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Subtle Change in the Charge Distribution of Surface Residues
May Affect the Secondary Functions of Cytochrome ¢*
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Background: The cardiolipin (CDL) binding and the peroxidase activity of cytochrome c (cyt ¢) vary with the protein source.
Results: The CDL binding and the peroxidase activity of cyt ¢ depend on conformational heterogeneity and oligomerization.
Conclusion: Subtle variations in the surface residues of cyt ¢ influence its conformational dynamics and stability.
Significance: Secondary functions of cyt ¢ have been studied at single-molecule resolution.

Although the primary function of cytochrome c (cyt c) is elec-
tron transfer, the protein caries out an additional secondary
function involving its interaction with membrane cardiolipin
(CDL), its peroxidase activity, and the initiation of apoptosis.
Whereas the primary function of cyt c is essentially conserved,
its secondary function varies depending on the source of the
protein. We report here a detailed experimental and computa-
tional study, which aims to understand, at the molecular level,
the difference in the secondary functions of cyt ¢ obtained from
horse heart (mammalian) and Saccharomyces cerevisiae (yeast).
The conformational landscape of cyt ¢ has been found to be het-
erogeneous, consisting of an equilibrium between the compact
and extended conformers as well as the oligomeric species.
Because the determination of relative populations of these con-
formers is difficult to obtain by ensemble measurements, we
used fluorescence correlation spectroscopy (FCS), a method
that offers single-molecule resolution. The population of differ-
ent species is found to depend on multiple factors, including the
protein source, the presence of CDL and urea, and their concen-
trations. The complex interplay between the conformational
distribution and oligomerization plays a crucial role in the var-
iation of the pre-apoptotic regulation of cyt c observed from dif-
ferent sources. Finally, computational studies reveal that the
variation in the charge distribution at the surface and the charge
reversal sites may be the key determinant of the conformational
stability of cyt c.

It has been believed generally that a protein can have only a
single function. This view, however, is changing in that a grow-
ing number of proteins display multiple functions. A notable
example is cytochrome ¢ (cyt ¢), for which a role in many cellu-
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lar processes has been amply demonstrated (1-5). Native cyt ¢
is present in the mitochondrial intermembrane space in a
loosely membrane-bound state and is responsible for the pri-
mary function of electron transfer from complex III (coenzyme
Q-cytochrome ¢ reductase) to complex IV (cytochrome ¢
oxidase).

In addition to its role in the electron transfer processes, cyt ¢
in its partially unfolded state can act as a death mediator by
activating the apoptosome (6). This process is initiated when
folded cyt c interacts with membrane cardiolipin (CDL?; 1,3-
diphosphatidyl-sun-glycerol) (7-11). When the cell senses an
external or internal apoptotic stimulus, such as an uncontrol-
lable amount of reactive oxygen species production, CDL is
transported into close proximity of cyt ¢ (7, 12, 13). Cyt ¢, being
a positively charged protein, interacts readily with the nega-
tively charged CDL (9, 14, 15). Subsequently, the heme—Met-80
bond disruption allows cyt ¢ to act as a peroxidase (16, 17). In a
series of subsequent interconnected amplifying events, a mas-
sive release of cyt ¢ takes place within the cytosol (5, 7, 9, 12,
18 -25). In the case of higher eukaryotes, the released cyt ¢ mol-
ecules activate the apoptosis protease-activating factor 1
(Apaf-1) in the presence of deoxy-ATP (26, 27). Once it acti-
vates Apaf-1, the cell crosses the point of no return, initiating
the process of cell death (28).

The pro-apoptotic function of cyt ¢ has been well studied in
higher (for example, mammals) and lower (for example, Sac-
charomyces cerevisiae) eukaryotes (29-33). Although the
release of cyt ¢ in yeast is common to both proteins (34, 35),
there are striking differences in the downstream mechanisms
between the mammalian and yeast systems. Unlike cyt ¢ from
higher eukaryotes, the release of yeast cyt ¢ (y-cyt ¢) does not
activate caspases (36). Instead, the concentration of y-cytec,
once it appears in the cytosol diminishes with time (37). The
mechanism of the absence of pro-apoptotic activity of the
released y-cyt ¢ in the yeast, and the observed reduction of
the concentration of released y-cyt ¢ with time is not yet under-
stood completely.

Although the interaction of CDL with mammalian and yeast
cyt ¢ has been studied extensively (8, 9, 30, 33, 38 —43), a sys-

® The abbreviations used are: CDL, cardiolipin; cyt ¢, cytochrome c; y-, yeast;
h-, horse heart; MD, molecular dynamics; TMR, tetramethylrhodamine;
DLS, dynamic light scattering; RMSF, root mean square fluctuation.
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tematic molecular level of understanding remains elusive. It
should be noted that the primary amino acid sequences of
mammalian horse heart cyt ¢ (h-cyt ¢) and y-cyt ¢ share almost
70% identity (44) and their structures are perfectly superimpos-
able. Both proteins have an almost identical core composition,
differing only by a few superficial amino acids at their surfaces.
Nevertheless, their behavior toward the secondary functions
(for example, their interactions with CDL, their peroxidase
activity, and their role in the pro-apoptotic events) is remark-
ably different. It is also important to note that these two pro-
teins with identical cores and a slight difference in surface res-
idues differ in their conformational stability.

In this article, we have used the single-molecule resolution of
fluorescence correlation spectroscopy (FCS) to distinguish dif-
ferent events that contribute to the heterogeneity of the CDL-
protein complex. The results show the presence of a dynamic
equilibrium between at least two conformers that differ in
brightness and peroxidase activity. The involvement of a com-
peting oligomerization further complicates these processes.
Interestingly, the peroxidase activity of y-cyt ¢, although higher
in the folded state, decreases in the presence of CDL as a result
of the increase in the oligomer population. This is in contrast to
h-cyt ¢, in which peroxidase activity increases significantly with
CDL binding. This happens as a result of the increase in the
population of the peroxidase-active extended conformer. The
population of the fluctuating conformers and the oligomeric
species depend on many factors, including the source of pro-
tein, the presence of urea and/or CDL, and their concentra-
tions. In addition, the difference in the relative amplitudes of
the participating conformers and the extent of oligomerization
contributes significantly to the conformational stability of these
proteins, affecting the secondary functions and their roles
toward the pre-apoptotic regulations. Using molecular dynam-
ics (MD) simulation we have shown that the change in the sur-
face charge distribution between these two proteins and the
charge reversal sites may contribute to the difference in confor-
mational stability and their secondary functions.

Experimental Procedures

The two proteins, namely h-cytc (catalog No. C7752-
100MG) and y-cyt ¢ (catalog No. C2436-100MG), and CDL
disodium salt from bovine heart (catalog No. 21979-25-MG-F)
were purchased from Sigma. Tetramethylrhodamine (TMR)-5-
maleimide was obtained from Molecular Probes (Eugene, OR).
All other reagents used were of the highest purity. y-cyt ¢ con-
tains one free cysteine (Cys-102), which was labeled with TMR
using published procedures (45). h-cyt ¢ was labeled at the
N-terminal using the succinimidyl ester derivative of TMR (46).
The extent of labeling was calculated to be ~40 and 44% for
y-cyt ¢ and h-cyt ¢, respectively. The labeling did not have any
effect on the stability of either protein as determined by inde-
pendent unfolding measurements (Table 1 and Fig. 1, 2 and b).

For the experiments involving CDL vesicles, the following
procedure was used. A solution of CDL in chloroform was pre-
pared. A lipid film of CDL was generated on the inside wall of a
round-bottomed flask by evaporating chloroform solvent. The
film of CDL was stored in a desiccator overnight under reduced
pressure conditions for complete evaporation of the solvent.
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The film was subsequently hydrated using 20 mm sodium phos-
phate buffer, pH 7.5. After vigorous stirring and 10 freeze and
thaw cycles, the liposome suspension was extruded 31 times
using polycarbonate membranes with 100-nm pore size (38).

CD experiments were carried out using a Jasco ]J720 spectro-
polarimeter (Japan Spectroscopic Ltd.). The far-UV CD exper-
iments (between 200 and 250 nm) were carried out using pro-
tein samples at 20 uM concentration, and each spectrum was
averaged using 10 repeat scans. The path length of the cuvette
used for the far-UV CD measurements was 1 mm. The value at
222 nm was plotted against urea concentration to monitor the
unfolding transitions of the proteins. All of the CD experiments
were carried out at 25 °C unless otherwise mentioned.

Steady state tryptophan fluorescence experiments were car-
ried out using a PTI fluorescence spectrometer (Photon Tech-
nology Int.).The protein samples were excited at 295 nm to
avoid any contributions from the tyrosine residues. The fluo-
rescence emission spectra were recorded between 315 and 415
nm. Final concentration of the labeled cytochrome ¢ used for
the tryptophan fluorescence experiments was 2 uM.

Determination of Peroxidase Activity—The peroxidase activ-
ity of the protein samples in the absence and presence of CDL
was measured at 25 °C using 200 um H,O, and 10 mum guaiacol.
The product formation kinetics was followed using a Shimadzu
1700 Pharmaspec UV-visible spectrophotometer. The protein
concentration used was 2 uM. The rate of decomposition of
hydrogen peroxide (H,O,) by peroxidase using guaiacol as a
hydrogen donor was determined by measuring the rate of color
development spectrophotometrically at 470 nm using the
extinction coefficient 2.66 X 10* M~ 'cm ™! (47).

Dynamic Light Scattering (DLS) Measurement—DLS experi-
ments were performed with a Nano-ZS (Malvern Instruments)
instrument (5 milliwatts, He-Ne laser, A = 632 nm) using pro-
tein samples of 1 uM concentration in the presence of 20 mm
sodium phosphate buffer at 25 °C. The experimental solutions
were filtered using 0.22-um low protein binding filters and then
mixed thoroughly. The prepared samples were kept for 2 h
before each experiment. The operating procedure was pro-
grammed (using the DTS software supplied with the instru-
ment) to record the average of 10 runs, with each run collected
for 30 s with an equilibration time of 3 min.

FCS Measurements and Analysis—FCS experiments were
carried out using a commercial instrument, Confocor 3 LSM
(Carl Zeiss, Evotec, Jena, Germany) using a X40 water immer-
sion objective (numerical aperture, 1.2). Approximately 400 ul
of the sample (free dye or labeled protein) was placed into Nunc
chambers (Nalge Nunc Int.) and excited with an argon laser at
514 nm. The fluorescence signal was separated from the excited
line using a dichroic filter, and emitted fluorescence was col-
lected using two avalanche photodiodes. The photo-current
detected by the avalanche photodiode detectors was used to
calculate single-color cross-correlation functions.

FCS measurements were carried out in 20 mm sodium phos-
phate buffer, pH 7.5, in the presence of 20 mm DTT. Typically,
50-100 nM labeled protein concentration was used. To correct
for the refractive index and viscosity of urea solutions, neces-
sary correction measurements were carried out using a micro-
scope correction collar and height as described previously (48).
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In addition, control experiments were carried out with free
fluorophore (TMR) under each solution condition to normalize
the protein data.

For a freely diffusing system without any conformational
event or chemical reaction, the diffusion time (7,,) of a fluoro-
phore and the number of particles in the observation volume
(N) can be calculated by fitting the correlation function using
Equation 1.

1 1 0.5

1 n
G(’T) =1 -‘rNEG,

i=1

T T (Eq.1)
T+ —/J| 1+ SP—

Tp; Tp;

Here SP is the structure parameter, the depth-to-diameter ratio
of the Gaussian observation volume. For a single-component
system, n = 1, which corresponds the presence of only one kind
of fluorophore with a diffusion time of 7. For a two-compo-
nent system, n = 2, which models the presence of two diffusing
species (one with the diffusion time of 7,,; and an amplitude of
a, and the second with the diffusion time of 7, and an ampli-
tude of a,, where a, + a, = 1).

The correlation function for a single-component system with
diffusion time 7, and an associated chemical reaction or con-
formational change event (A = B) with a relaxation time con-
stant of 7, can be described by Equation 2.

(1—F+ Fexp(—T/TR))/ T T \%\ !
N(T— ) \(‘ +TD><1 i SPZT) )
(Eq.2)

G(r) =

Equation 2 assumes that one of the states (A or B), which
involves the conformational change event is non-fluorescent,
and there is no difference in 7,, between A and B. F is the ampli-
tude of 75, which corresponds to the average fraction of the
molecule in the non-fluorescent state. The value of 7, could
only be measured if both the following conditions are satisfied:
first, the rate of chemical reaction or conformational change
event is significantly faster than the diffusion of the molecule or
Tr << Tp, and second, a large difference in fluorescence inten-
sity between A and B exists. The diffusion coefficient (D) of the
molecules can be calculated from 7, using Equation 3,

0)2

~ 4D

L) (Eq.3)
where w is the beam radius of the observation volume, which
can be determined by measuring the diffusion time of a dye with
a known diffusion coefficient, D.

The hydrodynamic radius (r,,) of a labeled molecule can be
calculated from the Stokes-Einstein equation by using the value
of diffusion coefficient D,

kT
B 67anH

(Eq.4)

where k is the Boltzmann constant, T is the temperature, and 1
corresponds to the viscosity of the solution.

Molecular Dynamics Simulation—Molecular dynamics sim-
ulations were carried out using Gromacs 4.5.5 with GROMOS
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force field 53A6 (49) at a constant temperature and pressure
ensemble. The calculations were carried out using an Apple
cluster equipped with operating system Darwin (release 9.6.0).
Eight simultaneous processors were used for parallel pro-
cessing of the mdrun program of Gromacs using Open MPI
module (version 1.4.3) (50). The V-rescale coupling was
employed to maintain a constant temperature of 308 K with
coupling constant of 0.1 ps for both protein and non-protein
molecules in the system. Parrinello-Rahman coupling was used
to maintain constant semi-isotopic pressure of 1 bar with a
coupling constant of 2 ps within a fixed volume of a dodecahe-
dron box (diameter, 0.75 nm) filled with water molecules
(spc216 water model). A periodic boundary condition was
employed for defining the perfect three-dimensional tiling of
the system. The particle mesh Ewald method with grid spacing
of 0.16 nm was used for electrostatic calculations. A non-
bonded cutoff of 1 nm was used for the Lennard-Jones poten-
tial. The net charge of the protein was compensated for by add-
ing 0.1 M NaCl into the system. A steepest descent algorithm
with a maximum of 50,000 steps was applied for the energy
minimization of the protein. Leapfrog integrator was utilized
for the molecular dynamics run.

We ran several molecular dynamics simulations correspond-
ing to different temperature conditions, starting with the crys-
tal structures of the proteins. Two 300-ns simulations were per-
formed with y-cyt ¢ and h-cytc at 25 and 40 °C. The sulfur
atoms of Cys-14 and -17 of both proteins are bond-restrained
with nitrogen atoms of the pyrrole ring to hold the heme at the
proper position. The Gromacs in-built option for coupling
between His-18 and the iron atom of heme was employed to
create better heme geometry at the protein core. All trajectory
analysis was done after a satisfactorily equilibrated period of
100 ns. The Adaptive Poisson-Boltzmann Solver (APBS) (51)
program was used on the end simulation structure of both pro-
teins to calculate surface macromolecular electrostatic proper-
ties. PyMOL, version 1.5.0.3, was used for the visualization of
protein structure.

Results

Although the Binding of CDL Takes Place through Two Bind-
ing Sites, the Nature of the Transitions May be Different for
h-cyt ¢ and y-cyt c—The absorbance spectra of h-cytc¢ and
y-cyt ¢ in the presence of different concentrations of CDL are
shown in Fig. 1, ¢ and d, respectively. The presence of an iron
porphyrin ring as the prosthetic group in a heme protein (for
example, cyt ¢) is responsible for the absorbance around 410
nm (the Soret band) (52). For both proteins, the change in the
Soret absorbance at 410 nm with increasing concentrations of
CDL show two CDL binding sites (Fig. le), supporting the
observations of Rytomaa and Kinnunen (14) and Sinibaldi et al.
(17). However, the nature of the transitions seems to be differ-
ent for the two proteins (Fig. 1e). For h-cyt ¢, a decrease in the
absorbance at 410 nm takes place, which is then followed by an
increase in the intensity (Fig. le, red). In contrast, the binding of
CDL with y-cyt ¢ leads to a biphasic decrease in the absorbance
at 410 nm (Fig. le, black).

Fig. 1, fand 1g, shows the far-UV CD spectra of h-cyt c and
y-cyt ¢, respectively, in the absence and presence of 6, 20, and
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FIGURE 1.a and b, urea-induced unfolding transitions monitored by tryptophan fluorescence of h-cyt c (a) and y-cyt c (b), where red triangles represent labeled
proteins and black triangles represent unlabeled proteins. The unfolding data are fit to a two-state unfolding model, and the fits are shown by the lines. Itis clear
that the labeling does not change the stability of h-cyt c and y-cyt c. c and d, absorbance spectra of h-cyt c (c) and y-cyt c (d) in the presence of 0, 6, 20, and 50
M CDL. The binding between cyt ¢ (y-cyt c is represented in black and h-cyt ¢ in red). CDL was monitored by the absorbance at 410 nm (e). For h-cyt ¢, the
absorbance decreases at the first binding site, which is then followed by an increase in absorbance for the second site. For y-cyt ¢, in contrast, CDL binding at
both sites results in a decrease in the absorbance. fand g, far-UV CD of h-cyt ¢ (f) and y-cyt ¢ (g) in the presence of 0, 6, 20, and 50 um CDL. The variation of far-Uv
CD at 222 nm with CDL concentration for y-cyt ¢ (black) and h-cyt c (red) is shown in h. Far-UV CD data clearly show that the binding of CDL does not lead to any
significant change in the secondary structure of h-cytc. In contrast, the secondary structure of y-cyt ¢ decreases considerably with the increase in CDL
concentrations. i and j, steady state tryptophan fluorescence data obtained with h-cyt c (i) and y-cyt ¢ (j) in different CDL concentrations. The variation of
fluorescence intensity with CDL concentrations for y-cyt c (black) and h-cyt c (red) is shown in k, and the variation in peroxidase activity with CDL concentrations
is shown in /. It is interesting to note that y-cyt ¢ has maximal activity in the absence of CDL, which decreases as the concentration of CDL increases. In contrast,
the activity of h-cyt c increases with the increase in CDL concentrations, reaching a maximum at about 35 um. All of these experiments were carried out in 20

mm phosphate buffer, pH 7.4, and at 25 °C.

50 um CDL at pH 7.5. Fig. 14 shows the variation of the
ellipticity at 222 nm with the increase in CDL concentrations
for both proteins. Far-UV CD data, which monitor the
change in the secondary structure of a protein, clearly show
that the binding of CDL with y-cyt c leads to a large decrease
in the ellipticity at 222 nm (Fig. 14, black). The secondary
structure of h-cyt ¢, in contrast, remains intact even in the
presence of the highest concentration of CDL studied (50
uM) (Fig. 14, red).

The tryptophan fluorescence of cyt c is generally quenched in
the native state of cyt ¢ (Fig. 1, i and ). Any conformational
alteration or unfolding generally results in an increase in tryp-
tophan fluorescence emission. This is because the unfolding
increases the distance between tryptophan and the heme
group. Steady state tryptophan fluorescence intensity at 350 nm
increases for both proteins as a result of the addition of CDL
(Fig. 1k). The nature of the increase in fluorescence intensity
with CDL concentrations also suggests the presence of two
binding transitions for both the proteins. Although these two
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transitions are well separated in y-cytc, they are somewhat
overlapping in h-cyt ¢ (Fig. 1k).

The above data suggest that the binding of CDL with cyt ¢ is
biphasic, which agrees with previous reports (14, 17). For
y-cyt ¢, the concentrations of CDL where half of the binding site
is occupied are 3 and 19 um for the first and second binding,
respectively (Fig. 1e). For h-cyt ¢, the respective values are 3 and
26 uM (Fig. 1e). In addition, Scatchard analyses suggested that
the binding constants for these two sites for h-cyt c are 0.09 and
0.03 um ™~ ', respectively. The binding constant for the first bind-
ing of y-cyt ¢ was found to be very similar. In contrast, the bind-
ing constant for the second site is higher (0.075 um™') for
y-cytc.

Binding with CDL results in a conformational change of
cyt ¢, although the extent of structural perturbation is signifi-
cantly higher in the case of y-cyt c. The conformation and coor-
dination geometry of the heme active site become perturbed as
aresult of CDL binding. It has been shown that, in the presence
of CDL, the native iron—methionine bond breaks, and as a

JOURNAL OF BIOLOGICAL CHEMISTRY 14479



FCS Studies of CDL Binding and Peroxidase Activity of cyt c

(@) (b) (©
5 b mk . - 1600
"3 10815 ST R 5 - £
= 3 = g —50uM cdl
= ot = =
L= L=
g ETETTTTTE TR g 50uM cdl £
H i @ e e ‘e - ° uM ¢ « 800
o 10 Time, msec = 2 =
< S -
) o-y-cytc > §
= o h-cytc ";o.." 6
=3
1.00 0.0 S—
o T g | " o ] 5l = ] - U T T T T T T U 0 T T T
1E-3  0.01 0.1 1 10 100 1000 1E-3  0.01 0.1 1 10 100 1000 0 30 60
Time, msec Time, msec Time, sec

~
o
~—'

@
-3
1

&
S
1

o
1

™ T ' T
0 25 50

Calculated population, %

4
x
=
=}
=]
&
=
=
2
=
2
=
ey
3
&
=
B
=
<
9]

T T
0 25 50

Hydrodynamic radius (r,), A

[Cardiolipin], pM [Cardiolipin], pM
() (h) ) R0
o 600 - e S
X A X -~ 90
~ 60 z i PN = 21
s 450 g 3 =
= £ k=] = 5] =
= E = i E E s
= (0) — « Z st <l = ot S 60 14
g' 30 300 £ o S 40 (Activity) 32 g. 4
= « (=] -
2 o4 = A h-cytc o 1= o o=
] Q = > &
3 . 3 g 2 ;
o = = o < = 072
= 150 < <« S 30 <
bbbt = o
8 : 9] 5 0 %
= 0 2 50 0 2% 50 C] 0 2 50 o 0 2 s
Q Q

[Cardiolipin], pM [Cardiolipin], pM

[Cardiolipin], pM [Cardiolipin], pM

FIGURE 2. g, the autocorrelation functions of TMR-labeled h-cyt ¢ and y-cyt c in the native folded state of the proteins and in the absence of CDL. The lines
through the data represent their fits using a one diffusion-one exponential model. This model assumes a conformational fluctuation between a quenched and
a bright conformer. The goodness of the fits was determined using the randomness of the residual distributions (shown in the inset). b, the correlation function
obtained using the TMR-labeled y-cyt c in the presence of 50 um CDL. The long tail effect in the correlation functions suggests the presence of oligomers. ¢, the
presence of oligomers was also noted by the observance of large spikes in the intensity fluctuations in FCS data. This experiment was carried out using
TMR-labeled y-cyt c in the presence of 50 um CDL. d and e, the variation of the populations of the compact (N), extended (E), and oligomerized (O) forms of
h-cyt ¢ (d) and y-cyt ¢ (e) with CDL concentrations. f, the variation of r,; with CDL concentrations for y-cyt ¢ (black) and h-cyt c (red). The values of r, were
calculated from the values of 7, (the diffusion time of the fast component) using Stokes-Einstein approximation. g, comparison between the FCS and DLS
results. The population of the oligomerized component obtained using FCS (blue) with y-cyt c is compared with the values of the average diameter obtained
using DLS (green). The left and right y axes represent the population values of the oligomerized component and average diameter, respectively. h, the average
diameters of y-cyt ¢ (black) and h-cyt c (red) in the presence of different CDL concentrations as monitored by DLS. A comparison between the population of E

and peroxidase activity is shown for h-cyt ¢ (i) and y-cyt c (j).

result heme iron either remains unbound or forms axial bond
with other residues (53-55).

We measured the peroxidase activity of h-cyt ¢ and y-cyt ¢
in the absence and presence of different concentrations of
CDL, and the results are shown in Fig. 1/. The peroxidase
activity data indicate interesting differences between these
two proteins. The data obtained in the absence of CDL show
greater peroxidase activity for y-cyt ¢ compared with h-cyt ¢
(Fig. 1/). In the presence of CDL, the peroxidase activity of
h-cyt ¢ increases initially and then decreases slightly above
35 uwm CDL (Fig. 1/, red). The effect of CDL is very different
on the peroxidase activity of y-cyt c. The peroxidase activity
of y-cyt ¢ is at its maximum in the folded condition (in the
absence of CDL) and decreases continuously with the
increase in the concentration of CDL (Fig. 1/, black). It is
interesting to note that although both proteins have similar
value of maximum peroxidase activity, they reach these max-
ima at different concentrations of CDL (no CDL for y-cyt ¢,
but 35 um CDL for h-cyt c).
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FCS Measurements Distinguish Different Conformers Present
in cyt c CDL Interaction Pathways—FCS measures fluctuations
in fluorescence intensity occurring at a small observation vol-
ume. The observation volume can be defined by using a number
of pinholes or by using a tightly focused multi-photon laser line.
Intensity fluctuations may occur due to the diffusion of the
molecule (with diffusion time 7,,) in or out of the observation
volume (Equation 1) or due to the kinetics of a conformational
change (with the time constant 7), which rate is faster than the
molecular diffusion (7, << 7, (Equation 2)). Analysis of the dif-
fusion component (7,) provides the hydrodynamic radii (r;;) of
the folded, unfolded, and intermediate states of a protein. Anal-
ysis of the kinetic component provides information about the
time constant (75) of the conformational fluctuations in the us
time scale.

The correlation functions obtained from the FCS experi-
ments on TMR-labeled y-cyt ¢ and h-cyt c in their folded states
and in the absence of CDL are shown in Fig. 2a. Cyt ¢ in its
folded state is characterized by a conformational fluctuation
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with the time constant in the us time scale (7, ~30 us) (56). The
residual distributions of the fits are shown as an inset in Fig. 2a.
This conformational fluctuation takes place between a fluores-
cently dark conformer (N, in which the attached fluorophore
and the quencher heme are close to each other) and a bright
conformer (E, in which they are separated) of cyt c. Further
characterization of this fluctuation has been discussed in our
previous article (56). Correlation functions (Fig. 2a) show that
y-cyt ¢ has a slightly larger r,,, and hence it takes more time to
diffuse through the observation volume compared with h-cyt c.
The amplitude of the bright state (E) is significantly higher in
the case of y-cyt ¢ (85% population in equilibrium between N
and E), as compared with h-cyt ¢ (less than 5%). This observa-
tion is in line with the steady state fluorescence data, which
show that the fluorescence emission intensity is significantly
higher in the case of y-cyt ¢, compared with that of h-cyt c.

In the presence of relatively high concentrations of CDL, the
proteins are found to form large particles, as indicated by large
spikes in the intensity fluctuations data and by the long tail in
the correlation functions. This effect is more prominent with
y-cyt ¢. The representative correlation function observed with
y-cyt ¢ in the presence of 50 um CDL is shown in Fig. 2b. The
associated intensity fluctuation and the presence of spikes are
shown in Fig. 2¢. The aggregation and pore formation of cyt cin
the presence of CDL has been noted previously (25, 57). The
presence of a long tail in the correlation function and large
spikes has been shown in the aggregation of the intestinal fatty
acid-binding proteins (58). In addition, the quantification of the
number of spikes in the intensity distribution data has been
used as a diagnostics tool to monitor the aggregation of 3-am-
yloid in Alzheimer’s patients (59).

FCS data observed with the TMR-labeled cyt ¢ in the pres-
ence of different concentrations of CDL have been analyzed
using the following model (Reaction 1).

N(dark) = E(bright) 2 O(oligomers)
REACTION 1

The values of the diffusion time of the species N (or E) and O are
denoted as 75, and 7, respectively. It may be noted that FCS
analyses did not differentiate between N and E in terms of the
values in diffusion time. Hence the observed diffusion time
(Tpy) of N and E is an average estimate depending on their
relative populations in equilibrium. The time constant of inter-
conversion between N and E and that between E and O are
denoted as T and 7, respectively. 7 is faster than the diffusion
time of either N or E (7, << Ty ~ Tpg). Because O represents
the oligomeric species, the diffusion of O is significantly slower
than that of either N or E (75, => Ty ~ Tpg ~ Tp1)- The time
constant of the formation of species O () is also large com-
pared with the 7, values corresponding to E (or N) and O (74
=> 7,5 > Tpy). Consequently, our model contains two diffu-
sional components (7, and 7,) in addition to one exponential
component (7). One of these two diffusion components (with
the diffusion time of 7j;) corresponds to the population-
weighted average of N and E, whereas the second component
(with the diffusion time of 7,) represents the oligomeric spe-
cies (O). The exponential component (with the time constant of
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T and an amplitude of a,) represents the conformational fluc-
tuation between N and E. The amplitude, a,, is proportional to
the population of the fluorescently dark state, N.

The variations in the equilibrium population of N (the dark
component), E (the bright component), and O (the oligomeric
species) with CDL concentrations were determined from the
above model and plotted for h-cyt cand y-cyt cin Fig. 2, d and e,
respectively. For h-cyt ¢ in its completely folded state (in the
absence of CDL), the component N was found to be the pre-
dominant species, with the populations of E and O making very
low contributions (Fig. 2d). With the increase in CDL concen-
trations, the population of E increases, which takes place mostly
at the expense of the population of N. The population of E is
maximal at about 35 um CDL concentration, beyond which the
population of E decreases slowly as a result of the increase in the
population of O, the oligomeric species (Fig. 2d).

The result is different with y-cyt ¢ (shown in Fig. 2e). In the
folded state (in the absence of CDL), the population of E is
significantly large (about 85%). This is in contrast to its almost
negligible concentration for h-cyt ¢. The population of the dark
conformer, N, increases slightly in the presence of a low con-
centration of CDL, maximizes at concentrations between 4 and
8 um, and then decreases when a higher concentration of CDL
is added. In contrast, the population of E decreases systemati-
cally with the increase in CDL concentration. Additionally, the
increase in the concentration of CDL results in a large increase
in the population of O. A comparison of the FCS data for y-cyt ¢
and h-cyt ¢ suggests identical increase in 7, (the diffusion time
of the first component) for both h-cyt ¢ and y-cyt c. This is
shown in Fig. 2f using the values of r;; determined from the
values of 7,;. As suggested in our model for FCS data analyses,
the variation of the first component with CDL concentration
probes the change in the size of the protein-CDL complex as
CDL molecules bind. The present data suggest that the binding
of CDL leads to similar increase in the size for both proteins.

In contrast, a greater extent of aggregation for y-cytc is
observed when compared with h-cyt ¢ (Fig. 2, d and e). This was
substantiated further by dynamic light scattering data (Fig. 2, g
and &). For h-cyt c and y-cyt cin the presence of 50 um CDL, the
values of the average diameter obtained by DLS experiments
were found to be 49.2 nm (polydispersity index (PdI), 0.3) and
480 nm (PdI, 0.5), respectively.

Fig. 2i shows the comparison between the changes in perox-
idase activity and the population of E in the case of h-cyt c. The
corresponding data for y-cyt ¢ is shown in Fig. 2. It is interest-
ing to note that a direct correlation exists between these two
experimental results, which suggests that the bright compo-
nent, E, plays a profound role in the peroxidase activity for both
h-cyt cand y-cyt c. For h-cyt ¢, the population of E is very low in
the absence of CDL, resulting in low peroxidase activity. The
interaction of h-cyt ¢ with CDL leads to an increase in the pop-
ulation of E, resulting in an increase in the peroxidase activity.
The higher peroxidase activity of y-cyt c in the absence of CDL
comes from the higher population of E in its native folded state.
The drop in peroxidase activity for y-cyt ¢ in the presence of
CDL is the result of the decrease in the population of E, primar-
ily because of the formation of the large oligomeric species, O.
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FIGURE 3. Urea-induced unfolding transitions were monitored by far-UV CD at 222 nm (black) and peroxidase activity (blue) for h-cyt c (a) and y-cyt ¢ (b) in the
absence of CDL, h-cyt ¢ (¢) and y-cyt ¢ (d) in the presence of 6 um CDL, and h-cyt ¢ (e) and y-cyt ¢ (f) in the presence of 50 um CDL. The unfolding transitions
(except those shown in e) were fit to a two-state unfolding model, and the thermodynamic parameters are given in Table 1. The transitions shown in Fig. 3e

could not be fit to a two-state model.

Unfolding of cytc Monitored by Far-UV CD, Peroxidase
Activity, and FCS Suggests Higher Conformational Stability of
h-cyt ¢ Compared with y-cyt c—The results discussed above
clearly show that the equilibrium population of the extended
conformer, E, is significantly larger in the folded state of y-cyt ¢
as compared with h-cyt c¢. The data also show that the compo-
nent E may play a direct role in the peroxidase activity of the
protein. In addition, the protein y-cyt ¢ has been found to have
greater propensities for oligomer formation. All of these results
suggest that the ability of these proteins to sample the more
extended conformer (E) may have a direct relevance to their
peroxidase activity. In the following sections, we asked whether
oligomerization has any role in peroxidase activity and also how
the different components of the cyt ¢ secondary function (per-
oxidase activity and CDL binding) are modulated by structural
and conformational factors, including the conformational sta-
bility and oligomer forming propensities.
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To obtain a detailed insight into the conformational stability
of h-cyt ¢ and y-cyt ¢ in the absence and presence of different
concentrations of CDL, urea-induced unfolding transitions
were carried out using far-UV CD, FCS, and peroxidase activity
measurements. Fig. 3 shows the variations of ellipticity at 222
nm and peroxidase activity for h-cyt ¢ and y-cyt ¢ with urea
concentrations in the absence and presence of 6 and 50 um
CDL. The two chosen concentrations (6 and 50 um) repre-
sent the end points of the first and second CDL binding
transitions (as discussed above). The representative fit
parameters obtained from the unfolding experiments are
shown in Table 1.

For both proteins, unfolding transitions monitored by
far-UV CD can be fit perfectly using a two-state transition
model. In the absence of CDL, the fits of the far-UV CD data
yield midpoints of 7.4 and 3.4 M urea for h-cyt ¢ (Fig. 3a) and
y-cyt ¢ (Fig. 3b), respectively. The CD results clearly suggest
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TABLE 1

The midpoint values and the change in free energy (AG°) obtained for
different protein samples

Errors for the midpoint measurements are typically within 5 to 7%. The errors for
the AG® values are within 15%. All experiments were carried out using 20 mm
sodium phosphate buffer, pH 7.5, at room temperature.

Samples Measurement methods AG° Midpoint
keal/mol M
Labeled h-cyt ¢ Steady state fluorescence 9 7
Unlabeled h-cyt ¢ Steady state fluorescence 9.7 7
Labeled y-cyt ¢ Steady state fluorescence 2.6 3.2
Unlabeled y-cyt ¢ Steady state fluorescence 2.9 3
h-cyt ¢, no CDL Far UV-CD 9.9 7.4
Peroxidase activity 5 4.6
y-cyt ¢, no CDL Far UV-CD 2.7 3.4
Peroxidase activity 2.8 3.9
h-cyt ¢, 6 um CDL Far UV-CD 9.3 7.5
Peroxidase activity 8.1 5
y-cyte, 6 uM CDL  Far UV-CD 3.1 2.1
Peroxidase activity 2.7 2.8
y-cytc, 50 um CDL  Far UV-CD 39 3.9
Peroxidase activity 4.2 3.7

that the secondary structure of h-cyt c is significantly more sta-
ble compared with that of y-cytc. Although the qualitative
nature of the unfolding transitions of both the proteins is sim-
ilar when monitored by far-UV CD (both proteins show two-
state behavior), their differences become very prominent when
the transitions monitored by far-UV CD and peroxidase activ-
ity are compared.

In the case of h-cyt ¢, unfolding transitions monitored by
far-UV CD and peroxidase activity are not superimposable (Fig.
3, a, ¢, and e). The above conclusion holds both in the absence
and presence of CDL. In the case of h-cyt ¢, the increase in
peroxidase activity (supposedly representing the formation of
an intermediate with local unfolding of the heme pocket) takes
place at low urea concentration. This is followed by a decrease
in the far-UV CD, representing the unfolding of the secondary
structure. In the absence and presence of low concentrations of
CDL, the formation of the intermediate state could not be
detected directly by spectroscopy and was identifiable only by
comparing the far-UV CD and peroxidase data. However,
direct proof of intermediate formation was obtained in the
presence of 50 uM CDL, where the presence of the intermediate
was observed prominently in the far-UV CD measurement (Fig.
3e). The formation of an intermediate in this condition is
accompanied by a significant decrease in the secondary struc-
ture (about 35% of the total change in ellipticity) (Fig. 3e). The
rest of the secondary structure unfolds in a second unfolding
event, which takes place with a midpoint of 7.5 m urea (Fig. 3e).
In addition, Fig. 3e clearly shows that the increase in peroxidase
activity takes place mostly as a result of the first unfolding tran-
sition (the formation of the early intermediate) and the second
transition (the global unfolding of the secondary structure)
does not contribute significantly to the increase in the peroxi-
dase activity.

In contrast, the unfolding transitions monitored by far-UV
CD and peroxidase activity measurements are superimposable
in the case of y-cyt ¢ (Fig. 3, b, d, and f). In addition, both in the
absence and presence of different concentrations of CDL, these
transitions can be fit perfectly using a two-state transition
model (Fig. 3, b, d, and f). A large decrease in the conformational
stability was observed for y-cyt ¢ in the presence of 6 um CDL,
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evident by the midpoints of 3.4 and 2.1 m as determined from
the unfolding transitions in the absence and presence of 6 um
CDL, respectively.

ECS experiments were carried out with h-cyt c and y-cyt ¢ in
the presence of different concentrations of CDL and urea, and
the relative populations of the conformational states were
determined. The FCS data were modeled using a compact
native state (N), an intermediate state (I), and an unfolded state
(U). The far-UV CD and peroxidase activity data described
above have suggested the presence of I in the unfolding equilib-
rium. In addition, we incorporated the oligomeric species (O) in
FCS analyses, the presence of which was confirmed by indepen-
dent FCS and DLS experiments.

Fig. 4 shows the variations in the populations of individual
components with urea concentrations for both proteins in the
absence and presence of different concentrations of CDL. For
h-cyt ¢, the population of I initially increases with urea concen-
trations, reaches a maximum, and then decreases at high urea
concentration. The decrease in the population of I occurs
simultaneously with the increase in the population of U. As
both U and I would sample the extended state (E), the popula-
tion of E is also calculated and shown in Fig. 4, which suggests
an increase in the urea concentration followed by saturation.
This trend is similar also in the presence of CDL. However, both
the population and the nature of the intermediate species
change as a result of CDL binding.

For y-cyt ¢, however, the protein under native-like condi-
tions (in the absence of CDL and urea) contains a significant
population of I. With the increase in the urea concentration, the
population of I decreases, which occurs simultaneously with
the increase in the population of U. The calculated population
of E (which combines the populations of I and U) dips at low
urea concentrations, which is then followed by an increase in its
population. A similar trend was obtained also in the presence of
different concentrations of CDL (Fig. 4).

A comparison among FCS, CD, and peroxidase activity data
for both proteins is shown in Fig. 5. The data clearly show that
the increase in the population of E occurs simultaneously with
the increase in the peroxidase activity. The increase in the value
of r,, , on the other hand, corresponds to the change in the
far-UV CD, representing the formation of U. For both proteins,
the extent of oligomerization decreases significantly in the
presence of high urea concentrations, an effect that is particu-
larly prominent in the case of y-cyt ¢ (Fig. 4, d—f).

Although h-cyt ¢ and y-cyt ¢ Have Identical Structural Cores,
They Have Different Extents of Conformational Fluctuation—
As discussed above, cyt ¢ experiences conformational fluctua-
tions occurring in the s time scale. This fluctuation takes place
between a relatively compact conformer (N) and an extended
conformer (E). The protein y-cyt ¢ samples the conformer, E,
effectively in its native solution condition. This is not the case
for h-cyt ¢, which needs the presence of CDL or urea for the
effective sampling of the E conformer. We have shown that E is
responsible for the increase in the peroxidase activity of both
proteins. We have also shown that y-cyt ¢ has significantly less
conformational stability and is prone to aggregation.

To obtain further insight into the difference in stability
observed for these two proteins in their native conditions, com-
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FIGURE 4. Variations in the populations of E (green), N (black), | (red), and U (blue) are shown with urea concentration for h-cyt ¢ (a) and y-cyt ¢ (b) in the
absence of CDL, h-cyt ¢ (c) and y-cyt c (d) in the presence of 6 um CDL, and h-cyt ¢ (e) and y-cyt c (f) in the presence of 50 um CDL. The insets show the
variation of oligomerized components (black) of y-cyt ¢ (d) in the presence of 6 um CDL and h-cyt ¢ (e) and y-cyt ¢ (f) in the presence of 50 um CDL with

urea concentrations.

putational methods were used. Fig. 6a shows the structural
superimposition of h-cyt ¢ and y-cyt ¢, which was obtained
using available crystal structures (Protein Data Bank codes
1HRC and 1YCC for h-cyt ¢ and y-cyt ¢, respectively). The pro-
teins are superimposable with a very low C_ root mean square
deviation (0.54 A). They have identical core regions surround-
ing their heme cofactors (amino acids present within an 8 A
sphere with an iron atom at the center) with a root mean square
deviation of 0.05 A. Only a 2% difference in the amino acid
sequence (due to the substitution by similar amino acids) was
observed in the core region. In contrast, these two proteins
differ slightly in their surface-exposed regions. A molecular
surface view, showing the difference in the solvent-exposed
amino acids of the superimposed y-cyt ¢ and h-cytc, is pre-
sented in Fig. 6b.
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The equilibrated structure of h-cyt ¢ in aqueous solution
shows minimal thermal fluctuations as determined by the
root mean square fluctuations (RMSF). However, the extent
of fluctuation is much larger for y-cyt ¢, which was observed
using 200-ns MD simulations after the equilibration period
(Fig. 6¢). Additionally, the calculations were repeated at
40 °C, because the increase in the thermal energy at elevated
temperature allows loosely bound and unstable amino acids
to fluctuate more, providing a better understanding of the
unstable regions of the protein. 200-ns MD simulations after
an equilibrated period with the system temperature of 40 °C
also showed a greater degree of fluctuation for y-cyt ¢ com-
pared with h-cyt ¢ (Fig. 6e). To identify which regions of
y-cyt ¢ fluctuate more than the rest compared with h-cytc,
we plotted the values of AARMSEF with the residue numbers
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FIGURE 5. Variations in the peroxidase activity (blue) and the population of E (red) are shown for h-cyt ¢ (a) and y-cyt ¢ (b) in the absence of CDL, h-cyt ¢ (c) and
y-cyt ¢ (d) in the presence of 6 um CDL, and h-cyt c (e) and y-cyt ¢ (f) in the presence of 50 um CDL. The insets show the variations in ellipticity at 222 nm (black)

and ry, (blue) with urea concentrations.

in Fig. 6e. The parameter AARMSF can be defined as
follows,

N,

1,
AARMSF = | (RMSF, — RMSF,) — NE(RMSFY —RMSF,) | (Eq.5)
"

where RMSF, and RMSF,, correspond to the values of RMSF of
y-cytc and h-cytc, respectively, and N, is the number of
residues.

Positive values of AARMSF over a region of amino acids
would hence indicate large fluctuations in that region with
respect to the average change in fluctuation between y-cyt cand
h-cyt c. In contrast, the negative values would suggest fewer
fluctuations with respect to the average. The zero value indi-
cates average fluctuations.

The simulation results shown in Fig. 6e indicate that the
extent of fluctuation is not identical in the different regions of
y-cyt ¢ and some regions of y-cyt ¢ fluctuate more than others.
The highly fluctuating regions of y-cyt ¢ are composed of sur-
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face-exposed residues, which are clustered into two distinct
exposed regions. Region 1 is composed of residues 2—4, 1013,
and 79 — 88, and region 2 contains residues 23, 36 53, and 101—
103. Region 1 can be classified as the cluster of positive charges
and region 2 as the negative charge center, as shown by the
equilibrated structure of y-cyt ¢ obtained using a 300 ns simu-
lation (Fig. 6, fand g). In contrast, h-cyt ¢ shows a comparatively
even distribution of charge at these two regions (Fig. 6, fand g).
Interestingly, a virtually mutated h-cyt ¢ with the core made
identical to y-cyt ¢, differing only at the surface residues, shows
no significant difference in RMSF compared with that observed
with h-cyt ¢ (data not shown).

As mentioned above, positively charged residues of y-cyt ¢
are clustered together (Lys-4, -5, -54, -55, -72, -73, -79, -86, -87,
and -89 and Arg-13) to form region 1, whereas in h-cyt ¢, Asp-2,
Glu-4, Asn-54, Thr-89, and Glu-90 break the network of these
positively charged residues (Fig. 6f). This in turn results in an
evenly charged distribution of this region for h-cyt c. Among
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mediates depending on the solution conditions.

these residues, the changes from Ser-2 (in y-cyt c) to Asp-2 (in
h-cyt ¢) and from Lys-11 to Val-11 constitute a reduction of the
positive charge, whereas the changes at positions 4 (Lys to Glu),
54 (Lys to Asn), and 89 (Lys to Thr) are charge reversals. In
addition, y-cyt ¢ also has a continuously negatively charged
region (region 2) composed of Glu-21, -44, -61, -66, and -103
and Asp-50 and -60. For h-cyt ¢, Lys-39, -53, -55, and -79 and
Pro-39 break the continuity of a negative surface, generating a
relatively evenly charged distribution. In this case, the charge
reversal sites from y-cyt ¢ to h-cyt c are Glu-44 to Pro and Ile-53
to Lys.

Discussion

The interaction between cyt ¢ and CDL has been studied and
reviewed extensively in the (5, 30, 38, 60, 61). The data pre-
sented here are described schematically in Fig. 7, which depicts
the CDL binding and stability landscapes of h-cyt ¢ and y-cyt ¢
proteins. As discussed above, one the most important differ-
ences between these two proteins lies in the position of the
intermediate states in the reaction coordinate. Although y-cyt ¢
has a significant population of intermediate states in the native
solution condition, h-cyt c requires the presence of CDL or urea
to sample these peroxidase active intermediates. Consequently,
the increase in peroxidase activity and the unfolding of the sec-
ondary structure do not superimpose in the case of h-cytec,
whereas they do for y-cyt c. It is interesting to note that perox-
idase activity is higher in the presence of urea compared with
that in the presence of CDL. Because the extent of E is maximal
in both cases, the present data do not explain this difference.
However, we emphasize that the partially unfolded intermedi-
ates formed in the presence of CDL and in the presence of urea
are not necessarily the same species, although they sample the E
state equally. Consequently, they have been denoted in Fig. 7
using different names. It may be noted that the enhancement of
peroxidase activity in urea with respect to that in the presence
of CDL is relatively less for y-cyt ¢ compared with h-cyt ¢, and

this small increase may possibly result from urea-induced
deaggregation of y-cyt ¢ along with its global unfolding.

The importance of positively charged residues for h-cytc,
particularly Lys-72, Lys-73, and Lys-79, is appreciated. It has
been shown that Lys-72 and Lys-79, but not Lys-73, play a direct
role in the molecular recognition of CDL (55). Interestingly,
unlike h-cyt ¢, Lys-72 of y-cyt ¢ is methylated, and methylation
in Lys-72 aggravates the pro-apoptotic role of cyt ¢ (36). It has
been shown that the mutation of trimethyl Lys-72 to Ala in
y-cyt ¢ allows the displacement of the Met-80 ligand (which
forms a coordinate bond with iron atom) from the heme crevice
and is replaced by a water molecule (62). This conformational
change increases the peroxidase activity of cyt ¢ and has been
reported previously for h-cyt ¢ (63, 64). Pletneva and co-work-
ers (39) have used a time-resolved FRET technique to show that
CDL-attached cyt c has a mixed population of compact as well
as massively unfolded conformers, a result that agrees with the
present FCS data. They have suggested that the unfolding pro-
cess starts with the unfolding of a low stability foldon followed
by a massive distortion in structure, exposing the heme part,
and penetration of the C-terminal portion of the protein into a
CDL-containing membrane (39). Moreover, it has been shown
that there exists a conformational exchange between the closed
and extended conformers, which also is in agreement with the
present findings (40). It has been proposed that the C-terminal
insertion may have a direct correlation with the pore formation
and release of cyt ¢ into the cytosol (25). Confocal time lapse
imaging has been used to monitor the crossing of fluorescent
cyt ¢ through synthetic CDL containing membranes in the
absence of any other membrane permeabilizing pro-apoptitic
factors (25). Green and co-workers (31) have suggested that the
machinery of cyt ¢ release and the activation of caspases is an
ancient one, lost during evolution.

The core region of the protein, which houses the heme active
site and is responsible for the primary function of electron
transfer, is essentially conserved between different species. In
contrast, the secondary functions of cytc are fine-tuned by
small changes in the surface residues. We show here that the
secondary functions of cyt ¢, which include CDL binding and
peroxidase activity, are governed by two important factors:
first, a conformational fluctuation between N and E and then
the CDL-induced oligomerization. For h-cyt ¢, the aggregation
component (O) is generally low, and hence the increase in the
peroxidase activity is more or less directly correlated to the
population of E. For y-cyt ¢, however, the contribution of O is
substantial, particularly in the presence of CDL. Consequently,
the oligomer formation plays a major role in the peroxidase
activity of y-cyt c.

This finding on the formation of oligomers may be impor-
tant, as this could rationalize the observed differences between

FIGURE 6. g, structural superimposition of h-cyt ¢ (orange color schematic of backbone with red stick representation of heme cofactor and ball representation
of the iron atom at the center) with y-cyt c (light green color schematic of backbone with dark green stick representation of heme cofactor and ball represen-
tation of the iron atom at the center). The red color surface representation of dissimilar regions in y-cyt ¢ from h-cyt cis shown in b, where the rest of the similar
regions are represented by dots; the heme cofactor is represented by pink and blue sticks, and the iron atom is represented by an orange sphere. The RMSF of
h-cyt c and y-cyt c are plotted against the residue numbers at 25 °C (c) and 40 °C (d), and the increase in RMSF of y-cyt over h-cyt c is shown by the gray area. e,
a bar diagram of AARMSF is plotted against the residue numbers. AARMSF is defined under “Results.” APBS electrostatic calculation shows a continuous
positive charge (blue) for region 1 for y-cyt c (f) and an even distribution of the positive charge surface (blue) and negative charge surface (red) for h-cyt c (g). h
and i, region 2 showing the continuous negatively charged surface in y-cyt ¢ (h) and even distribution of charge in h-cyt c (i).
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h-cyt ¢ and y-cyt ¢ during the initial stage of apoptosis. The
partially unfolded cyt ¢ from higher eukaryotes interacts and
activates Apaf-1 (65), forming apoptosome, and initiating the
apoptosis process. Interestingly, cyt ¢ from yeast (and other
invertebrates) does not interact with Apaf-1 (in fact yeast cells
do not have any Apaf-1-homologous protein), acting as a reac-
tive oxygen species scavenger in the cytosol. Studies have also
shown that the released and dissociated y-cytc becomes
degraded over time. Our study shows that CDL-induced partial
unfolding of y-cyt c leads to the formation of a large fraction of
oligomeric species resulting in a decrease in peroxidase activity.
It can be speculated that the oligomerization of a large fraction
of partially unfolded y-cyt ¢ may have direct relevance to the
previous findings that y-cyt ¢ lacks pro-apoptotic activity and
decreases in its cytosolic concentration with time upon release
from the mitochondria. Conversely, h-cyt ¢ may experience an
insignificant loss in its pro-apoptotic functionality due to lesser
amounts of oligomeric species formation. It should be noted
that the present study has been carried out completely under in
vitro solution conditions, and hence a detailed investigation in a
more complex cellular environment would be needed for fur-
ther validation.

For h-cyt ¢, with the increase in the CDL concentration, the
equilibrium between N and E initially shifts toward E followed
by a slight decrease in the E population due to the formation of
oligomeric species. These data along with the increase in the
tryptophan fluorescence suggest that CDL induces the h-cyt ¢
core (containing tryptophan) to open up for peroxidase activity
while the overall fold remains the same as indicated by CD and
FCS studies. In contrast, in the case of y-cyt ¢ the protein does
not require CDL induction for its peroxidase activity, but rather
it relies on the fluctuation in regions 1 and 2 for the presence of
a high fraction of E in the native condition. Those fluctuating
regions allow the core of y-cyt ¢ to open up for its peroxidase
activity. As a result y-cyt ¢ has slightly a larger r,; value com-
pared with h-cyt c.

There could be several reasons for the high degree of fluctu-
ation sampled by the native state of y-cyt c. We hypothesized
that the presence of local charge clusters in the surface region of
the protein may be one of the responsible factors. The confine-
ment of a similar charge (positive or negative) in a local surface
cluster (observed in y-cyt ¢) may provide greater instability and
structural movements in the protein, whereas charge units sep-
arated by an opposite charge (in the case of h-cyt ¢) may result
in greater stability. These fluctuations are essential not only for
its function but also for its stability, and hence any perturbation
of the surface charge (for example, the binding of CDL) results
in aggregation. The extent of fluctuation is significantly less in
the case of h-cyt ¢ and hence the extent of aggregation also. In
the case of y-cyt ¢, a higher degree of fluctuation takes place
in the structure around the exposed charge reversal sites. Sur-
face-exposed charge reversal sites generate a different distribu-
tion of charges on the surface.

Although the fluctuations sampled by the MD simulations
are in the ns time range and the dynamics observed in FCS is in
the order of us, their agreement may not be coincidental. It is
possible that the faster fluctuations sampled by the MD simu-
lations trigger slower and longer range fluctuations, which FCS

14488 JOURNAL OF BIOLOGICAL CHEMISTRY

can monitor. With the advancements in computational tech-
niques and processor speeds, ws simulations are now possible.
It would be exciting to carry out a direct comparison between
the experiments and simulations in identical time regions.
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