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The Ternary Complex of Cytochrome f and
Cytochrome c : Identification of a Second Binding
Site and Competition for Plastocyanin Binding
Peter B. Crowley, Kersten S. Rabe, Jonathan A. R. Worrall, Gerard W. Canters, and
Marcellus Ubbink*[a]

The complex of yeast cytochrome c and cytochrome f from the
cyanobacterium Phormidium laminosum was investigated by
NMR spectroscopy. Chemical shift perturbation analysis reveals
that residues around the haem edge of cytochrome c are involved
in the complex interface. Binding curves derived from an NMR
spectroscopy titration at 10 mM ionic strength indicate that there
are two sites for cytochrome c with binding constants of approx-
imately 2� 104M�1 and 4� 103M�1. A protein docking simulation
with NMR-derived constraints identifies two sites, at the front
(Site I) and back faces (Site II) of the haem region of cytochrome f.

Site I is homologous to the binding site previously determined for
the natural cytochrome f partner plastocyanin. Site II may repre-
sent the binding site for the Rieske protein in the cytochrome bf
complex. Cytochrome c and plastocyanin are shown to compete
for binding at Site I. The competition appears to involve electro-
static screening rather than simple steric occlusion of the binding
site.
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Introduction

Interprotein electron transfer (ET) is a key step for many of the
processes of cellular metabolism. The formation of transient
protein complexes with millisecond lifetimes and �M±mM

binding affinities is necessary to maintain high turnover along
redox chains.[1] It remains unclear how specificity can be
achieved between redox partners under these conditions and,
in particular, which elements of the protein structure enable fast
ET and are responsible for the control of specificity. Structure
determination has accelerated dramatically in recent years. The
percentage of crystal structures of redox protein complexes
remains however disparately low.[2] Structural characterisation of
transient complexes is severely hampered by the difficulty of
cocrystallisation. In contrast, NMR spectroscopy methods such as
chemical shift perturbation analysis are particularly suited to the
study of transient complexes and provide detailed information
concerning the complex interface.[3]

In oxygenic photosynthesis, the membrane-bound cyto-
chrome bf complex couples proton translocation across the
membrane to ET between photosystems II and I, which results in
a proton gradient that drives the synthesis of adenosine
triphosphate (ATP).[4] The structure of the soluble domain of
Phormidium laminosum ferrous cytochrome f (cytf ; Figure 1A), a
component of the bf complex, consists of a large and a small
domain arranged in an elongated structure of approximately
28.5 kDa.[5±7] The haem-binding motif Cys-X-Y-Cys-His (X and Y
denote two different amino acid residues), characteristic of c-
type cytochromes, occurs near the N-terminus. Unusual features
include the sixth ligand Tyr1, which coordinates through the �-

Figure 1. Electrostatic potential surfaces of (A) cytf,[6] (B) Pc[10] and (C) cytc.[17]

Both cytf and cytc are oriented with the haem region facing the viewer. Pc is
oriented with the copper site at the top. All images were created with a colour
ramp for positive (blue) or negative (red) surface potentials with saturation at
10 kT. The potentials were calculated for formal charges only and surfaces were
visualised with the GRASP program.[18]

amino group, and a chain of five buried water molecules, which
extends from behind the haem group to near the protein
surface.[8, 9] P. laminosum cuprous plastocyanin (Pc; Figure 1B) is
a 10.5 kDa type I copper protein, which functions as the mobile
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redox partner of cytf and shuttles electrons to photosys-
tem I.[11, 12]

We previously determined the solution structure of the cytf ±
Pc complex from a plant[13] and a cyanobacterial[14] source by
using a novel NMR spectroscopy method based on intermolec-
ular pseudocontact restraints. It was found that a combination of
electrostatic and hydrophobic surfaces defines the complex
interface between turnip cytf and spinach Pc. In contrast, the
complex in P. laminosum, a thermophilic cyanobacterium, was
found to be predominantly hydrophobic. These differences can
be attributed to the different surface charge distributions in the
plant and cyanobacterial proteins. In particular, the prominent
acidic patches of the plant Pc are completely absent from the
cyanobacterial protein,[10] while the hydrophobic patch that
surrounds the copper site is more extensive in the latter.[15]

A similar study on the complex of horse cytc and pea Pc
revealed that this complex consists of a dynamic ensemble[16] as
opposed to the single orientation observed in the cytf ±Pc
complex. This highlights the importance of studying both
physiological and nonphysiological complexes in an effort to
deepen our understanding of protein interactions. In this work
we have investigated the interaction of yeast ferrous cyto-
chrome c (cytc ; 12.5 kDa; Figure 1C) with both cytf and Pc from
P. laminosum. While no complex is formed with Pc, cytc can form
a 2:1 complex with cytf. A combination of heteronuclear NMR
spectroscopy and protein docking simulations with the BiGGER
(bimolecular complex generation with global evaluation and
ranking) software[19, 20] was used to determine the orientation of
cytc and cytf in the complex. This work provides new insight into
the capacity of cytf as a redox partner.

Results

The complex of cytf and cytc

Comparison of the 1H-15N HSQC spectra of free 15N-cytc and 15N-
cytc in the presence of cytf revealed distinct differences arising
from complex formation. In the complex, cytc experiences a
longer rotational correlation time manifested as a general
broadening of the amide resonances. The presence of cytf
resulted in approximately 25 Hz broadening of the cytc reso-
nances (Figure 2A). In addition to line broadening effects,
chemical shift perturbation (��Bind) was observed for a number
of resonances (Figure 2A and B). The magnitude of the line
broadening was similar for both shifted resonances and
resonances which did not shift. This behaviour typifies a fast
exchange process on the NMR time scale and yields a single
averaged resonance for the bound and free forms of cytc. With
the addition of increasing amounts of cytf, the line broadening
and chemical shift perturbation of 15N-cytc resonances increased
towards a maximum. Within experimental error, identical ��Bind

effects were observed for the reverse titration in which cytc was
titrated into cytf. Titration curves of ��Bind values versus the
molar ratio of cytf :cytc are plotted in Figure 2B. A fit of the
curves that assumes a 1:1 stoichiometry (dotted lines) clearly fails

Figure 2. A) Cross-sections through the 1HN resonance of the Ala81 residue in
cytc along the F2 dimension. The peak at 8.05 ppm is the unperturbed resonance
in the free protein with a line width at half height of 16 Hz. In the presence of cytf
(1.2 equiv), the resonance shifts to 7.96 ppm and the line width at half height
increases to 39 Hz. The broken line represents a Lorentzian fit of the resonance in
the bound state. B) Titration curves of four amide resonances of cytc. Fits of the
curves that assume a 1:1 stoichiometry are shown as dotted lines. The solid lines
represent least-squares fits to the model that describes two nonequivalent,
noninteracting cytc binding sites per cytf. This model yielded binding constants of
approximately 2� 104M�1 and 4� 103M�1.

to fit the experimental data. A binding model with two cytc
molecules per cytf resulted in a greatly improved fit. The two-site
model for nonequivalent, noninteracting sites[21, 22] (solid line)
yielded binding constants of approximately 2�104M�1 and 4�
103M�1 (Table 1).

At equimolar concentrations of 15N-cytc and cytf, twenty-two
of the ninety-eight resolved backbone amides demonstrated
significant ��Bind values, which ranged from �0.12 to 0.07 ppm
and from �0.69 to 0.11 ppm for the amide proton (1HN) and
nitrogen (15N) nuclei, respectively. These chemical shift changes
identify the region of cytc involved in the complex interface with
cytf. Figure 3A shows the location of the affected residues in the
crystal structure of cytc,[17] with each residue coloured according
to its largest ��Bind value. The affected amides cluster around the
exposed edge of the haem group on the front face of the
protein. Residues Thr12, Thr78 and Lys79 experience the largest
effects.

The ferrous form of cytochrome c gives rise to several
resonances in the upfield region of the 1D 1H NMR spectrum.
These resonances have been assigned to the side-chain protons

Table 1. Binding constants and maximum chemical shift changes for complex
formation between cytf and cytc.[a]

Residue Ka [104M�1] ��a
max [ppm] Kb [103M�1] ��b

max [ppm]

Gln16 2.0 0.19 4.2 0.08
Met80 1.8 0.32 4.3 0.26
Thr78 2.0 0.74 4.5 0.34
Thr12 2.0 0.61 4.2 1.00

[a] Values were derived from a fit of the data in Figure 2 with the model for two
nonequivalent, noninteracting sites on cytf (see the Experimental Section for
details).
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Figure 3. Chemical shift maps of cytc in the presence of (A) cytf and
(B) cytochrome c peroxidase (Ccp).[32] Residues are coloured according to the
chemical shift perturbation they experience (ppm): blue, �0.03 (1H), �0.1 (15N);
cream, �0.06 (1H), �0.3 (15N); orange, �0.10 (1H), �0.6 (15N); red, �1.0 (1H),
�2.0 (15N). Prolines and unassigned residues are indicated in grey. The haem
group is coloured green.

of the sixth haem ligand,[23, 24] residue Met80 in the case of yeast
cytc.[25] In agreement with the heteronuclear data for Met80,
small chemical shift changes were observed for these upfield
peaks in the presence of cytf (Table 2). Four resonances were
observed in the upfield region of the 1H NMR spectrum of
ferrous cytf, which disappear in the ferric form (Figure 4). Two of
these resonances have been reported before in an earlier NMR
spectroscopy study on plant cytf.[26] The exceptionally large
upfield shifts imply that the signals arise from protons in the
vicinity of the haem group, probably from the ligand Tyr1. These

Figure 4. The upfield resonances of ferrous cytf as observed in the 1D 1H NMR
spectrum.

resonances experience chemical shift perturbation in the
presence of cytc (Table 1), which indicates that at least one of
the binding sites for cytc is located near the haem group of cytf.

To investigate ionic strength effects on the complex, 1H-15N
HSQC spectra were acquired on a cytf/cytc (1.4:1) sample, over a
range of NaCl concentrations (0 ± 200 mM). Both the line broad-
ening and the ��Bind values were dependent on the NaCl
concentration. The observed chemical shift perturbation of the
twenty-two affected amides is plotted as a function of the salt
concentration in Figure 5. The chemical shift perturbation of free

Figure 5. Salt dependence of ��Bind values for all twenty-three affected back-
bone amide resonances observed in the complex of cytc and cytf at (�) 0 mM

NaCl, (�) 50 mM NaCl, (�) 100 mM NaCl, (�) 150 mM NaCl and (�) 200 mM NaCl.
(�) represents the chemical shift perturbation of free cytc resonances caused by
the presence of 200 mM NaCl.

cytc resonances due to the presence of 200 mM salt is
represented by open squares in the plot. At 200 mM NaCl the
magnitude of the ��Bind values decreased by sixty percent on
average, which indicates a strong electrostatic contribution to
complex formation. The line broadening effects also decreased
proportionally. Similar results were obtained for a cytc/cytf (2:1)
sample. The ��Bind value for the salt-sensitive resonances of
residues Val20, Lys79 and Lys87, do not decrease towards zero
but rather towards the value for free cytc at high salt.

Table 2. Chemical shifts of the upfield resonances in the 1D 1H NMR spectra of
free cytc, free cytf and a sample of the cytf/cytc (0.9:1.0) complex.

Free Protein [ppm] Complex [ppm] ��Bind [ppm]

cytc M80
� �0.17 �0.19 � 0.02
� �2.40 overlap[a] ±
� �1.72 �1.77 � 0.05
� �3.68 �3.73 � 0.05
� �3.14 �3.2 � 0.06

cytf
� 2.47 overlap[a] ±
� 3.33 �3.28 0.05
� 6.69 �6.66 0.03
� 7.87 �7.85 0.02

[a] In the spectrum of the sample containing cytc and cytf the �2.4 ppm
resonances of the two proteins overlap.
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Protein Docking

To obtain intermolecular pseudocontact shifts for structure
determination it is necessary to subtract the appropriate
diamagnetic control from measurements on a complex in which
at least one of the species is paramagnetic. In the cytf ± cytc
complex it is only possible to measure the fully oxidised or fully
reduced samples, which complicates the possibility of obtaining
reliable data. As an alternative to the use of pseudocontact shifts,
a docking simulation between cytf and cytc was performed by
using the BiGGER software.[19, 20] 5000 putative geometries
generated by BiGGER were independently assessed and ranked
in terms of both the standard scoring function[19] and the
experimentally obtained data. The results of each ranking
procedure are presented in Figure 6. The results that used only

Figure 6. Comparison of (A) the ab initio and (B) the experimentally ranked
docking geometries as generated by the BiGGER program.[19] Cytf is depicted as
the C� trace with the haem group in spacefill. The geometric centre of cytc is
represented by spheres in each of one thousand docking geometries (left) and the
top fifty geometries (right). The colour coding indicates the ranking position on a
scale from green to red with red to indicate more favourable ranking.

the scoring function as implemented by the BiGGER program
were clear cut (Figure 6A). The front face of the haem region in
cytf (Site I) is unequivocally identified as the binding site for cytc.
When experimental constraints were used to rank the docking
configurations, however, the results were significantly different
(Figure 6B). While Site I remains the favoured site of interaction,
several other regions of the cytf surface were identified as
potential binding sites for cytc. In particular, there is a
preponderance of favourable docking orientations directly
opposite Site I. Binding curves derived from the NMR spectros-
copy titration indicate that there are two binding sites for cytc.

The experimentally ranked docking calculations suggest that
these binding sites are Site I and Site II. These two top-ranking
docking configurations are illustrated in Figure 7. Cytf is sand-
wiched between two molecules of cytc, which are approximately

Figure 7. The top-ranking orientations of cytc at Site I and Site II. Cytf is depicted
in ribbon representation and cytc as the C� trace with the residues for which
constraints were used indicated by black spheres for the backbone N atom. The
two binding sites on cytf are also shown in detail. Aliphatic and aromatic residues
are coloured grey and the haem group is coloured black. The figure was drawn
with the program Molscript.[27]

interchangeable by a 180� rotation about an axis defined by the
Fe atoms of each cytc and centred on the C� atom of the G158
residue in cytf. The Fe ± Fe distances between cytf and cytc are
14.1 ä at Site I and 19.0 ä at Site II. Of the thirty-one constraints
used in the experimental ranking procedure, eight were violated
at Site I, and nine were violated at Site II.

Cytc and Pc

No significant effects were observed in the 1H-15N HSQC spectra
upon titration of P. laminosum Pc into yeast 15N-cytc. Despite the
addition of 2.5 molar equivalents of Pc, the cytc resonances did
not demonstrate any line broadening and only one backbone
amide experienced a change in chemical shift. The resonance of
the amide proton, 1HN, of Lys79 was shifted by 0.05 ppm.
Assignments for cytc at 200 mM NaCl indicate that this 1HN

proton, whose signal shifts by almost 0.2 ppm, has one of the
most salt-sensitive resonances in the protein (Figure 5). It is likely
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that the small shift of this proton in the presence of Pc reflects a
change in the solvent ionic strength, which possibly arises from
electrostatic screening by Pc. In contrast to the results reported
for the interactions of cytc and cytf, it can be concluded that no
complex is formed between cytc and Pc. This is in agreement
with laser flash photolysis measurements on horse heart cytc and
Pc, which demonstrate that there is no significant electron transfer
reaction (C. Lowe, M. A. De la Rosa; personal communication).

Competition for the binding site on cytf

Site I of cytf has been identified as a binding site for both cytc
(this work) and the natural partner Pc.[14] For this reason, we
investigated competition between P. laminosum Pc and cytc for
Site I on cytf. Complex formation in a cytf/15N-cytc (1:1) sample
was monitored as described above. Unlabelled Pc was titrated
into this sample to 1.6 molar equivalents and competition for
binding at Site I was inferred from changes in the ��Bind effects
observed for the 15N-labelled cytc. A similar experiment was
performed with a 1:1 sample of cytf and 15N-Pc. Unlabelled cytc
was titrated into this sample to 2.0 molar equivalents. Regions
from the overlaid 1H-15N HSQC spectra of the free proteins, the
complex and the complex in the presence of the ™competitor∫
protein are illustrated in Figure 8. The ��Bind value decreased as

Figure 8. A) A region of the overlaid 1H-15N HSQC spectra of free 15N-cytc (black),
a 1:1 complex of cytc and cytf (blue) and a 1:1 cytc/cytf solution with 1.6 M equiv
Pc (red). B) A region of the overlaid 1H-15N HSQC spectra of free 15N-Pc (black), a
1:1 complex of Pc and cytf (blue) and a 1:1 Pc/cytf solution with 2.0 M equiv cytc
(red).

the concentration of competitor was increased. Likewise, the
magnitude of the line broadening decreased, which indicates
that more of the labelled protein was in the free form. It can
therefore be concluded that the addition of competitor protein
tends to disrupt the observed complex. The results of the
competition experiments are plotted in Figure 9. ��Bind values
observed for 15N-cytc resonances decreased on average by fifty
percent in the presence of 1.6 equivalents of P. laminosum Pc. For
some resonances there was no significant decrease. Anomalous
effects were observed for Lys79 and Lys87, which showed
behaviour similar to that observed in the salt titration (Figure 5).

Figure 9. (A) and (B) illustrate the effect of the presence of (�) no Pc, (�)
0.5 equiv, (�) 1 equiv and (�) 1.6 equiv Pc on ��Bind values for a 1:1 15N-cytc/cytf
mixture. (C) and (D) illustrate the effect of the presence of (�) no cytc, (�)
0.5 equiv, (�) 1 equiv and (�) 2.0 equiv cytc on ��Bind values for a 1:1 15N-Pc/cytf
mixture.

Similar results were seen for the case in which the effects on
bound 15N-Pc were observed. At two equivalents of cytc, the
��Bind values observed for 15N-Pc resonances decreased by 60%.
It has previously been shown that the complex between cytf and
Pc remains intact in the presence of 200mM NaCl.[14] In contrast, the
cytf ± cytc complex is disrupted at high ionic strength. A sample
containing cytc/cytf/15N-Pc (2:1:1) was also investigated at 200 mM

NaCl. As might be expected, several of the 15N-Pc resonances were
restored to their original ��Bind values as observed in the absence
of cytc. However most of the resonances were unaffected.

Discussion

Interactions of cytf and cytc

Although cytc is a nonphysiological partner for cytf, the results
presented above demonstrate that the proteins are capable of
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complex formation. Considering the net charges under neutral
pH conditions (�14 for cytf and �8 for cytc), a strong
electrostatic attraction is expected for these partners. Addition
of NaCl to increase the ionic strength tends to inhibit the
interaction of the proteins, which indicates that the complex is
indeed electrostatic in nature. These results are in agreement
with the work of Wagner et al. , who have shown that the rate of
reduction of horse cytc by intact cytochrome bf molecules from
P. laminosum decreased sharply above an ionic strength of
70 mM.[28] Pc has a net charge of �3 and does not form a
complex with yeast cytc. In a previous 1H NMR spectroscopy
study, small chemical shift changes (�0.05 ppm) were observed
for horse cytc in the presence of pea plastocyanin.[16] These
results were interpreted as representing a dynamic ensemble of
electrostatic complexes. In this case the acidic patches of the
plant Pc favour an electrostatic interaction.

A model for specific complex formation based on electro-
statics alone is, however, clearly inadequate. It has been shown
that hydrophobic interactions play a vital role in stabilising
protein complexes.[29] In order to obtain a specific complex
from a dynamic ensemble it is necessary to bury hydrophobic
residues in the complex interface. The relatively large chemical
shift changes observed in the presence of cytf suggests that
cytc maintains a specific orientation for a significant fraction
of the complex lifetime. A combination of NMR spectroscopy
and protein docking simulations made it possible to identify
two cytc binding sites on cytf. This is in stark contrast to both
the dynamic ensemble observed for cytc with plant Pc,[16] and
to the absence of complex formation with the cyanobacterial
Pc.

When cytc binds at Site I of cytf, the hydrophobic residues
around the two haem groups are brought into close proximity. A
similar hydrophobic stabilisation can be envisaged when cytc is
bound at Site II. In this orientation the complex interface
encompasses a cluster of six hydrophobic residues surrounding
the carbonyl oxygen of residue His25 and the fifth haem ligand
of cytf (Figure 7). Four of these residues (Ala22, Leu26, Phe236
and Gly237) are invariant across the thirty-three known cytf
sequences. The Ala27 residue, which participates in the buried
water chain, is conserved in all but two sequences. The amino
acid Ala28 is strongly conserved among cyanobacterial sequen-
ces but occurs predominantly as a Gln or Asn residue in plant
and algal sequences. It is noteworthy that residues Phe236 and
Gly237 occur in the sequence Gly-Gly-Phe-Gly-Gln, the only
invariant element of the primary structure of cytf apart from the
haem-binding motif. The sequence alignment indicates that
Site II is a highly conserved region of cytf. Furthermore the site is
hydrophobic in nature. In general, redox proteins are charac-
terised by a hydrophobic patch that surrounds the port of entry
and exit for electrons. This suggests that Site II may be a true
electron transfer site, possibly for the Rieske protein in the
cytochrome bf complex. A crystal structure is available for the
C-terminal domain of the Rieske protein from spinach.[30]

Docking simulations between this fragment and cytf resulted
in favourable docking at both Site I and site II. In the absence of a
crystal structure of the cytochrome bf complex, the accessibility
of Sites I and II of cytf in vivo remains to be established. It has

been suggested that cytf lies close to the membrane within the
tight confines of the thylakoid space.[31]

A clearly defined region on the surface of cytc is involved in
the interaction with cytf (Figure 3A). The complex of yeast cytc
and its physiological partner cytochrome c peroxidase was
characterised recently by heteronuclear NMR spectroscopy.[32]

Figure 3B illustrates the chemical shift map of cytc in the
presence of Ccp. The gross features of the binding site on cytc
are similar for the complexes with both cytf and Ccp, although
the interface is considerably more extensive in the latter. On
average, larger��Bind effects were observed for the Ccp complex,
which was investigated at 100 mM NaCl. These differences can be
attributed to co-evolution of cytc and Ccp to optimise molecular
recognition and complementarity, which gives rise to a binding
constant at least one order of magnitude higher than the
nonphysiological complex.

The structure of the P. laminosum Pc ± cytf complex was
determined recently by using pseudocontact restraints.[14] It
was found that hydrophobic interactions predominate in this
complex. In contrast, the nonphysiological cytc ± cytf complex
also relies on favourable electrostatic attractions between the
proteins. It is clear, therefore, that cytf can utilise different
interactions with different partners in vitro. The behaviour in vivo
is more complicated as was demonstrated for the oxidation of
cytf in Chlamydomonas reinhardtii. While electrostatics are
important for the in vitro reaction with Pc, it was demonstrated
that the removal of complementary charges on cytf had no
effect on the reaction in whole cells.[33]

Competition for the Pc binding site

The present work demonstrates that cytf has two binding sites
for cytc, one of which (Site I) is homologous to the Pc binding
site. It has also been shown that cytc and P. laminosum Pc do not
form a complex. Therefore it was possible to investigate
competition between Pc and cytc for Site I on cytf. It is clear
from Figures 8 and 9 that the presence of the competitor protein
prevents complex formation between cytf and the labelled
protein (cytc or Pc). The results appear to be similar in both
cases. However, cytc is the stronger competitor since it can bind
at two sites on cytf. The binding constant for the Pc ± cytf
complex is on the order of 102M�1. It is surprising therefore that
Pc is capable of competing with cytc. This suggests that the
mode of competition is more complicated than mere steric
occlusion of the binding site.

It was noted that the resonances of residues Lys73 and Lys87
behaved similarly in both the salt titration (Figure 5) and the
competition experiments (Figure 9). It is conceivable therefore,
that the inhibition of cytc binding in the presence of Pc could be
the result of electrostatic screening. In this case, Pc behaves as a
counterion to cytc and thereby hinders the interaction with cytf.
This idea is supported by the observation that the Lys79 residue
of cytc is similarly sensitive to the presence of either Pc or NaCl,
as described above. Furthermore the bimolecular association
step is different for a molecule approaching free cytf from that
for a molecule approaching cytf in a complex with either partner.
Thus, while electrostatic effects are not crucial for the cytf ±Pc
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complex, they may gain in importance when a molecule of cytc
is already bound to cytf and the net effective charge is�6 (or�2
for two molecules of bound cytc) rather than �14. This change
in charge could lead to an enhancement of the bimolecular
association. Additional complications concern the possibility of
fluxionality. When one site is already occupied the second
protein may bind at an alternative site with increased affinity.[34]

Clearly these questions need to be addressed in the future with
the hope of understanding the specificity and dynamics of
proteins with multifarious roles in the cell.

The identification of two cytc binding sites may be of
relevance for the interactions of cytf with the natural partner
cytochrome c6 , which functions as an alternative electron carrier
to Pc in certain cyanobacteria and algae when grown under
copper-depleted conditions.[35, 36] The complex of cytf and
cytochrome c6 is currently under investigation.

Experimental Section

Protein preparation : All protein samples were produced by
heterologous expression in E. coli. Unlabelled and uniformly 15N-
labelled cytc (C102T) were isolated and purified as described
previously.[37, 38] The preparation of unlabelled cytf and Pc and
uniformly 15N-labelled Pc was performed according to previously
published methods.[14, 39]

NMR spectroscopy samples : Protein interactions were investigated
for the diamagnetic species only and reducing conditions were
maintained by the presence of sodium ascorbate. Protein solutions
were concentrated to the required volume in Millipore Ultrafree
centrifuge tubes with a 5 kDa molecular weight cut-off and
exchanged into a solution containing potassium phosphate
(10 mM; pH 6.0), D2O (10%) and sodium ascorbate (1.0 mM). Protein
concentrations were determined by optical spectroscopy by using
extinction coefficients �550�27.5mM�1 cm�1 and �556�31.5mM�1 cm�1

for the ferrous forms of cytc and cytf, respectively. The concentration
of Pc was determined for the cupric form by using an �597 value of
4.3mM�1 cm�1.

To investigate complex formation between cytc and cytf, microlitre
aliquots of a 4.2 mM cytf stock solution were titrated into an NMR
spectroscopy sample containing 15N-cytc (0.85 mM). After each
addition of protein, the pH value of the sample was verified and
1H-15N HSQC spectra were recorded. Reverse titrations were also
performed in which 15N-cytc (1.5 mM) was titrated into cytf samples
(0.4 and 0.7 mM). To study the effects of ionic strength on the
complex, a sample containing cytf/cytc (1.4:1) was titrated with NaCl
to a final concentration of 200 mM. A similar salt titration was
performed on a 2:1 cytc/cytf sample. To study the interactions of cytc
and Pc, the latter protein was titrated into a 15N-cytc sample
(0.25 mM) to 2.5 molar equivalents. Competition between cytc and Pc
for the binding site on cytf was investigated by using ternary
mixtures. Samples containing cytf (0.4 mM) and the labelled partner,
15N-Pc or 15N-cytc (0.4 mM), were prepared. Microlitre aliquots of the
third component, unlabelled Pc or unlabelled cytc, were titrated to
approximately 0.5, 1 and 2 molar equivalents and the effects on the
labelled protein were observed. Control measurements were
recorded on the pure proteins under identical conditions.

NMR spectroscopy : All measurements were performed on a Bruker
DMX 600 NMR spectrometer at 300 K. 1H-15N HSQC[40] spectra were
acquired with spectral widths of 40.0 ppm (15N) and 13.9 ppm (1H) to
investigate the interactions of cytc with cytf. Spectra of the ternary
mixtures were acquired with the same spectral widths except for
those containing 15N-Pc, which were acquired with spectral widths of
40.0 ppm (15N) and 17.9 ppm (1H). The XWINNMR program was used
for spectral processing, and analysis of the chemical shift perturba-
tion with respect to the free protein was performed with the XEASY
software.[41] Nuclei that experience chemical shift perturbation as a
result of binding (��Bind) were identified by subtraction of the
assignments for the free protein from the assignments in the
complex, as shown in Equation (1).

�� i
Bind �� i

complex �� i
free (1)

� i
complex and � i

free are the chemical shifts experienced by nucleus i in
the complex and in the free protein, respectively.

Binding curves : Binding curves were obtained by plotting ��Bind

values against the molar ratio of cytf :cytc. The data were fitted to
either a one-site or a two-site model by using the program SCIENTIST
(MicroMath, Salt Lake City, UT). The NMR spectroscopy experiment
cannot explicitly distinguish binding at Site I from binding at Site II.
Therefore, to avoid confusion, the model is described in general
terms for site a and site b. In the case of cytc binding to two distinct
sites on cytf, ��Bind is the sum of the contributions from each site as
given by Equation (2).

��Bind � ��a
max

fca

ct
���b

max

fcb

ct
(2)

��a
max and ��b

max are the maximum chemical shift changes at site a
and site b, respectively, fca and fcb represent the amount of cytc
bound at site a and site b on cytf and ct is the total amount of cytc.
The binding constant for site a is given by Equation (3),

Ka � fca

cf
(3)

where c and f are the concentrations of free cytc and free cytf.
Assuming nonequivalent, noninteracting binding sites, Equation (3)
can be rewritten as Equation (4).

Ka � fca

�ct � fca � fcb� �f t � fca� (4)

By analogy, a similar equation can be derived for Kb and combination
with Equation (4) yields the relationships given by Equations (5) and
(6).

fca � Ka (ct� fca� fcb) (ft� fcb) (5)

fca � ct� fcb � fcb

Kb�f t � fcb� (6)

ft and ct are related to the concentration of the stock solution of cytf
(f0), the initial concentration of cytc (c0) and the molar ratio R (ft/ct) by
Equations (7) and (8).

ft � R f 0 c0

�R c0� � f 0
(7)

ct � f 0 c0

�R c0� � f 0
(8)

Numerical solutions to Equation (2) were obtained by nonlinear least
squares fitting of the model, with R and ��Bind values as the
independent and dependent variables, respectively.
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Protein docking : The coordinates for cytf,[6] cytc[17] and the Rieske
protein[30] were obtained from the Brookhaven Protein Data Bank
(accession codes 1ci3, 1ycc and 1rfs, respectively). Docking simu-
lations between cytf and cytc were performed by using the docking
program BiGGER. The procedure implemented by this program has
been adequately described in the literature[19, 20] and is presented
here in brief. The program consists of two modules. In the first
module, a population of docked geometries with maximal surface
matching and favourable intermolecular amino acid contacts is
generated. To do this, the shape of each molecule is represented by a
3D matrix of 1 ä3 cells and an exhaustive grid search is performed in
which the matrix that defines one molecule systematically explores
the matrix that represents the partner molecule. In the second
module the docking results are ranked according to a global scoring
function composed of four terms; surface matching, side-chain
contacts, electrostatics and solvation energy.

The docked geometries were also ranked, independently of the
standard method, by using the experimentally obtained information
about the complex interface. Nuclei that experienced a ���Bind �	
0.03 (1HN) or �0.10 (15N) were translated into distance constraints on
the assumption that they must be within 5 ä of any atom on the
partner protein. The scoring is based, therefore, on the number of
satisfied constraints in each of the docked geometries. A total of
thirty-one NMR-spectroscopy-derived constraints were used in the
experimental ranking procedure.
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