Biophysical Journal Volume 107 December 2014 2941-2949 2941

The Kinetic Stability of Cytochrome ¢ Oxidase: Effect of Bound
Phospholipid and Dimerization

Erik Sedlak,"" Rastislav Varhag,' Andrej Musatov,' and Neal C. Robinson'
"Department of Biochemistry, The University of Texas Health Science Center, San Antonio, Texas

ABSTRACT Thermally induced transitions of the 13-subunit integral membrane protein bovine cytochrome ¢ oxidase (CcO)
have been studied by differential scanning calorimetry (DSC) and circular dichroism (CD). Thermal denaturation of dodecyl mal-
toside solubilized CcO proceeds in two consecutive, irreversible, kinetically driven steps with the apparent transition tempera-
tures at ~ 51°C and ~ 61°C (5uM CcO at scan rate of 1.5 K/min). The thermal denaturation data were analyzed according to the
Lyubarev and Kurganov model of two consecutive irreversible steps. However, because of the limitation of the model to describe
the complex mechanism of the thermal denaturation of CcO, the obtained results were utilized only for comparison purposes of
kinetic stabilities of CcO under specific protein concentration (5uM) and scan rate (1.5 K/min). This enabled us to show that both
the amphiphilic environment and the self-association state of CcO affect its kinetic stability. Kinetic stabilities of both steps are
significantly decreased when all of the phospholipids are removed from CcO by phospholipase A, (the half-life decreases at
37°C). Conversely, dimerization of CcO induced by sodium cholate significantly increases its kinetic stability of only the first
step (the half-life increases at 37°C). Protein concentration-dependent nonspecific oligomerization also indicate mild stabiliza-
tion of CcO. Both, reversed-phase high-performance liquid chromatography (HPLC) and SDS-PAGE subunit analysis reveal
that the first step of thermal denaturation involves dissociation of subunits Ill, Vla, VIb, and Vlla, whereas the second step is
less well defined and most likely involves global unfold and aggregation of the remaining subunits. Electron transport activity
of CcO decreases in a sigmoidal manner during the first transition and this dependence is very well described by kinetic param-
eters for the first step of the thermal transition. Therefore, dissociation of subunit 11l and/or Vlla is responsible for temperature-
induced inactivation of CcO because Vla and VIb can be removed from CcO without affecting the enzyme activity. These results
demonstrate an important role of tightly bound phospholipids and oligomeric state (particularly the dimeric form) of CcO for

kinetic stability of the protein.

INTRODUCTION

Bovine cytochrome c oxidase (CcO) (ferrocytochrome c: O,
oxidoreductase; EC 1.9.3.1) is the terminal enzyme complex
of the inner mitochondrial membrane electron transport
chain and catalyzes electron transfer from reduced cyto-
chrome c to molecular oxygen. CcO is a multisubunit protein
consisting of 13 dissimilar subunits: the three mitochondrial-
encoded subunits (I, II, III) that form the core of the enzyme
and contain four metal centers (Cuy, heme a, heme a3, and
Cup) and the 10 nuclear-encoded subunits that surround
the core and are unique to mitochondrial terminal oxidases
(1,2). The enzyme complex spans the inner mitochondrial
membrane and is in contact with an annulus of membrane
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phospholipids. Isolated detergent-solubilized CcO contains
three to four tightly bound cardiolipin molecules with an
important role for stabilizing the quaternary structure and
activity of the enzyme (3—6). CcO crystallizes in a dimer
form, which is generally considered as the functional unit
in the lipid bilayer. However, there is little information
regarding the functional and structural significances of the
dimeric form of CcO. We have shown previously that
dimeric CcO is significantly more stable against the effect
of hydrostatic pressure than the monomeric form suggesting
a role for the quaternary structure in stabilizing the enzyme
against environmental perturbations (7).

Although the most common environmental perturbation
is temperature, information regarding factors affecting the
thermal stability of integral membrane proteins is very
limited (8-10). Lack of detailed information concerning
this topic may be caused by protein delipidation issues, a
poorly defined oligomeric state, and the complexity of
analyzing irreversible thermal transitions. For example,
harsh conditions have often been used during protein delipi-
dation, which have lead to irreversible conformational
changes and/or dissociation of subunits from multimeric
proteins that preclude this type of analysis.
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We have developed a mild delipidation procedure for
detergent-solubilized integral membrane proteins, such as
CcO and cytochrome bc; complex, that do not cause irre-
versible conformational changes in the proteins because
both can be reactivated by exogenous phospholipids
(3,11). We also have developed a simple, robust, and
reversible procedure for preparing monomeric and dimeric
CcO by manipulating the amphiphilic environment sur-
rounding the enzyme (12,13). This provides us with a
unique opportunity to address the role of tightly bound
phospholipids and the oligomeric state of CcO for its ther-
mal stability. Moreover, available quantitative analysis of
both mitochondrial and nuclear-encoded subunits enables
us to describe in detail thermal denaturation of this multi-
meric enzyme.

MATERIALS AND METHODS
Materials

Dodecyl maltoside (DM) was purchased from Anatrace, Inc. (Maumee,
OH) Sodium cholate and horse heart cytochrome ¢ (type III) were pur-
chased from Sigma Chemical Co.(St. Louis, MO). The C;g reversed phase
high-performance liquid chromatography (HPLC) column (4.6 x 250 mm,
218TP104, 5 pm, 300 A pore size) was purchased from Vydac (BGB
Analytik, Alexandria, VA). The HiTrap Q FPLC column (Q Sepharose
HP 1 mL) was obtained from Pharmacia Biotech (GE Healthcare Bio-
Sciences, Pittsburgh, PA). Acetonitrile and phosphoric acid were of
HPLC grade and were obtained from Fisher Scientific (Pittsburgh, PA).
HPLC grade chloroform and methanol were from EM Science (Billerica,
MA). Ultrapure DM was obtained from either Boehringer Mannheim
(Mannheim, Germany) or Anatrace, Inc. All other chemicals were of
analytical grade.

Cytochrome c oxidase purification

Bovine heart CcO was isolated from heart muscle particles as previously
described (14). The final enzyme precipitate was solubilized at ~ 120 pM
heme aa; in 0.1 M NaH,PO, buffer (pH 7.4) containing 25 mM sodium
cholate and 1.0 mM EDTA, frozen as ~ 50 pL aliquots in liquid nitrogen,
and stored at -80°C until used. The purified enzyme contained 9.5
to 10 nmol of heme A per mg of protein and had a molecular activity
of 380 to 400 s~ when assayed spectrophotometrically with 0.025 M
phosphate buffer (pH 7.2) containing 2 mM DM, with 25 to 30 pM
ferrocytochrome ¢ as the substrate. Before each experiment, the frozen
aliquots were thawed and DM substituted for the sodium cholate in the
enzyme preparation by diluting the enzyme to 1 mg/mL with 1 mg/mL
DM, followed by removal of sodium cholate by extensive dialysis against
buffer containing greater than critical micelle concentration (CMC)
concentrations of the new detergent. The resulting DM-solubilized
enzyme was monomeric as judged by sedimentation velocity analysis
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dithionite reduction followed by Sephadex G-25 gel filtration for removal
of excess dithionite.

Delipidation of cytochrome c oxidase

Phospholipid-free (PL-free) CcO phospholipase A, digestion of protein-
bound phospholipids was followed by HiTrap Q FPLC to remove the result-
ing lysoPL and free fatty acids as described previously (3). CcO (usually
5 uM) was delipidated by incubation with an equimolar concentration of
PLA, for 2 hr at room temperature in 20 mM MOPS (3-(N-morpholino)
propanesulfonic acid), pH 7.2 containing 20% glycerol, 10 mM CaCl,,
and 1 mg detergent (DM or Triton X-100) per mg CcO. The reaction was
stopped by addition of final concentration of 50 mM EDTA. PL-free CcO
was purified by HiTrap Q column as previously described (3).

HiTrap Q FPLC anion-exchange column
chromatography

Intact, PLA,-delipidated CcO, or their thermal-induced subunit-depleted
subcomplexes were purified by sodium sulfate gradient elution from a
HiTrap Q anion-exchange column in 20 mM MOPS, pH 7.2, containing
2 mM DM. The equipment and protocol for the FPLC anion-exchange chro-
matographic separation of subunit depleted forms of CcO were described
by Sedlak and Robinson (3).

Subunit analysis by reversed-phase HPLC
and SDS-PAGE

The subunit content of the three HiTrap Q FPLC purified forms of CcO
was quantified by C,g reversed-phase HPLC and SDS-PAGE (Sodium
Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis) as previously
described (3,18,19). The 10 nuclear-encoded subunits were quantified using
the reversed-phase HPLC method after normalizing each elution peak area
assuming a constant yield for subunit Va (association of subunit Va is unaf-
fected by exposure to 52°C or 54°C of PL-free or phospholipid-containing
(PL-containing) CcO, respectively). The content of the three mitochondri-
ally encoded subunits was determined after resolution by SDS-PAGE using
a 15% acrylamide running gel containing 2 M urea and 0.1% SDS (18).
The image of the Coomassie Blue G-250-stained gel was captured using
a Bio-Rad GS-800 calibrated densitometer and the intensity of each band
quantified using NIH ImageJ version 1.37.

Circular dichroism measurements

Circular dichroism (CD) spectra in the far-UV range (190 to 260 nm) were
recorded on a Jasco-810 instrument with cell path of 1 mm and protein
concentration of 0.4 uM. Each spectrum was an average of 10 scans. All
spectra were background-corrected. The thermal CD experiments were
monitored at 222 nm using a constant heating rate of 1.5 K/min. For
determination of apparent transition temperatures for the two-step thermal
transition, observed by molar ellipticity at 222 nm, the following equation
for a two-step equilibrium transition was used:

Oy + B0~ (SH/(I=T/Tu)/(RT) | g o= (AHY/(1=T/T,u)+AH/(1=T/T,2) /(RT)

g =

(12,15,16). CcO concentrations were calculated based on g455 = 1.54 X
10° M~! em™! (17). Reduced horse heart ferrocytochrome c¢ (ess0 =
29.5 mM ' cm™') for activity measurements was freshly prepared by
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1 —+ e_(AHl/(l_T/Tml))/<RT) =+ e_<AHl/(1_T/Tml)+AH2/(1_T/T»112))/<RT> ’ (1)

where 6 is the observed ellipticity; 0y, 07, and 05, are the molar ellipticities
of native, intermediate, and denatured states, respectively; AH; and AH, are
apparent enthalpies of the first and the second transitions, respectively; and
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Tm1 and Ty, are apparent temperatures of transitions of the first and the sec-
ond steps, respectively.

Differential scanning calorimetry

DSC experiments were performed on a VP-DSC differential scanning
microcalorimeter (Microcal, Northampton, MA) at a scan rate of 1.5 K/min.
Protein concentration was, if not stated otherwise, 5 tM in 20mM TrisHCI,
pH 8.0. Before each measurement, the sample and reference solutions were
degassed in an evacuated chamber for 5 min at room temperature and
carefully loaded into exhaustively cleaned cells using care to avoid bubble
formation. A pressure of 2 atm was kept in the cells throughout the heating
cycles to prevent degassing. A background scan, collected with buffer
in both cells, was subtracted from each sample scan. The reversibility of
the transitions was assessed by the reproducibility of the calorimetric trace
in a second heating cycle performed immediately after cooling from the
first scan. Excess heat capacity curves were plotted using Origin software
supplied by Microcal.

DSC data analysis

DSC-monitored thermal denaturation of CcO (at scan rates of 1.0 and
1.5 K/min) consists of two consecutive irreversible steps that can be (in first
approximation) described by the following scheme:

N1 & D, 2)

where N, I, and D are native, intermediate, and denatured states, respec-
tively; and k; and k; are rate constants of corresponding reactions. Analysis
of DSC data using the model of two consecutive irreversible steps has been
described in detail by Lyubarev and Kurganov (20). Briefly, the kinetic
behavior of the system is described by the following differential equations:

dyy
— = —k 3
dt l/YNv ( )
dy
7dt1 = kiyy — kv, “4)

where vy and vy; are the mole fractions of native and partially unfolded
protein, respectively. The rate constants at any given temperature can be
obtained from the Arrhenius equation, in alternative form:

E, /1 1
k = exp{ﬁ (F—?>:|, (5)

where E, is the energy of activation, R is the gas constant, and the parameter
T* equals to temperature at which rate constant equals 1 min~'. After
substituting dt = dT/v, where v is the scan rate, and solving the equations,
the following is obtained:

T

1
TN = €Xp _;/kldT ) (6)

To

T T T
1 1 1
Y, = —exp ——/ksz / kyexp —/(kz—kl)dT dr.
14 14 14

Ty To To

@)

The excess heat capacity, which is the parameter measured in the DSC
experiments, is then expressed by the following:
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exp _
C[’

where AH,; and AH,; are molar enthalpy changes for the first and second
steps, respectively. The rate constants, k, are related to E, and 7% via Eq. 5.

Dependence of CcO activity on temperature

DM-solubilized 5 pM CcO in phosphate buffer pH 7.2 was heated at the
same rate as in the DSC experiment. At 5°C intervals, a 10 pL aliquot
was removed and diluted with 190 pL ice-cold buffer. Activity was
measured as described previously (3).

RESULTS
Thermal denaturation of CcO

Thermal denaturation of CcO (5 M) was monitored by DSC
at scan rates of 0.5, 1.0, and 1.5 K/min (Fig. 1). Two distinct
cooperative thermal transitions occur at moderately fast scan
rates of 1.0 or 1.5 K/min. The first transition, which has a
lower amplitude for the molar heat capacity occurs at
~51°C (50.1°C and 51.6°C for the two scan rates, respec-
tively); the second, with a higher amplitude, occurs
at ~ 61°C (60.5°C and 61.6°C, respectively). However, at a
slower scan rate of 0.5 K/min, the CcO thermal transitions
are complex with asymmetrical transitions. For example,
the second transition at ~ 60°C has a leading shoulder at
~ 55°C indicating another (third) temperature-induced tran-
sition. In all cases, both the first and the second thermal tran-
sitions were judged to be irreversible because no transitions
were obtained upon cooling and rescanning the sample. If the
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FIGURE 1 Thermal transitions of PL-containing CcO as monitored

by DSC. Measurements were performed at three different scan rates:
0.5 K/min (open triangles), 1.0 K/min (open circles), and 1.5 K/min
(solid circles); theoretical fits based on Eq. 8 are shown as solid lines.
The dependence of the thermal transition temperatures on the scan rate
indicates that thermal denaturation of CcO is under kinetic control. Inset:
DSC scan of CcO heated at a scan rate of 1.5 K/min until 54°C
(first scan, thin line), recooled to 25°C, and rescanned at the same scan
rate (second scan, thick line). The fact that the first thermal transition is
absent during the second scan indicates the irreversibility of the first
thermal CcO transition. All DSC experiments used 5 pM CcO solubilized
in 2 mM DM in 20 mM TrisHCI, pH 8.0.
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protein solution is cooled after stopping the first scan at
54° K, i.e., after the first transition, but before the second,
the solution remains clear; the results of a second rescanning
of the sample are very different (inset, Fig. 1). Cooling of a
sample that has been heated through both transitions pro-
duces a solution filled with protein aggregates.

Dependence of the transitions on scan rate of heating in-
dicates that the thermally induced transitions within CcO
are kinetically driven. The two consecutive irreversible tran-
sitions observed at high scan rates of 1.0 or 1.5 K/min can be
described by Eq. 1 in the Materials and Methods section:
NZLI12D. However, the observation that the mechanism of
thermal denaturation of CcO is more complex at scan rates
slower than 1.0 K/min indicates that the Lyubarev and Kur-
ganov model is not sufficiently robust and in our work can
be used only for qualitative comparisons of kinetic stabil-
ities of (PL-containing and PL-free) CcO measured at the
same scan rate of 1.5 K/min and the same (5 uM) protein
concentration. Each set of DSC data were fitted to Eq. 8,
which yields the following six parameters reflecting a
two-step, irreversible transition: AH,;, AH,,, E., E.,
T*, and T,* (Table S1). The half-life or so-called shelf-
life, 7, of CcO at 37°C was calculated as 7 = [n2/k;, where
k, was obtained from Eq. 5.

Loss of electron-transport activity of CcO during
the thermal transitions

The dependence of the functional state of CcO on tempera-
ture was determined by monitoring electron transfer activity
of the enzyme after it had been heated to a particular
temperature and then cooled to prevent further structural or
functional changes. At each temperature an aliquot was
removed, cooled on ice, and the CcO activity was subse-
quently measured at 25°C. The experimental conditions
were chosen to be as close as possible to those used for the
DSC experiments, i.e., 5 ptM CcO, 2 mM DM and a heating
rate of 1.5 K/min. Near the first transition temperature,
CcO activity decreased with increasing temperature in a
sigmoidal way with a midpoint at ~ 52°C (Fig. 2) indicating
that the loss of activity is associated with the first thermal
transition at 51.6°C. In fact, the fraction of native protein,
Y~ as a function of temperature calculated using Eq. 6 and
the parameters of Table S obtained from DSC measure-
ments, closely correlates with the temperature dependence
for the loss of CcO activity (Fig. 2). This result suggests
that the first thermal transition is associated with conforma-
tional change(s) in CcO that are critical for its activity.

Effect of delipidation on kinetic stability of CcO

Removal of the phospholipids that copurify with detergent-
solubilized CcO perturbs the kinetic stability of CcO as is
evident from the shift in both thermal transitions to lower
temperature (Fig. 3). Both the calorimetric enthalpies
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FIGURE 2 Comparison of the temperature dependence of CcO activity
with the DSC-monitored thermal transitions. Experimental data are shown
as symbols: DSC (solid circles) and CcO activity (open squares). The solid
line represents the percent of the native state population, yy, calculated
using Eq. 6 and the parameters obtained from fitting of the DSC thermal
transition data. The coincident decrease of CcO activity and the population
of the CcO native state indicate that temperature-induced conformational
changes occurring during the first thermal transition are critical for CcO
activity. The measurements were performed at the same conditions as
described in Fig. 1.

(AHy, and AH,5) and the apparent transition temperatures
(T, and T5,) were smaller and shifted to lower temperatures,
respectively (Table S1). The half-life of CcO at a particular
temperature can be estimated from the experimental param-
eters used to fit the experimental DSC data together with Eq.
8. With this approach, the half-life of PL-free CcO at 37°C
was found to be ~ 20 times shorter than for PL-containing
CcO, i.e., ~ 0.4 h versus ~ 8 h.
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FIGURE 3 Comparison of thermal transitions of CcO as monitored by
CD and DSC. Experimental data are shown as symbols: PL-containing
CcO (solid symbols), PL-free CcO (open symbols), DSC data (circles),
and CD data (triangles). Theoretical fits to CD and DSC data (solid lines)
are based on Eqgs. 1 and 8, respectively. Fits are shown for both PL-contain-
ing CcO (thick line) and PL-free CcO (thin line). The fraction unfolded as
monitored by CD were normalized to vary between 0 and 1 as the temper-
ature was raised from 0°C to 80°C (see inset figure). Removal of bound
phospholipid from CcO shifts both thermal transitions to lower tempera-
tures, whether monitored by CD or DSC. Inset: CD spectra of PL-contain-
ing CcO (solid lines) and PL-free CcO (dashed lines) measured at either
25°C (thick lines) or 80°C (thin lines). CD spectra of both CcO forms
at 25°C are overlapping. CD spectra at 80°C indicate that 50% to 60% of
the native secondary structure remains in the thermally denatured states
of both forms of CcO. DSC and CD experiments were performed using
5 uM CcO solubilized in 20 mM TrisHCI, pH 8.0 containing 2 mM DM
at a scan rate of 1.5 K/min.
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Thermally induced structural transitions within PL-con-
taining and PL-free CcOs are also apparent from the temper-
ature dependence of the molar ellipticity at 222 nm.
Temperature-induced changes in ellipticity of both PL-con-
taining and PL-free CcO indicate two sequential steps with
transitions at 47.9°C and 61.7°C for PL-containing CcO
and transitions at 42.7°C and 58.2°C for the PL-free CcO
(evaluated using Eq. 1). The transitions temperatures ob-
tained from these CD experiments are quite similar with
those obtained from the DSC measurements (Table S1).
The transition temperatures obtained from the CD measure-
ments, ~ 3°C lower, suggest that perturbation of the second-
ary structure occurs at slightly lower temperatures than the
structural transitions detected by DSC. CD spectra of ther-
mally denatured PL-containing, or PL-free CcO, i.e., after
heating to 80°, indicate that ~ 50% to 60% of their second-
ary structure remains (inset in Fig. 3), similar to results ob-
tained with Paracoccus denitrificans CcO (21).

The quaternary structure of PL-containing and PL-free
CcO at temperatures corresponding to the two thermal tran-
sitions were quantified using C;g reversed-phase HPLC and
SDS-PAGE after removal of dissociated subunits using
gradient elution by HiTrap Q FPLC anion-exchange chro-
matography. HiTrap Q FPLC separates intact CcO from
its subunit-depleted complexes (3,7; Fig. 4). At pH 7.2,
80% to 85% of DM-solubilized CcO elutes as an intact,
13-subunit complex (peak A), whereas the remaining 15%
to 20% elutes as the 11-subunit complex (peak B).

Subunit analysis of individual peaks by reversed phase
C,g HPLC chromatography (Fig. 5) and gel electrophoresis
(inset in Fig. 5) confirms our previous results (3,7); peaks A,
B, and C correspond to the 13-, 11-, and 9-subunit forms
CcO, respectively. The 11-subunit form of CcO is missing
subunits VIa and VIb; the 9-subunit form of CcO is missing

0.6

0.2 A

Absorbance at 280 nm

0 10 20 30 40 50
Time (min)

FIGURE 4 Analysis of PL-containing and PL-free CcO by HiTrap Q
FPLC anion-exchange chromatography before and after they were heated
through the first-step transition. Chromatograms (1) and (2) were obtained
for PL-containing CcO before and after heating to 54°C followed by
cooling to 23°C, respectively. Chromatograms (3) and (4) were obtained
for PL-free CcO before and after it had been heated and cooled in an
identical manner. CcO that eluted in peaks A, B, and C were collected
and analyzed by reversed phase-HPLC (refer to Fig. 5).
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Absorbance at 214 nm
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FIGURE 5 Subunit composition of CcO before and after the first thermal
transition. Nuclear-encoded CcO subunits were analyzed by C,g reversed-
phase HPLC (main figure); mitochondrial-encoded subunits were analyzed
by SDS-PAGE (inset). Chromatograms labeled as peak A, B, and C repre-
sent HPLC of fractions collected under peaks A, B, and C from Fig. 4,
respectively. Chromatograms for peaks A and B were those obtained for
intact CcO (13-subunit form of CcO) and PL-free CcO (11-subunit form
of CcO) before each being heated above 25°C. Chromatogram for peak
C was that obtained for PL-containing CcO after it had been heated to
54°C. An identical chromatogram was obtained for peak C material ob-
tained from PL-free CcO that had been heated to 52°C. Analysis of peak
C material, whether it had been isolated from either PL-containing or
PL-free, had an identical subunit composition. Inset: SDS-PAGE analysis
of mitochondrial-encoded CcO subunits composition of intact, PL-contain-
ing CcO before (peaks A and B) and after heating to 54°C (peak C). Iden-
tical SDS-PAGE results were obtained for peak B and C material that had
been isolated from PL-free CcO.

subunits III, VIa, VIb, and VIIa. These results are in good
agreement with previous studies in which the subunit con-
tent of thermally denatured CcO was obtained utilizing
the different solubility properties of thermally denatured
subunits (22,23).

Kinetic stability of CcO increases with protein
concentration

The kinetic stability of CcO depends on its concentration.
This is indicated by a shift of both DSC thermal transitions,
T, and T», to higher temperatures (corresponding to a posi-
tion of maximum of change in molar thermal capacity) with
higher protein concentration (Fig. 6, Table S2). Dependence
of thermal denaturation on protein concentration suggests
that CcO self-associates at higher protein concentration.
This dependence indicates that CcO solubilized in DM
before denaturation may form nonspecific aggregates. The
reason of the tendency to form aggregates of CcO is likely
strengthening of hydrophobic effect with increasing temper-
ature (24). This is in agreement with the observed tendency
of CcO to precipitate after thermal denaturation with
increased protein concentration. Dependence of thermal
denaturation on protein concentration confirms that the
mechanism of thermal transitions of CcO is complex and
cannot be properly described by the Lyubarev and Kurganov

Biophysical Journal 107(12) 2941-2949
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FIGURE 6 DSC scans and fitting parameters obtained for PL-containing
CcO as a function of protein concentration. (A) DSC scans obtained with
0.55 uM (triangles), 1.6 uM (asterisks), 3.2 uM (open circles), and
5.0 uM (solid circles) CcO. (B) Dependence of aparent temperature, Ty,
of thermal transitions of the first (open circles) and the second step (solid
circles) of thermal denaturation. In each case CcO was solubilized in
20 mM TrisHCI, pH 8.0 containing 2 mM DM, and the DSC data were
acquired using a scan rate of 1.5 K/min.

model. In fact, this model involving two kinetic steps
described by first-order rate equations is unable to account
for the observed protein concentration dependence. There-
fore, the model was not applied on the DSC data obtained
at different CcO concentrations. However, the model—inde-
pendent parameters (transition temperatures and values of
calorimetric enthalpies)—obtained from DSC transitions
of CcO at different concentration of CcO at a scan rate of
1.5 K/min were calculated and listed in Table S2.

Dimerization stabilizes CcO

The effect of the quaternary structure, i.e., dimer versus
monomer, on the kinetic stability of CcO was investigated
by manipulating the percentage of dimeric CcO in solution.
This can be done by inclusion of sodium cholate, which in-
duces CcO dimer formation. The kinetic stability of dimeric
CcO, containing two copies of each of the 13 CcO subunits,
was compared with monomeric CcO, containing a single
copy of each of the 13 CcO subunits (Fig. 7). Both sets of
experiments were also done as a function of increasing the
DM concentration, i.e., 6, 10, and 14 mM (Fig. 7 and Table
S3). Increasing the DM concentration, either in the presence
or absence of sodium cholate, induces the monomeric form
of CcO as was demonstrated previously by sedimentation
analysis (13). The presence of 2 mM sodium cholate has a
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FIGURE 7 DSC scans obtained for PL-containing CcO in the absence
(A) and in the presence (B) of 2 mM sodium cholate with increasing con-
centration of DM: 2 mM (solid thick line), 6 mM (dashed), 10 mM (dotted),
and 14 mM (solid thin). (C) The DM dependence of the apparent transition
temperature, Ty, for the first (open symbols) and the second (solid symbols)
stages of CcO thermal denaturation in the absence (circles) or presence
(triangles) of 2 mM sodium cholate. All DSC data were acquired at a
scan rate of 1.5 K/min using 5 uM phospholipid-containing CcO solubi-
lized in 20 mM TrisHCI, pH 8.0 buffer containing the indicated concentra-
tion of DM and either 0 or 2 mM sodium cholate.

significant stabilization effect on the first CcO thermal tran-
sition whereas the second step is relatively unaffected
(Fig. 7 C). The half-life of the CcO dimer at 37°C, i.e., ox-
idase that is solubilized in 2 mM DM in the presence of
2 mM sodium cholate, is ~ 65 times longer than the mono-
meric form of the protein (in the absence of sodium cholate).
Increasing DM concentration, however, destabilizes CcO.
The destabilization effect is probably attributable to two
factors: 1), in the presence of sodium cholate, increasing
DM concentration would be expected to decrease the per-
centage of dimer because of dilution of the cholate effect;
2), in the absence of sodium cholate, increasing DM concen-
tration probably decreases the affinity of subunits for the
core of CcO, which decreases its kinetic stability. Support-
ing evidence for the latter is the fact that prolonged exposure
of CcO to high concentrations of detergent often depletes
the enzyme of subunits VIa and VIb.
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DISCUSSION

DSC was used to probe the effect of bound phospholipid and
oligomerization on the thermal stability of bovine heart CcO
solubilized in DM. In contrast to small monomeric water-
soluble proteins, temperature-induced thermal transitions
in CcO are complex and irreversible. The complexity arises
from the fact that detergent-solubilized CcO is a multimeric
intrinsic membrane protein complex comprised of 13 dis-
similar subunits that contains 15 to 30 bound phospholipids.
Furthermore, the protein-phospholipid complex dimerizes,
the extent of which depends on the composition and con-
centration of the solubilizing detergent (12,13). The irre-
versibility of the thermal transitions, together with the
dissociation of subunits, further complicates interpretation
of the data. Two consecutive, irreversible transitions of
CcO observed at high scan rates allowed us to test the
Lyubarev and Kurganov model for analysis of the acquired
DSC data (refer to Eq. 2 in Materials and Methods). How-
ever, detailed examination of the thermal denaturation of
CcO revealed that the model is only of limited use in our
experiments. This is because: (1), it does not describe the
DSC transitions in a substantial range of scan rates, and
(2), it does not explain the experimentally observed protein
concentration effect on thermal denaturation. Therefore, the
model was only used for comparative purposes and to fit the
DSC profiles obtained at a high scan rate of 1.5 K/min, and
the concentration of protein was always 5 uM.

The present study is an attempt to address the kinetic
stability of a large, multimeric, intrinsic membrane protein
complex such as CcO. Our results indicate that the kinetic
stability of DM-solubilized CcO is significantly influenced
by both the amount of bound phospholipid and oligomeri-
zation of the 13-subunit monomeric unit. Furthermore, the
irreversibility of the sequential kinetic steps has allowed
us to identify which subunits dissociate during each of the
transitions.

Sequential dissociation of subunits in the
process of thermal denaturation of dodecyl
maltoside-solubilized CcO

Thermal denaturation of either phospholipid-containing,
or phospholipid-free CcO proceeds in two consecutive
irreversible steps, both of which are under kinetic control
(Fig. 1). The existence of two consecutive irreversible tran-
sitions during thermal denaturation of PL-containing CcO
has been previously described for mammalian mitochon-
drial CcO (22,23,25,26), yeast mitochondrial CcO (27),
and bacterial CcO (21). Freire’s group (22,23) attempted
to correlate the thermal transitions occurring within bovine
CcO to the dissociation of individual subunits; however,
their analytical approach (differential detergent solubility
of core CcO and its subunits (23) combined with SDS-
PAGE (22) only permitted them to assign the dissociation
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of subunits IIT and VIa to the first step. The change in solubi-
lity of a dissociated subunit(s) after a thermally-induced tran-
sition is probably insufficient for detection of all subunits that
dissociate from the core of the enzyme. We utilized two chro-
matographic steps that made it much easier to quantify the
content of subunits associated with the core of CcO: anion-
exchange HiTrap Q chromatography (Fig. 4) combined
with quantitative subunit analysis by reversed phase C;g
HPLC (Fig. 5). The first chromatographic step removes all
subunits that have dissociated from the core of the enzyme
after each of the irreversible thermal transitions. The second
step, reversed phase C;g HPLC chromatography of the
purified CcO, quantifies the subunit content of the CcO
core. By this approach we were able to conclude that the first
thermal transition for phospholipid-containing CcO occurs
coincident with dissociation of subunits III, VIa, VIb, and
VIIa. With phospholipid-free CcO the first transition in-
volves only the dissociation of subunits III and VIIa since
subunits VIa and VIb dissociate during the removal of
tightly bound phospholipid (3). In addition, our results
demonstrate that the first step of the thermal denaturation
of either form of CcO is accompanied by: 1), a complete
loss of enzymatic activity (Fig. 2); and 2), a decrease in molar
ellipticity (Fig. 3). The first indicates a significant perturba-
tion near the enzyme active sites; the second, at least a partial
unfolding of the secondary structure, most likely within the
dissociated subunits.

Examination of three-dimensional structure of CcO indi-
cates that all four of the subunits that dissociate from CcO
during the first thermal transition are located near the dimer
interface and are in close contact with each other. The same
four subunits, i.e., subunits III, VIa, VIb, and VlIla, also
dissociate from the core of the enzyme during structural per-
turbations induced by either high hydrostatic pressure (7),
or chemical denaturants, e.g., urea or guanidinium chloride
(28). Removal of subunits VIa and VIb is known to have
little effect on the electron transport activity of CcO (3);
therefore, the temperature-induced loss of enzymatic acti-
vity must be caused by dissociation of subunit III and/or
VlIa, or conformational changes induced in the CcO core
as a consequence of their dissociation. This interpretation
is in agreement with our previous conclusions derived
from the loss of activity during exposure to either high hy-
drostatic pressure (7), or chemical denaturants (E. Sedlak
and N. C. Robinson, unpublished results). In each case,
the loss of enzymatic activity closely correlates with disso-
ciation of subunits III and/or VIIa. Dissociation of subunit
Vlla has also been suggested to be responsible for hydrogen
peroxide—induced inhibition of CcO (29).

Phospholipid removal decreases kinetic
stability of CcO

Comparison of DSC scans of phospholipid-containing and
phospholipid-free CcO illustrates the stabilization effect
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of bound phospholipid, probably attributable to tightly
bound cardiolipin (Fig. 3). The two thermal transitions
consist of several processes, including subunit dissociations
(previously discussed) and possible partial unfolding of
secondary and tertiary structures. Kinetic analysis (with
discussed limitations) of our data provides a different pic-
ture regarding the role of phospholipid on protein stability
than had been deduced from previous analyses based on
equilibrium thermodynamic methods. The small shift to
lower temperatures in both apparent transition temperatures
(~ 3°C to 6°C) indicates only a mild destabilization effect
upon removal of bound phospholipid. However, parameters
obtained using the Lyubarev and Kurganov model and
Egs. 2 to 8 (Table S1) indicate that tightly bound phospho-
lipids/cardiolipins significantly increases the kinetic stabil-
ity of CcO since the half-life of phospholipid-containing
CcO is ~ 20-fold longer at 37°C than is phospholipid-
free CcO. Phospholipid removal itself has little affect on
either the electron transport activity or the secondary struc-
ture of CcO provided the temperature is not raised through
the first thermal transition (inset Fig. 3) (3). However, the
phospholipid-free CcO is devoid of proton pumping activ-
ity, which suggests a significant structural perturbation
of one or both of the proton channels into the active site
upon phospholipid removal (30). Few studies address the
effect of phospholipid removal on the stability of purified
membrane proteins making it difficult to conclude that
this is a general property of detergent-solubilized mem-
brane proteins. However, complete or partial delipidation
of other integral membrane proteins such as LH/hCG re-
ceptors (8), bacteriorhodopsin (9), purple bacterial reaction
center (10), and bacterial CcO (A. Musatov et al., unpub-
lished results) are accompanied by only a small destabiliza-
tion effect as judged by the rather small decreases in their
apparent thermal transition temperatures (decreases of 0°C
to 5°C), findings that are similar with those observed in this
study for CcO.

Effect of oligomeric state on kinetic
stability of CcO

Conditions that favor dimerization of DM-solubilized
CcO, i.e., inclusion of cholate or other bile salts, signifi-
cantly increase the kinetic stability of CcO (Fig. 7 and
Table S3). In the presence of cholate, the first transition
is shifted to a slightly higher temperature, i.e., ~ 3°C,
which indicates stabilization of CcO during the first transi-
tion. The effect is much more evident when examining the
kinetic stability of the CcO dimer. The half-life of dimeric
CcO is ~ 65-fold longer at 37°C compared with the
half-life of monomeric CcO (Table S3). Since all of the
subunits that dissociate during the first transition parti-
cipate in the monomer-monomer contacts at the dimer
interface, it is reasonable that dimerization has a signifi-
cant stabilization effect. It is also reasonable that dimeriza-
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tion has little effect on the second transition. Once subunits
III, VIa, VIb, and VIla dissociate during the first transition,
CcO could no longer form the normal protein contacts
at the dimer interface, and the second transition would
proceed identically, regardless of the original oligomeric
state.

Dependence of transition temperature on protein concen-
tration also indicates the importance of the oligomeric state
on the kinetic stability and thermal denaturation of CcO
(Fig. 6). Because the DM is kept constant as the protein
concentration is raised, i.e., the detergent/protein ratio de-
creases as the protein concentration is increased, such
self-association is similar with that observed by analytical
ultracentrifugation at low detergent concentration (12).
Despite the clear stabilization effect of oligomerization,
self-association of CcO is likely the result of nonspecific
interactions of CcO monomers and dimers. This conclusion
is based on the observations that 1), oligomerization
continually increases with protein concentration within a
relatively small concentration range, and 2), both the lower
and higher CcO thermal transitions are protein concentra-
tion dependent (Fig. 6). For the second transition to be sta-
bilized, the contacts would have to be via the outer surface
of CcO to be unaffected by dissociation of subunits III,
VIa, VIb, and VlIla.

The present study is in agreement with all of our previ-
ous studies, i.e., 1), phospholipid removal alters not only
association of specific subunits within CcO, but also
decreases the kinetic stability of the entire protein com-
plex; and 2), the dimeric state of CcO stabilizes the qua-
ternary structure of CcO against the effects of increasing
temperature. We, therefore, conclude that the kinetic
stability of mitochondrial electron transport complex IV,
CcO, is significantly enhanced by at least two factors
that are important structural components: 1), bound phos-
pholipid, and 2), CcO’s oligomeric state. We also propose
that this conclusion regarding the kinetic stability of
CcO may be applicable to other multisubunit membrane
proteins, although such a hypothesis must, of course, be
verified by similar studies on other integral membrane
proteins.

SUPPORTING MATERIAL

Three tables and experimentally determined and calculated parameters ob-
tained for the data shown in Figures 1, 6 and 7 are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(14)01143-6.
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