Curvature Dependent Binding of Cytochrome c to Cardiolipin
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ABSTRACT: Cytochrome ¢ binds cardiolipin on the concave surface of the inner mitochondrial membrane, before oxidizing the lipid
and initiating the apoptotic pathway. This interaction has been studied in vitro, where mimicking the membrane curvature of the binding
environment is difficult. Here we report binding to concave, cardiolipin-containing, membrane surfaces and compare findings to convex
binding under the same conditions. For binding to the convex outer surface of cardiolipin-containing vesicles, a two-step structural
rearrangement is observed with a small rearrangement detectable by Soret circular dichroism (CD) occurring at an exposed lipid-to-
protein ratio (LPR) near 10 and partial unfolding detectable by Trp59 fluorescence occurring at an exposed LPR near 23. On the
concave inner surface of cardiolipin-containing vesicles, the structural transitions monitored by Soret CD and Trp59 fluorescence are
coincident and occur at an exposed LPR near 58. On the concave inner surface of mitochondrial cristae, we estimate the LPR of
cardiolipin to cytochrome c is between 50 and 100. Thus, cytochrome ¢ may have adapted to its native environment so that it can
undergo a conformational change that switches on its peroxidase activity when it binds to CL-containing membranes in the cristae early
in apoptosis. Our results show that membrane curvature qualitatively affects peripheral protein-lipid interactions and also highlights
the disparity between in vitro binding studies and their physiological counterparts where cone-shaped lipids, like cardiolipin, are involved.

INTRODUCTION

Cytochrome ¢ (Cytc) resides at low millimolar concentra-
tions (0.5 — 1 mM) in the intra-cristal compartments and the in-
termembrane space of mitochondria.'> The primary functions
of Cytc are as a component of the electron transport chain and
as a signaling agent in the intrinsic pathway of apoptosis.® One
of the early signals in the intrinsic pathway of apoptosis in-
volves oxidation of the cone-shaped lipid cardiolipin (CL)* by
Cytc on the inner mitochondrial membrane (IMM) of the inter-
membrane space (IMS).>® The IMM, particularly in the intra-
cristal compartments, contains many concave surfaces.*’ After
oxidation of CL, Cytc is released from the IMM, exits the mi-
tochondria and forms part of the apoptosome in the cytosol, in-
itiating apoptosis.>® Because Cytc-CL binding is a preemptive
step to apoptosis, much effort has been directed at elucidating
the nature and extent of this interaction. Despite the fact that
much of the IMM that Cytc is exposed to has concave curvature,
Cytc-CL binding primarily has been studied on the convex
outer surface of CL-containing liposomes.’!? Here, we investi-
gate Cytc binding to the concave inner surface of pure (100%)
CL vesicles to ascertain the effect of membrane curvature on
Cytc-CL binding.

In previous work, we showed that yeast iso-1-Cytc binds to
the convex surface of 100 nm, pure CL vesicles and reported
the associated binding parameters for cooperative, one-site,
Langmuir-type binding.'>'* These studies were carried out at
pH 8, conditions selective for binding to the anionic site, A
site,% a site which has long been attributed to electrostatic
binding via lysines 72 and 73,>!¢!8 and possibly lysines 86 and
87 (Figure 1a).!” More recent work suggests that the A site may
include other nearby surface lysines (Figure 1a).!** We as-
signed the two distinct apparent dissociation constants, Ka(app),

found using Soret circular dichroism (CD) and fluorescence
spectroscopy, to a two-step conformational rearrangement on
the surface of pure CL vesicles (see Table 1, Results). If we
interpret the Kq(app) expressed in units of exposed lipid to pro-
tein ratio (LPR) as reflecting the space required on the mem-
brane surface for each conformational rearrangement, the first
step requires the surface area of ~10 CL headgroups (~13 nm?;
CL headgroup surface area®' is 1.298 nm?). This surface area
requirement is only slightly larger than the 9.1 nm? of mem-
brane surface area the native state of Cytc is expected to require
based on its size,”>? suggesting only a modest structural rear-
rangement in the first step.

The second step requires ~23 CL headgroups (~30 nm?), in-
dicative of a more significant conformational rearrangement.
Fluorescence resonance energy transfer (FRET) studies of par-
tial unfolding on the surface of 1:1 CL:DOPC vesicles, which
show that the C-terminal helix moves away from the heme at
high LPR,* are qualitatively consistent with the additional
membrane surface area indicated by the Kq(app) of the second
conformational rearrangement we observe on pure CL vesicles.
The associated Hill coefficient for each step (n ~2) suggests that
iso-1-Cytc interacts directly with two CL headgroups (4 nega-
tively charges) as part of each step of the conformational rear-
rangement. Studies on horse Cytc binding to the convex outer
surface of CL-containing liposomes also have been interpreted
in terms of conversion of an initial compact conformer of Cytc
to an extended conformer at higher LPR.!'?3-?° Thus, there is a
general consensus that Cytc interacts with the convex surface
of CL-containing membranes in a two-step process. Cytc un-
dergoes a small conformational rearrangement in the local heme



Figure 1. (a) Yeast iso-1-Cytc (PDB ID: 2YCC) showing lysines 72, 73, 86 and 87 (tan stick models), which are commonly assigned as constituents
of the Asite. Nearby lysines 54, 55 and 89 are also shown. Trp59 is shown in green behind the heme. Phe82 is shown in blue in front of the
heme. The heme and its ligands, Met80 and His18, are also shown. (b) Schematic representation of spatial constraints on binding iso-1-Cytc to

the convex outer surface versus the concave inner surface of a pure CL vesicle. The relative sizes of the vesicle (100 nm diameter) and Cytc (3
nm diameter) used in the experiment are not drawn to scale so that protein structural details could be retained. Thus, the curvature of the

vesicle relative to the protein in this image is exaggerated.

environment, readily detectable by Soret CD,!"131425 when it is
bound to a crowded membrane surface. As the membrane sur-
face becomes less crowded, Cytc partially unfolds. This larger
conformational change is detected by a significant increase in
Trp59 fluorescence as the Trp59 distance from the heme in-
Creases.l 1,13,14,25

Conformational rearrangements of proteins on a concave
membrane surface differ in two respects relative to those on a
convex surface. A convex surface curves away from a protein
bound to it, which should diminish steric clashes between adja-
cent proteins on the surface relative to a concave surface which
curves toward bound proteins (Figure 1b). For the 100 nm CL
vesicles used here, steric crowding on the inner leaflet increases
by 16% as assessed by the membrane surface area occluded by
each Cytc molecule at saturation binding (Supporting Infor-
mation, Table S1). Thus, more surface area is necessary for pro-
tein binding to a concave membrane surface. The concave
membrane surface will also better match the curvature of a
globular protein. So, one might expect that more of the protein
could interact with the membrane perhaps increasing the num-
ber of lipids which directly bind to the protein and thus the co-
operativity of binding and/or structural rearrangements on the
membrane surface.

RESULTS

Entrapping iso-1-Cytc within the Vesicle Lumen. To ex-
amine protein binding to concave membrane surfaces, we de-
veloped methods to encapsulate wild-type (WT, carries a
C102S mutation to prevent intermolecular disulfide dimeriza-
tion) iso-1-Cytc molecules within 100 nm, pure CL vesicles, so
that they only see the concave surface of the bilayer. Vesicles
were formed in the presence of WT iso-1-Cytc in high salt to
guarantee minimal electrostatic binding of the protein to the
outer membrane surface. After extrusion, external iso-1-Cytc
was removed by cation-exchange chromatography. Because

vesicles need to be formed in the presence of NaCl, the iono-
phore nonactin®® was included during formation of liposomes
so that NaCl could later be removed from the vesicle lumen.
Vesicle titrations of Cytc binding to the convex exterior surface
of CL-containing vesicles are typically done at constant protein
concentrations between 5 and 10 uM'131417182527 i the pres-
ence of increasing amounts of vesicles. For titrations as a func-
tion of exposed LPR for iso-1-Cytc trapped inside vesicles, iso-
1-Cytc concentration must be changed to vary exposed LPR be-
cause the number of exposed lipids on the inner leaflet of a 100
nm vesicle is constant. To achieve exposed LPR across the same
range as for titrations of the convex outer surface of vesicles
with iso-1-Cytc, the vesicles must be formed in the presence of
iso-1-Cytc at concentrations ranging from approximately 0.5 —
5 mM (Table S2). Thus, the concentration of iso-1-Cytc in the
lumen of the pure CL vesicles in this study is similar to that
observed physiologically in the IMS of mitochondria. !

Effect of LPR on iso-1-Cytc Conformation on a Concave
Membrane Surface. To monitor local and global structural re-
arrangement as a function of exposed LPR, Soret CD and Trp59
fluorescence spectroscopy, respectively, were used. Soret CD is
sensitive to the local heme environment, including distortion of
the heme from planarity caused, in part, by its CXXC attach-
ment sequence?® and coupling interactions with nearby aromatic
residues®® such as Phe82 (see Fig. 1a).>° Trp59 fluorescence de-
pends on the Trp59-heme distance (see Fig. 1a) and is used to
monitor changes in the tertiary structure of Cytc.>! For binding
titrations followed by Soret CD, the CL vesicle titration evalu-
ated iso-1-Cytc binding from low exposed LPR (high iso-1-
Cytc concentration, Fig. 2a, blue spectrum) to high exposed
LPR (low protein concentration, Fig. 2a red spectrum) to assess
the effect of the binding density of iso-1-Cytc on the concave
inner surface of the CL vesicles on the local heme environment.
Notably, the largest perturbation to the Soret CD spectrum oc-
curs at the lowest concentration of iso-1-Cytc in the vesicle lu-
men. By contrast, at the highest concentration of iso-1-
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Figure 2. (a) Soret CD spectra and (b) Trp59 fluorescence spectra of iso-1-Cytc from low exposed LPR (high iso-1-Cytc concentration in vesicle

lumen; blue spectrum is iso-1-Cytc in the absence of vesicles) to high exposed LPR (red, low iso-1-Cytc concentration in vesicle lumen) inside
100 nm, 100% CL vesicles. Vesicle concentration was adjusted, so that iso-1-Cytc concentration was 10 uM for CD spectra and 5 uM for
fluorescence spectra. Buffer for all measurements was 20 mM TES buffer, 0.1 mM EDTA at pH 8.
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Figure 3. Binding curves for WT iso-1-Cytc interacting with the (a)
inner concave surface and (b) the outer convex surface of 100% CL
vesicles. Average Soret CD amplitude (AAg = Ags6 — A€40, solid blue
circles) and average Trp59 fluorescence at the emission maximum of
341 nm (F341, solid red circles) as a function of exposed LPR. Solid
curves are fits to Eq. 1 in Methods. The error bars of the data points
are the standard deviation from three independent trials. Data in
part (b) are taken from ref. 14.

Cytc within the vesicle lumen, the perturbation of the Soret CD
spectrum is modest. The lowest concentration of iso-1-Cytc
within the lumen of the vesicles is >10-fold higher than the K4
reported for Cytc binding at pH 8.'° So, binding to the surface
is expected to be complete at all Cytc concentrations. At 5 mM
protein concentration, ~1300 iso-1-Cytc molecules would be
contained inside a 100 nm CL vesicle. If we assume 9.1 nm? is
required per iso-1-Cytc molecule?*? about 40% of the surface
area of the inner leaflet of the vesicle would be needed to bind
all iso-1-cytc molecules. Given site exclusion and entropy ef-
fects,* it is possible that a small fraction of the iso-1-Cytc may
be unable to bind to the CL membrane surface at this highest
concentration, but most iso-1-Cytc will be bound. Thus, the So-
ret CD data demonstrate that when the membrane surface is
crowded with protein, the structural perturbation to iso-1-Cytc
is small and when considerable space is available (for 0.5 mM
iso-1-Cytc in the vesicle lumen, surface coverage of the inner
leaflet is about 4%) on the surface of the membrane, a structural
rearrangement of iso-1-Cytc occurs.

Trp59 fluorescence as a function of exposed LPR on the con-
cave inner surface of pure CL vesicles is shown in Figure 2b.
At the highest iso-1-Cytc concentration when the surface of the
inner leaflet is crowded, Trp59 emission is quenched by the
heme indicating that the protein has a compact folded structure
with Trp59 near the heme (see Fig. 1a). As the concentration of
iso-1-Cytc within the vesicle decreases, Trp59 emission in-
creases. Thus, as more space becomes available on the surface
of the membrane, iso-1-Cytc unfolds. The data also show that
unfolding of Cytc on the surface of a CL-containing membranes
could occur at physiologically-relevant concentrations of
Cytc.!?

Surface Area Requirements and Cooperativity of iso-1-
Cytc Conformational Transitions on a Concave Membrane
Surface. The amplitude of the CD signal (AAe = Agsgs — A€420)
was plotted versus exposed LPR and fit to a one-site coopera-
tive Langmuir binding model (Eq. 1 in Methods) to determine
Kq(app) and n (Fig. 3a, Table 1). Compared to binding titrations
on the external convex surface of pure 100 nm CL vesicles,
Kq(app) obtained from Soret CD measurements on the concave
inner surface of pure CL vesicles is much higher (Table 1), in-
dicating that more space is required for the Soret CD-monitored
conformational change on a concave versus a convex surface.
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Table 1. Thermodynamic parameters for iso-1-Cytc binding to
100% CL vesicles.”

CD Fluorescence
Membrane  Ky(app), n Ki(app), n
Curvature Exposed Exposed
LPR® LPR®
Concave 55+2 4.4 + 61+3 3.7+
0.6 0.6
Convex* 10.2 + 2.2+ 23.4 + 2.3+
0.2 0.1 0.8 0.2

“Reported errors are the standard error in the fit of the param-
eter. "For concave curvature the exposed leaflet is the inner
leaflet. For convex membrane curvature, the exposed leaflet is
the outer leaflet. ‘Parameters are from ref. 13.

The associated Hill coefficient, n, is also twice the value re-
ported for binding on a convex membrane surface. The increase
in Trp59 fluorescence intensity at the emission maximum (341
nm) was plotted versus exposed LPR and fit to Eq. 1 to obtain
Ka(app) and n (Fig. 3a, Table 1). The Kq4(app) and n values ob-
tained for binding on the concave inner surface of pure CL ves-
icles from Trp59 fluorescence data are approximately double
the magnitude of the values obtained for Cytc-CL binding on
the convex exterior surface of pure 100 nm CL vesicles (Table
1). Whereas the Kq(app) and n parameters obtained from Soret
CD versus Trp59 fluorescence data are significantly different
for binding to convex membrane surfaces, they are essentially
identical for binding to concave surfaces (Table 1). Thus, con-
formational rearrangement of iso-1-Cytc is concerted on the
concave inner surface (Fig. 3a) and stepwise on the convex
outer surface (Fig. 3b) of 100 nm pure CL vesicles.

The lowest exposed LPR in the titration followed by Soret
CD in Figure 3a gives a spectrum similar to the spectrum of iso-
1-Cytc free in solution at pH 8 (see Fig. 4). Both Soret CD spec-
tra are consistent with significant population of the alkaline con-
former of iso-1-Cytc where the Met80 heme ligand is replaced
by lysine 72, 73 or 79.% This result is not surprising because
the midpoint pH for the alkaline transition of WT iso-1-Cytc
expressed from Escherichia coli is 8.>* By contrast at an ex-
posed LPR near 23, the negative band of the Soret CD of iso-1-

Yeast WT no CL v
44— Concave eLPR =318 et
————— Concave eLPR=121.9

P it Convex eLPR = 23.8

350 360 370 380 390 400 410 420 430 440 450
Wavelength (nm)
Figure 4. Comparison of Soret CD spectra of WT yeast iso-1-Cytc

bound to the concave (inner leaflet) versus the convex (outer leaflet)
of 100 nm CL vesicles. Exposed lipid to protein ratio (eLPR) of each

spectrum is given in the figure legend. The convex spectrum was pre-
viously reported in Fig. S3 of ref. 14.

Cytc near 420 nm, typical of the native conformer free in solu-
tion, reappears when WT iso-1-Cytc is bound to the convex ex-
terior surface of pure CL vesicles (Figure 4). Thus, the initial
structural rearrangement that occurs on the outer surface of pure
CL vesicles, which appears to make the structure of iso-1-Cytc
more nativelike, does not occur on the concave inner surface of
pure CL vesicles. Instead, the protein appears to maintain a
heme environment that is more similar to that of the protein free
in solution up to an exposed LPR of almost 40 (Fig. 4). At low
exposed LPR maintaining the lysine ligation of the alkaline
state will decrease peroxidase activity,** perhaps providing a
better off state for peroxidase activity at low exposed LPR.

DISCUSSION

Effect of Crowding on the Conformation of Cytc on Mem-
brane Surfaces. Most studies of binding of Cytc to CL vesicles
hold the concentration of Cytc constant and vary the concentra-
tion of vesicles making it more difficult to distinguish structural
changes due to the initial binding event from those due to
crowding on the surface of the vesicle. Recent single molecule
studies indicate that the K4 for Cytc binding to CL membrane
surfaces is near the 10 uM Cytc concentration often used for
titrations with CL-containing vesicles because of the sensitivity
of the Soret CD and Trp59 fluorescence spectroscopic probes.
By encapsulating Cytc within CL vesicles, we can vary the con-
centration of Cytc within the vesicle lumen simply by varying
the initial concentration of Cytc present when the vesicles are
produced. The overall concentration of Cytc in the solution can
then be adjusted to the appropriate range for spectroscopic
measurements by simply diluting the vesicles by the appropriate
amount. For the experiments presented here, the iso-1-Cytc
concentrations used at each exposed LPR (Table S2) are well
above the K4 of Cytc for binding to CL membranes. Thus, Cytc
is fully bound to the CL surface throughout the titrations in Fig-
ures 2 and 3a. The observed conformational change reflects
crowding on the membrane surface. In other words, the confor-
mational change corresponds to step 2 (partial unfolding moni-
tored by Trp59 fluorescence) for titrations of Cytc with the con-
vex surface of CL vesicles (see Fig. 3b). In our experiments, we
observe that partial unfolding occurs as the concentration of iso-
1-Cytc in the vesicle lumen decreases and more space becomes
available on the membrane surface. This result is important be-
cause it provides a clear and direct validation of binding models
which link the equilibrium for partial unfolding of Cytc on the
membrane surface to the degree of crowding on CL membrane
surfaces.”

Direct tests of the effect of crowding on the conformational
distribution of compact versus partially unfolded conformers of
Cytc bound to the outer convex surface of 50 nm diameter CL-
containing vesicles have been done using apo-Cytc to crowd the
membrane surface.”> The distribution of compact versus ex-
tended structure, as detected by intramolecular FRET using
dansyl-labeled holo-Cytc, was only modestly affected, even at
apo-Cytc concentrations that limited the space per Cytc mole-
cule on the membrane to that needed for a fully folded Cytc.
Given our results for binding to a concave surface, this result
suggests that crowding is less effective on convex membrane
surfaces than on concave surfaces. However, the possibility that
apo-Cytc, which is disordered, has a qualitatively different ef-
fect on the conformational distribution of dansyl-labeled holo-
Cytc bound to a membrane surface than when an ordered glob-
ular protein is used to crowd the surface cannot be ruled out.



Iso-1-Cytc Requires More Space for Conformational Re-
arrangements on Concave Membrane Surfaces. The con-
certed partial unfolding on the concave inner surface occurs at
about twice the exposed LPR (K4(app) of ~58, Table 1) of the
second conformational rearrangement (partial unfolding) on the
convex outer surface of pure CL vesicles. This Kq(app) corre-
sponds to a surface area of ~73 nm? for partial unfolding on the
concave inner surface of pure CL vesicles, more than twice the
surface area needed for this conformational rearrangement on
the convex outer surface of pure CL vesicles. The Hill coeffi-
cient, n, is approximately the sum of the individual steps ob-
served for binding to a convex membrane surface. However, for
convex titrations, it is the lipid concentration that is being var-
ied, whereas for concave titrations iso-1-Cytc concentration is
being varied. Thus, the cooperativity relates to an attribute of
iso-1-Cytc, perhaps the number of lysines (~4) that bind to the
CL membrane surface when iso-1-Cytc unfolds.

One factor that may lead to the concerted (concave surfaces)
versus the stepwise (convex surfaces) mechanism for structural
rearrangement of iso-1-Cytc on the membrane surface is that
the concave surface is more stable because the cone-shape of
CL is better adapted to a concave surface. Our recent studies
showing that CL preferentially partitions to the inner leaflet of
100 nm vesicles supports this contention.>> A more stable sur-
face would be less prone to deformation and thus require more
points of contact to initiate structural rearrangement of iso-1-
Cytc. The concave curvature may in turn facilitate simultaneous
contact with lysine residues in or near the A site because the
curvature of the surface allows for closer contact with more of
the surface of iso-1-Cytc. This tension between a surface that is
harder to deform and the ability of iso-1-Cytc to form more con-
tacts with the surface because of the complementary curvatures
may explain the cooperative one-step structural transition with
the Soret CD and Trp59 fluorescence monitored transitions oc-
curring simultaneously (Figure 3a, Table 1). The convex exte-
rior surface of a vesicle, by contrast, curves away from the sur-
face of Cytc allowing fewer of its lysines to interact with CL
molecules simultaneously. Even when the surface is crowded,
the protein might have to undergo a small structural rearrange-
ment to interact effectively with the convex surface. The CL
molecules on a convex surface are also more poorly packed be-
cause of their cone shape. These factors may favor a two-step
structural rearrangement because the looser packing of CL more
readily allows the initial small local structural rearrangement
detectable by Soret CD (Figure 3b, Table 1).

The larger surface area (Kq(app)) needed for partial unfolding
of iso-1-Cytc on a concave versus a convex membrane surface
likely has several contributing factors. One factor, as illustrated
in Figure 1b, is that a concave surface curves towards bound
proteins which will enhance steric interaction between adjacent
proteins leading to more excluded volume on a concave surface
and thus a requirement for more lipid surface area to allow
structural rearrangements. If we assume the effective radius of
Cytc doubles in the partially unfolded form of Cytc, our model
in the Supporting Information for steric effects on concave ver-
sus convex surfaces indicates that sterics will be 35% more de-
manding on the concave versus the convex surface (Table S1).
The combination of the cone-shape of CL being better adapted
to the concave curvature and thus less prone to deformation and
greater excluded volume effects between Cytc molecules likely
combine to cause the ~2.5-fold higher K4(app) (larger mem-
brane surface area) needed to partially unfold iso-Cytc on the
concave versus the convex membrane surface as detected by
Trp59 fluorescence (Table 1).

Our recent work on the effect of Lys—>Ala variants of iso-1-
Cytc on binding to the convex outer surface of pure CL vesicles
shows that at least four lysines govern binding at the A site
(Lys72, Lys73, Lys86, and Lys87).'* The results also indicate
that neighboring lysines (Lys54, Lys55 and Lys89, see Fig 1a)
also could be involved in A site binding.'* Thus, a large surface
of lysines likely contributes to electrostatic binding via the A
site.?® The better shape complementarity between the concave
inner surface of a CL vesicle and the surface of iso-1-Cytc may
facilitate contact with a larger group of these lysines and the
negatively-charged CL headgroups leading to a larger structural
rearrangement on a concave versus a convex membrane surface.
Further investigation of which lysines contribute to A-site bind-
ing will be important, as will determination of whether the rel-
ative importance of each lysine contributing to the A site is the
same on convex versus concave surfaces.

A recent study showed that slow gradual (SG) addition of CL
to is0-1-Cytc over an LPR range of 0 to 10 versus large more
abrupt (LA) additions of CL to iso-1-Cytc over an LPR of 0 to
60 appeared to affect the mechanism of interaction of iso-1-
Cytc with CL.3¢ In particular, the LA scheme shifted the struc-
tural transitions observed spectroscopically to higher LPR. Be-
cause we prepare samples of iso-1-Cytc encapsulated in CL ves-
icles individually, the addition of CL could be viewed as LA-
like and possibly explain the higher exposed LPR we observe
for interaction of iso-1-Cytc with the concave inner surface of
CL vesicles. However, the number of CL molecules on the inner
leaflet of a 100 nm CL vesicle is fixed. We are titrating the num-
ber of molecules of iso-1-Cytc in the lumen of the vesicle in our
experiment while CL remains fixed. In our previous work on
binding of iso-1-Cytc to the outer convex surface of CL vesi-
cles, each sample of the titration was prepared separately and
thus the additions of 100 nm CL vesicles to each iso-1-Cytc so-
lution also could be viewed as large and abrupt. So, the differ-
ences in the Kq(app) in Table 1 for convex versus concave CL
membrane surfaces are best attributed to a change in the mech-
anism of binding due to the concave versus the convex curva-
ture of the membrane surfaces.

Relevance for Cytc:CL Binding in Mitochondria. Many
studies of Cytc binding to CL-containing liposomes indicate
that Cytc unfolds at high LPR!""13!423-25 eading to an increase
in the peroxidase activity of Cytc that acts as a signaling agent
in the early stages of apoptosis.® Other studies have questioned
the physiological relevance of Cytc unfolding on CL-containing
membranes.'%” Although much of the surface of the IMM is
concave,*” most of these studies measured binding to the con-
vex outer surface of CL liposomes. In their work on binding of
horse Cytc to the concave surface of reverse micelles titrated
with CL, Wand and colleagues found no evidence of partial un-
folding of Cytc. This conclusion was based on the observation
that there are only small changes in the 'H-">N HSQC of horse
Cytc during the CL titration.'® The diameter of the reverse mi-
celles in this study was about 4 nm. If the entire surface area of
the reverse micelle was replaced by CL during the titration,
maximally 35 —40 CL could be accommodated on the available
surface area. At the 7 mM concentration of horse Cytc used in
these experiments, each reversed micelle would contain no
more than one Cytc molecule. Thus, the maximal value for the
exposed LPR would be 35 — 40 and is probably less. Our data
(Fig. 3a) also show minimal structural perturbation to iso-1-
Cytc at exposed LPR values less than 40.

For mitochondria in the orthodox state, the diameters of the
cristae and the cristae junctions are near 30 nm.”**%° At this di-
ameter, steric effects on Cytc bound to the inner convex surface
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are expected to exceed those on the outer concave surface by
76% (Table S1). The intra-cristal regions make up most of the
surface area of the IMM available to Cytc, providing substantial
surface area with negative curvature.® The negative curvature
of the cristae fall in between that of the 4 nm reversed micelles
used by Wand and colleagues and the 100 nm CL vesicles used
here. Both experiments indicate that, at exposed LPR below 40,
partial unfolding does not occur on concave CL-containing
membrane surfaces. However, our data show that at physiolog-
ical concentrations of Cytc (0.5 — 1.0 mM, high exposed LPR
in our study), partial unfolding could occur on the concave sur-
faces of the intra-cristal compartments of the IMM. For a cylin-
drical cristae with a length of 300 nm, assuming 25% of the
surface area is occupied by CL, Cytc concentrations of 0.5 — 1.0
mM would yield CL to Cytc ratios (LPR) of 50 — 100. Thus, the
data presented here indicate that partial unfolding of Cytc could
occur under physiologically relevant conditions.

It is important to note that the pH of the IMS is 6.88 + 0.08.4°
Our experiments were carried out at pH 8 so that Cytc binding
to the CL membrane surface would involve primarily the elec-
trostatic A site.!*!> At the pH of the IMS, binding of Cytc to CL
membranes will also involve site L,'? and a hydrophobic com-
ponent, often referred to as site C.'° At pH 8, the population of
the alkaline state of WT yeast iso-1-Cytc also is about 50%.33#!
Therefore, the structural changes we observe when Cytc binds
to the concave inner surface of a pure CL vesicle at pH 8 may
differ from those that occur on the concave surface of mitochon-
drial cristac. However, our results show that membrane curva-
ture and the density of Cytc on the membrane surface will be
important components of the interaction of Cytc with CL mem-
branes in vivo. Future experiments will interrogate the effect of
pH on the binding of Cytc to concave CL surfaces.

CONCLUSIONS

Our findings indicate that Cytc partially unfolds on both con-
vex and concave surfaces of pure CL vesicles. However, the
membrane surface area required for partial unfolding is larger
on concave than on convex membrane surfaces. The unfolding
process is also concerted on a concave surface versus the two-
step structural rearrangement observed on a convex membrane
surface. The larger surface area required on the concave versus
the convex surface suggests that the extent of protein unfolding
on concave surfaces may be more extensive than for convex
surface binding. Our calculation of the effect of vesicle radius
on differential steric effects on concave versus convex surfaces
show that the small diameter and concave curvature of the mi-
tochondrial cristae could have an important impact on the LPR
needed for conformational rearrangements of Cytc on CL-
containing membranes and thus in controlling the peroxidase
activity of Cytc in the early stages of apoptosis.

METHODS

Sample Preparation. WT (C102S mutation to prevent inter-
molecular disulfide dimerization) yeast iso-1-Cytc was ex-
pressed from Escherichia coli BL21 DE3 cells (BioRad, Phage
T1-resistant strain) and purified following previously reported
methods.'? Protein was concentrated to between about 0.5 and
5 mM in 20 mM TES, 0.1 mM EDTA, 0.1 M NacCl, pH 8. For
each titration point, three aliquots of 100% CL (Avanti Polar
Lipids, Inc) (minimally 5 mg each) were mixed with the iono-
phore Nonactin?® in a 100:1 ratio, and the mixtures were dried
individually under compressed nitrogen for approximately 2
hours to remove chloroform. The lipid/nonactin mixture was

then combined with a volume of concentrated protein solutions
to form vesicles that yielded a lipid concentration of 5 mM (Ta-
ble S2). Mixing was performed at low speeds on a vortexer.
Vortexing was sufficiently vigorous to thoroughly mix the pro-
tein with the CL/nonactin but not so vigorous that formation of
bubbles occurred. Protein/lipid/nonactin mixtures were ex-
truded to 100 nm using an Avanti Mini Extruder where two 100
nm membrane supports were used for extrusion and samples
were passed through the extruder 11 times. After extrusion,
samples were loaded onto a washed (20 mM TES buffer, 0.1
mM EDTA, pH 8) CM Sepharose Fast Flow column (GE
Healthcare Life Sciences) and run down the column in the mo-
bile phase. Cytc external to the vesicles bound to the CM-
sepharose cation-exchange resin while the negatively-charged
vesicles filled with Cytc eluted off the column. Eluent contain-
ing Cytc filled vesicles was collected and concentrated to <1
mL using Amicon Ultra-15 Centrifugal Filter Units with 50k
MWCO (EMD Millipore, Sigma). Samples were diluted to 15
mL in 20 mM TES Buffer, 0.1 mM EDTA, pH 8 and set to
equilibrate on an orbital shaker for 8 hours at4 °C. Conductivity
was periodically measured to follow the flow of NaCl from in-
side the vesicles via the ionophore nonactin. When conductivity
stabilized, indicating that the flow of NaCl out of the interior of
the samples was complete, the CL vesicles loaded with iso-1-
Cytc were again run down a CM Sepharose column in 20 mM
TES Buffer, 0.1 mM EDTA, pH 8, collected and concentrated
using the same 50k MWCO ultrafiltration devices. Conductiv-
ity at equilibrium was approximately the conductivity of 20 mM
TES, 0.1 mM EDTA buffer at pH 8. The concentration of iso-
1-Cytc was measured with a Beckman Coulter DU800 using
previously reported extinction coefficients,*? and taking into ac-
count scattering off of the vesicles. A Malvern Zetasizer was
used to perform Dynamic Light Scattering on all samples to de-
termine vesicle size. Vesicle size was measured to be 100 nm +
5 nm for all replicates at all titration points. Vesicle size was
used to calculate lipid concentration and determine exposed
LPR for each protein concentration point using a method based
on Mie scattering (Table S2).4** The Mie scattering method
has been validated by phosphorous analysis.* The fits to the
scattering profiles were consistent with a narrow particle size
distribution centered around 100 nm. Samples were then diluted
to either 5 pM or 10 uM iso-1-Cytc concentration, as appropri-
ate, for spectroscopic measurements.

Circular Dichroism Spectroscopy. Soret CD spectra were
measured using previously reported methods.!* Briefly, CD
data were acquired using an Applied Photophysics Chirascan
Spectrophotometer to measure the spectral region from 350 nm
— 450 nm, scanning in 1 nm steps with a 3 second/nm scan rate
and 1.8 nm bandwidth. Samples were contained in a 4 mm by
10 mm Hellma cuvette (Hellma Analytics) utilizing the 4 mm
pathlength. Spectra were smoothed with a 6-point Savitsky-Go-
lay smoothing function and data were analyzed using the differ-
ence between the positive maximum near 406 nm and negative
minimum near 420 nm as the signal amplitude, as previously
described.!>1*

Tryptophan Fluorescence Spectroscopy. Trp59 fluores-
cence measurements were performed using previously reported
methods.!® Briefly, fluorescence data were acquired using an
Applied Photophysics Chirascan Spectrophotometer modified
for fluorescence data acquisition using a scanning emission
monochromator (Applied Photophysics). Samples were excited
at 295 nm (5 nm bandwidth) and fluorescence was measured at
90° with a 305 nm cutoff filter (Newport Corp) in-line to limit
excitation bleed through. Emission was measured from 320 nm
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to 500 nm in 1 nm steps, with 0.5 sec per step and a 2.5 nm
bandwidth. A 5 mm by 5 mm Hellma fluorescence cuvette was
used for measurements. Spectra were smoothed with a 6-point
Savitsky-Golay smoothing function and data were analyzed to
extract fluorescence peak emission intensity as previously re-
ported.!>!4

Data Fitting. A one site cooperative Langmuir-type equation
(Eq. 1) was used to fit CD and fluorescence data, where the
spectroscopic value, s(x)

n
So +51 (—x )
s (x) — K 4(app)

IOV
+<Kd(app))

corresponds to the amplitude measured at the exposed LPR, x,
in the titration and so and s; are the amplitudes of the initial (free
protein) and final (lipid bound protein) states, respectively.
Here, Ka(app) is the apparent dissociation constant correspond-
ing to the exposed LPR required to induce half occupancy of
the conformation associated with site A binding to CL and # is
the associated Hill coefficient.
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A method for calculating the increased steric crowding on the con-
cave inner leaflet versus the convex outer leaflet of CL vesicles is de-
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