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Abstract

that the apoptosome is not assembled.
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A structural model of the adduct between human cytochrome c and the human anti-apoptotic protein Bcl-x,, which defines
the protein-protein interaction surface, was obtained from solution NMR chemical shift perturbation data. The atomic level
information reveals key intermolecular contacts identifying new potentially druggable areas on cytochrome c and Bcl-x,.
Involvement of residues on cytochrome c other than those in its complexes with electron transfer partners is apparent. Key
differences in the contact area also exist between the Bcl-x, adduct with the Bak peptide and that with cytochrome c. The
present model provides insights to the mechanism by which cytochrome c translocated to cytosol can be intercepted, so
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Introduction

Cytochrome c is a small soluble heme protein loosely associated
with the inner membrane of the mitochondrion, where it acts as an
electron carrier between the two terminal complexes of the
respiration chain, cytochrome bc, and cytochrome c oxidase [1],
[2]. The release into the cytosol of cytochrome c is a critical early
event in mitochondrially mediated apoptotic cell death [3]. Upon
extrusion into the cytosol, cytochrome ¢ forms the apoptosome
with Apaf-1 and pro-caspase-9, initiating the caspase cascade of
reactions that leads to apoptosis [4]. In absence of cytochrome c,
cytosolic Apaf-1 is unable to bind pro-caspase-9 and caspase
activation does not occur. Despite its celebrity, the mechanism of
cytochrome c release remains largely elusive. It has been proposed
to occur in two steps: the upstream event of cytochrome c
dissociation from the inner membrane that renders it available for
the subsequent release into the cytosol upon permeabilization of
the outer mitochondrial by oligomeric pro-apoptotic members of
the Bcl-2 family of proteins [5]. Oxidative damage of cardiolipin, a
phospholipid that constitutes about 20% of the total lipid
composition of the inner membrane, may cause the cytochrome
¢ detachment from the inner membrane [5], [6]. The external
membrane permeabilization step is both positively and negatively
regulated by members of the Bel-2 family of proteins (7], [8], [9],
through their cytosol-to-external mitochondrial membrane redis-
tribution by means of activated processes [10], [8]. The BH3-only
proteins initiate apoptosis through binding to pro-apoptotic Bax or
Bak and recruiting them to the membrane, where they form large
complexes that generate membrane spanning pores, hence making
the membrane permeable [11]. Anti-apoptotic members of the
Bcl-2 family, such as Bcl-xy, are structurally similar to Bax but
inhibit the membrane permeabilization process, do not oligomer-
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ize and do not form pores [12]. They might inhibit apoptosis by
acting as if they were a dominant-negative version of Bax by
competing with it for binding to the outer membrane [12].

Pro-survival proteins like Bcl-x, do prevent cytochrome c
release into the cytosol: a number of diverse protein-protein
interactions have been proposed to be at the basis of such a
process. There have been reports that Bcl-x;, can block the
formation of the apoptosome associating itself with Apaf-1 and
caspase-9 to produce an anti-apoptotic ternary complex [13], [14].
On the other hand cytochrome ¢ was found to interact specifically
with Bcl-x;, i witro with an affinity that closely matches the
reported affinities of BH3 peptides/domains for Bel-xp, [15]. The
bimolecular binding rate of Bcl-xy, to cytochrome c is also within
the range set by dimerization of Bcl-2 family proteins, and by
BH3-Bcl-2 protein interactions [15].

In the present study, we report an NMR-derived model
structure of human Bcl-xr, in complex with human cytochrome
¢, in its iron(I) form that should represent the relevant redox state
for heme iron in the reducing environment of the cytosol. Based
on this model, insights into the role of specific amino acids on both
partner molecules for the establishment of key interactions are
obtained that offer structural basis for the rational design of
inhibitors.

Results and Discussion

Chemical shift changes provide a highly sensitive tool for
identifying the residues that play a role in interprotein interactions.
NMR chemical shift perturbations of backbone amides in Bel-xy,
and reduced cytochrome c reveal that the two proteins form
detectable amounts of an adduct. The observed chemical shift
variations are small (Fig. S1 and Fig. S2), but increase in a
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saturable manner upon titration (Fig. S3). The interaction between
cytochrome ¢ and Bcl-x;, has been reported to be strongly
dependent on ionic strength [15]: in 50 mM phosphate buffer, the
Kgqof 1.2 1077 M at 80 mM NaCl increases by ncarly 12-fold in
the presence of 600 mM NaCl. The relatively high concentrations
required for the NMR experiments of these two heavily charged
proteins (total charge: —14 for Bcl-x;, and +9 for cytochrome c)
contribute to the increase of the overall ionic strength of the
solution, setting us farther from the optimal conditions for the
complex formation. Consistently, the Ky values estimated from
our chemical shift data (Fig. S3), although measured at 50 mM
phosphate buffer and 150 mM NaCl, are of the order of 1 mM.
The maximum chemical shift variation here observed for
cytochrome ¢ resonances is about %4 of the maximum value
reported for cytochrome c in its interaction with cytochrome bs,
where a Ky of 2 mM was estimated [16]. For the same system,
increasing salt concentration was reported to lead to the uniform
decrease of the observed chemical shift perturbation values for all
affected residues of both proteins [17]. The low affinity of the
complex combined with the intrinsic low solubility of Bel-xj,
prevented us from achieving protein concentrations in solution
higher than 500 uM for the anti-apoptotic protein, that would
have provided larger amount of the bound state and therefore
larger chemical shift perturbations.

An overall increase in '°N transverse relaxation rate values, Ry,
is observed upon titration of Bcl-xr, with cytochrome c, which is
consistent with an increase in the overall tumbling correlation time
upon complex formation [18]. An accurate measure of N R, in
the complex, however, was hampered by the low stability of Bcl-
xr, caused by local sample heating associated to this type of
measurements.

Residues whose chemical shift values are affected by the
presence of the partner molecule, when mapped on the proteins’

contacts with repetition frequency >30 are listed.

Bcl-x, - Cytochrome C Complex

surface, were confined to well defined areas, suggesting the
formation of a specific, albeit transient, complex. The restraints
derived from the NMR experiments were used as input data for
docking calculations for the human cytochrome c—Bcl-xp, system
with the program HADDOCK [19] and unequivocally define the
interface on both proteins.

The obtained ensemble of structural models is constituted by a
well defined cluster (Table S1) of 128 conformers with backbone
RMSD of 0.8+0.5 A from the overall lowest energy structure.
The dominant contribution to the total interaction energy comes
from the electrostatic term. This is consistent with the experimen-
tal finding that the interaction affinity is reduced by an increase in
lonic strength [15].

A buried surface area of the order of about 2,000 A% was
identified, which contrasts with the short-lived nature of the
complex, for which values <1,200 A% would be expected. A
similar situation has been already reported for the cytochrome
c¢—Cuyu adduct and explained in terms of a biased picture resulting
from the docking procedure [20]; dense networks of intermolec-
ular contacts are provided in the same structural model as if they
could be contemporarily present, whereas, reasonably, only a
fraction of them is actually formed on average. This situation
results from the fact that all the active residues in HADDOCK
calculations are treated equivalently, without any attempt to score
them on the basis of relative importance to the affinity of the
complex. Consistently with this view, the relatively large restraint
violation energy hints that none of the calculated structures
satisfies all the experimental constraints. Observed chemical shift
perturbations in solution reflect the average effect of various
mterconverting adducts with slightly different binding contacts, as
summarized in Table 1. Considering all the identified contacts (as
shown in Fig. 1), they define a large and flat contact area between
the two partner proteins, that may constitute a valuable guide for

Table 1. Intermolecular contacts statistics calculated over the 128 model structures of cluster 1 obtained by HADDOCK; all

Interacting residues

Interaction type Frequency

Bcl-x, cytochrome c

Glu96 (Oe1, Og2) Lys53 (HZ1,HC2,HE3) H-bond 141
Arg100 (Hn12, Hn21, Hn22) Gly41 (CO) H-bond 64
Tyr101 (Hn) Ala43 (CO) H-bond 31
Tyr101 (Ce1,Cy,C0) Ala43 (Co,CB) non-bonded contact 195
Asp133 (052) Lys25 (HC1,HC2,HC3) H-bond 87
Asp133 (081, 032) His26 (HN) H-bond 36
Asn136 (H421, H522) His26 (CO) H-bond 44
Asn136 (CB,Cy) Tyr46 (Co1) non-bonded contact 82
Trp137 (CP) Ser47 (CB) non-bonded contact 43
Gly138 (CO) Gly45 (CO) non-bonded contact 54
Gly138 (Co) Tyr46 (CO,Co) non-bonded contact 128
Thr190 (Cy2) Lys79 (Ce) non-bonded contact 42
Phe191 (Cel) Ser47 (CB) non-bonded contact 32
Leu194 (CO) Ala50 (NH) H-bond 47
Leu194 Backbone (CO) Ala50 (CP) non-bonded contact 32
Tyr195 (OH) Lys53 (HC1,HC2,HC3) H-bond 48
Tyr 195 (Co,C31) Ala50 (CB) non-bonded contact 72
Ser203 (Hy) Asn54 (0581) H-bond 45

doi:10.1371/journal.pone.0018329.t001
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Figure 1. Cytochrome c—Bcl-x, adduct. Residues on cytochrome c
(gray and cyan) and Bcl-x, (pink and violet) involved in intermolecular
contacts in our structural model. They have been mapped on the
lowest energy structure of our cluster of 128 conformers.
doi:10.1371/journal.pone.0018329.g001

future studies aimed at targeting the Bcl-xy, - cytochrome c
interaction.

Bcl-x, surface contacts with cytochrome ¢

The structure of Bel-xy, consists of seven helices (according to
the PDB analysis of 1LXL) of variable length and a long flexible
loop, spanning residues 45 to 84 [21], [22]. The C-terminal part
contains a hydrophobic tail proposed to constitute the anchoring
point in the membrane bound form. At the base of this short tail
the protein fold forms a large and flat surface (Fig. 2), that in the
membrane-bound form should be oriented towards the mitochon-
drion. Residues in contact with cytochrome c are all located in this
area. In particular: Glu96 and Tyr101 are on helix-3; Glu129 and
Argl39 are the penultimate and the first residue, respectively, of
helix-4 and helix-5, which are antiparallel to each other and
perpendicular to helix-3; residues 133-138 are on the loop
connecting helix-4 to helix-5; Trp181, Glu184 and Asn185 are on
helix-7 and Thr190, Glul93 and Leul94 on helix-8, two short
helices roughly parallel to helix-3; finally, the last two residues
forming contacts are Tyr195, immediately after helix-7 and
Ser203 at the base of the C-term tail.

Their spatial location with respect to the anchoring tail suggests
that cytochrome c is captured by the protein just at its entrance
into the cytosolic space.

Argl139, whose mutation into Glu has been reported to inhibit
the anti-apoptotic activity of Bcl-x;, [22], is involved in the
interaction with cytochrome c¢ and also with the Bak peptide;
otherwise the contact surfaces residues of Bcl-x;, with the two
counterparts do not coincide. Complexation of Bcl-xj, with the
pro-apoptotic Bak peptide(s) has been reported to occur through
an extended interaction with the hydrophobic cleft of Bcl-xy,
defined by helices 3 and 4; in addition a few charged side chains of
opposite signs on the two partners are facing each other [22].

The non-coincidence of the contact surface areas in the two
adducts may provide hints for differently targeting the pro-
apoptotic and the anti-apoptotic protein-protein interactions.

Cytochrome c surface contacts with Bcl-x, and
comparison with cytochrome c electron transfer
complexes

The cytochrome c fold presents five o-helices and a short
antiparallel B-strand on one face and two extended loops on the
other (Fig. 3) [23], [24], [25], [2]. The two loops sandwich on the
heme providing the two axial ligands of the heme iron i.e. His18
and Met80. The porphyrin ring is partially solvent exposed on the
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Figure 2. Bcl-x, interaction areas. Ribbon representation of the
structure of Bcl-x,: the putative transmembrane hydrophobic tail points
towards the bottom part of the picture. Residues involved in contacts
with cytochrome c are represented as blue spheres. The Bak peptide is
shown in magenta and its interaction area has only a few contact points
with that defined for cytochrome c.
doi:10.1371/journal.pone.0018329.9002

side defined by the two loops. Residues on cytochrome c involved
in contacts with Bel-xy, are located on the two loops, the helix-3
(also called 50’s helix) and on the B-strand (Fig. 3A). Although
input active residues in HADDOCK calculations are treated
equivalently without any attempt to score them on the basis of
relative chemical shit perturbation, the interaction areas resulting
from the calculations are centered on the most affected residues
i.e., His26 and Gly41. Interestingly, the only known pro-apoptotic
mutant of cytochrome is G418 [26], a variant bearing a mutation
on a residue of the B-strand found to form an H-bond with Arg100
of Bcl-xy, in 64 out of 128 structures of our ensemble. The
chemical shift of the amide of Gly41 is the second most affected
signal of cytochrome c. However, residues proposed to play a role
in the interaction with Apaf-1 [27], [28], with the exception of
Lys25, do not match those identified here as contacts with Bel-xy..
Lys25 side chain forms an H-bond with Asp133 of Bel-xy, in 87 out
of 128 conformers of our cluster 1. Consistently, the two residues
adjacent to it, Gly24 and His26, do experience chemical shift
perturbations upon binding to Bcl-x;, with His26 being the most
affected amide on cytochrome c. Unfortunately, the low resolution
of the recent structure of the apoptosome obtained by cryo-EM
prevented any inference regarding intermolecular contacts involv-
ing cytochrome ¢ [29], [30].

The observed distribution of contact residues on cytochrome c
differs from that in its electron transfer complexes (Fig. 3B-D), as
detailed below.

April 2011 | Volume 6 | Issue 4 | 18329
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Figure 3. Hydrophobic and electrostatic contacts in cytochrome ¢ complexes. Residues involved in hydrophobic (blue spheres) and in
electrostatic/H-bond (red spheres) interactions are shown for: (A) human cytochrome c and Bcl-x;, (B) cytochrome ¢ss, and cytochrome c oxidase, (C)
S. cerevisiae cytochrome c and cytochrome bc;, (D) S. cerevisiae cytochrome c and cytochrome ¢ peroxidase adducts. In the four panels, cytochrome ¢
is represented with an orientation where the “loop face” points towards the observer.

doi:10.1371/journal.pone.0018329.9003

Efficient electron transfer between cytochrome c¢ and its
counterparts in the respiratory chain requires rapid adduct
formation and rapid product dissociation as well as the
achievement of proper orientation of the partner proteins in the
transient adduct to optimize the electron transfer rate. Such
requirements are reflected in the high Ky values, namely in the
uM-mM range [31], [32], and in the nature of key interactions
involving surface residues surrounding the heme crevice of
cytochrome c. The optimal interfacial arrangement is tuned by
hydrophobic interactions among short range contacts. The
transient nature of the complex is assured by the possibility to
switch on and off the potential electrostatic interactions among
residues of different sign surrounding the contact central region on
the two proteins. Long-range recognition of the partners is driven
by non-specific electrostatic interactions that rely on the presence
of large patches of opposite charge on the two protein surfaces.

No structural information is available for the eukaryotic
cytochrome ¢ - cytochrome c oxidase complex. Given the high
homology in the involved protein domains, the bacterial complex
has been proposed in the literature as a suitable model system to
achieve functional information that can be extrapolated to its
eukaryotic counterpart [20], in spite of the much higher structural
complexity of the cytochrome ¢ oxidase of the latter. Even if the
per residue contacts may be different in the eukaryotic complex,
the overall interaction areas are expected to be the same. In the
various conformers of the structural model of the adduct between
cytochrome cs59 and the CuA subunit of cytochrome ¢ oxidase

@ PLoS ONE | www.plosone.org

from Paracoccus demitrificans (Fig. 3B) [20] common hydrophobic
patches (involving residues Ala16, Val26, Ala79, Phe80, and Ala81
on the cytochrome cs59) are found, while different networks of
electrostatic intermolecular interactions are established within
negatively charged Asp and Glu contiguous to the central
hydrophobic surface area on cytochrome c oxidase and the
positively charged Lys residues, namely Lys13, Lysl5, Lysl9,
Lys70, Lys74 and Lys77, surrounding the heme crevice on the
cytochrome csso.

In the crystal structure of the complex between cytochrome c
and cytochrome bc; from Saccharomyces cerevisiae (Fig. 3C) [33] the
interaction with the subunit cytochrome ¢, of the enzyme is mainly
mediated by non polar contacts involving residues Thr12, Argl3,
Val28 and Ala81 on cytochrome c. Weak, polar interactions
mvolving Lys79 and Lys86 are present, while additional
electrostatic interactions (i.e. cytochrome c Lys87) have been
proposed to modulate intermediate states and the unbinding step.

The crystal structure of the complex between S. cerevisiae
cytochrome ¢ and its redox soluble partner cytochrome c
peroxidase reveals that hydrophobic interactions are the predom-
mant forces holding the complex together (Fig. 3D) [34]. On the
side of cytochrome c, they involve residues Leu9, Argl3, GInl6,
Cysl7, Ala81, Phe82, Gly83 and Lys86. The side chains of Asn70,
Lys73 and Lys87 are potentially involved in hydrogen bonds and/
or salt bridges.

The key residues for the interaction of cytochrome c with its
various redox partners do not coincide but identify similar contact
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areas. In this binding mode, defined as the “pyrrole II"” mode [35],
on the side of cytochrome c the interaction is centred on the heme
crevice defined by the two loops, where atoms of the porphyrin
ring become partially exposed. The differences in the various
complexes might account for the structural features of the two
examined cytochromes (for example cytochrome cs50 has a
different conformation of the distal loop due to the different
length of this structural element: 13 amino acids vs. 17 amino acids
in the yeast protein) as well as differences in the nature of residues
on the surface the partner proteins. Slightly different slides of the
various redox enzymes on cytochrome c surface to optimize
intermolecular contacts finely tune the interaction and results in a
different involvement of peripheral residues.

Cytochrome c in the anti-apoptotic complex shares only a few
contact residues with the electron transfer adducts. Here, the core
interactions are centred on the left side (according to the view of
Fig. 3) of the heme crevice. The loops are always involved,
reflecting the need of conformational adaptability to facilitate an
induced fit. At the same time, as the anti-apoptotic interaction
with Bcl-xy, does not require any electron transfer, doesn’t need
the involvement of the solvent exposed heme edge.

Further considerations about the recognition process

Our structural model clearly emerges from the NMR data and
is consistent with pro-apoptotic mutations reported for both
cytochrome ¢ and Bcl-x;.. One could question about the relevance
of such a weak complex for blocking the apoptosome formation.
Nevertheless, two key aspects should be considered. The relatively
high ionic strength of the solution needed for i vitro experiments
(as previously discussed) is such that affinity measurements are
done far from the optimal conditions for the interaction, and the
resulting Ky values are higher than they should be. Another
difference between the i vitro experiment and the environment
inside the cell is the reduced accessible surface area for a
membrane tail-anchored protein. In considering this aspect, one
should take into account the fact that, in our m wvitro NMR
experiments, both cytochrome ¢ and Bcl-xy, can freely diffuse in
three dimensions. The i vivo anti-apoptotic process of sequestra-
tion of cytochrome c¢ by Bcl-xr, can be seen as a bait and prey
process, where Bcl-xp, acts as bait when anchored to the external
mitochondrial membrane and therefore has restricted motions and
increased local concentration. The prey, cytochrome c, is “fished”
for by Bcl-x1, once released in the cytosol, where in principle it may
be a three dimensional diffusant, but the proximity of the
mitochondrial membrane may still influence its diffusion modes.
Reducing the dimensionality of the recognition process between
the two proteins may lead to a sensible increase in binding
efficiency.

Prospects

Apoptosis normally eliminates cells with damaged DNA or
aberrant cell cycle. Pro-survival proteins are therefore potentially
oncogenic. Clarifying how the Bcl-2 family governs apoptosis
might provide the ability to control the apoptotic threshold.

Conventional cytotoxic therapy indirectly induces apoptosis,
but more effective outcomes could be achieved by direct
activation of the apoptotic machinery. Promising approaches
include impairing expression of pro-survival proteins or identi-
fying drugs that inhibits their action. The identification of
interfaces between partner molecules provides targets for
pharmacological intervention; the protein-protein interaction
surface between Bcl-xp, and cytochrome c¢ here identified may
offer one of these targets.

@ PLoS ONE | www.plosone.org
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Materials and Methods

Protein samples

Full length human cytochrome ¢ was expressed and purified as
reported in the literature [36] in the unlabeled and '°N-labeled
form.

The Bcl-xp, construct used in our experiments contains residues
1-209 and lacks the C-terminal hydrophobic tail. The construct also
has four additional N-term residues (numbers —3 to 0). Unlabeled,
N-labeled and "*C,'*N labeled forms of the protein were used for
different NMR experiments. The protein was expressed and
purified by ProtEra through a custom protein production service.

Typical protein concentrations for NMR experiments were in
the 50 uM to 5 mM range, in 50 mM sodium phosphate buffer at
pH 7.3, 150 mM NaCl, ImM DTT and with 10% D,O for lock.

NMR spectroscopy

All NMR spectra were acquired at 300 K using Bruker
Advance spectrometers operating at proton frequencies of 500,
700, 800 and 900 MHz, all equipped with cryoprobes. A table
summarizing the NMR experiments performed is given in the
Supplemental Material (Table S2). NMR spectra were processed
with Topspin version 2.0 and analyzed with the program Cara
[37].

Interaction studies. Titrations of '’N human cytochrome ¢
with unlabeled Bcl-x;, and titrations of '°N-Bcl-x;, with unlabeled
cytochrome ¢ were followed through "H-">N HSQC. Looking at
the "’N-cnriched Bcl-x;, the system was studied until a ratio of Bcl-
x1: cytochrome ¢ 1:10. Looking at the "’N-enriched cytochrome ¢
we could reach a cytochrome c : Bel-xy, ratio of 1:20.

Assignment of Bcl-xy. Backbone resonance assignments of
Bel-x;, were performed through conventional multidimensional
NMR techniques based on triple resonance experiments, as
summarized in Table S2. The assignment was carried out starting
from the reported assignment (BMRB entry 6578) [38], that refers
to a dimeric form of the protein lacking the 45-84 flexible loop.
We have accomplished 84% and 80% assignment of the Co and
HN backbone resonances, respectively.

R, measurements. The generalized increase in '°N R,
relaxation rates of Bcl-x;, was used to monitor the increase in
average molecular size in the presence of 2-fold and 4-fold excess
of cytochrome c. The experimental details are provided in Table
S2. The local overheating typical of Ry measurements affects the
stability of Bel-xp, as revealed by "H-""N HSQC experiments
recorded in an interleaved manner during Ry experiments. The
effect becomes more important in the presence of cytochrome c
and is proportional to its concentration. Nevertheless an overall
increase in Ry, consistent with an increase in the correlation time
for tumbling was observed.

Chemical shift mapping

The interaction between cytochrome c¢ and Bel-xp, was
monitored through chemical shift changes of the signals from
the backbone amide moieties, whose magnitude increased upon
increasing concentration of the titrant (Fig. S1 and Fig. S2). The
extent of the changes was quantified through the following
equation (Garrett value) [39]:

AS(NH) = \/ 890 1)+ 8005

Kg values were obtained by plotting the weighted average
chemical shift variations of perturbed residues on the '’N-enriched
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Bel-xp, as a function of the concentration of the unlabeled partner
cytochrome c (Fig. S3) and were found to be in the 1-3 mM range.

Model structure calculations

A structural model of the cytochrome c—Bcl-x;, adduct was
obtained using HADDOCK program [19]. HADDOCK calcu-
lations were started with the coordinates of human cytochrome c
(PDB id: 1J3S) and human Bcl-x;, (PDB id: 1LXL). The starting
structure for cytochrome c is actually the first member of an
ensemble of 20 NMR conformers.

The docking process in HADDOCK is driven by ambiguous
interaction restraints (AIRs), which are derived from the available
experimental information on the residues involved in the
intermolecular interaction. A distinction is made between active
and passive residues: the former are residues which are involved in
the interaction and have a high solvent accessibility (i.e. >50%) in
the free-form protein, while the latter correspond to solvent-
accessible surface neighbors of the active residues.

The active residues defined for the present calculation are listed
in Table S3. The solvent accessibility was calculated with the
program NACCESS. The HADDOCK docking protocol consist-
ed in three steps: randomization of orientations and rigid body
minimization, semi-flexible simulated annealing in torsion angle
space and flexible solvent refinement where the structures
obtained after the semi-flexible simulated annealing are refined
in an explicit solvent layer.

Finally, the solutions were clustered following the two standard
criteria of the HADDOCK program 1i.e., a group of structures
forms a cluster if constituted by at least four members having a
ligand interface RMSD within 7.5 A. In our case, these criteria led
to the identification of four clusters, that were ranked according to
their HADDOCK score (defined as the weighted sum of van der
Waals, electrostatic, desolvation and restrains violation energy
terms). These four clusters contain 128, 21, 6, and 11 structures,
respectively. The structural statistics calculated over all structures
of each cluster are shown in Table S1. Cluster 1 is by far the best
in terms of RMSD and energy values. The RMSD value reported
in the 6™ column of Table S1 is the average RMSD from the
cluster to the lowest overall energy model, i.e. the lowest energy
structure of cluster 1. Cluster 1, with an overall RMSD value of
0.8 A, unequivocally defines the docking face for both proteins
and their relative orientations. Cluster 2 differs from cluster 1 in

References

1. Scott RA, Mauk AG (1996) Cytochrome c. A multidisciplinary approach.
SausalitoCalifornia: University Science Books.
2. Bertini I, Cavallaro G, Rosato A (2006) Cytochrome c: occurrence and
functions. Chem Rev 106: 90-115.
3. Liu X, Kim CN, Yang J, Jemmerson R, Wang X (1996) Induction of apoptotic
program in cell-free extracts: requirement for dATP and cytochrome c. Cell
(Cambridge,Mass) 86: 147-157.
4. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, et al. (1997)
Cytochrome ¢ and dATP-dependent formation of Apaf-1/caspase-9 complex
initiates an apoptotic protease cascade. Cell (Cambridge,Mass) 91: 479-489.
. Ott M, Robertson JD, Gogvadze V, Zhivotovsky B, Orrenius S (2002)
Cytochrome c release from mitochondria proceeds by a two-step process. Proc
Natl Acad Sci USA 99: 1259-1263.
6. Iverson SL, Orrenius S (2004) The cardiolipin-cytochrome c interaction and the
mitochondrial regulation of apoptosis. Arch Biochem Biophys 423: 37-46.

7. Adams JM, Cory S (1998) The Bcl-2 protein family: arbiters of cell survival.
Science 281: 1322-1326.

8. Cory S, Adams JM (2002) The Bcl-2 family: regulators of the cellular life-or-
death switch. Nat Rev Cancer 2: 647-656.

9. Cory S, Huang DCS, Adams JM (2003) The Bcl-2 family: roles in cell survival
and oncogenesis. Oncogene 22: 8590-8607.

10. Hsu Y-T, Wolter KG, Youle R]J (1997) Cytosol-to-membrane redistribution of
Bax and Bel-xp, during apoptosis. Proc Natl Acad Sci USA 94: 3668-3672.

11. Leber B, Lin J, Andrews DW (2010) Still embedded together binding to
membranes regulates Bcl-2 protein interactions. Oncogene 29: 5221-5230.

o

@ PLoS ONE | www.plosone.org

Bcl-x, - Cytochrome C Complex

the relative orientation of the two proteins, although the overall
contact surface area is the same.

Supporting Information

Figure S1 Plot of the chemical shift variation (Garrett values) of
the backbone cytochrome ¢ amide signals in the cytochrome
c—Bclxy, adduct. The horizontal line indicates the selected
chemical shift perturbation threshold.

(TIF)

Figure 82 Plot of the chemical shift variation (Garrett values) of
the backbone Bcl-x;, amide signals in the cytochrome c—Bcl-xy,
adduct. The horizontal line indicates the selected chemical shift
perturbation threshold.

(TTEF)

Figure 83 Fitting of the weighted average chemical shift
variations of three perturbed residues (Leu90, Gly94, Gly200) of
the "N-enriched Bel-x;, as a function of the concentration of the
unlabeled cytochrome c.

(TIF)

Table S1 Structural statistics calculated over all structures for
the 4 clusters obtained by HADDOCK calculations.
(PDF)

Table 82 Acquisition parameters for the NMR experiments; all
spectra were acquired at 300 K.

(PDI)
Table 83 HADDOCK active residues for Bcl-x;, and cyto-

chrome c.

(PDF)

Acknowledgments

We thank Prof. Federico Cozzolino (University of Florence) for providing
the Bcl-x;, plasmid, the helpful discussions and the careful reading of the
manuscript.

Author Contributions

Conceived and designed the experiments: IB PT. Performed the
experiments: SC RDC DL. Analyzed the data: DL RDC. Contributed
reagents/materials/analysis tools: SC. Wrote the paper: IB PT.

12. Billen LP, Kokoski CL, Lovell JF, Leber B, Andrews DW (2008) Bcl-x;, inhibits
membrane permeabilization by competing with Bax. PLoS Biol 6: e147.

13. Pan G, O’Rourke K, Dixit VM (1998) Caspase-9, Bcl-x;, and Apaf-1 form a
ternary complex. J Biol Chem 273: 5841-5845.

14. Hu Y, Benedict MA, Wu W, Inohara N, Nunez J (1998) Bcl-xp, interacts with
Apaf-1 and inhibits Apaf-1-dependent caspase-9 activation. Proc Natl Acad Sci
USA 95: 4386-4391.

15. Yadaiah M, Rao PN, Harish P, Bhuyan AK (2007) High affinity binding of Bcl-
X[, to cytochrome c: possible relevance for interception of translocated
cytochrome ¢ in apoptosis. Biochim Biophys Acta 1774: 1370-1379.

16. Shao W, Im SC, Zuiderweg ER, Waskell L (2003) Mapping the binding
interface of the cytochrome b5-cytochrome ¢ complex by nuclear magnetic
resonance. Biochemistry 42: 14774-14784.

17. Volkov AN, Ferrari D, Worrall JA, Bonvin AM, Ubbink M (2005) The orientations
of cytochrome ¢ in the highly dynamic complex with cytochrome bs visualized by
NMR and docking using HADDOCK. Protein Science 14: 799-811.

18. Cantor RC, Schimmel PR (1980) Biophysical chemistry. San Francisco:
Freeman, W.H.

19. de Vries SJ, van Dijk M, Bonvin AM (2010) The HADDOCK web server for
data-driven biomolecular docking. Nat Protoc 5: 883-897.

20. Bertini I, Cavallaro G, Rosato A (2005) A structural model for the adduct between
cytochrome ¢ and cytochrome ¢ oxidase. J Biol Inorg Chem 10: 613-624.

21. Muchmore SW, Sattler M, Liang H, Meadows RP, Harlan JE, et al. (1996) X-
ray and NMR structure of human Bel-xp, an inhibitor of programmed cell
death. Nature 381: 335-341.

April 2011 | Volume 6 | Issue 4 | 18329



22.

26.

27.

28.

29.

Sattler M, Liang H, Nettesheim D, Meadows RP, Harlan JE, et al. (1997)
Structure of Bel-x;-Bak peptide complex: recognition between regulators of
apoptosis. Science 275: 983-986.

. Brayer GD, Murphy MEP (1996) Structural studies of eukariotic cytochromes c.

In: Scott RA, Mauk AG, eds. Cytochrome c. A multidisciplinary approach.
Sausalito, California: University Science Books. pp 103-166.

. Banci L, Bertini I, Rosato A, Varani G (1999) Mitochondrial cytochromes c: a

comparative analysis. J Biol Inorg Chem 4: 824-837.

. Jeng WY, Chen CY, Chang HC, Chuang W] (2002) Expression and

characterization of recombinant human cytochrome ¢ in E. coli. J Bioenerg
Biomembr 34: 423-431.

Morison IM, Cramer Borde EM, Cheesman EJ, Cheong PL, Holyoake AJ, et al.
(2008) A mutation of human cytochrome ¢ enhances the intrinsic apoptotic
pathway but causes only thrombocytopenia. Nat Genet 40: 387-389.

Olteanu A, Patel CN, Dedmon MM, Kennedy S, Linhoff MW, et al. (2003)
Stability and apoptotic activity of recombinant human cytochrome c. Biochem
Biophys Res Commun 312: 733-740.

Yu T, Wang X, Purring-Koch C, Wei Y, McLendon GL (2001) A mutational
epitope for cytochrome ¢ binding to the apoptosis protease activation factor-1.
J Biol Chem 276: 13034-13038.

Yuan S, Yu X, Topf M, Ludtke SJ, Wang X, et al. (2010) Structure of an
apoptosome-procaspase-9 CARD complex. Structure 18: 571-583.

. Yuan S, Yu X, Topf M, Dorsgyn L, Kumar S, et al. (2011) Structure of the

Drosophila apoptosome at 6.9 A resolution. Structure 19: 128-140.

@ PLoS ONE | www.plosone.org

31.

32.

33.

34.

36.

37.

38.

39.

Bcl-x, - Cytochrome C Complex

Nooren IMA, Thornton JM (2003) Diversity of protein-protein interactions.
Embo Journal 22: 3486-3492.

Nooren IMA, Thornton JM (2003) Structural characterisation and functional
significance of transient protein-protein interactions. Journal of Molecular
Biology 325: 991-1018.

Lange C, Hunte C (2002) Crystal structure of the yeast cytochrome bel complex
with its bound substrate cytochrome c. Proc Natl Acad Sci USA 99: 2800-2805.
Pelletier H, Kraut J (1992) Crystal structure of a complex between electron
transfer partners, cytochrome c peroxidase and cytochrome c. Science 258:
1748-1755.

. Bertini I, Cavallaro G, Rosato A (2011) Principles and patterns in the interaction

between mono-heme cytochrome ¢ and its partners in electron transfer
processes. Epub ahead of print.

Wegerich F, Turano P, Allegrozzi M, Mohwald H, Lisdat I (2009) Cytochrome
¢ mutants for superoxide biosensors. Analytical Chemistry 81: 2976-2984.
Keller R, Wiithrich K (2002) A New Software for the Analysis of Protein NMR
Spectra.

Petros AM, Fesik SW, Olejniczak ET (2005) 'H, "*C and "N resonance
assignments of a Bel-xp, /Bad peptide complex. J Biomol NMR 32: 260.
Garrett DS, Seok Y], Peterkofsky A, Clore GM, Gronenborn AM (1997)
Identification by NMR of the binding surface for the histidine-containing
phosphocarrier protein HPr on the N-terminal domain of enzyme I of the
Escherichia coli phosphotransferase system. Biochemistry 36: 4393-4398.

April 2011 | Volume 6 | Issue 4 | 18329



