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Interactions of cytochrome c (cyt c) with cardiolipin (CL) are impor-
tant for both electron transfer and apoptotic functions of this pro-
tein. A sluggish peroxidase in its native state, when bound to CL,
cyt ¢ catalyzes CL peroxidation, which contributes to the protein
apoptotic release. The heterogeneous CL-bound cyt ¢ ensemble is
difficult to characterize with traditional structural methods and en-
semble-averaged probes. We have employed time-resolved FRET
measurements to evaluate structural properties of the CL-bound
protein in four dansyl (Dns)-labeled variants of horse heart cyt c.
The Dns decay curves and extracted Dns-to-heme distance distribu-
tions P(r) reveal a conformational diversity of the CL-bound cyt ¢
ensemble with distinct populations of the polypeptide structures
that vary in their degree of protein unfolding. A fraction of the
ensemble is substantially unfolded, with Dns-to-heme distances
resembling those in the guanidine hydrochloride-denatured state.
These largely open cyt ¢ structures likely dominate the peroxidase
activity of the CL-bound cyt ¢ ensemble. Site variations in P(r)
distributions uncover structural features of the CL-bound cyt c, ra-
tionalize previous findings, and implicate the prime role of electro-
static interactions, particularly with the protein C terminus, in the
CL-induced unfolding.
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Release of the mitochondrial heme protein cytochrome c (cyt ¢)
into the cytosol is a critical step in activation of caspases in
apoptosis (1). Interactions of cyt ¢ with the mitochondrial phos-
pholipid cardiolipin (CL) play an important role in mediating this
release (2). Although a sluggish peroxidase in its native state,
when bound to CL, cyt ¢ catalyzes CL peroxidation, which in turn
contributes to mitochondrial membrane permeabilization (2).
Redistribution of CL during apoptosis and increase in the con-
centration of reactive oxygen species (ROS) are thought to acti-
vate the protein peroxidase function (3).

Several studies have examined the interaction of cyt ¢ with CL
and phospholipid membrane mimics revealing partial unfolding
of the protein and dissociation of the native ligand Met80 (Fig. 1)
from the heme (4, 5). Upon lipid binding, the protein retains
some of its secondary structure and adopts a loosely packed ter-
tiary structure (6-8). However, the disordered nature of this en-
semble has been a challenge to traditional structural methods and
details of CL-bound cyt ¢ conformations have remained elusive.

Different heme ligation states and multiple possible modes of
the protein-lipid interactions further complicate structural ana-
lyses of this heterogeneous protein ensemble. In addition to the
main low-spin bis-His heme species (heme is coordinated by
His18 and His26 or His33), resonance Raman studies have found
subpopulations of high-spin five- and six-coordinate hemes (9).
Several cyt c-CL interaction models have been proposed. Catio-
nic residues Lys72, Lys73, Lys86, and Lys87 are thought to par-
ticipate in electrostatic binding to anionic phospholipids (10, 11),
with hydrogen bonding between Asn52 and protonated acidic
phosholipids further stabilizing CL binding at this site (10, 12).
Another electrostatic binding site involving residues Lys22,
Lys25, His26, Lys27, and His33 has been proposed to play a role
at low pH (13). EPR studies have found a partial penetration of
cyt c into the lipid bilayer (14), while another study suggested that
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a hydrophobic acyl chain could also bind into the protein inter-
ior (15).

Resolution of conformational heterogeneity is critical for the
accurate structural and functional description of the CL-bound
cyt ¢ conformations as ensemble-averaging may mask the true
features of the species involved. Measurements of time-resolved
fluorescence resonance energy transfer (TR-FRET) yield distri-
butions of the distance P(r) between a fluorescent donor (D) and
an energy acceptor (4) providing structural information about
heterogeneous states (16). The technique has become a valuable
tool in characterization of unfolded protein ensembles and fold-
ing intermediates, including those in cyt ¢ (17, 18).

Herein we have used four dye-labeled variants of horse heart
cyt ¢ to investigate the conformational properties of the protein
in the CL-bound state and the forces that govern its interactions
with CL. A small dansyl (Dns) dye has been attached to mutant
Cys residues at positions 4, 39, 66, and 92 (Fig. 1) that correspond
to the protein regions of different stability (19). Dns fluorescence
(donor, D) is quenched by FRET to the cyt ¢ covalently bound
heme (acceptor, A). Analyses of TR-FRET have revealed multiple
types of CL-bound cyt ¢ conformations, with distinct differences
in the degree of protein unfolding. Among these conformations, a
subpopulation of highly unfolded structures may be responsible
for the bulk of the protein peroxidase activity.

Results

Cyt c Fluorescent Variants. The Dns dye was coupled to a Cys re-
sidue in each of the four mutants of horse heart cyt ¢ E4C, K39C,
E66C, and E92C. The labeling locations were designed to sample
different regions of the cyt ¢ structure and minimize structural
perturbations upon mutation and labeling. A Zn analog, without
Dns labels but with a fluorescent porphyrin group (ZnP) served
as a valuable control in our experiments. Zn substitution is non-
invasive and produces a variant with stability similar to that of
ferric cyt ¢ (20).

The combined effects of Cys mutation and Dns labeling did not
appreciably alter the secondary structure of the protein (Fig. S1).
Moreover, stabilities of the variants were minimally affected
by these modifications (Table S1). Absorption, CD, and fluores-
cence spectroscopy measurements delivered identical values,
within the error bounds, of the free energy of folding AG;. Im-
portantly, results of GuHCI unfolding experiments suggest that
Dns modification in each of the four variants have similar effects
on the protein global stability.

Cyt c-CL Binding. Fluorescence anisotropy of Zncyt increases upon
addition of CL liposomes, consistent with the binding of the pro-
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Fig. 1. (A) Structure of horse heart cyt ¢ showing the labeled positions.
(B) Structure of the Dns label.

tein to a larger vesicle (Fig. 24). The measurements in a 25 mM
Hepes at pH 7.4 yielded an apparent binding constant K, of
1.5 x 10* M~!. In agreement with previous reports (4, 21), bind-
ing to CL liposomes also resulted in changes in the cyt ¢ heme
absorption spectrum (Fig. S2), and increase in both the Trp59
fluorescence intensity and protein peroxidase activity.

All fluorescence experiments in this study were performed
with 5 uM cyt ¢ and liposomes at 660 pM total lipid, conditions
at which changes in cyt ¢ spectra and peroxidase activity level off
(4, 21). Under these conditions, Met80 is no longer coordinated to
the heme (21); the disappearance of the 695 nm absorption band
at high lipid-protein ratios confirmed this finding (Fig. S24).
A minor blue shift of the Soret band to 407 nm and an increase
in the band intensity support change in the heme ligation
(Fig. S2B), likely to a nonnative His26 or 33. Far-UV CD spectra
indicate that there are some perturbations in the protein second-
ary structure (Fig. 2B), which are larger than those previously seen
with lower concentrations of CL (5). Increase in the Trp59 fluor-
escence signal reflects increase in the average Trp59-to-heme dis-
tance upon protein unfolding. The 4., of this signal at 337 nm is
characteristic of the hydrophobic environment of Trp59. The fact
that a model peptide LysTrpLys shows a comparable blue shift
(Amax = 343 nm) upon binding to CL (Fig. 2C) suggests that this
hydrophobic environment may not necessarily be provided by the
protein alone but also by the lipid.

At chosen positions away from the known CL interaction sites
(10, 11), a small Dns label is unlikely to interfere with CL binding.
Ultracentrifugation pelleting experiments have confirmed that
all the labeled cyt ¢ variants behave similar to the wild-type
(Fig. S2C).

Site Variations in Cyt c upon CL Binding. Measurements of integrated
fluorescence intensities have revealed changes in protein confor-
mation upon lipid binding. Dns fluorescence is quenched in the
native folded protein. Upon addition of CL liposomes, Dns fluor-
escence intensities increase for all the variants (Fig. 3). The spec-
tra are consistent with the protein state that is on average more
loosely packed than the native state but less extensively unfolded
than the GuHCl-denatured state. All variants exhibited small
blue shifts of A, for Dns fluorescence compared to A, in the
model N-acetyl Cys-Dns compound. The largest shifts of ~8 and
14 nm from A, in the unfolded proteins were observed for
Dns66 and Dns92, respectively, suggesting that these sites are
situated in a more hydrophobic environment.

TR-FRET measurements yielded distinct decays for the
folded, GuHCl-unfolded, and CL-bound proteins. In the absence
of specific information about the structure and heterogeneity of
the CL-bound state, we have chosen model-independent regular-
ization approaches to extract P(k) and P(r) distributions from the
observed kinetics (Fig. 3, Fig. S3) (17). Analyses of the TR-FRET
data for folded variants yielded D-4 distances consistent with ex-
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Fig. 2. (A) Fluorescence anisotropy of ZnP (le = 423 nm, Aey, = 588 nm,
[Zncyt] =2 pM, and [cytc] = 3 pM) with added TOCL/DOPC liposomes as a
function of total lipid concentration. Results of multiple independent experi-
ments have indicated that at 660 pM lipid, addition of 150 mM NacCl consis-
tently leads to a decrease in the ZnP anisotropy value. The line is a fit to the
Hill binding equation with K, = 1.5x10* M~'. (B) CD spectra of cyt ¢
([cytc] =5 uM, I = 0.2 cm) in a 25 mM TES buffer at pH 7.4 with (CL-bound,
blue) and without (native, black) TOCL/DOPC liposomes at 660 pM total lipid.
(C) Fluorescence spectra (lex = 295 nm) of cyt ¢ and LysTrpLys in a 25 mM
Hepes buffer at pH 7.4 with (cyt c—blue; LysTrplLys—cyan) and without
(cyt c—black; LysTrpLys—magenta) TOCL/DOPC liposomes at 660 pM total
lipid.

isting structural data (Table S2) (22). Distributions of D-4 dis-
tances P(r) for the GuHCl-denatured variants are in accord
with the previous reports (18, 23, 24) and reveal a heterogeneous
nature of the unfolded ensemble. Compact structures arising
from misligation and other intramolecular interactions are parti-
cularly prominent in Dns39, where the labeling site is close to
the implicated ligands His26 and His33.

For all the four Dns variants, the P(k) and P(r) distributions for
the CL-bound state indicate distinct populations of disparate
structures, some resembling the GuHCI-denatured structures
and others appearing more compact. With the exception of
Dns4, the fast decay rates and corresponding D-4 distances in
the compact structures are very close to those for the native state.
Based on the association constant K, the heterogeneous protein
population under our experimental conditions is not due to the
bound and unbound cyt ¢, but rather to different CL-bound cyt ¢
conformers. Furthermore, the lack of Met80-heme ligation, a
hallmark of the cyt ¢ native state, argues against a population
of unbound cyt ¢ under these conditions.

For Dns4, increased quenching rates suggest more efficient
FRET between the Dns label and the heme, owing to a change
in D-A distances or an altered orientation of the Dns dipole.
Both these scenarios point to the involvement of the N-terminal
helix in binding to the lipid. Residue 4 is separated by only nine
residues from the heme, and upon loss of contacts between N-
and C-terminal helices it may come close to the heme. This
new positioning could possibly result from a twisting of the N-
terminal helix with respect to the heme as this region interacts
with the lipid. The lack of a prominent blue shift for Dns4 argues
against deep insertion of this label into the lipid bilayer. Further-
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Fig. 3. Fluorescence spectra (1ex = 336 nm) and distributions of D-A distances P(r) for four Dns-labeled variants of cyt ¢ in a 25 mM Hepes buffer at pH 7.4
[native (N), gray]; with TOCL/DOPC liposomes at 660 uM total lipid [CL-bound (CL), blue]; with TOCL/DOPC liposomes at 660 pM total lipid and 150 mM NacCl
(CL +salt, red); and in 5.8+ 0.2 M GuHCl solution at pH 7.4 [GuHCl-unfolded (Ugunc), green]. The corresponding P(k) distributions are shown in Fig. S3.
At distances longer than 1.5x Ry = 59 A, energy transfer rate constants and D-A distances cannot be determined reliably; the structures with r > 1.5R,

are represented by a single bar.

more, the anisotropy data suggest efficient Dns fluorescent depo-
larization for the majority of the Dns4 ensemble. However, if the
probe is immobilized even for the subset of lipid-bound confor-
mations, the orientational freedom of the Dns dipole with respect
to the heme would still be restricted, affecting the R, value.
Therefore, we have considered the upper R, limit (x> =4,
Ry =53 A); this analysis has yielded D-A distances in compact
Dns4 structures similar to those in the native protein (Fig. S3).
Highly extended structures with Dns-heme distances similar
to those in the GuHCl-denatured protein are prominent mem-
bers of the polypeptide ensemble (Fig. 3). Higher populations
of extended structures for the Dns92 variant suggest a greater
degree of polypeptide unfolding in the vicinity of site 92.

Effects of lonic Strength on Cyt ¢ Conformational Ensemble. In order
to elucidate the nature of CL-cyt ¢ interactions, ionic strength
effects were probed. Increase in the concentration of salt di-
minishes binding between the negatively-charged CL and the
positively-charged cyt ¢ (4, 5). As revealed by Zncyt anisotropy
measurements (Fig. 24), at 660 pM total lipid and salt concen-
tration of 150 mM, about 20% of the cyt ¢ molecules are no long-
er bound to the liposomes. When NaCl is added, the Dns
fluorescence shifts back to the red (Fig. 3), indicating more hy-
drophilic environment of the probe. Salt influences P(r) distribu-
tions, decreasing the population of highly unfolded structures
(Fig. 4, Fig. S4). The population of compact structures instead
grows, and these conformations become more native-like. These
changes are consistent with salt-induced dissociation of cyt ¢ from
liposomes.

Addition of salt to the CL-bound cyt c yields identical TR-
FRET curves to those obtained with the protein incubated in
the salt-containing liposome solutions from the start (Fig. S5).
This finding indicates that the CL-induced unfolding is reversible,
consistent with previous reports (25).
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The cyt ¢ peroxidase activity increases with increase in the re-
lative populations of extended structures at different concentra-
tions of salt (Fig. 4). However, the projected rate of guaiacol
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Fig. 4. (A) Distributions of D-A distances P(r) from TR-FRET for Dns92 in the
native state and with TOCL/DOPC liposomes at 660 pM total lipid at indicated
concentrations of NaCl. (B) Peroxidase activity of cyt c in the native state and
with TOCL/DOPC liposomes at 660 pM total lipid at indicated concentrations
of NaCl, monitored with a guaiacol oxidation assay. (C) Initial rates versus
population of extended cyt ¢ structures (from Dns92 TR-FRET). A linear fit
predicts an initial rate dA,;o/dTime of 0.045 s~ at 100% of extended stru-
cures, almost 100-fold slower than the value of 3.9 s~' determined experi-
mentally for the protein in 6 M GuHCl at pH 7.4.
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oxidation at a 100% population of extended structures is still
about 100-fold slower than that for the the GuHCl-unfolded pro-
tein. Residual protein structure and the protein-lipid interface
likely limit access of H,O, and the substrate guaiacol to the
heme.

Although the cyt ¢ ensemble is comprised of only compact
polypeptide structures at very high salt concentrations of 1 M,
they are not identical to those of the native protein. The differ-
ences in the visible CD spectra (Fig. S5) and residual peroxidase
activity (Fig. 4B) further demonstrate that this ensemble is not
fully native.

Discussion

Cyt c-membrane interactions are important for both electron
transfer and apoptotic functions of this protein. Association of
cyt ¢ with mitochondrial membranes affects the protein reactivity
with physiological redox partners (26) and its ability to relocate
into the cytosol during apoptosis (3). The mitochondrial phos-
pholipid CL binds tightly to cyt ¢ and is particularly effective in
unfolding the protein (4). CL-induced conformational changes in
cyt ¢ confer peroxidase activity on the protein. The unleashed
peroxidase selectively catalyzes CL peroxidation, which is an im-
portant transformation in the initial stages of apoptosis (2). In-
terestingly, CL is also required for full activity of cyt ¢ oxidase,
and it has been suggested that cyt c-CL interactions may poten-
tially recruit cyt ¢ to this redox enzyme (27).

The unique structural features of CL, its dianionic charge and
the accessibility of phosphate groups at the surface of the lipid
membranes (28), promote strong interactions of this lipid with
the positively-charged cyt c. The binding, however, is complex.
While there are changes in the cyt ¢ heme environment detect-
able even at very low CL/cyt ¢ ratios (5), higher lipid concentra-
tions are needed to induce changes in intramolecular distances.
Increase in the available lipid surface area of the model lipo-
somes at higher CL/cyt ¢ ratios is likely an important factor for
protein unfolding.

Our results clearly show that CL liposomes cause a substantial
unfolding of cyt ¢, with a population of the ensemble with Dns-to-
heme distances similar to those in the denatured protein. High
mobility of the displaced ligand Met80 (29), facile binding and
efficient escape of carbon monoxide CO in the Fe(II)-CO photo-
lysis experiments (30), as well as a negative heme redox potential
(31), corroborate a wide opening of the heme pocket in the ex-
tended structures. The dynamic behavior of lipid- and surfactant-
bound cyt ¢ structures previously seen in the NMR exchange ex-
periments (25, 32, 33) also agrees with the presence of largely
unfolded polypeptides.

However, such unfolding is not uniform across the species in
the ensemble. At low ionic strength, when the entire protein po-
pulation is presumably bound to CL liposomes, the TR-FRET
data has revealed the existence of different cyt ¢ conformations
that vary in the degree of the polypeptide compaction. A number
of previous observations, including distinct environments of
Met65 revealed by NMR (29) and multiphasic kinetics of CO re-
binding (30), are in accord with the heterogeneous nature of this
ensemble. The revealed Dns-to-heme P(r) distributions argue
against the popular model of a uniformly compact molten glob-
ular state for the CL-bound cyt ¢ and instead suggest the prime
role of highly unfolded structures in the observed peroxidase ac-
tivity of this ensemble. Importantly, such extended structures per-
sist even at ionic strength of 150 mM (Fig. 3) associated with the
intermembrane space (34).

Site variations in population of extended structures, as well as
the lower peroxidase activity of CL-bound cyt ¢ compared to that
of the GuHCl-denatured protein, illustrate that some structural
preferences exist even for highly unfolded conformers. Only a
partial decrease of ~25% in the CD signal at 222 nm (Fig. 2B)
suggests presence of the o-helical structure in these species.
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The greater population of extended structures in Dns92 corrabo-
rates the strong affinity for anionic phospholipids of the pre-
viously implicated electrostatic binding site A (10, 12) to which
the residue 92 is close. However, our data suggests that CL-in-
duced conformational changes involve other regions of cyt ¢ as
well. Observed populations of extended structures in Dns39 are
consistent with polypeptide unfolding next to Pro44 (35) and sup-
ports the recent model of structural changes in the protein 37-61
loop (36). Changes in the N-terminal helix have not been noted
prior to this work. The presence of extended structures in both
Dns4 and Dns92 variants suggests that critical stabilizing interac-
tions between the N- and C-termini have been broken for some of
the protein conformers, and supports the existence of extended
“open” structures in the ensemble. The finding further highlights
that the CL-bound cyt ¢ is not a molten globular state as the
N- and C- terminal contacts are known to be maintained in this
cyt ¢ state under classical conditions of low pH and high concen-
tration of salt (37).

Regions of different folding stability, foldons, have been iden-
tified in native cyt ¢ (19). With the exception of site 92, the po-
pulations of extended structures (Fig. 3) do correlate with
stability of the foldons (Table S3). The N- and C-helices belong
to the same foldon in the native protein, yet the populations of
extended structures differ for Dns4 and Dns92 in the CL-bound
state. Comparison of Dns66 and Dns92 results suggests addi-
tional unfolding of the polypeptide fragment between residues
66 and 92. This region corresponds to a lower stability Met80-
containing loop, whose unfolding provides an explanation for
the increased protein peroxidase activity. Unfolding of this region
could account for long Dns92-heme distances even in structures
where the N- and C-interhelical contacts are preserved. However,
the higher population of extended structures in Dns92 may also
suggest the importance of new stabilizing interactions with the
lipid in defining the conformational properties of CL-bound
cyt ¢ c rather than stability of the native fold alone.

As the salt concentration increases, the populations of
extended structures and the variances of the P(r) distributions
decrease, indicating the importance of electrostatic interactions
in mediating strong binding and protein unfolding (Fig. 4). Elec-
trostatic interactions likely guide the formation of hydrophobic
contacts with the lipid. With a disrupted cyt ¢ native structure,
particularly in the vicinity of sites 66 and 92, additional hydropho-
bic interactions with CL acyl chains are possible (Fig. S6). Ob-
served unfolding of these polypeptide segments and larger blue
shifts of Dns fluorescence in Dns66 and Dns92 compared to other
variants are consistent with such an interpretation. The C-term-
inal sequence of cyt ¢ has a high density of polar and charged
residues, and theoretical studies have shown that this region
has a tendency to fray when new electrostatic interactions are
introduced (38). It is conceivable that electrostatic interactions
with the negatively-charged CL membranes unfold this region
of the protein, assisting in forming further hydrophobic contacts
with the lipid. Interestingly, a recent study of cyt ¢ oligomeriza-
tion suggests an ease of displacement of the C-terminal helix and
associated perturbation of Met80-heme interactions (39). With
the CL-induced break-up of the critical interfacial contacts
between N- and C-helices, additional unfolding of the protein
is possible (Fig. 5). Future work with additional site-specific
probes will examine this possibility and uncover the overall se-
quence of cyt ¢ unfolding steps.

Previous studies have revealed some penetration of cyt ¢ into
CL and other anionic phospholipid bilayers (14, 40), however,
this topic is controversial (11, 29). It appears that the mode of
cyt c-lipid binding and the possibility of insertion depend on
the lipid composition and surface coverage (9, 41). Estimates of
the heme location with dye-labeled CL in the similar TOCL/
DOPC lipid vesicles have placed the heme within 9-17 A from
the center of the bilayer (42). It is unlikely, however, that any
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Fig. 5. A cartoon illustrating populations of different cyt ¢ conformations in the CL-bound ensemble.

of the four Dns labels studied here insert deeply into the bilayer.
Binding to CL introduced minimal A.,, shifts in Dns fluores-
cence, while fluorescence of a model Cys-Dns compound under-
goes a dramatic shift to 460 nm in hydrophobic solvents and upon
insertion into liposomes (42). Furthermore, reversibility of the
CL-cyt ¢ binding and high mobility of the Dns probes from fluor-
escence anisotropy experiments support the positioning of the
protein backbone predominantly on the membrane surface. A un-
ique structure of CL with four bulky acyl chains provides oppor-
tunities for hydrophobic interactions already on the surface of CL
liposomes (43).

The nonnative character of the cyt ¢ ensemble in the presence
of CL and 1 M salt is intriguing. The protein conformations are
compact yet the P(r) distributions are broader than those for the
native protein (both at high and low salt concentrations, Fig. S4)
and resemble those seen for the cyt ¢ molten globule state (16).
Increased light scattering by the larger lipid vesicles at high salt
concentrations may partially contribute to the observed changed
in the decay curves. However, a residual peroxidase activity for
this ensemble suggests also increased accessibility of the heme
group within these compact structures compared to the native
state. Evidently, salt does not fully eliminate cyt ¢ interactions
with CL. High ionic strength favors hydrophobic interactions
but in the absence of cyt ¢ unfolding these interactions may be
different from those at low ionic strength. One possibility is
the insertion of a CL acyl chain, lipid anchorage (15), in the pro-
tein interior of these compact structures. Intrinsic conformational
strain of CL side chains (28) may be further enhanced in small,
curved small unilamellar vesicles membranes, reducing the bar-
rier for their transfer from the liposome into the protein interior.
The lower intensity of the negative CD band at 416 nm (Fig. S5) is
consistent with this model, although its presence also implies that
only a very small fraction of the protein ensemble is perturbed by
such interactions with CL. High concentrations of salt, typically
above 1.5 M for the TOCL mixtures, could also induce a nonla-
mellar phase formation in CL membranes (28), exposing acyl
groups on the membrane surface and affecting their interactions
with cyt c. However, it is not clear if these changes in CL mem-
brane morphology play a role under our experimental conditions.

Conclusions

Abundant literature on cyt c-CL interactions with different views
on the mode of protein-lipid binding and degrees of cyt ¢ struc-
tural perturbations so far has not been rationalized in terms of
one consistent model. Distributions of structures from TR-FRET
measurements offer an explanation of how different models can
coexist. Observations of the heterogeneous CL-bound cyt ¢ en-
semble and its transformation with experimental conditions high-
light the multitude of different structures that populate this
ensemble and illustrate the role of conformational dynamics
for the protein peroxidase function.

Dye-to-heme P(r) distributions and emission energies in four
site-specifically labeled variants shed light on the structural fea-
tures and diversity of cyt ¢ polypeptides. Driven by electrostatic
interactions, CL promotes dramatic unfolding of cyt c. Although
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very open, the formed cyt ¢ conformations likely preserve some
intramolecular interactions such as residual a-helicity. The loss of
the tertiary contacts, particularly involving the protein C termi-
nus, explains the role of the previously implicated CL binding site
and the associated increase in the cyt ¢ peroxidase activity. The
vast differences in the polypeptide compactness, and thus the
heme accessibility of cyt ¢ species, suggest that peroxidase activity
of the CL-bound cyt ¢ ensemble may be dominated by largely
open structures. The structural and mechanistic insights revealed
in this study will be instrumental for a better understanding of cyt
¢-CL interactions and the design of unique ways to manipulate
the apoptotic peroxidase function of cyt c.

Materials and Methods

Preparation of Dns Derivatives. Details of protein expression and purification
are provided in S/ Materials and Methods. Protein labeling with the thiol-
reactive reagent 1,5-IAEDANS (Invitrogen) and purification of dye-labeled
products was done as described (44). MALDI-TOF mass spectrometry con-
firmed the labeling.

Zinc-Substituted Cyt c. Iron-free cyt ¢ was prepared from commercial cyt ¢
(Sigma, C2506) according to Ensign, et al. (24). Zinc reconstitution was done
in the presence of 3 M GuHCl at pH 7.5 and 50 °C, and zinc-substituted cyt ¢
(Zncyt) was refolded by buffer exchange to 10 mM Tris HCI pH 7.5 (buffer A).
Purification was done on a HiTrap SP HP column (GE Healthcare) equilibrated
with buffer A. The protein was eluted with a shallow gradient from 0 to 50%
buffer B containing 10 mM Tris-HCI pH 7.5 with 0.75 M NacCl.

Preparation of Lipid Vesicles and Protein-Liposome Binding Experiments.
Details of preparation and characterization of vesicles are provided in S/
Materials and Methods. The vesicle stock solution was diluted with a
25 mM Hepes buffer pH 7.4 with or without NaCl and the protein was added
last. The samples were equilibrated at room temperature for at least 30 min
before data collection. Concentration of cyt c in all experiments was 5 uM. All
Dns-labeled and Zn-substituted cyt ¢ samples were handled in the dark.
Assuming a spherical vesicle shape and the cross-sectional areas of TOCL
and DOPC to be 120 and 70 A?, respectively (45, 46), an average vesicle in our
experiments is comprised of 16,000-24,000 lipid molecules and thus at
660 uM total lipid and 5 uM protein 120-185 cyt ¢ molecules bind to the same
vesicle. Intermolecular fluorescence quenching can be excluded because of
the absence of FRET from the Dns to the ZnP for a mixture of Dns-labeled
cyt c and Zncyt in the presence of our TOCL/DOPC vesicles. Furthermore, dis-
tances longer than ones in the GuHCl-unfolded protein (in particular with
variants Dns4 and Dns39) have not been observed, and identical results were
obtained with Dns-labeled and a mixture of labeled and unlabeled proteins.

Spectroscopic Measurements. All experiments were done at 21 + 2 °C. Absorp-
tion and circular dichroism (CD) spectra were recorded with an Agilent 8453
diode-array spectrophotometer and a Jasco J-715 spectropolarimeter, respec-
tively. Steady-state fluorescence spectra were measured with a Horiba Jobin
Yvon Fluorolog-3 spectrofluorimeter equipped with automatic polarizers.
Absorption spectra were referenced against a corresponding blank and
the scatter in the fluorescence spectra was removed by subtracting a blank
spectrum.

Fluorescence lifetimes were measured by time-correlated single photon
counting at 10,000 counts using a NanoLED-375L diode laser (e, = 375 nm,
<70 ps pulsewidth) as the excitation source and a fast TBX-04 detector.
Measurements were done under magic angle conditions and Dns emission
was observed at 500 nm. For measurements of time-resolved fluorescence
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anisotropy r(t), a manual polarizer was placed before the excitation beam
and automatic polarizers were employed for emission detection. The verti-
cally (V) and horizontally (H) polarized emission decays were collected in
60 s intervals until the difference in counts hy-lyy reached 40,000. A dilute
solution of LUDOX AS-40 (Aldrich) was used to collect an instrument response
function (IRF).

Data analysis of the TR-FRET was done in MATLAB (MathWorks) as pre-
viously described (16, 47); for specific details see S/ Materials and
Methods. Critical distance R, calculations and analyses of the orientation
factor «? effects on the D-A distances are provided in S/ Materials and
Methods.

Equilibrium Unfolding. The unfolding curves were obtained from absorption,
CD, and fluorescence measurements (Dns for the labeled variants or Trp59 for
the wild-type protein) as previously described (18). GUHCI concentrations
were checked for accuracy with refractive index measurements.

Peroxidase Assays. Peroxidase activity was assayed with guaiacol (Sigma) by
measuring absorption at 470 nm of the formed tetraguaiacol product (48).
Cyt ¢ preincubated in a liposome solution for at least 2 h was added to a
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