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ABSTRACT: Cytochrome c can acquire peroxidase activity when it binds to
cardiolipin in mitochondrial membranes. The resulting oxygenation of cardiolipin
by cytochrome c provides an early signal for the onset of apoptosis. The structure
of this enzyme−substrate complex is a matter of considerable debate. We present
three structures at 1.7−2.0 Å resolution of a domain-swapped dimer of yeast iso-
1-cytochrome c with the detergents, CYMAL-5, CYMAL-6, and ω-undecylenyl-β-
D-maltopyranoside, bound in a channel that places the hydrocarbon moieties of
these detergents next to the heme. The heme is poised for peroxidase activity
with water bound in place of Met80, which serves as the axial heme ligand when
cytochrome c functions as an electron carrier. The hydroxyl group of Tyr67 sits
3.6−4.0 Å from the nearest carbon of the detergents, positioned to act as a relay in radical abstraction during peroxidase activity.
Docking studies with linoleic acid, the most common fatty acid component of cardiolipin, show that C11 of linoleic acid can sit
adjacent to Tyr67 and the heme, consistent with the oxygenation pattern observed in lipidomics studies. The well-defined
hydrocarbon binding pocket provides atomic resolution evidence for the extended lipid anchorage model for cytochrome c/
cardiolipin binding. Dimer dissociation/association kinetics for yeast versus equine cytochrome c indicate that formation of
mammalian cytochrome c dimers in vivo would require catalysis. However, the dimer structure shows that only a modest
deformation of monomeric cytochrome c would suffice to form the hydrocarbon binding site occupied by these detergents.

■ INTRODUCTION

Cytochrome c (Cytc) is well-known for its role in oxidative
phosphorylation where its transfers electrons from complex III
to complex IV.1 More recently, Cytc has emerged as a critical
mediator of the intrinsic pathway of apoptosis.2−4 Not
surprisingly given its involvement in two key pathways, the
function of Cytc is regulated by phosphorylation.5 Its function
also appears to be affected by nitration under conditions of
oxidative stress.6 When associated with the negatively charged
phospholipid, cardiolipin (CL), Cytc gains peroxidase activ-
ity.3,4,7,8 Cytc mediated oxidization of the hydrocarbon chains
of CL generates an early signal in the intrinsic pathway of
apoptosis,8 and may contribute to mitochondrial membrane
permeabilization.9 The specificity of CL oxidation indicates the
existence of a well-defined hydrocarbon binding site.10,11

Despite considerable effort, an atomic resolution structure of
the Cytc hydrocarbon binding site has been lacking.6 Here, we
present three X-ray crystal structures at 1.7 to 2.0 Å resolution
showing a well-defined binding pocket for the hydrocarbon
chains of three different detergent molecules. The binding
pocket holds the hydrocarbon chain of the detergents near an
iron coordination site on the heme occupied by a water

molecule and thus could represent a resting state for peroxidase
activity.
Binding of Cytc to CL is complex, and there is considerable

debate in the literature about the nature of this interaction.
However, four binding sites for CL, sites A, C, L, and N, on the
surface of Cytc are most commonly discussed in the
literature.12−18 Site A (anionic binding site) is generally
described as being primarily mediated by electrostatic
interactions. Lysines 72, 73, 86, and 87 located in or near Ω-
loop D (residues 70−85), which provides the Met80 heme
ligand, are postulated to be the primary determinants of site
A.12,15−17 Site L is also mediated by a cluster of positively
charged residues (Lys22, Lys 27, His33, and Lys87) located
mainly on the opposite face of Cytc from site A. Thus, in
conjunction with site A, site L can bridge membrane surfaces
causing membrane fusion.18 Binding at this site disappears
above pH 7.5 due to deprotonation of site L residues. Site N
(novel site), identified via chemical shift perturbation (15N-1H-
HSQC) upon titration of CL into Cytc encapsulated in reverse
micelles, encompasses residues Phe36, Gly37, Thr58, Trp59,
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and Lys60, and thus also likely involves a component of
electrostatic binding.14 Site C (cardiolipin site) is a hydro-
phobic binding site and thus is most relevant to the current
study. Binding data for site C suggest that one or more of the
fatty acyl chains of CL rotates out of the membrane and inserts
into a hydrophobic channel in Cytc.16,19−21 This mode of
protein/membrane binding is referred to as an extended lipid
anchorage.16,20,22−24 Site C also requires protonation of a CL
phosphate near physiological pH, permitting hydrogen bonding
to Asn52.15,16 Despite concurrent work which supported
protonation of a CL phosphate in this pH regime,25 recent
studies question whether a CL phosphate ionizes near
physiological pH.26,27 Furthermore, the reverse micelle study,
which identified site N, did not detect evidence for a CL
binding site near Asn52.14 Discrepancies in the magnitudes of
binding constants for sites A and C also exist in the
literature.15,16,28−30 Thus, significant questions remain regard-
ing the detailed nature of site C, the hydrophobic CL binding
site.
Förster resonance energy transfer (FRET) studies on Cytc

labeled with fluorophores, together with other biophysical
studies, indicate that Cytc equilibrates between compact and
partially unfolded extended conformers when bound to CL-
containing liposomes.13,28−33 There is evidence that the
compact state may even, in part, retain Met80 ligation.29,33

By contrast, solid-state NMR studies indicate that Cytc remains
in a native-like conformer when bound to CL liposomes and
does not interact intimately with the hydrocarbon chains of
CL,34 as required for the extended lipid anchorage.16,20 The
study of Cytc in reverse micelles also indicated that Cytc
remains folded in the presence of CL with no evidence for
insertion of the hydrocarbon into the hydrophobic core of
Cytc.14 The extended conformer observed in FRET studies
appears to have enhanced peroxidase activity and thus could
mediate apoptotic peroxidase activity.28 However, oxygenation
of CL by Cytc is specific, consistent with a well-defined
substrate binding site.10

Given the vigorous debate surrounding the nature of the
interaction of Cytc with lipids, we have undertaken atomic
resolution structural studies on the interaction of detergents
with Cytc to model Cytc/lipid binding. Here, we present high
resolution X-ray structures of a domain-swapped dimer of yeast
iso-1-cytochrome c (iso-1-Cytc) carrying a K72A mutation
bound to three different detergents. The hydrocarbon chain of
each detergent is bound in the same pocket, holding the
hydrocarbon chain close to the heme. In two cases, the
detergent headgroup is well-ordered providing detailed insight
into hydrogen bonding partners on the surface of Cytc which
can stabilize lipid interactions with Cytc.

■ RESULTS AND DISCUSSION
Overall Structure of the Iso-1-Cytc/Detergent Com-

plexes. In this work, we used the K72A variant of yeast iso-1-
cytochrome c (henceforth referred to as WT* iso-1-Cytc),
which previously facilitated crystallization of an alternate
conformer of Cytc with the Met80 heme ligand expelled
from the heme crevice and replaced by hydroxide.35 Co-crystals
of WT* iso-1-Cytc with the detergents, CYMAL-5, CYMAL-6,
and ω-undecylenyl-β-D-maltopyranoside, (ω-UDM, see Figure
1A) were obtained from concentrated solutions of (NH4)2SO4.
The cocrystals of WT* iso-1-Cytc with CYMAL-5 diffracted to
1.7 Å resolution (Table S1), whereas the cocrystals with
CYMAL-6 and ω-UDM diffracted to 2.0 Å resolution (Tables

S2 and S3). Although all crystal trials were carried out with
monomeric protein, WT* iso-1-Cytc crystallized as a domain-
swapped dimer in the presence of all three detergents (Figure
1B and Figures S1 and S2). The C-terminal α-helix of iso-1-
Cytc is swapped between the subunits of the dimer, which are
related by 2-fold symmetry. In each case, two molecules of the
detergent are bound to each dimer, incorporated into channels
on each subunit of the dimer. The domain-swapped dimers
with CYMAL-6 and ω-UDM as ligands overlay well with the
CYMAL-5 domain-swapped dimer (backbone RMSD of 0.434
and 1.085 Å, respectively) indicating that these ligands occupy a
robust hydrocarbon binding site (Figure S3). Even the
positions of buried water molecules are well reproduced
among the three structures (Figure S3).
There are minimal structural changes in the subunits of the

dimer relative to monomeric iso-1-Cytc (Figure S4). However,
Ω-loop D (residues 70−85), which normally aligns Met80 for
axial ligation to the heme, acts as a hinge loop between the two
subunits. Water is bound to the heme in place of Met80 and
ordered waters are found in place of the Met80 heme ligand
(Figures 1 and 2 and Figure S4). Perturbation of Ω-loop D
extends from residue 72 to residue 84. Starting with Leu85 at
the end of Ω-loop D, the domain swapped C-terminal helix
aligns well with its position in monomeric iso-1-Cytc (Figure
S4). Circular dichroism spectra in solution of monomeric WT*
iso-1-Cytc and dimeric WT* iso-1-Cytc without detergent
bound (apo-dimer, prepared by treatment with ethanol
followed by size exclusion chromatography,36 see Supporting
Methods) are similar (Figure S5), consistent with the generally
good alignment of monomeric WT* iso-1-Cytc with the dimer
subunit.

Figure 1. (A) Structures of the detergents used in this work. (B)
Domain-swapped dimer structure of WT* iso-1-Cytc in complex with
CYMAL-5 (PDB code: 5KKE). There is one molecule in the unit cell
(cyan). A symmetry-related molecule (mauve) is used to form the
dimeric biological assembly. Met80, Tyr 67, the heme and the residues
that attach the heme to the polypeptide, Cys14, Cys17, His18, are
shown as stick models. Buried waters are shown as red spheres.
CYMAL-5 (dark gray stick model) adopts two conformers with the
cyclohexyl ring in a chair (55%) versus a boat (45%) conformation.
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Comparison with the Domain-Swapped Dimer of
Equine Cytc. The structure of a domain-swapped dimer of
equine Cytc has been reported.37 It is similar to the WT* iso-1-
Cytc dimers reported here, but has no ligand bound (Figure
S6). In both the yeast and the equine dimers, Ω-loop D acts as
the hinge loop. However, the hinge loop is shorter in the
equine dimer comprising only residues 78−83. The substrate
binding pocket for the detergent molecules may require this
more extended hinge loop. However, the observed differences
may simply reflect the inherent flexibility of the hinge
loop.37−40 The B-factors in one subunit of the ω-UDM
domain-swapped dimer are much higher than in the other,
consistent with the flexibility of the hinge loop in the context of
sparse crystal contacts (Table S4 and Figure S7).
Absorbance spectra in solution indicate that apo-dimer

formation does not substantially perturb the heme environment
relative to monomeric WT* iso-1-Cytc (Figure S8A). The
Soret absorbance band of the dimer (Figure S8B) is shifted 2

nm to shorter wavelength as for the equine Cytc dimer.37,41

Similar to the equine dimer,37,41 the 695 nm band,
corresponding to Met80-heme coordination,42 is less intense
in the iso-1-Cytc apo-dimer but has not completely disappeared
(Figure S8C). A possible explanation for this observation is
that, in the absence of bound hydrocarbon, one of the swapped
C-terminal helices can detach from its subunit allowing Met80
from the hinge loop to rebind to its original heme. This
structure would be similar to the intermediate necessary for
formation of a runaway domain-swap.43

Hydrocarbon Binding Pocket. Residues adjacent to the
detergent binding pocket of the dimeric Cytc complex undergo
small, but significant, structural rearrangements relative to
monomeric iso-1-Cytc (Figure S4B, RMSD up to 3 Å). These
structural perturbations extend from Ser40, which, with the
heme, lies at the bottom of the hydrocarbon binding cavity, to
Tyr74, which forms one wall of the binding pocket. Residues in
the short 50s helix (residues 50−55), and the 60s helix also
flank the binding pocket (Figure 3A). The heme and the
aromatic residues, Tyr48, Tyr67, and Trp59 all contact the
hydrocarbon chains. The position of the binding pocket
corresponds surprisingly well to the left channel (residues
52−74) of hydrophobic residues defined in the first X-ray
crystal structure of horse Cytc.19 For the straight chain
hydrocarbon of ω-UDM, the 50s helix moves toward the
heme, filling space that is occupied by the cyclohexyl rings of
the CYMAL-5 and CYMAL-6 detergents. This movement is
coupled to a shift in the position of Asn52 from a fully surface
exposed position to one in which it is hydrogen bonded to a
heme propionate through a bridging water (Figure S9). Thus,
our results indicate that Asn52 is involved in forming the
binding site for hydrocarbons in the extended lipid anchorage,
although not as originally envisioned for site C.
A considerable number of structures exist in the protein data

bank, which have either CYMAL-5 or CYMAL-6 bound to a
protein. For CYMAL-6, most of these structures are of SHV β-
lactamase variants with two molecules of CYMAL-6 bound in a
surface crevice between helices 10 and 11, which is lined with
aliphatic residues.45,46 For CYMAL-5, most of the structures are

Figure 2. Close-up of the heme of the WT* iso-1-Cytc domain-
swapped dimer with CYMAL-6 as the ligand (PDB code: 5T7H). A
Sigma-A weighted 2|Fo|−|Fc| electron density map contoured at 1.2σ
(green mesh) for the water network (red spheres), the heme, His18,
Tyr67, the carbonyl of Phe82 and CYMAL-6 (gray sticks) for the
subunit formed with chain C (orange), and the C-terminal helix of
chain B (blue).

Figure 3. Formation of the hydrocarbon binding pocket. (A) View showing the water network (red spheres) between CYMAL-6 (green stick model)
and the heme group. Residues 30−44 and 51−74 of chain C are shown as gray sticks with a transparent orange van der Waals surface. Residues
lining the opening of the CYMAL-6 binding site are labeled. Two buried waters on the His18 side of the heme are shown as purple spheres. The
hydrogen bonds, shown as cyan dashed lines, range from 2.70 to 3.09 Å. The bond from the heme iron to water is shown as a red dashed line. (B)
Residues 50 to 84 of the monomer structure of iso-1-Cytc (light gray, PDB code: 2YCC44). The heme and its ligands, His18 and Met80, are shown
as stick models. (C) Residues 50 to 75 of the WT* iso-1-Cytc dimer with CYMAL-5 (PDB code: 5KKE, cyan) bound. Heme is shown as a stick
model. CYMAL-5 (dark gray) is shown as a stick model. The 70s helix (residues 70−75), which rearranges upon detergent binding, is shown in
salmon in panels B and C. The residues that move to form the hydrocarbon binding pocket, Asn52 (visible only in C), Lys55, Val57, Tyr74, and
Ile75, are labeled and shown as stick models in panels B and C.
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with cytochrome P450 2B4 variants.47,48 In one instance
structures of both the empty and occupied binding sites are
available.48 As with our iso-1-Cytc detergent bound structures,
numerous small side chain and backbone adjustments occur
when CYMAL-5 binds to cytochrome P450 2B4, relative to the
structure without CYMAL-5 bound. As in our structure, a
number of aromatic side chains line the binding cavity.
Intriguingly, detergent binding appears to enhance the
dynamics of cytochrome P450 2B4, which could allow for
more efficient substrate exchange.48 For fatty acid binding
proteins, the binding pockets are also lined with aromatic and
aliphatic residues49−52 and in one case a domain-swapped
dimer is observed.50

In monomeric iso-1-Cytc, Tyr74 occupies part of the
hydrocarbon binding pocket in the dimer (Figure 3B). The
significant shifts in the positions of Asn52, Tyr74, and Ile75 in
the dimer, coupled to smaller shifts in the positions of Lys55
and Val57, create the hydrocarbon binding pocket in the
domain-swapped dimer of WT* iso-1-Cytc (Figure 3B versus
Figure 3C). It is perhaps not surprising that the hydrocarbon
binding site is located in this region of iso-1-Cytc. As noted
above, it corresponds well to the left channel (residues 52−74)
of hydrophobic residues defined in the first X-ray crystal
structure of horse Cytc.19 The residues that move to form the
binding pocket also correspond to the least stable infrared
(residues 40 to 57) and red (residues 70−85) substructures of
Cytc.53−55

The rearrangements necessary to accommodate the hydro-
carbon chains only modestly affect the tertiary structure of Cytc
(see Figure S4) indicating that this binding cavity might be
accessible in monomeric Cytc and may simply be more stable in
the dimer. The hydrocarbon chain of each of the three
detergents fits tightly into the binding pocket of dimeric WT*
iso-1-Cytc, which is a well-defined channel extending from the
surface of the protein to the edge of the heme (Figure 4). This
channel differs from the potential binding pocket noted in a
recent structure of an alkaline conformer of iso-1-Cytc, which is
a crevice in the surface of the protein that sits above the heme
rather than a channel to the heme.56

There are also openings in the solvent-accessible surface of
each subunit of our iso-1-Cytc dimer structures that would
allow reactive oxygen species, necessary for peroxidase activity,
to enter the substrate binding site and bind to the heme iron.
These include a crevice framed by Ala51, Lys54, Lys55, and
Tyr74, which provides access to the bottom of the hydrocarbon
binding pocket (Figure S10A). A small opening bordered by

Ser40, Gly41, Asn52, and Asn56 is also present in some, but
not all, cases (Figure S10B).

Position of the Detergent Head Groups on the
Surface of the Dimer. The electrostatic surface in Figure
5A illustrates that the entrance to the binding pocket would
position the negatively charged headgroup of CL adjacent to a
positive patch on the dimer surface. Lys73, a residue that has
been implicated in site A binding, is also positioned at the
channel entrance (Figure 3A).

Figure 4. Close-up cutaway view of the hydrocarbon binding cavity. A dotted surface at the van der Waals radius (carbon in dark gray, light gray and
beige for A, B, and C, respectively; oxygen, red) is superimposed on the (A) CYMAL-5, (B) CYMAL-6, and (C) ω-UDM structures in the cavity.
Blue corresponds to a positive charge surface, white is a neutral charge surface, and red is a negative charge surface. Heme is shown as a space-filling
model (red spheres protruding through the gray surface are the oxygen atoms of the heme propionates.

Figure 5. Head group interactions with the surface of the domain-
swapped dimer of iso-1-Cytc. (A) Electrostatic potential surface of the
domain-swapped dimer showing CYMAL-5 emerging from the
binding cavity (PDB code: 5KKE). (B) Hydrogen bonding
interactions of CYMAL-5 with residues at the surface of the
domain-swapped dimer (PDB code: 5KKE). (C) Hydrogen bonding
interactions of ω-UDM with residues at the surface of the domain-
swapped dimer (PDB code: 5KLU). Waters are shown as red spheres
and hydrogen bonds are shown as yellow dashed lines.
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The electron density of the alkyl chain of CYMAL-6 is well-
defined (Figure 2). However, the maltose headgroup of
CYMAL-6, which projects into solvent (Figure S1), is
associated with weak and discontinuous electron density
indicating that it is disordered. By contrast, the maltose head
groups of CYMAL-5 and ω-UDM have well-defined electron
density (Figure S11), allowing clear assessment of the nature of
the interaction of their head groups with the surface of the
domain-swapped dimer. Because the maltose headgroup carries
no charge, its interactions are not governed by the electrostatics
of the surface of the dimer. The headgroup of CYMAL-5 sits
over a positive electrostatic surface (Figures 4A and 5A),
whereas that of ω-UDM interacts with a more negatively
charged portion of the surface of the domain-swapped dimer
(Figure 4C). Extensive hydrogen bonding interactions, some of
which are mediated by ordered waters, anchor the headgroups
of CYMAL-5 (Figure 5B) and ω-UDM (Figure 5C) to the
surface of the domain-swapped dimer. The maltose headgroup
of CYMAL-5 is hydrogen bonded to the hydroxyl group of
Tyr74, and to the main chain carbonyl of Asn63 and the main
chain heteroatoms of Asn56 via bridging waters. The maltose
headgroup of ω-UDM interacts with the Asp60 (through a
bridging water), Asn62, and Asn63 side chains at the N-
terminal end of the 60s helix. Thus, a wealth of hydrogen
bonding groups, which could interact with the headgroup of a
lipid like CL, surrounds the opening to the hydrocarbon
binding cavity.
Docking of Linoleic Acid into the Hydrocarbon

Binding Pocket. The hydrocarbon chains of the three
detergents cocrystallized with WT* iso-1-Cytc contain 11 to
12 carbons. The straight chain hydrocarbon of ω-UDM is a
C11 hydrocarbon, whereas the fatty acyl chains of CL range
from C16 to C22.10 The most common fatty acid in CL,
linoleic acid,57 is a C18 hydrocarbon. It has C9 and C12 cis
double bonds, so the C11 hydrogens are expected to be
particularly susceptible to radical abstraction followed by
oxygenation because the radical produced is stabilized by
delocalization across five carbons (Figure 6).
In all three of our structures, two to three water molecules

form a hydrogen bond network with Tyr67 and the water
bound to the heme iron. Displacement of these waters could
allow accommodation of a larger hydrocarbon chain. To test
whether longer hydrocarbon chains can fit into the binding
cavity, we docked linoleic acid into the binding cavity of the
WT* iso-1-Cytc dimer (CYMAL-6 structure). In the docking
procedure, all waters were removed, except for the water bound
to the heme iron. C11 of linoleic was constrained to be within 5
Å of the Fe atom of the heme. The carboxylate of linoleic acid
was constrained to be within 10 Å of Tyr74, which is near the
juncture of the hydrocarbon chain and the headgroup of both
CYMAL-5 and CYMAL-6. Docking identified three similar
poses for linoleic acid with strong positive Chemscores58

ranging from 34 to 39, indicating viable binding poses. The
hydrocarbon chain of linoleic acid near the carboxylic acid
group is in a similar position to the hexamethylene chain of
CYMAL-6 (Figures 6 and S12). The C11 carbon of linoleic
acid is on average 3.8 ± 0.6 Å from the water bound to the
heme iron. The hydrocarbon chain of linoleic acid then reverses
direction, occupying space vacated by the water molecules in
the binding cavity. In structures of fatty acid binding proteins, it
is typical that linoleic and other long chain fatty acids adopt U-
shaped structures as observed in our docking poses.49−52 The
terminal methyl group of linoleic acid is located near the

cyclohexyl ring of CYMAL-6 in all three poses (Figures 6 and
S12). The poses also required movement of Tyr67 (Figures 6
and S12). The distance from C11 of linoleic acid to the
hydroxyl group of Tyr67 is more variable. It is 3.5 Å from the
hydroxyl group of Tyr67 in Figure 6, but this distance is ∼7.5 Å
in the two poses in Figure S12.

Insights into Peroxidase Mechanism from the Hydro-
carbon Binding Site. When Cytc functions as a peroxidase,
hydrogen peroxide first interacts with the heme to form
Compound I, followed by conversion to Compound II and a
tyrosyl radical.36,59,60 Tyr67 has been implicated in radical-
driven hydrogen abstraction from CL during CL oxidation.59 In
the structure of the CYMAL-6 complex, for the four subunits in
the asymmetric unit, the average distance from the hydroxyl
group of Tyr67 to the closest carbon on the cyclohexyl ring is
3.6 ± 0.2 Å (Figure 2 and Figure 3A). Similarly, the C9 carbon
(next to the terminal double bond) of the C11 hydrocarbon
chain of ω-UDM is 4.0 Å from the hydroxyl of Tyr67 and the
closest carbon of the cyclohexyl ring of CYMAL-5 is 3.9 Å from
the hydroxyl group of Tyr67. Thus, the hydrocarbon binding
channel of the domain-swapped dimer of WT* iso-1-Cytc
positions the hydrocarbon chain of all three detergents for
hydrogen abstraction by Try67, consistent with existing
biochemical data.59

Docking of linoleic acid into the hydrocarbon binding pocket
of the domain-swapped dimer of iso-1-Cytc also shows that it is
feasible to accommodate the C11 carbon within close proximity
of both the hydroxyl group of Tyr67 and of the oxygen atom of
water bound to the heme iron. Lipidomics studies show that
oxygenation of linoleic acid in CL catalyzed by Cytc occurs
primarily between carbons 9 and 13,10,11 consistent with
hydrogen abstraction from C11 located between the two
double bonds of linoleic acid (Figure 6). Thus, the observed

Figure 6. Docking of linoleic acid (beige sticks) into the binding cavity
of the CYMAL-6/WT* iso-1-Cytc structure (PDB code: 5T7H).
CYMAL-6 is shown in light gray sticks. Buried waters and the water
bound to the heme iron are shown as cyan spheres. The position of
Tyr67 in the CYMAL-6 structure is shown with yellow sticks and in
the linoleic acid docked structure with beige sticks (partially
protruding through gray surface). C11 of linoleic acid is colored
green. The Chemscore of this pose is 34. The structure of linoleic acid
is shown on the left.
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hydrocarbon binding site can feasibly explain the observed
oxygenation pattern of linoleic acid.
Stability of Dimeric Cytc. An increasing number of

domain-swapped dimers has been characterized and in some
cases these dimers are believed to play a physiological role in
protein function.61 The equine Cytc dimer has enhanced
peroxidase activity relative to monomeric equine Cytc, which
has led to the suggestion that the dimer might mediate
peroxidase activity early in apoptosis.36 Although, direct
evidence for domain-swapped dimers of mitochondrial Cytc
in vivo is lacking, recent work has shown that Hydrogenobacter
thermophilus cytochrome c552 can form domain-swapped dimers
and oligomers in vivo (in the soluble fraction) when expressed
in Escherichia coli.62 However, harsh conditions, treatment with
ethanol or detergent, are required to form the dimer in
vitro.37−40 Only qualitative data on the stability of the domain-
swapped dimer of Cytc is available.37 Thus, we measured the
kinetic stability of both equine Cytc and WT* iso-1-Cytc apo-
dimers prepared by treatment with ethanol37−40 (Figures S13
and S14). WT* iso-1-Cytc dimers dissociate at measurable rates
in the 10 to 30 °C range, whereas equine Cytc dimer
dissociation is measurable from 40 to 60 °C (Table 1). The
kinetically more stable equine Cytc dimer has a lifetime of 7.4
days at 40 °C.
The curvature in the Eyring plot for the WT* iso-1-Cytc

dimer (Figure 7) is consistent with a significant change in the

heat capacity, ΔCp
‡, to attain the transition state for dimer

dissociation. A fit of the WT* data in Figure 7 to eq S1
(Supporting Methods) yields ΔCp

‡ = 3.0 ± 0.8 kcal mol−1 K−1,
which exceeds the ΔCp of ∼1.4 kcal mol−1 K−1 for thermal
unfolding of monomeric yeast iso-1-Cytc by 2-fold.63,64 Thus,
ΔCp

‡ indicates that dimer dissociation requires full unfolding of
both dimer subunits. The lower curvature in the equine data
yields ΔCp

‡ = 1.8 ± 0.9 kcal mol−1 K−1, indicating that dimer
dissociation requires significant, but possibly not complete,
unfolding of the dimer subunits. Preparation of the equine Cytc
dimer in vitro requires refolding from a denatured37,65 or
molten globule state,66 also consistent with the transition state
for the monomer−dimer equilibrium being unfolded Cytc. In a
number of other instances, the transition state for the
monomer−dimer equilibrium for domain-swapped dimers
also appears to require full unfolding of the protein.67,68

Mammalian Cytc are considerably more stable than yeast iso-1-
Cytc.69 If peroxidase activity of Cytc is in part mediated by the
domain-swapped dimer, the evolution of more stable
mitochondrial Cytc may be an adaption that allows tighter
regulation of the peroxidase activity of Cytc in mammals, at the
onset of apoptosis, relative to yeast, which lacks a complete
apoptotic pathway.70

WT* iso-1-Cytc dimerizes on a time scale of months under
conditions similar to those used for crystallization (Figure S15).
The slower rate of dimer formation relative to dimer
breakdown indicates that monomeric Cytc is more stable
than dimeric Cytc. Thus, it seems that some form of catalysis,
perhaps on a CL membrane surface, would be necessary to
produce dimer in vivo. The observations that an extended
conformer with the C-terminal helix of Cytc unfolded can form
on CL vesicles28,31 and that sodium dodecyl sulfate can catalyze
formation and breakdown of the domain-swapped dimer of
Cytc37 suggest that such catalysis is feasible.

■ CONCLUSION
We have solved three structures of an iso-1-Cytc C-terminal
domain-swapped dimer each with a different detergent bound
inside a conserved cavity. The binding cavity positions the
hydrocarbon chain adjacent to Tyr67 and heme with an
available coordination site. Both of these groups could catalyze
peroxidation of CL.36,59 Our structures also provide atomic
resolution evidence for the proposed extended lipid anchorage
model for Cytc/CL interaction.16,20 The hydrocarbon binding
site, while observed in a domain-swapped dimer, could be
achieved with relatively minor conformational adjustments to
monomeric Cytc (Figure 3B,C). Cytc/CL binding studies
indicate that Cytc/membrane interactions are com-
plex.3,4,13,15,17,20,21,28−34 Thus, we cannot rule out other
proposed CL/Cytc binding modes with the current
data.13,28,29,33,34 However, the well-defined hydrocarbon bind-
ing site in our structure and docking studies of linoleic acid into
the binding site are consistent with the binding site being able
to lead to efficient abstraction of a hydrogen from C11 to
produce the observed pattern of oxygenation of the linoleic acid
component of CL by Cytc.10,11

■ EXPERIMENTAL PROCEDURES
Protein Expression and Purification. Cytc from equine heart

was purchased from Sigma (C2506) and used without further
purification. WT* iso-1-Cytc was expressed from E. coli BL21(DE3)
cells carrying the pRbs_BTR1 vector,54 as described previously.71

WT* iso-1-Cytc has a K72A mutation to prevent K72 from acting as

Table 1. Rate Constants for Dimer to Monomer Conversion,
kDM, for WT* iso-1-Cytc and Equine Cytc Dimers

Yeast iso-1-Cytc Equine Cytc

T (°C) kDM (s−1)a T (°C) kDM (s−1)a

30 3.4 ± 0.4 × 10−3 60 1.0 ± 0.2 × 10−2

25 5.5 ± 0.3 × 10−4 55 8 ± 2 × 10−4

20 6.1 ± 0.5 × 10−5 50 9 ± 3 × 10−5

15 1.6 ± 0.4 × 10−5 45 1.5 ± 0.3 × 10−5

10 6.5 ± 0.7 × 10−6 40 1.6 ± 0.1 × 10−6

aParameters are the average and standard deviation of a minimum of
three independent trials.

Figure 7. Erying plot for dimer dissociation rate constants, kDM, of
WT* iso-1-Cytc and equine Cytc dimers. The natural log of kDM in
units of s−1 is used for the plot. The solid curve is a fit to a form of the
Eyring equation that accounts for ΔCp

‡ (eq S1 in Supporting
Methods). The reference temperature, To, was set to 298.15 K for both
fits to eq S1. ΔH‡

To = 70 ± 5 kcal mol−1, and ΔS‡To = 0.16 ± 0.02 kcal
mol−1 K−1 for dissociation of the yeast dimer and ΔH‡

To = 44 ± 22
kcal mol−1, and ΔS‡To = 0.06 ± 0.07 kcal mol−1 K−1 for dissociation of
the equine dimer.
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an alkaline state ligand72 and a C102S mutation to prevent disulfide
dimerization during physical studies.73 WT* iso-1-Cytc was purified as
previously described.71,74,75 More detailed procedures are provided in
Supporting Methods.
Crystallization, Structure Determination, and Refinement. A

2:2:1 mixture of oxidized WT* iso-1-Cytc at 16−18 mg/mL in 75%
aqueous ammonium sulfate, a reservoir solution of concentrated
ammonium sulfate, 0.1 M Tris−HCl (pH 7.4−7.5) and detergent
solution was crystallized at 20 °C by vapor diffusion from either
hanging or sitting drops. Diffraction data were collected at the
Stanford Synchrotron Radiation Lightsource or in-house with a Rigaku
Micromax-007HF rotating anode source. The structures were solved
by molecular replacement and refined to good Rwork and Rfree values at
resolutions ranging from 1.70 to 2.00 Å. The coordinates and structure
factors for the domain-swapped dimer of WT* iso-1-Cytc complexed
to CYMAL-5, CYMAL-6, and ω-UDM have been deposited at the
Protein Data Bank (www.pdb.org) with ID codes, 5KKE, 5T7H, and
5KLU, respectively. A more complete description of crystallization,
data collection, and refinement procedures may be found in
Supporting Methods.
Dimer Dissociation Kinetics. The domain-swapped dimer of

WT* iso-1-Cytc was prepared by addition of ethanol to 80% (v/v).
After lyophilization, WT* iso-1-Cytc was resuspended in 50 mM
potassium phosphate buffer, pH 7, at 4 °C. Equine Cytc domain-
swapped dimer was prepared using a literature procedure.36 Both
domain-swapped dimers were purified by size exclusion chromatog-
raphy using a BioRad Enrich SEC-70 column and an AKTA-FPLC
(GE Healthcare). Conversion of dimer to monomer was followed as a
function of time by FPLC using the BioRad Enrich SEC-70 column.
Samples were incubated in a fixed-temperature water bath, with the
conversion of dimer to monomer quenched at a given time point by
transferring an aliquot from the incubation solution to a micro-
centrifuge tube that had been precooled on ice. Each aliquot was
separated by FPLC at a temperature of 4 °C. The proportion of dimer
and monomer at each time point was quantified from the
chromatogram and used to extract kDM. Additional details on
experimental procedures are provided in Supporting Methods.
Docking of Linoleic Acid into the Hydrocarbon Binding Site.

The yeast iso-1-Cytc/CYMAL-6 crystal structure (PDB code: 5T7H)
was used for docking. All crystallographic waters except the one bound
to the heme iron were removed. A representation of linoleic acid was
docked using GOLD suite 5.2.276 in Hermes 1.6.1 into the iso-1-Cytc/
CYMAL-6 domain-swapped dimer (molecules A and D with the
CYMAL-6 ligand deleted) using CYMAL-6 as a reference ligand with a
similarity constraint of 5. C11 of linoleic acid was restrained to be
within 5 Å of the heme iron and the carboxylate of linoleic acid was
constrained to be within 10 Å of Tyr74. For all docking runs, the side
chains for N52, K55, N62, N63, E66, and Y67 were allowed to be
flexible. The docked poses were scored using the Chemscore scoring
function.58 The resulting poses were then filtered for poses most
consistent with biochemical data on the oxidation of CL and visualized
with PyMol 1.7 (Schrödinger, LLC).
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