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ABSTRACT:

Oxidation of cardiolipin (CL) by cytochrome ¢ (cytc) has been proposed to initiate the intrinsic
pathway of apoptosis. Domain-swapped dimer (DSD) conformations of cytc have been reported
both by our laboratory and others. The DSD is an alternate conformer of cytc that could
oxygenate CL early in apoptosis. We demonstrate here that the cytc DSD has a set of properties
that would provide tighter regulation of the intrinsic pathway. We show that the human DSD is
kinetically more stable than horse and yeast DSDs. Circular dichroism data indicate that the DSD
has a less asymmetric heme environment, similar to that seen when the monomeric protein binds
to CL vesicles at high lipid-to-protein ratios. The dimer undergoes the alkaline conformational
transition near pH 7.0, 2.5 pH units lower than that of the monomer. Data from fluorescence
correlation spectroscopy (FCS) and fluorescence anisotropy suggest that the alkaline transition of
the DSD may act as a switch from high affinity for CL nanodiscs at pH 7.4 to much lower
affinity at pH 8.0. Additionally, the peroxidase activity of the human DSD increases seven-fold
compared to the monomer at pH 7 and 8, but by 14-fold at pH 6 when mixed Met80/H20O ligation
replaces the lysine ligation of the alkaline state. We also present data that indicate that cytc
binding shows a cooperative effect as the concentration of cytc is increased. The DSD appears to
have evolved into a pH-inducible switch that provides a means to control activation of apoptosis

near pH 7.0.



INTRODUCTION

Cytochrome ¢ (cytc) is a soluble heme protein known for its role in the electron transport
chain, shuttling electrons between CoQH»-cytochrome ¢ reductase (Complex 3) and cytochrome
c oxidase (Complex 4).!"* However, cytc has been classified as an extreme multifunctional or
“moonlighting” protein because it is involved in other cellular processes besides electron
transport.> Prominent among these moonlighting functions is its role as an initiator of the
intrinsic apoptotic pathway.® In this role, cytc migrates from the intermembrane space (IMS) of
the mitochondria to the cytosol interacting with apoptotic protease activating factor 1 to form the
apoptosome and initiate apoptosis.'® When cytc, which has a +8 net charge at neutral pH, binds
the anionic phospholipid cardiolipin (CL), it gains peroxidase activity and oxidizes CL.!!"!* The
oxidation of CL by cytc has been implicated in permeabilizing the outer mitochondrial
membrane (OMM) and in facilitating the release of cytc into the cytosol because of its weaker
binding to oxidized CL.'! 1413

CL, a potent activator of cytc’s peroxidase activity,'¢ comprises ~25% of the lipids of the
inner mitochondrial membrane.!” Under normal conditions, CL is not present in the OMM. '8
Cytc’s function in the electron transport chain is not affected by cytc-CL interaction because
there is lower CL availability in the IMS and the local ionic strength is relatively high (150 mM),
which inhibits binding.'® ' Preceding apoptosis, there is migration of CL to the OMM. ! 20-23
Proapoptotic factors, including cytc, are then released from the mitochondria as CL redistribution
triggers lipid peroxidation and permeabilization of the OMM.?* 3

An increasing number of domain-swapped protein dimer structures continue to be identified
and are believed to have biological roles. It has been shown that yeast?’ and equine®® cytc can

form a domain-swapped dimer (DSD). In the yeast and horse structures, the hinge region



between the two subunits is derived from the highly conserved Q-loop D (residues 70-85).%
This loop acts as the gate-keeper to the heme, providing Met80 to the sixth coordination site of
the heme.*® The dynamics of this loop also are critical for providing access to conformers that
are competent for peroxidase activity.® In these crystal structures, the heme is solvent exposed
and available for peroxidase activity since the repositioned Q2-loop D leads to a loss of Met80
coordination. We have published DSD structures with lipid surrogates inhabiting a hydrophobic
tube connecting the aqueous environment to the heme.?’ The binding site is located near Asn52,
which was proposed to hydrogen bond to protonated CL*! as part of the C-site for CL binding to
cytc. Although recent studies show that CL does not have a protonation equilibrium in the pH
range corresponding to the C-site,** 3 these DSD X-ray structures with lipid bound in a well-
defined cavity support the extended lipid anchorage model for cytc/CL binding that was an
essential component of the C-site.>! Through docking studies based on the detergent bound DSD
structures, we have shown that linoleic acid, the predominate fatty acyl chain found in CL,**
readily fits into this binding site for peroxidase activity.*’

There is increasing evidence that DSDs of cytc can form in vivo and thus could be
physiologically relevant. The Hirota lab has shown that Hydrogenobacter thermophilus
cytochrome css2 can form DSDs and higher order oligomers in vivo when expressed in
Escherichia coli.®® The cytoplasmic membrane of E. coli is composed of 20% lipids with
negatively-charged headgroups (CL and phosphatidylglycerol).*® In a more recent study, the
Hirota lab showed that positively-charged cytochromes ¢ formed DSDs when expressed in E.
coli, whereas negatively-charged cytochromes ¢ did not, strongly suggesting that electrostatic
interaction with the cellular membrane can catalyze (and is required for) formation of DSDs in

vivo.’” Studies on the formation of DSDs during folding of negatively- and positively-charged



cytochromes c, in the presence of negatively-charged liposomes provided additional support for

this conclusion.’’

In vitro formation of DSDs normally requires treatment with ethanol or
detergent.?® 384% However, crystalized DSD variants have formed directly from monomeric cytc
during crystallization,?” and it has been shown that dimeric cytc will form spontaneously, albeit
slowly, from a monomeric starting material in solution.?” DSD of cytc can also form during
folding in vitro.*! Thus, it is possible that they could also form during folding in vivo.

Q-loop D is one of the least stable substructures of cytc,** and thus is a likely mediator of
conformational rearrangements of the protein. Interestingly, rearrangement of Q-loop D of each
subunit of the DSD causes the C-terminal helix to splay out from the rest of the polypeptide
chain (Figure S1),2”-28 similar to the structure proposed for the extended conformer of cytc at
high lipid-to-protein ratios by the Pletneva lab.** Thus, the extended conformer observed by the
Pletneva lab could facilitate formation of the DSD on CL-containing membrane surfaces. This
conformational rearrangement also opens up the heme site allowing for increased peroxidase
activity.*® The equine cytc-DSD has been shown to have a five-fold increase in peroxidase

activity when compared with the monomer.* The rearrangement of Q-loop D results in a larger

heme cavity and faster formation of Compound I1.** Compound I, the oxoferryl porphyrin 7-

43,46 and its formation is the

cation radical, is the initial intermediate of the peroxidase reaction
rate determining step in the peroxidase reaction of the DSD of cytc.**

Herein, we present human cytc DSD data that support a possible functional role as a switch
evolved for controlling the initiation of the intrinsic pathway of apoptosis. Dimer dissociation
data show that the human DSD is more kinetically stable than the yeast and horse DSDs. Data

for the alkaline conformational transition show that the midpoint pH, pHiy, is near 7,

dramatically lower than that of the monomer. Near pHi2, the DSD’s binding affinity for CL



nanodiscs (NDs), as measured by fluorescence correlation spectroscopy (FCS) and fluorescence
anisotropy using a zinc-substituted cytc variant (Zncytc), also increases strongly. Comparing
fluorescence binding data and CD binding data, we show that there appears to be a cooperative
effect to the binding when the concentration of cytc is increased. Lastly, we show that the dimer
has increased peroxidase activity compared to the monomer, and that the relative increase is

larger in the presence of CL NDs and at pH values below pHi.

MATERIALS AND METHODS

Expression of Human Cytochrome c. Wild-type human cytc was expressed from the
pBTR(HumanCc)*’ plasmid after transformation in Ultra BL21 (DE3) E. coli competent cells
(EdgeBio, Gaithersburg, MD) using the manufacturer’s protocol. Transformed cells were grown
in Terrific Broth medium with the addition of 100 uL of Antifoam C Emulsion (Sigma A8011)
per liter of culture.

Cytc extraction and purification were performed as previously described.?” *3->2 However,
sonication was used in place of a French press to lyse the cells. Briefly, sonicated cell lysates
were treated with 50% ammonium sulfate to precipitate contaminating proteins. CM-sepharose
cation-exchange chromatography was used to further purify the protein. Samples were stored at
—80 °C until use. Prior to experimentation, samples were thawed for cation-exchange purification
with an AKTAprime plus (GE Healthcare Life Sciences) and a HiTrap SP HP cation-exchange
column (GE Healthcare 17115101). Protein samples were concentrated by ultrafiltration and
oxidized with potassium ferricyanide (K3[Fe(CN)¢]), followed by separation of oxidized cytc

from the oxidizing agent using a Sephadex G25 column.



Human cytc dimer was generated in a similar manner to previously described methods.?” %4

Briefly, after oxidation, cytc was precipitated by the addition of 80% (vol/vol) ethanol. Samples
were then incubated at room temperature for 15 minutes, centrifuged for 15 minutes at 4 °C,
flash frozen and lyophilized overnight. Lyophilized samples were stored at —80 °C until use.
Samples were then resuspended in 50 mM potassium phosphate buffer (pH 7.0) to a
concentration of 10 mg/mL and incubated at 37 °C for 1.5 hours with shaking. The dimer species
was separated from monomer and higher order oligomers using a BioRad Enrich SEC70 High-
Resolution Size-Exclusion column (BioRad 780-1070).

Zinc-substituted Cytochrome c. The zinc substitution of cytc was adapted from a
previously described procedure.** It should be noted that this is a hazardous procedure performed
in a vented fume hood with the operator wearing a respirator, an acid apron and doubled nitrile
gloves to minimize the possibility of skin exposure. Calcium gluconate gel should be available in
case of skin exposure. Briefly, lyophilized cytc was mixed with HF-pyridine (70% HF) in a
Teflon beaker (3 mg of cytc per mL HF-pyridine). All samples were protected from light
exposure because of the photosensitivity of the unmetallated cytc and Zncytc. The solution was
stirred for 10 minutes and then quenched with 5 mL of 50 mM ammonium acetate (pH 5.0) per
10 mL of HF-pyridine. The solution was kept under a stream of nitrogen gas for 2 hours
followed by a 4-hour dialysis against 10 mM sodium acetate (pH 5.0) at room temperature.
Metal-free porphyrin cytc was then separated from remaining ferric cytc using a CM Sepharose
fast-flow ion-exchange column (GE Healthcare). Demetallated porphyrin cytc was then
incubated with a 100-fold excess of zinc acetate for 10 minutes at 70 °C with shaking. Zinc

incorporation was monitored spectroscopically: the Soret band at 423 nm sharpens dramatically,



and the Q-bands at 549 and 584 nm appear (Figure S2).>* Excess zinc acetate was removed using
a G-25 Sephadex size-exclusion column.

Preparation of Cardiolipin Nanodiscs. A nanodisc (ND) is a discoidal lipid-protein
complex whose shape and stability is controlled by the amphipathic a-helical membrane scaffold
protein (MSP), which separates the hydrophobic tails of the bilayer from bulk water by forming a
belt around the perimeter of the lipid bilayer.’>->® The lipid-to-belt molar ratio is critical to ND
formation: 80:1 was used for 1,2-dimyristoyl-sn-glycero-3-phosphocholine) (DMPC) and 25:1
was used for CL. Monounsaturated tetraoleoyl-cardiolipin (TOCL) (1',3"-bis[ 1,2-dioleoyl-sn-
glycero-3-phospho]-glycerol) (Avanti 710335C) and DMPC (Avanti 850345C) were purchased
from Avanti Polar Lipids (Alabaster, AL) and dissolved in HPLC grade chloroform. In this
study, we use tetraoleoyl-cardiolipin (TOCL) because CLs with longer unsaturated fatty acyl
chains have been shown to be more efficient at binding cytc and inducing peroxidase activity
than CLs with shorter saturated fatty acyl chains.’” Similar to ND preparations previously
studied,®® appropriate amounts of lipid were dried for 1-2 hours under a steady stream of nitrogen
gas. Lipids were then rehydrated in MSP Buffer (50 mM Tris at pH 7.4, 150 mM NaCl, 0.1%
NaN3) with 48 mM sodium cholate. The NaCl concentration was increased to 300 mM to
facilitate CL ND formation. Following a fifteen-minute cycle of sonication and vortexing,
rehydrated lipids were incubated with MSP1D1 Belt protein (Sigma M6574) for 30 minutes.
Samples were then incubated with SM-2 Bio-Beads Resin (Bio-Rad 1523920) overnight at 4 °C
followed by incubation for 1 hour at room temperature with fresh SM-2 Bio-Beads Resin.
Samples were then spun at 15K rpm for 15 minutes to pellet remaining liposomes (Beckman
Coulter Microfuge 18 Centrifuge). CL NDs were then purified at 4 °C using a GE Superdex 200

10/300 GL (GE17-5175-01) size-exclusion column and an AKTA-FPLC (GE Healthcare). The



running buffer was that used for titrations. Purified CL NDs were stored at 4 °C until used. The
final concentration of CL. NDs was determined using the €250 of the belt protein (21,430 with HIS
tag and 18,450 without tag®®) and dividing by two because each ND is composed of two belt
proteins.

Dimer Dissociation Kinetics. Human cytc DSD dissociation kinetics were studied using
previous published methods.?’ Briefly, following isolation of pure dimer using the BioRad
Enrich SEC70 column at 4 °C in 50 mM potassium phosphate (pH 7), solutions of dimer were
incubated at 40, 45, 50, 55 and 60 °C in a Julabo F12-ED refrigerated/heating circulator.
Dissociation from dimer to monomer was measured at each time point by size-exclusion
chromatography of 100-150 uL aliquots using the SEC70 column. The fractions of dimer (fpimer)
and monomer (fmonomer) Were evaluated from their relative peak heights at 280 nm in the FPLC
chromatogram. Plots of fpimer and fmonomer versus time were fit to a single exponential to
determine the rate constant for conversion of dimer to monomer (kpas). Eyring plots of kpy were

then fit to eq 1 using a reference temperature (To) of 310.15 K.

T
kBT) ~ [AHE + ACH % (T = Ty)] s [AS%) +4C; xIn (T_o)]

(1) In(kpy) = ln( Y RT R

In eq. 1 ks and /4 are the Boltzmann and Planck constants, respectively. AH;0 and AS;O are the

difference in enthalpy and entropy between the ground state and the transition state. AC; is the
difference in heat capacity between the ground state and the transition state (TS) at constant
pressure.

Alkaline Conformation Transition. The alkaline conformation transition can be followed
by monitoring the weak absorbance at 695 nm (Agos), which reports on the Met80-heme ligation

of the native state of oxidized cytc.?> Absorbance data, collected with a Beckman DU800



spectrophotometer, was corrected for baseline drift using the absorbance at 750 nm (A750)
yielding Asoscorr = (Ag9s — A7s0). The pH of samples containing 100 uM heme and 100 mM NaCl
was adjusted using NaOH and HCI, using a procedure that keeps protein concentration and NaCl
concentration constant during the titration.®! Titration measurements were collected at room
temperature (22 £ 3 °C).

The midpoint pH, pHi,2, was determined by fitting plots of Agoscorr Versus pH to a modified
form of the Henderson-Hasselbalch equation (eq 2). In eq 2, n represents the number of protons

Ay + Ay X 107 PH1/2=PH)
1+ 1On(pH1/2—pH)

(2) Agoscorr =

linked to the alkaline transition. An represents Asoscorr in the native state with Met80 bound to the
heme and Aaix represents Asoscorr in the alkaline state with a lysine from Q-loop D bound to the
heme.

Peroxidase Activity Measurements. Peroxidase activity of cytc was measured at 25 + 0.1
°C using the previously described guaiacol colorimetric assay.** ** Briefly, the formation
of tetraguaiacol from guaiacol and hydrogen peroxide in the presence of cytc was monitored at
470 nm, A0, using an Applied Photophysics SX20 stopped-flow spectrometer. Working stocks
of H2O: (£240 = 41.5 M em™),%% 3 guaiacol (g274 = 2150 M ! em ™) and cytc were mixed in
the stopped-flow apparatus. The final solution concentrations after mixing were 1 pM heme
(i.e., 1 uM monomeric cytc or 0.5 uM DSD), 50 mM H»0O., and appropriate amounts of guaiacol
in 50 mM buffer. The final CL ND concentration, where appropriate, was 1 pM. Three
independent experiments were performed at each pH. Five kinetic traces were collected at each
guaiacol concentration during each experiment. MatLab was used to calculate the initial velocity

(greatest slope) of the A470 versus time data for each guaiacol concentration. The initial rate of
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dAs70

guaiacol consumption (v) was determined by dividing the slope (T) by the extinction

coefficient of tetraguaiacol (g470 = 26.6 mM ! cm™!)® and multiplying by 4 (4 guaiacol
consumed per tetraguaiacol produced). This initial rate of guaiacol consumption, v, was then
divided by the concentration of cytc and fit to eq 3 in order to obtain K, and k.. values:

v kege[guaiacol]

(3)

[cytc] Ko, + [guaiacol]

Circular Dichroism Spectroscopy. Stock cytc samples were prepared at twice the
experimental concentration and mixed 1:1 with a CL ND solution at twice the desired final CL
ND concentration to produce each data point of the titration. The experimental concentration of
cytc was 10 uM based on the heme absorbance (i.e., 10 pM monomer or 5 uM DSD). Samples
were gently mixed by pipetting up and down then incubated for 30 minutes prior to
measurement. Experiments were performed in triplicate.

Soret circular dichroism (CD) spectra (350 to 450 nm) were acquired using an Applied
Photophysics Chirascan CD spectrophotometer. Spectra were acquired using a 3 s/nm acquisition
time, 1.8-nm bandwidth and 1-nm steps at 25 °C. Each sample was measured five times then
averaged. Spectra were smoothed using a sixth-order Savitsky—Golay filter smoothing
technique.

Fluorescence Experiments with Human Cytochrome c. Fluorescence correlation
spectroscopy (FCS) and fluorescence anisotropy measurements were obtained by time-correlated
single-photon counting (TCSPC) using a PicoQuant MicroTime 200 time-resolved confocal
fluorescence microscope (Berlin, Germany) in the BioSpectroscopy Core Research Laboratory at
the University of Montana. An Omega DP24-T thermocouple meter was connected to the
microscope objective using a glass-braided insulated thermocouple for determination of sample

temperature. Samples were excited with a vertically polarized 421-nm pulsed-diode laser
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(PicoQuant LDH-P-C-420) operating at 3uW average power (measured at the objective), and the
vertical and horizontal components of the emission were collected on Hybrid-PMT detectors
(PicoQuant). A 40-MHz repetition rate was used for the FCS measurements. Anisotropy
measurements were collected at a 20-MHz repetition rate; V and H emission curves were
collected for equal lengths of time, until 4x10* counts were obtained at the maximum of the V
curve. High density polyethyleneglycol coated coverslips (MicroSurfaces Inc.) were used for
sample collection to avoid interaction of cytc with the glass coverslip. A 30-um pin hole and
488-nm long-pass (LP) filter (AHF/Semrock BLP488-R) were used in the emission paths. A
polarizing beam splitter (Ealing), placed behind the 488 LP filter, was used to separate the V-
and H-polarized emission components for anisotropy measurements. The confocal volume was
determined with Atto 425 dye in ultra-pure water using a diffusion coefficient of 4.07x10°° cm?
s at 25 °C.% SymPhoTime64 (PicoQuant version 2.3, build 4724) was used to collect data and
analyze the FCS data. FluoFit (PicoQuant version 4.6.6.0, build 20.05.2014) was used to analyze
the anisotropy data. Measurements were taken with monomeric and DSD human cytc samples at
~100 nM of Zn-substituted heme (i.e., 100 nM monomer and 50 nM DSD). The titration
procedure was the same as used for CD titrations (1:1 mixing of Zncytc and CL ND solutions at
twice the desired final concentration). The anisotropy instrument response function (IRF) was
obtained as described using Atto 425 quenched with a saturated aqueous KI solution.®’

FCS data were fit using SymPhoTime64 version 2.3 (PicoQuant, Berlin). Eq 4, which
describes diffusion of several species in the presence of a single triplet state, was used as the
fitting model. Figure S3 shows a typical FCS curve of Zncytc binding to CL ND. A more

complete treatment of the FCS equations used can be found in the Supporting Information.
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In eq. 4, the first part of the equation in brackets describes the triplet state, where 7 represents

4 6@ =

the fraction in the triplet (dark) state, 7 is the time to relax from triplet back to the singlet state
and ¢ is time. The second part of the equation describes the diffusion of molecules in the
experiment. The contribution of the i diffusing species is represented by pi, To, is the diffusion
time of the i™ species and « is a geometrical factor describing the length-to-diameter ratio of the
confocal volume.

Fluorescence anisotropy data were fit using the analysis software package FluoFit Pro V4.6.6
(PicoQuant, Berlin) according to the relationships described in eqs 5 and 6. A more complete

treatment of the anisotropy equations used can be found in the Supporting Information.

n n
1 .
(5) ILy(t) = (GfaC)IRFVV §Z ae™ /% |1+ 2| Riyp + Z Bj e~t/?;
1% n
(6) Iyy(t) =IRFyy §Z ae”t/Ti |1 — | (Rynr + z Bje iy

In eqgs 5 and 6, G is a weighting term that describes the transmission difference between the
horizontal and vertical detection paths. The instrument response function (/RF) is used to
deconvolute out the excitation pulse and detection electronics. t; is the lifetime and o is the
amplitude of the i component in the intensity decay. Rivr is the anisotropy at infinite time or is
due to a homogenous, time-independent background.®® The pre-exponential factors, f;, represent
the differences between the excitation and emission transition dipole moments of the probe and

the symmetry axes of the protein.® The sum of p; is the limiting anisotropy at time zero, ().

13



The rotation correlation times, ¢, are directly related to the size and shape of the protein as well
as the temperature and viscosity of the aqueous solution.

All data were fit to one ¢ and an Rk, where ¢ is that of the freely diffusing Zncytc. Since
the rotational correlation time of a Zncytc bound to an ND is much longer than the fluorescence
lifetime of Zncytc, it is fit as Rivr; freely diffusing Zncytc in the absence of NDs has Ring = 0.
Figure S4 shows examples of fluorescence anisotropy decay curves.

Fitting model for the fluorescence data. The FCS and anisotropy measurements are from
experiments where Zncytc and CL ND are interacting at equilibrium (eq 7). The fractions bound
(7) Zncytc + CL ND 2 Zncytc-CLND

(foouna) or free (fiee) are directly calculated based on the relative amplitudes of either their FCS
diffusion coefficients or anisotropy rotational correlation times. In standard FCS measurements,
it is generally accepted that diffusion coefficients must differ by a factor of ~1.6-2 in order to be
resolved.”” 7! A rough calculation using an estimate of the protein radius and the Stokes-Einstein
relationship indicates that the monomer (~128 pm?/s) or dimer (~101 pm?/s) diffusion
coefficients are more than a factor of two larger than when bound to ND (~45 pm?/s, estimated
for 1:1 cytc:CL ND complexes), indicating that the free and bound species are resolvable. In
anisotropy measurements, the interaction of Zncytc with the membrane surface of the ND will
increase the rotational correlation time (¢), making it much longer than the fluorescence lifetime,
resulting in a resolvable increase in the Rivr.”> Once the foound has been determined, it can be
directly plotted against the concentration of CL ND to obtain the association constant (K,). The

binding model is described by eq 8.

[Zncyte-CL ND] _ Kq[CLND]
Zncytc-CL ND]+[Zncytc] 1+K4[CL ND]

(8) frouna = [
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The native conformation of monomeric cytc is expected to require 9.1 nm? of membrane
surface to bind.”>7* A structural rearrangement upon binding could result in an increase of the
requirement to ~13 nm2.7>"7> The MSP1D1 NDs used in these experiments are expected to have a
membrane surface area of ~72 nm? per side of the ND.*® Thus, there is space for upwards of 5 to
8 cytc to bind per side of the ND assuming no repulsive interactions and ignoring entropy effects
for binding on a continuous surface.’® Under the conditions of our FCS experiments, the ND
concentration is at least 100-fold higher than the cytc concentration near the midpoint of cytc-
ND binding curves such that it is highly unlikely that more than one cytc will be bound per ND
Therefore, use of the non-interacting single-site binding equation given by eq. 8 is a reasonable

assumption to fit the FCS-monitored Cytc-ND binding data.

RESULTS AND DISCUSSION

Dissociation of Human Cytc DSD to Monomer is Slow Compared to Equine and Yeast
DSDs. We have previously shown that the equine DSD is substantially more stable than the yeast
WT* (K72A, C1028) iso-1-cytc dimer.?” We hypothesized that if the DSD of cytc is involved in
apoptosis, evolution of increased stability of the DSD could be an adaption favoring more
effective induction of the peroxidase activity of cytc as related to apoptosis in mammals. Our
previous work?’ showed that the thermodynamic stability of monomeric cytc measured by
guanidine hydrochloride (GdnHCI) unfolding® correlated well with the kinetic stability of the
cytc DSD.

We have extended our studies of dimer dissociation kinetics to include the human cytc DSD,
and we can now show that the human cytc DSD is even more stable than the equine cytc DSD,

consistent with the great thermodynamic stability observed with GdnHCl unfolding of
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Figure 1. Eyring plots for dissociation of human WT (green), equine WT (orange) and
yeast WT* (K72A, C102S mutations) (red) DSD dimers. The solid curve is a fit to a form of the

Eyring equation that accounts for AC f, (Eq. 1). The reference temperature (T,) was set to 310.15
K (37 °C) for all fits. The equine and yeast data are from previously published results.?’

human cytc.’ The Erying plot of the human DSD is compared to previously reported data for
equine and yeast cytc in Figure 1. The human DSD was found to dissociate to monomer at
measurable rates in the same temperature range as the equine DSD (Table S1). It was kinetically

more stable than the horse DSD of cytc with a factor of two longer lifetime (about two weeks at

40 °C). All data in Figure 1 were fit to eq 1, which allows for curvature in the Eyring plot due to
a change in heat capacity required to attain the transition state (AC;r ) for DSD dissociation.
Curvature in the plot indicates that AH ;0 and AS ;50 are both temperature dependent.”” We used
human physiological temperature (37 °C, 310.15 K) as the reference temperature, 7, in the fits
of the data in Figure 1 to eq 1 providing the activation parameters, AH;O and AS;O at 37 °C (Table

1). A large enthalpic barrier for spontaneous dissociation of the DSD to monomer is observed for
cytc of all three species.”” However, favorable entropy compensates substantially for this large
enthalpy, yielding AG* near 27 kcal/mol for the mammalian DSD compared to ~19 kcal/mol for
the yeast DSD at 37 °C. Plots of AG* versus T, using the parameters in Table I,
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Table 1. Activation Parameters for Dissociation of Domain-
swapped Dimers to Monomers at 37 °C%b¢

i ¥ ¥ t ¥
Species A Hj, AST. AC;, AG

(kcal/mol)  (kcal/mol'K) (kcal/mol’K)  (kcal/mol)®

Human 59+4 0.10+0.01 23+03 27+5
Equine 66 £ 12 0.13+0.04 1.8+0.9 27+ 16
Yeast 107 £ 15 0.28 £ 0.05 3.1+0.8 19 +£21

Data for yeast and equine cytc?’ were refit to Eq. 1 using To = 310.15
K. Error in AH io, AS ;0 and AC f, is the standard error of the parameter
provided by SigmaPlot 13. “The error in AG* is the propagated error
calculated from the error in AH ;0 and AS#O.

show that the increased kinetic stability of the human DSD compared to the equine DSD arises
from a shift in the temperature of maximum AG¥ from 16 to 23 °C.

Similar to the equine DSD,?” the human DSD had less curvature in its Erying plot than the
yeast DSD, yielding a smaller AC; than that for the yeast DSD. All three values of AC; indicate
significate unfolding of both subunits during dissociation to monomer because the AC, for
thermal unfolding of the monomeric cytochromes ¢ range from 1.1 to 1.4 kcal/mol-K.*’ The
primary evolutionary adaptation that increases the kinetic stability of the DSD of mammalian
versus yeast cytc is a decrease in AS. ;fo at 37 °C. The larger AS;O for yeast DSD dissociation
indicates that the TS is more disordered than the TS for dissociation of the mammalian DSDs.
The larger AC; for the yeast versus the mammalian cytc also is consistent with a larger degree of
unfolding in the TS for the dimer-to-monomer dissociation of the yeast DSD.

For the fluorescence correlation spectroscopy (FCS) experiments described below, we use

Zn-substituted monomeric and DSD human cytc. The stability of Zn-substituted monomeric cytc
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as measured by GdnHCI unfolding is similar to that of the native Fe protein.”® Given the
correlation between the kinetic stability of DSD cytc and the stability of monomeric cytc
measured by GdnHCI unfolding discussed above, we expect the stability of the Zn-substituted
human cytc DSD to be similar to that measured for the Fe form of the human cytc DSD.

The Alkaline Transition of the Human DSD Occurs 2.5 pH Units Lower Than That of
the Monomer. It has been shown that a decrease in the midpoint pH (pH12) of the alkaline
transition can be correlated with better access to cytc conformational states that promote
peroxidase activity.””! Below pHi2, Met80 is the predominate ligand bound to the heme and
above pHi Lys72, 73 or 79 from Q-loop D are predominantly the bound ligands.®* Lys binds
more strongly to the Fe(III) of the heme than Met and is therefore a less labile ligand than
Met80.%° Thus, the lysine ligation of the alkaline state would be expected to decrease peroxidase
activity. However, a decrease in the pHi. of the alkaline transition correlates well with a
decrease in the stability of Q-loop D,**** which protects the Met80 side of the heme.

Absorbance changes at 695 nm, an absorbance band that is present when Met80 is bound to

the heme, was used to monitor the alkaline transition. A plot of Asoscorr versus pH in Figure 2

Monomer
(PKapp =9.62)
o DSD

(PKapp =7.02) [

0.025 1. %
0.020 4
0.015 4

0.010 A

A695C0rr (DSD)

0.005 A

0.000

pH

Figure 2. Plot of Agoscorr versus pH for the alkaline transition for monomeric (closed circles) and
DSD (open circles) cytc. Data were collected at room temperature (22 = 3 °C) in 100 mM NaCl

solution with a protein concentration of 100 uM heme (100 uM monomer or 50 uM dimer).
Solids lines are fits to eq 2 in materials and methods.
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shows that the alkaline transition occurs at much lower pH for the DSD than the monomer. The
pHi» we observe for the monomer (9.62 + 0.03) is similar to the previously reported value.’? By
contrast, the pHi. of the DSD (7.02 + 0.06) is 2.5 pH units lower. The number of protons linked
to the transition for both monomer (1.15 £ 0.09) and DSD (0.90 £ 0.11) was approximately equal
to 1, which is consistent with a one proton process, as normally observed for the alkaline
transition of cytc.> %

Absorbance changes at 625 nm also give information about dissociation of the Met80 ligand
from the heme. An increase in Ae2s is observed below the pHi. for the alkaline transition. This
absorbance band has been attributed to formation of a high-spin heme state, resulting from a
change in heme coordination to either a pentacoordinate state or a hexacoordinate state with a
water molecule bound®® in place of Met80. Whereas spectra of human DSD cytc, acquired near
pH 6, show a small peak near 625 nm (Figure S5), the monomeric human cytc does not. Plots of
As25corr Versus pH show sigmoidal plots for both monomeric human cytc and the DSD (Figure
S6). For the DSD, the pHi is slightly lower than that of data monitored at 695 nm, indicating
that Met80-heme and H>O-heme ligation states are populating simultaneously as pH is decreased
below 7.

Taken together, these data indicate that the two hemes of the DSD are more accessible than
the heme of the monomer. Met80, the primary ligand below pHi,,, is located in the hinge-loop
region of the dimer structure.?’-?® Population of an available coordination site, whether it is a
pentacoordinate heme or a hexacoordinate heme with water bound, is greater for the DSD than
for the monomer. The 2.5 pH unit decrease in the pHi2 of the DSD relative to the monomer
places this change in ligation near physiological pH where it could directly regulate peroxidase

activity in vivo.
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Fluorescence Titrations Show that ND Binding by Human DSD Cytc is Weaker than
Monomeric Cytc. Many studies of binding of cytc to CL-containing liposomes involve titration
of cytc, at concentrations that are near the K4, with increasing concentrations of CL typically in
the form of liposomes.” 37° Thus, accurate evaluation of K4 requires correction for bound CL.
Estimates of the number of CL bound to each cytc cover a large range.®® °! Direct experimental
determination of the CL:cytc stoichiometry has shown that this stoichiometry depends on ionic
strength and requires prior experimental determination of the effective charge on the protein, Z,
and an intrinsic binding constant, K, for the interaction from binding data as a function of salt
concentration under low binding conditions.”® Because of the difficulty of accurately correcting
for bound CL, it is often not done. To avoid this complication, we have used CL NDs as our
model membrane system and FCS and fluorescence anisotropy as our detection methods. Using a
fluorescent form of cytc, Zncytc, the concentration of monomeric and DSD cytc can be kept
between 50 and 100 nM, low enough that the total CL ND concentration does not need to be
corrected for cytc-bound CL ND. FCS reports on translational diffusion of fluorescent species,
while fluorescence anisotropy reports on rotational diffusion. These techniques are orthogonal
methods for determining the hydrodynamic radius and therefore are complementary. The
experimental setup used allows each individual sample to be measured by both methods;
switching measurement modes only requires minor changes (e.g., changing the laser repetition
rate and polarization of the fluorescence emission). This dual experimental approach provides an
increased level of robustness to the results obtained.

The FCS curves for Zncytc binding (Figure S3) were fit to two diffusion times (tp), a faster
one representing a free species (free monomer or free DSD) and a slower one representing the

ND-bound species, and a triplet state process (7). The T, and translational diffusion coefficient
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Table 2. Fluorescence Parameters for Zncytc monomer and DSD.

FCS Fluorescence Anisotropy
Lifetime
Tp(ms)  tr(us)  D(um¥s) Ry (m)° (ns)? & (ns) Ry (nm)*
Monomer 0.06+0.01 1249 125 +21 1.80 £ 0.25 327+031 637+0.16 1.83+0.05
g["“omer 0484003 342 33426  6.83+0.51 - - -
ound
DSD 0.08+0.01 25£52 92 +£8.2 2.39+0.19 455+0.04 12.7+£0.17 2.31+£0.04

DSD Bound 044+0.02 27x21 22+24 10.1 +£0.90 - - -

a RzH corrected to 25 °C from the experimental temperature. *The intensity-weighted lifetime is defined as (t) =
(D) are related (7, = wy?/4D) and can be connected to the hydrodynamic radius through the
Stokes—Einstein equation; D is temperature and viscosity dependent and 7, depends on the size
of the Ve, which has been carefully calibrated. The results are presented in Table 2. The free
monomer and DSD diffusion coefficients are similar to the calculated values discussed in the
Materials and Methods. The experimental diffusion coefficients for cytc/ND complexes,
however, are smaller than our calculated estimate in Materials and Methods (45 um?/s). Thus,
the assumption of spherical symmetry may be inadequate for the CL ND complexes. The distinct
difference in D for the monomer/ND complex versus the DSD/ND complex indicates that D is
sensitive to the difference in size of the DSD versus monomeric forms of cytc bound to CL NDs.

The anisotropy decay data were fit to a single rotational correlation time ¢ (Table 2) with a
limiting anisotropy (Rinr) because the ¢ of Zncytc bound to CL ND is much longer than the
fluorescence lifetime and therefore difficult to fit with a second exponential. The binding can be
followed, however, by the increase in Rinr and a decrease in the amplitude of the single ¢ as
Zncytc binds to the CL NDs. Our parameters from analysis of the monomer fluorescence decay

data (Table 2) agree well with those previously reported by Vanderkooi et al.>* In addition, we

observed a 1.3 ns increase in the intensity-weighted lifetime of the dimer compared with that of
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the monomer. The Ry values for the monomeric and DSD cytc extracted from the anisotropy
data agree well with those obtained from FCS data (Table 2).

We carried out experiments at pH 8.0 and pH 7.4. At pH 8.0, we have shown that binding is
dominated by site A (primarily electrostatic interaction) and appears to be weaker than for
studies done at lower pH. At pH 7.4 and lower,”* ** binding is stronger and has a significant non-
electrostatic component. Monomeric human cytc will be completely in the native state at both
these pH values. Based on the fit to the data in Figure 2, the human DSD will be 88% in the
alkaline state at pH 8 and 69% in the alkaline state at pH 7.4. However, because of the high
negative charge at the surface of the 100% CL NDs, the pH near the surface of the ND may be
somewhat lower, which might lead to a larger shift toward population of the native conformer at
pH 7.4. The data sets collected from FCS and fluorescence anisotropy measurements,
respectively, can be fit to a single-site binding model (Eq. 8). The fits to both the FCS and
anisotropy data can be seen in Figure 3. Binding constants extracted from these plots are given in
Table 3.

Control experiments (Figure 3) show that, regardless of pH, ~5% of the monomers and
dimers of Zncytc (100 nM Zn-heme concentration) bind to DMPC ND, which is likely
nonspecific binding, perhaps to the belt protein.

We also measured the effect of adding NaCl to a final concentration of 150 mM to solutions
containing Zncytc fully bound to the CL NDs. At pH 8.0, when we added NaCl to the 100 uM
CL ND titration point, the fraction of bound Zncytc reverted to the level of binding observed
with DMPC ND (Figure 3). This observation indicates that at pH 8.0, the cytc—CL ND
association is driven by electrostatic interaction at the A site. This result is consistent with our

previous study of the binding of human and yeast cytc to 100 nm CL liposomes, which indicated
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Figure 3. Plots of % bound monomeric (left) and DSD (right) Zncytc versus CL and DMPC
nanodisc concentration (logarithmic scale) as determined by FCS and fluorescence anisotropy.
Data points shown are from the FCS experiments. The fits of FCS (solid lines) and anisotropy
(dashed lines) data sets to eq 8 are shown. Experimental data were corrected to 25 °C to
determine binding and performed in 20 mM TES at the indicated pH and salt concentration.

Table 3. Thermodynamic Parameters for Binding of Zncytc to CL ND from
Fluorescence Experiments at 25 °C

pH 74 pH 8.0
AG AG
Ka (uM) (kcal/mol) Ka (uM) (kcal/mol)
Monomer Anisotropy 9.0+ 0.2 6.88 £ 0.01 25+£0.6 6.28 £ 0.01
FCS 9.2+03 6.87 £ 0.02 26+1.3 6.2510.03
Dimer Anisotropy 23 +2 6.32+0.05 134+ 7.1 5.28+0.03
FCS 22+1.2 6.35+0.03 122+ 6.0 5.344+0.03

that the predominate binding interaction at pH 8 was through site A.* At pH 7.4, 150 mM salt

causes only partial dissociation of cytc from the CL ND. This behavior has previously been

observed by other labs**: 8788

significant hydrophobic component also contribute to binding.
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The binding data for the Zn-cytc monomer (Figures 3 and S7, Table 3) also show that
increasing the pH from 7.4 to 8.0 results in a two-fold increase in the K4. This result is consistent
with reduced influence of binding sites other than the A site at pH 8, as indicated by the lesser
effect of 150 mM salt on binding at pH 7.4 versus pH 8.0. These results fit with previously

89.90.94 and they support the interpretation that multiple cytc binding sites

published binding data,
are involved in the interaction with CL surfaces. These data also support previous data, which
suggest that at lower pH multiple binding locations on cytc work in concert to form a tighter
interaction®!: ** that then may be followed by a second unfolding stage.** %2 These observations
could also indicate that the combined effects of these binding sites at lower pH either result from
too strong of an electrostatic interaction to be broken at the NaCl levels used in this experiment
or rely on hydrophobic interactions usually associated with the C-site.

The dimer binding data (Table 3) show a reduction in the affinity for a CL surface: the Ky of
the dimer at pH 7.4 is similar to that of the monomer at pH 8.0, and there is a five-fold decrease
in the binding affinity of the dimer when increasing the pH from 7.4 to 8.0. This reduction in
affinity at pH 8 indicates that the A site of the dimer makes a weaker contribution to the cytc-CL
interaction under these conditions. Thus, formation of the dimer reduces the binding interaction
with the CL surface, which could indicate another way in which the dimer has evolved into a
dynamic switch to control apoptosis near physiological pH. The decrease in affinity at higher pH
may be linked to the alkaline conformational transition of the dimer because the population of
this conformer is somewhat higher at pH 8 than at pH 7.4.

The significantly different diffusion coefficients observed for CL ND bound monomeric cytc

versus CL ND bound DSD cytc (Table 2) and the considerably different Kq values observed for

monomer and DSD cytc binding to CL NDs (Figure 3, Table 3) suggest that human DSD cytc
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does not dissociate to monomer when bound to CL NDs. These observations are consistent with
the high stability of human DSD cytc (Figure 1, Table 1). However, further experiments would
be required to demonstrate definitively that human DSD cytc binding to CL NDs does not cause
any dissociation of the DSD to monomer.

CD Binding Experiments Show Cooperative Binding with Increased Concentration of
Cytc. It has been shown that ruffling, the perturbation of the heme from perfect Day symmetry, is
influenced by the CXXCH heme attachment sequence and the residues that pack against this
sequence.”®?® Breaking of this symmetry leads to a strong circular dichroism (CD) signal in the
Soret region.” The amplitude of the B-band couplet in the Soret CD is dependent on both the
splitting of the band and the rotational strength.'” Coupling of the heme n-7* transitions to those
of nearby aromatic amino acids is believed to be an important mechanism for induction of

rotational strength.!%!

Mutagenesis studies with yeast iso-1-cytc implicate Phe82, which packs
against the heme, as an important contributor to the Soret CD of cytc.!%? Thus, local
rearrangement of the heme environment can significantly affect the Soret CD. Changes in the
CD spectrum have been used successfully to study the rearrangement of the heme environment
of cytc that occurs when the protein binds to liposomes, > 88 8% 92, 103-106

Human monomer and dimer cytc have markedly different signatures in the Soret CD spectra
at pH 8.0 (Figure 4). The degree of B-band splitting reported here for the monomer is similar to
that reported in previous studies.*® The lack of a trough in the DSD spectrum is only seen for the
monomer at high lipid-cytc ratios, where it indicates a significant perturbation of the heme
environment of the monomer.? The dimer CD spectra are similar to those previously reported

for the equine alkaline conformation,'®” suggesting that the human dimer is in an alkaline

conformation at pH 8. The data in Figure 2 support this conclusion.

25



30

Ae (M cm™)

360 380 400 420 440
Wavelength (nm)

Figure 4. Soret CD spectra of human monomer (solid) and DSD (dashed) cytc at a concentration
of 10 uM heme (10 uM monomer or 5 uM DSD). Spectra were acquired in 20 mM TES buffer,
0.1 mM EDTA (pH 8.0) at 25 °C.

The Soret CD spectrum from 350 to 450 nm was monitored as CL NDs were titrated against
a fixed concentration of monomeric and DSD human cytc at pH 8, where the electrostatic site A
binding site dominates binding.?® Based on the FCS data, the CD experiments were performed at
protein concentrations close to the Ky of the monomer, but well below that of the DSD. The CD
experiments were performed at 100-fold higher concentration of cytc than the fluorescence
experiments. Because of the small surface area of the ND, the higher concentrations of cytc used
in the CD experiments could result in crowding that would lead to interactions between
individual cytc molecules on the surface of the ND, potentially increasing the apparent affinity of
the ND for monomer or DSD forms of cytc.

When titrated against CL ND, the Soret CD signals of the monomer and DSD respond
differently at pH 8 (Figure S8). Qualitative binding of the monomer differs with respect to
binding to liposomes, t00.2 When monomer binds to 100% CL liposomes, there is a strong

increase in the amplitude of the 405-nm peak, followed by a red shift of the peak as the trough
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near 418 nm disappears.® Unlike the liposome binding data, there is a decrease in the 405-nm
peak with the addition of ND. The largest change in monomer Soret CD spectrum is the
decrease in the amplitude of the 418-nm trough as CL ND concentration increases. For the DSD,
there is only a small increase in the intensity of the Soret CD band centered at 410 nm.

Data at these wavelengths are plotted versus ND concentration in Figure 5. We use a single-
site Langmuir-type binding isotherm (eq S14 in the SI) to fit these data, as previously.® As
shown in Table 4, the Kq(app) obtained from the Soret CD data indicates tighter binding than that
of the fluorescence data (Table 3). This observation could suggest that interactions between
human cytc molecules increase the affinity for CL NDs under crowded conditions (higher cytc
concentration coupled to low ND/cytc ratios). The 100-fold higher Cytc concentration leads to
about a 10-fold increase in the Kq(app) for monomeric cytc and a >100-fold increase for the
DSD. For the DSD, there is likely a significant error in Kaq(app) because of the low amplitude of

the signal change caused by binding to the CL NDs. At the midpoint of the titration of the CL
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Figure 5. Human cytc Soret CD signal as a function of concentration of cardiolipin ND, [ND].
Data points at each [ND] follow the change in amplitude of the peak of the Soret CD signal. For
the monomer the changes at 418-nm and for the dimer the changes at 410-nm are plotted versus
[ND]. The experimental concentration of cytc was 10 uM based on the heme absorbance (i.e., 10
UM monomer or 5 uM DSD). Experiments were performed in 20 mM TES buffer and 0.1 mM
EDTA (pH 8) at 25 °C. Solid curves are fits to eq S14 in the SI.
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Table 4. Thermodynamic Parameters for
Binding of Cytc to CL NDs from CD Data
at 25 °C and pH 8.

Variant Ka(app) n

(uM ND)*
Monomer-ND 2.3 +0.1 0.9 +£0.3
Dimer-ND 0.3+0.1 1.2+04

a The experimental concentration of cytc was
10 uM based on the heme absorbance (i.e.,
10 uM monomer or 5 uM DSD). The error
corresponds to the standard error in the fit of
the parameter. We use apparent dissociation
constant, Kq(app), because we have not
corrected ND concentration for ND bound to

cyte.

NDs by the DSD, ~8 DSD would be bound per ND. Assuming the dimer requires twice the
surface area of the monomer, essentially all the available space on both sides of the ND would be
occupied (8 monomers can fit on the surface of each side of an ND, see Materials and Methods).
While entropy effects might be expected to oppose such high occupancy,’® entropy could be
mitigated by interaction between dimers. For monomeric horse cytc binding to
phosphatidylglycerol (PG), ligand-ligand interaction was observed to be negligible.”® However,
for denatured horse cytc binding to PG, significant ligand-ligand interaction was observed.’®
Thus, it is possible that the dimer behaves more like denatured cytc in this regard. Data for the
horse cytc dimer binding to PG-containing liposomes, also shows that the dimer binds more
tightly than the monomer when cytc concentration is in the pM range.!%® The cooperativity
parameter, n, is near 1 for both monomer and dimer (Table 4). We are varying ND concentration,
so the value of n suggests that there is no cooperativity with respect to the ND (or CL, Figure
S9).

For the monomer, on average ~2 monomers would be bound per ND at the midpoint (one per

side). This observation indicates that ligand-ligand interaction is less significant for monomeric

28



cytc compared to the dimer, consistent with previous work.’® When the response of the CD
signal is plotted versus lipid-to-protein ratio the binding curves for CL NDs and CL liposomes
are identical for the cytc monomer (Figure S9). Therefore, the effect of cytc concentration on
Ka(app) cannot be attributed to a difference between NDs and liposomes.

At the K4 measured by single-molecule fluorescence methods at pH 8 (Table 3), the ND/cytc
ratio is ~100 for the monomer and >1000 for the DSD, so, it is unlikely that more than one cytc
monomer or dimer is bound to each ND. Under conditions of high protein dilution with respect
to ND concentration, effects of ligand-ligand interaction would be expected to be minimal.

Human Cytc-DSD Shows Increased Peroxidase Activity in the Absence and Presence of
CL NDs. As previously discussed, cytc’s ability to become a peroxidase is essential for its role
as an initiator of the intrinsic apoptotic pathway.!% 1% Increasing the flexibility of Q-loop D or
the removal of the heme-ligand provided by Q-loop D has been shown to increase peroxidase
activity in monomeric cytc.!'% ! In the DSD conformation, Q-loop D is conformationally
distant from the heme and the Met80 ligand is replaced with H>0,%”-?® which should result in an
increase in peroxidase activity, as has been shown for the equine DSD of cytc in aqueous
solution at pH 7.** To determine the effect of formation of the alkaline conformer of the DSD on
peroxidase activity, we have measured its peroxidase activity from pH 6 to 8. To evaluate the
peroxidase activity of monomeric and DSD human cytc bound to NDs though site A, we
performed experiments in the presence and absence of CL NDs at pH 8.%

Michaelis-Menten plots of peroxidase activity were generated from data obtained by
monitoring the formation of tetraguaiacol from guaiacol at 470 nm in the presence of H2O».
These plots were used to determine the catalytic rate constant (kcat) and the Michaelis-Menten

constant (Km) for cytc. The data were normalized based on the amount of heme present (i.e., the
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concentration of DSD is half that of the monomer). Figure S10 shows Michaelis-Menten plots
generated from peroxidase data acquired for the monomer and DSD, with and without CL ND at
pH 8.0. While the K, values are relatively similar (also see Table 5), the kcat values increase
from monomer to DSD. The kcat values also increase dramatically in the presence of CL NDs.

The data in Table 5 show that k..; decreases as pH increases for both monomeric and DSD
human cytc. A decrease in kcqr as pH increases has been observed for both horse and human
monomeric cyte.®> 1% 112 This trend has been attributed to replacement of Met80 by lysine®
because nitrogen donors are much stronger ligands for Fe(IlI)heme than methionine.!!* !4 For
the DSD of human cytc, kcat decreases smoothly as the DSD forms an alkaline state (pHi2 = 7.02
+ 0.06). Thus, the peroxidase activity of the DSD can function as a pH-inducible switch near
physiological pH. Also, the peroxidase activity of the human DSD is seven-fold higher than that
of the monomer at pH 7 and &, but 14-fold higher at pH 6 when mixed Met80/H»O ligation

replaces the lysine ligation of the alkaline state (see Figures 2, S5 and S6).

Table 5. Peroxidase Activity of Human Cytc Variants as a Function of pH at 25 °C with
Guaiacol as Substrate.

) pH 6.0 pH 7.0 pH 8.0
Variant = - -
K.,(M) ke 57V K. (M) Kear 571) K.,(M)  kew 57V

Monomer* 14+2 0.11+0.01 57+0.3 0.11£0.002 11+£2  0.06 £0.01

Monomer with CL ND? 6+3 0.29+0.03
11+2  0.06+0.01

DSD 11+1 1.52 £0.02 12+3 0.78 £0.04 18+3 0.44+0.02

DSD with CL ND 24+6 143+0.12

Parameters are from Nold et al.!'?*Samples with CL ND led to a biphasic dataset

The initial velocity (v), was determined by finding the greatest slope in the A7 versus time
data after an initial lag. At pH 8, the monomer cytc data in the presence of CL NDs presented a
curve with a second obvious slope before approaching saturation, indicating the presence of at

least two catalytically distinct species. Both of these velocities were used to determine a Km and
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keat. One set of Michaelis-Menten parameters showed a larger ket (0.29 = 0.01 s!) and a smaller
Km (6 £ 3 uM) than observed for the monomer in the absence of NDs (see Table 5, Figure 6 and
Figure S10). The other set of parameters matched that of free monomeric cytc in solution (see
Table 5). The observation of two kinetic phases under the conditions of peroxidase activity
measurements (1 uM cytc and 1 uM ND) is consistent with the binding curve in Figure 5, which
indicates that monomeric cytc would not be fully bound to the NDs under these conditions. The
kcat for the ND bound monomer is based on the total concentration of monomer and thus may be

an underestimate.
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Figure 6. k..t vs pH for monomeric and DSD cytc at 25 °C. Error bars are the standard deviations
from three independent experiments. Human data in the absence of CL NDs are from Nold et
a] 102

The unfolding of cytc by guanidine hydrochloride has been shown to increase the peroxidase
activity to rates similar to those observed for isolated heme groups.'!® Likewise, the addition of
CL membrane mimics has been shown to result in a dramatic increase in the peroxidase activity
of monomeric cytc.”® Our data are consistent with these observations, with the DSD showing

increased peroxidase activity over the monomer, and the peroxidase activity of both species

increasing in the presence of CL NDs at pH 8 when bound through site A.
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CONCLUSIONS

The data presented provide evidence for how the DSD conformer of cytc may be an evolved
switch to allow tighter control of the intrinsic apoptotic pathway. The human cytc DSD is
substantially more stable to dissociation than that of yeast. Because yeast lacks a complete
apoptotic pathway,!!¢ the increased stability of human and equine cytc DSDs could indicate
evolution in mammals to regulate the intrinsic apoptotic pathway. The DSD of human cytc
undergoes an alkaline conformational transition with a midpoint near neutral pH. The structural
reorganization seems to act as a conformational switch that increases the affinity for CL NDs by
5-fold from pH 8 to pH 7.4 and also leads to a progressive increase in peroxidase activity as pH
is lowered from 8 to 6. The alkaline conformer of the DSD converts to a mix of Met80-ligated
and high-spin (H20O-ligated) heme by pH 6, leading to a larger enhancement in peroxidase
activity as pH decrease from 8 to 6 than for that of monomeric human cytc. The DSD of human
cytc is well-adapted to act as a pH-sensitive functional switch near the pH of the IMS (pH = 6.88
+0.08).'"” During apoptosis, the pH of the cytoplasm decreases below 6. If the same is true of
the IMS, the intrinsic peroxidase activity of the DSD would continue to increase (Figure 6).

Our results also suggest that self-interaction between cytc molecules may enhance the
affinity of cytc for CL-containing membranes under crowded conditions. DSD affinity appears to
be more strongly enhanced than that of the monomer. This effect of cytc concentration on the
strength of the interaction of cytc with CL membranes bears further investigation given the

millimolar concentration of cytc in mitochondria.!''® 120
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The Supporting Information is available free of charge on the ACS Publications website.

A PDF file is provided containing a more detailed derivation of the equations used to fit single-
molecule fluorescence data, figures showing the structure of one subunit of the cytc DSD, the
intermediates in the production of zinc-substituted cytc, a typical FCS correlation function plot
for cytc/ND binding, typical fluorescence anisotropy data, spectra showing the 695- and 625-nm
bands as a function of pH for monomeric and DSD cytc, a plot of absorbance at 625 nm versus
pH for monomeric and DSD human WT cytc, binding curves for the interaction of monomeric
and DSD cytc with CL NDs, CD spectra as a function of CL ND concentration and Michaelis-
Menten plots for monomeric and DSD cytc in the presence and absence of CL NDs at pH 8 and a
Table containing the kpm values for the human DSD used in Figure 1.
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