithms, which use
ab initio docking simulations, followed by a posteriori scor-
ing based on the experimental information, HADDOCK a
priori includes the available experimental data that drive the
subsequent docking simulations.

The distribution of the centers of mass of docked proteins
around either cyt b5 or cyt c (Fig. 5B,C) shows that cyt c
uses a single surface patch for interaction with the two areas
on the surface of cyt b5, one with cyt c binding to the front
side of cyt b5 (“head-on” orientation, Fig. 6B), and the other
with cyt c docking to the left side of the protein (“side-on”
orientation, Fig. 6A). Only a combination of both docking
solutions satisfies all restraints in accordance with a dy-
namic nature of the complex. Docking of the ternary (cyt
b5)–(cyt c)2 complex resulted in a broader distribution of
clusters (Fig. 7A) than that of the binary complex (Fig. 5A),
which is not unexpected for a system with more degrees of
freedom. A clustering based on RMSDs calculated over
only two of the three components would lead to much better
defined solutions. The resulting structures of the ternary
complex combine the features of the “head-on” and “side-
on” orientations of the binary complex. For each docking
cluster, cyt b5 interacts with two cyt c molecules, one of
which is located close to the front part of cyt b5, while the
other is binding to the side of the protein (Fig. 7B,C). These
results indicate that one cyt b5 can sustain the interaction
with two cyt c molecules, and the geometry of the ternary
complex would account for the observed chemical-shift per-
turbation maps of the interacting proteins. As has been men-
tioned above, the formation of the ternary complexes may
indeed take place at higher cyt c concentrations. Interest-
ingly, cluster distributions for both binary (Fig. 5A) and
ternary (Fig. 7A) complexes of cyt b5 with cyt c are much
broader than those for the static complexes, recently ana-
lyzed with HADDOCK (Arnesano et al. 2004; van Drogen-
Petit et al. 2004). This finding is consistent with the pres-
ence of a highly dynamic complex, in which the partner
proteins adopt multiple orientations.

Binary and ternary HADDOCK solutions are optimized
for interaction energy, yielding four to five salt bridges and
10 to 12 H-bonds between the proteins. However, it is un-
realistic to assume that such extensive intermolecular con-
tacts are formed. The apparent binding constant of 5 × 104

M−1 is equivalent to a binding energy of a mere 6 kcal/mol,
which suggests that only a few weak interactions are formed
on average. Furthermore, the small averaged chemical-shift
perturbations could be interpreted as evidence that desolva-
tion of surface residues is limited (Crowley and Ubbink
2003). Extensive H-bonding and desolvation would result in
much larger chemical-shift perturbations, as observed in
many cases for specific complexes of biomolecules. Thus,
the HADDOCK structures should not be considered as de-
tailed snapshots of the complex. Rather, the docking clus-

ters provide a picture of the orientations that both proteins
sample within this highly dynamic complex.

Our conclusions concerning the mobility of the complex
are consistent with the results of a very recent study, which
supported a dynamic docking paradigm for cyt b5–cyt c
complex (Ren et al. 2004). This paradigm, initially sug-
gested for cyt b5–myoglobin complex (Liang et al. 2002),
indicates that a multitude of weakly bound conformations of
the docked complex contribute to the overall binding of cyt
c to cyt b5. However, only a few of these conformations are
ET active, and they need not be the most favorable for
binding. If one assumes that only the conformations with the
two proteins in close heme-to-heme contact are ET favor-
able (Ren et al. 2004), the docked structures with the “head-
on” orientation (Fig. 6B) might represent ET-productive
complexes.

Materials and methods

Preparation of protein and NMR samples

Both unlabeled and isotopically enriched 15N bovine microsomal
cyt b5 and 15N T-5A/C102T variant of yeast iso-1-cyt c were
produced in Escherichia coli and purified as reported previously
(Funk et al. 1990; Pollock et al. 1998; Morar et al. 1999). Cyt b5

with a UV-vis peak ratio A412.5/A280 � 4.0 was used for the NMR
experiments. Concentrations of the ferricyt b5 were determined
according to the absorbance peak at 412.5 nm (� � 117
mM−1cm−1). Ferricyt c with a UV-vis peak ratio A410/A280 � 4.0
was used throughout. It was prepared by addition of an excess (two
to threefold) of K3[Fe(CN)6], followed by ultrafiltration under
nitrogen against 20 mM sodium phosphate (pH 6.0) (Amicon;
YM3 membrane). Ferrocyt c was prepared in an analogous way,
except that sodium ascorbate was used as a reductant. Protein
concentrations were determined according to the absorbance peak
at 410 nm (� � 106.1 mM−1cm−1) for ferricyt c and 550 nm
(� � 27.5 mM−1cm−1) for ferrocyt c.

All NMR samples contained 0.49–0.53 mM of the 15N-labeled
protein and varying amounts of the unlabeled partner protein in 20
mM sodium phosphate (pH 6.0), 6% D2O for lock, and 100 �M
CH3CO15NH2 as an internal reference. The buffer used for pre-
paring samples and protein stock solutions was pretreated with
Chelex 100 (Sigma) chelating agent in order to remove traces of
metals that could catalyze self-reduction of cyt c. The pH of the
samples was checked before and after each titration step and ad-
justed, if necessary, with small aliquots of 0.1 M NaOH or 0.1 M
HCl solutions.

NMR titrations

All NMR titrations were carried out by adding microlitre aliquots
of the stock solution of the unlabeled protein (1.76 and 1.86 mM
of ferricyt b5 in titrations with 15N ferric and 15N ferrocyt c,
respectively, and 2.15 mM of ferricyt c and 2.2 mM of ferrocyt c
in titrations with 15N ferricyt b5) to the sample containing 500 �L
of the 15N-labeled protein, with an initial concentration of 0.5 mM.
Each titration consisted of 10 experimental points with 0, 0.2, 0.4,
0.6, 0.8, 1.0, 1.2, 1.5, 1.9, and 2.5 molar equivalents of the unla-
beled partner protein present. For the ionic strength titrations, 500
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�L of a sample, containing 0.5 mM of the 15N-labeled protein and
2.1 molar equivalents of the unlabeled partner protein in 20 mM
sodium phosphate (pH 6.0), was titrated by adding aliquots of 2 M
NaCl to the total salt concentrations of 20, 70, 120, 170, and 220
mM. For each salt titration, a sample containing only 15N-labeled
protein was titrated in the same manner and used as a reference.

NMR experiments

All NMR experiments were performed at 301 K on a Bruker
DMX600 spectrometer equipped with a TXI-Z-GRAD (1H, 13C,
and 15N) probe. For each titration, 1D 1H spectra were acquired
with a spectral width of 48.08 kHz. The spectral widths (in kilo-
Hertz) for 2D [15N, 1H] HSQC spectra were 1.9 (15N) and 9.62
(1H) for 15N cyt b5 titration; 2.68 (15N) and 8.39 (1H) for 15N cyt
c titration. Data processing of the 1D 1H and 2D [15N, 1H] HSQC
spectra was performed in XWINNMR and AZARA (available
from ftp://ftp.bio.cam.ac.uk/pub/azara), respectively. Assignments
of the 15N and 1H nuclei of the free ferricyt b5 and ferric and
ferrocyt c were taken from previous work (Worrall et al. 2001,
2002). The amides, which were not observed in the present work,
were A3, S18, S20, F35, G41, L70, and I76 for ferricyt b5; F-4,
A3, H33, H39, N56, E66, M80, G83-G84, K87, and I95 for fer-
ricyt c and A3, K11, K22, R38, A43, N52, N56, K73, M80, G83,
G84, and K99 for ferrocyt c. Chemical-shift perturbations of 15N
and 1H nuclei were analyzed by overlaying the spectra of bound
15N-labeled protein with that of the free protein in the assignment
program ANSIG (Kraulis 1989; Helgstrand et al. 2000). The av-
eraged amide chemical-shift perturbations (��avg) were derived
from:

��avg =����binding
N �5�2 + ���binding

H �2

2

where ��N
binding is the chemical-shift perturbation of the amide

nitrogen and ��H
binding is that of the amide proton. Chemical-shift

titration curves were analyzed with a two-parameter nonlinear
least squares fit of the data using a one-site binding model, which
corrects for the dilution effect (Kannt et al. 1996):

��binding = 1⁄2��	�A − �A2 − 4R�

A = 1 + R +
LR + U

LUKa

where R is the ratio between the unlabeled and the 15N-labeled
proteins, ��binding is the chemical-shift perturbation at a given
protein ratio, ��	 is the chemical-shift perturbation at R→	, L is
the initial concentration of the 15N-labeled protein, U is the con-
centration of the unlabeled protein stock solution used in the ti-
tration, and Ka is the association constant for a 1:1 complex.

Protein–protein docking simulations

The coordinates for ferricyt b5, ferricyt c, and ferrocyt c were taken
from the RCSB Protein Data Bank, entries 1cyo (Durley and
Mathews 1996), 2ycc (Berghuis and Brayer 1992), and 1ycc
(Louie and Brayer 1990), respectively. The docking was per-
formed with HADDOCK 1.2 (Dominguez et al. 2003). The aver-
age relative solvent-accessible surface area for each residue was
calculated using NACCESS (http://wolf.bms.umist.ac.uk/naccess/).

In HADDOCK, the docking is driven by ambiguous intermolecu-
lar restraints (AIRs), which are defined as follows. For both pro-
teins, the residues with ��avg above the mean plus half of the
standard deviation and with a relative solvent accessibility above
50% are selected and called ‘active’. Then, all neighbor residues of
active residues exhibiting a relative surface accessibility above
50% are defined as ‘passive’. The AIRs are defined as ambiguous
distance restraints between the active residues of one protein and
both the active and the passive residues of the other (see
Dominguez et al. 2003 for details). The flexible segments for
docking are defined from the active and passive residues used in
the definition of AIRs ± two sequential residues.

The docking of ferricyt b5 with ferricyt c or ferrocyt c was
performed following the standard HADDOCK 1.2 protocols
(Dominguez et al. 2003) with the modification that, due to the
expected high dynamical nature of these complexes, the docking
was performed during the semiflexible simulated annealing part of
the protocol rather than during the rigid-body energy minimiza-
tion. For this, the separation distance between the respective mol-
ecules was decreased to 50 Å, and only rotational minimization
was allowed in the initial rigid body energy minimization (EM) to
allow the molecules to face each other properly prior to docking.
The 200 solutions from the rigid-body EM were then subjected to
the standard semiflexible simulated annealing (SA) in torsion
angle space in HADDOCK, but with an increased number of in-
tegration steps to allow for the docking during the SA. This part
consisted of the following:

1. A rigid-body Molecular Dynamics search (12,000 steps at 2000
K);

2. a first rigid-body simulated annealing (8000 steps from 2000 to
500 K);

3. a second semiflexible simulated annealing, during which side
chains at the interface are free to move (2000 steps from 2000
to 50 K); and

4. a third semiflexible simulated annealing, during which both
side chains and backbone at the interface are free to move (1000
steps from 500 to 50 K).

The resulting structures were finally subjected to a final refinement
in explicit water, clustered using a 2.0 Å backbone RMSD cutoff
criterion and sorted according to the intermolecular energy (sum of
the van der Waals, electrostatic, and AIRs energy). The five low-
est-energy structures of each cluster were selected for further
analysis.

The docking of the tertiary complex, ferricyt b5 with two ferricyt
c or two ferrocyt c, was performed with a special version of
HADDOCK, allowing direct and simultaneous docking of tertiary
systems. The protocol followed is the standard HADDOCK 1.2
protocol (Dominguez et al. 2003) extended to deal with three
molecules. A total of 2000 docking solutions were generated dur-
ing the rigid-body energy minimization step, and the best 200 were
further subjected to the semiflexible simulated annealing and final
refinement in explicit solvent. For docking of the tertiary complex,
the AIR restraints were modified such that each active residue of
ferricyt b5 will have a restraint to all active and passive residues of
both ferricyt c or ferrocyt c molecules.

Electronic supplemental material

Supplementary material contains chemical-shift perturbation
(��avg) plots and HADDOCK docking solutions for the ferricyt
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b5–ferrocyt c complex, and a list of AIR restraints and structural
statistics for all docking simulations.
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