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Differential Stability of Dimeric and Monomeric CytochronoeOxidase Exposed to
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ABSTRACT. Detergent-solubilized dimeric and monomeric cytochranogidase (CcO) have significantly
different quaternary stability when exposed te2kbar of hydrostatic pressure. Dimeric, dodecyl maltoside-
solubilized cytochromec oxidase is very resistant to elevated hydrostatic pressure with almost no
perturbation of its quaternary structure or functional activity after release of pressure. In contrast to the
stability of dimeric CcO, 3 kbar of hydrostatic pressure triggers multiple structural and functional alterations
within monomeric cytochrome oxidase. The perturbations are either irreversible or slowly reversible
since they persist after the release of high pressure. Therefore, standard biochemical analytical procedures
could be used to quantify the pressure-induced changes after the release of hydrostatic pressure. The
electron transport activity of monomeric cytochrormexidase decreases by as much as 60% after
exposure to 3 kbar of hydrostatic pressure. The irreversible loss of activity occurs in a time- and pressure-
dependent manner. Coincident with the activity loss is a sequential dissociation of four subunits as
detected by sedimentation velocity, high-performance ion-exchange chromatography, and reversed-phase
and SDS-PAGE subunit analysis. Subunits Vla and VIb are the first to dissociate followed by subunits

Il and Vlla. Removal of subunits Vla and VIb prior to pressurization makes the resulting 11-subunit
form of CcO even more sensitive to elevated hydrostatic pressure than monomeric CcO containing
all 13 subunits. However, dimeric CcO, in which the association of Vla and VIb is stabilized, is not
susceptible to pressure-induced inactivation. We conclude that dissociation of subunit Il and/or Vila
must be responsible for pressure-induced inactivation of CcO since Vla and VIb can be removed from
monomeric CcO without significant activity loss. These results are the first to clearly demonstrate an
important structural role for the dimeric form of cytochromexidase, i.e., stabilization of its quaternary
structure.

Bovine heart cytochromeoxidase (EC 1.9.3.1, CcOis dimeric CcO are both highly active in terms of electron
the terminal complex of the mitochondrial respiratory chain. transfer 4, 5). The dimeric form of CcO may be required
It is a multisubunit proteirrphospholipid complex consisting  for proton translocation since this activity can be determined
of 13 dissimilar subunits, three or four tightly bound experimentally only with dimeric CcO. Monomeric CcO
cardiolipins, and four metal centers ((;Unemea, hemeas, dimerizes during its reconstitution into phospholipid vesicles,
and Cg) with a combined molecular weight 205000 precluding assessment of proton translocation with mono-
for the monomeric enzymel{3). CcO crystallizes as a  meric CcO 6, 7). However, dimerization slows the reduction
dimer, which is generally seen as the functional unit within of catalytic intermediate compound F, suggesting that uptake
the inner membrane; however, little or no information is of protons into the binuclear center is slower with dimeric
available regarding the functional or structural significance CcO @).

of a dimeric structure. For example, monomeric and |n this work, elevated hydrostatic pressure was utilized to

probe for differential structural and functional stability
* This work was supported by grants from the National Institutes between monomeric and dimeric CcO. This technique had
of Health (GMS 24795) and The Robert A. Welch Foundation been used previously only to probe for volume changes
(AQ1481). . associated with conformational switching within detergent-
* To whom correspondence should be addressed. Telephone: (210) - -
567-3754. Fax: (210) 567-6595. E-mail: robinson@uthscsa.edu. solubilized CcO and to assess the functional role of bound
*Present address: Institute of Chemistry, Biochemistry and water within the enzymed-12). No attention has been paid

g&c;)ﬁ)it;ysics, University of Veterinary Medicine, Kiog, Slovak Re- to determining the effect of exposure to elevated hydrostatic
Spresent address: Department of Biochemistry, P. afari pressure on either thg quaternary protein structure or the
University, Moyzesova 11, 04154 Kios, Slovak Republic. electron transport activity. Here, we show that elevated

! Abbreviations: CcO, bovine heart cytochromexidase; CcO-A, hydrostatic pressure triggers both structural and functional

enzyme containing all 13 subunits; CcO-B, enzyme containing 11 gitarations within monomeric cytochronsexidase, but not
subunits (missing subunits Vla and VIb); CcO-C, enzyme containing ’

9 subunits (missing subunits IIl, Vla, Vib, and Vila); DM, dodecyl  Within the dimeric enzyme. These results suggest that
maltoside. dimerization may be essential for maintaining the maximum
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structural stability of this multisubunit, integral membrane follows: 1.75 nM CcO, 2530 uM ferrocytochromec, and

protein complex. 0.025 M phosphate buffer (pH 7.20) containing 2 mM DM
(17). The effect of high hydrostatic pressure on the activity
EXPERIMENTAL PROCEDURES of CcO was determined immediately<80 min) after
Materials Dodecyl maltoside was purchased from Anatrace décompression and removal of enzyme from the pressure
Inc. Sodium cholate and horse heart cytochranigpe 1) cell. No significant changes in activity were detected when
were purchased from Sigma Chemical Co. Theréversed-  the enzyme was assayed after 24 h.
phase HPLC column (4.6 mm 250 mm, 218TP104, bm, HiTrapQ FPLC Anion-Exchange Column Chromatogra-

300 A pore size) was purchased from Vydac. A HiTrapQ phy. Intact CcO and its subunit-depleted subcomplexes were
FPLC column (Q Sepharose HP 1 mL) was from Pharmacia separated by sodium sulfate gradient elution from a HiTrapQ
Biotech. Other chemicals were analytical grade. anion-exchange column in Tris-g0®uffer (pH 7.4) contain-
Cytochrome ¢ Oxidase PurificatioBovine heart CcOwas  ing 2 mM DM. The equipment and protocol for the FPLC

isolated from heart muscle particles as previously describedanion-exchange chromatographic separation of subunit-
(13). The final enzyme precipitate was solubilized~at20 depleted forms of CcO were described by Skdnd

uM hemeagag in 0.1 M NaH,PO, buffer (pH 7.4) containing Robinson 18).

25 mM sodium cholate and 1.0 mM EDTA and then frozen g punit Analysis by Rersed-Phase HPLC and SBS

as~5§)yL aliquots in liquid nitrogen. The purified enzyme pAGE The subunit content of the three HiTrapQ FPLC-
contained 9.5 10 nmol of heme A/mg of protein and had a  ified forms of CcO was quantified by.§reversed-phase
molecular activity of 356-370 s* when assayed spectro- HpLc and SDSPAGE as described previousiyg, 19).
photometrically with 0.025 M phosphate buffer (pH 7.20) The 10 nuclear-encoded subunits were quantified using the
containing 2 mM dodecyl maltoside (DM), with 230 M reversed-phase HPLC method after normalizing each elution
ferrocytochromec as the substrate. _ peak area assuming a constant yield for subunit Va (associa-
Preparation of Dimeric, Monomeric, and 11-Subunit on of subunit Va is unaffected by exposure to as much as
Monomeric Cytochrome c OxidasecO dimer, containing 3 kpar of hydrostatic pressure). The content of the three
two copies of each of the 13 CcO subunits, was prepared bymitochondrially encoded subunits was determined after
solubilizing ~10 uM CcO in 20 mM Tris-SQ buffer (pH resolution by SDSPAGE using a 15% acrylamide running
7.4) containing 2 mM DM and 2 mM sodium chola®)( el containig 2 M urea and 0.1% SDS.9). The image of
Identical pressurl_zatlon results were obtained whether so@umthe Coomassie Blue G-250-stained gel was captured using
cholate was left in the sample or was removed by overnight 5 gjn Rad GS-800 calibrated densitometer and the intensity

dialysis against buffer containing only 0.2 mM DM. CcO 4t each band quantified using NIH ImageJ version 1.37.
monomer, containing a single copy of each of the 13 CcO

subunits, was prepared by solubilizinglO 4«M CcO in 20
mM Tris-SQ, buffer (pH 7.4) containing a high concentration
of DM, i.e., 10 mM, followed by overnight dialysis against
buffer containing 0.2 mM DMZ14). Formation of CcO dimer
and monomer was confirmed by sedimentation velocity
analysis as described previousl, (4). Monomeric CcO

Sedimentation Velocity Analysis of Cytochrome ¢ Oxidase
All experiments were conducted in the Center for Analytical
Ultracentrifugation of Macromolecular Assemblies located
in the Department of Biochemistry at The University of
Texas Health Science Center at San Antonio. Sedimentation
velocity analysis of CcO was carried out using a Beckman

containing only 11 subunits, i.e., from which subunits Via LA ultracentrifuge at 20°C and 40 000 rpm using optical

and VIE have been completely removed, was prepared by absorption detection at 420 nm. The resulting sedimentation

the HiTrapQ FPLC, anion-exchange chromatography method velocity data were analyzed according to the method of van
of Sedl and RobinsonX8). Holde and Weische®() andC(s) analysis according to the

Hydrostatic Pressurization of Cytochrome ¢ Oxidase Method of Schuck2l), both of which were implemented
Elevated hydrostatic pressure3 kbar} was applied to within UltraScan (version 7.1.0). The latter method iteratively

CcO within a flexible polyethylene high-pressure fluores- fits a single frictional ratio and a distribution of sedimentation
cence cell (ISS, Inc., Champaign, IL) using an Advanced coefficients to the sedimentation velocity data. From the best-

Pressure Products (Ithaca, NY) liquid pressure generator with{lt Solution, distributions of sedimentation coefficients and
ethanol as the pressurizing fluid. The hydrostatic pressurediffusion coefficients are obtained. The two coefficients
apparatus and fluorometer have been described in detail bySubsequently are used to generate a distribution of molecular
Panda et al.15, 16). The system includes a photon counting weights that_ are consistent with the sed|_m9nt|ng mgcromo_l—
spectrofluorometer for measuring the protein fluorescence €Cules provided they have the same frictional ratio. Sedi-
spectrum during its exposure to high hydrostatic pressure.Mentation velocity analysis of detergent-solubilized CcO
The temperature was maintained at 250with a thermo- 1S complicated by bound detergertt4( 22). The partial
statically controlled circulating water bath. specific volume of the protetdetergent complex was
Cytochrome ¢ Oxidase Actfy Assay CcO electron used to evaluate the molecular welg_ht of the profe_ln
transport activity (moles of ferrocytochronsemxidized per ~ detergent complex and thus the protein molecular weight,
mole of CcO per second) was measured spectrophotometi--8- $20.#/D20.u = Meompie{1 — Vcomplex00)/RT, whereMeomplex
cally by following the pseudo-first-order rate of ferrocyto- — M1 — Oder); Voomplex = (Vpr + Oce@de)/(1 — Oder), ANUOder

chrome ¢ oxidation. Enzyme assay conditions were as — 9de/Gpr- The binding of DM to monomeric and dimeric
CcO was assumed to be 0.30 g of DM/g of Ccl¥)(and

5 . . 0.40 g of DM/g of CcO (calculated from the monomer value
CcO subunit nomenclature according to Kadenbach e®al. ( . .
3 Units of pressure: 1 kbas 1000 bar; 1 bae= 0.1 MPa= 0.987 after correction for the relative surface area of the membrane-
atm= 14.5 psi. spanning portion of CcO).
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including more than a dozen repetitions using four different
CcO preparations.

Hydrostatic Pressure-Induced Perturbation of CcO Visible
and Fluorescence Spectfdl/ith our equipment, absorbance
spectra cannot be collected in “real time” during exposure
of CcO to high hydrostatic pressure. Absorbance spectra can
only be obtained after decompression and removal of the
sample from the pressure cell. Using this approach, no

Dimeric CcO
13 Subunits

100

Monomeric CcO
13 Subunits

4]
o

Monomeric CcO

Electron-Transport Activity (%)

- 11 Subunits [l = . .. .
T w : changes are detected in the visible spectrum of monomeric
or dimeric CcO after exposure to 3 kbar of pressure for 2 h.
0 (') 3'0 6'0 9'0 12'0 Therefore, perturbation of the heme environment is unlikely

to be responsible for the pressure-induced inactivation of
CcO. Real-time fluorescence spectra can be collected during
hydrostatic compression. A small reversible change is
detected in the tryptophan fluorescence spectrum of each type
of CcO, but this change does not correlate with CcO
inactivation. The fluorescence change that occurs with
monomeric or dimeric CcO is nearly identical. In each case,
exposure to elevated hydrostatic pressure producesZan
nm red shift in the tryptophan emission maximum fgm
increases from 328 to 330 nm) with a concomitant28%
decrease in the maximum fluorescence intensity, suggesting
a slightly increased level of solvent exposure and a decreased
fluorescence lifetime for at least some of the 55 tryptophans
within CcO. The tryptophan fluorescence spectrum nearly
returns to normal immediately upon decompression, with
dimeric and monomeric CcO having 96 and 90% of their
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Ficure 1: Hydrostatic pressure-induced inactivation of cytochrome
c oxidase. The electron transfer activity of dime®)( 13-subunit

: . X initial fluorescence intensity, respectively.
monomeric @), and 11-subunit monomeric Cc@®)was measured Sedi ion Velocity Analvsis of CcO after E
as a function of exposure time to 3 kbar of hydrostatic pressure >€dimentation Velocity Analysis of CcO after Exposure

(top) and as a function of hydrostatic pressure treatment for 2 h to Elevated Hydrostatic Pressur&he distribution of sedi-

(bottom). The three data sets were fitted with single-term expo- mentation coefficientssfy,, = 15.5 S) and hydrodynamic
nentials. The fitting parameters at infinite time were 88, 40, and
20% for dimeric, monomeric, and 11-subunit CcO, respectively.
In each case, 8M aag was exposed to hydrostatic pressure at 25
°C in 20 mM Tris-SQ buffer (pH 7.4) containing the following
amount of detergent: 2 mM DM and 2 mM sodium cholate for
dimeric CcO; 10 mM DM for 13-subunit, monomeric CcO; and 2
mM DM for 11-subunit CcO. Electron transfer activity of each

=

mass ¥, = 410 000) of dimeric CcO is unaffected by
exposure to 3.0 kbar of hydrostatic pressumeXt at 25°C
(Figure 2, left two panels). In contrast to those of dimeric
CcO, both the hydrodynamic mass and distribution of
sedimentation coefficients for monomeric CcO significantly
ecrease after the CcO is exposed to elevated hydrostatic

; e VY d
sample was measured after decompression and dilution into dodecy . . . ;
maltoside-containing assay buffer. Data are reproducibl&5% Ipressure. Prior to compression, monomeric CcO is nearly

based upon more than a dozen repetitions of each pressure-inducelOMOgeNneoussfoy = 11.3 S;Myr = 210 000) with less than
inactivation curve using four different preparations of CcO. 5% present as dimers (Figure 2, top right panel). After
RESULTS pressurization to 3 kbar for 2 h, two subcomplexes are

generated:~35% for whichM,, = 190 000 and~30% for
Inactivation of CcO by Eleated Hydrostatic Pressure

which M,, = 150 000 (Figure 2, bottom right panel). Only
Exposure of monomeric CcO to—B kbar of hydrostatic ~ ~15% of CcO remains unchanged with, = 205 000 (smalll

pressure causes a time- and pressure-dependent loss @fmounts of larger aggregates are also formed). These results
enzymatic activity (Figure 1). Pressure-induced inactivation suggest that exposure to elevated hydrostatic pressure causes
is essentially irreversible since the original activity is not the dissociation of subunits with a combined mass of 10
recovered 24 h after CcO is returned to normal atmospheric15 kDa from 35% of the enzyme and 560 kDa from
pressure. The extent of inactivation is highly dependent upon another~30% of the enzyme.

the CcO quaternary structure. Dimeric CcO is quite stable, Resolution of Subunit-Depleted Forms of CcO by Anion-
and 85% of its original activity remains after it has been Exchange FPLCThe subunit-depleted forms of CcO can
exposed to 3 kbar of hydrostatic pressure for 2 h. However, be separated from intact 13-subunit CcO by HiTrapQ anion-
monomeric CcO is much more susceptible to pressure-exchange column chromatography. Prior to hydrostatic
induced inactivation (half of its electron transport activity is pressure exposure, monomeric and dimeric CcO each elute
lost after exposure to 3 kbar of hydrostatic pressure for 120 from HiTrapQ column as one major and one minor chro-
min). Monomeric CcO is further destabilized if subunits Vla matographic peak (Figure 3, peaks A and B in left and center
and VIb are removed prior to the hydrostatic pressure panels). With both forms of CcO, enzyme eluting in peak A
treatment. The monomeric, 11-subunit form of CcO is very (~80—85% of total) contains all 13 CcO subunits, while CcO
sensitive to pressure, and oni20% of its enzymatic activity ~ eluting in peak B (1520% of total) contains only 11 CcO
remains after exposure to 3 kbar of hydrostatic pressure forsubunits and is completely devoid of subunits Vla and VIb
10 min. Nearly identical inactivation curves were obtained (Figure 4, trace B, and reff8). However, after exposure of
each time monomeric and dimeric CcO were analyzed, monomeric CcO to elevated hydrostatic pressure, a third
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Ficure 2: Protein molecular weight distributions for dimeric and monomeric CcO before and after exposure to 3 kbar of hydrostatic
pressure. In the left panels are protein molecular weight distributions for dimeric CcO before (top) and after (bottom) pressurization at 3
kbar for 2 h. In the right panels are protein molecular mass distributions for 13-subunit monomeric CcO before (top) and after (bottom)
pressurization at 3 kbar for 2 h. The histogram bars labeled A, B, and C are CcO subcomplexes fomMyhic205 000, 190 000,

150 000, respectively. Sedimentation velocity data for CcO were acquired at 420 nm during sedimentation at 40 000 rpm. Duplicate samples
were analyzed and gave nearly identical results. Data were analyzed B{sjtprocedure Z1), which generates a distribution 8§, and

D, w for each sample based upon a single valueffigr The two coefficients are used to evaluate a distribution of protein molecular
weights assuming a constant amount of bound detergegt (The analysis procedure for each CcO sample involved use of the following
values for these constant®ye = 0.30 andf/f, = 1.33 for dimeric CcO before pressurization ahd; = 0.30 andf/f, = 1.35 for dimeric

CcO after pressurizatiodget = 0.40 and/f, = 1.31 for 13-subunit CcO before pressurization apgd= 0.40 and/f, = 1.20 for 13-subunit

CcO after pressurization. The smalféfy value for monomeric CcO after pressurization most likely was due to the influence of the smaller
subcomplexes of CcO. Pressurization conditions were identical to those described in the legend of Figure 1.

Absorbance (280 nm)

20 30 40 20 30 40 20 30 40
Elution Time (min)

FiGure 3: Separation of CcO subcomplexes by HiTrapQ FPLC anion-exchange chromatography. The left panel depicts the elution of
dimeric CcO before (1) and after (2) pressurization at 3 kbar for 2 h. The middle panel depicts the elution of monomeric CcO before (1)
and after (2) pressurization at 3 kbar for 2 h. The right panel depicts the elution of monomeric CcO as a function of time at 3 kbar pressure:
(2) 0, (2) 20, (3) 30, and (4) 120 min. Elution and gradient conditions are identical to those previously desd@jbétbérly identical
elution profiles were obtained each time pressure-treated CcO was analyzed (experiment repeated more than a dozen times).

chromatographic species appears (Figure 3, peak C). Thismain panel). The conversion of 13-subunit CcO to 9-subunit
pressure-generated form of CcO (peak C) contains only 9 CcO correlates reasonably well with the loss of enzymatic
subunits and is devoid of subunits I, Vla, VIb, and Vlla activity (Figure 6, main panel). The percentage of peak B,
(Figures 4 and 5). The percentage of each CcO form can bei.e., 11-subunit CcO, remains fairly constant before and after
quantified as a function of applied hydrostatic pressure by pressurization and is presumably a transient intermediate
fitting each elution profile to three gaussians (inset of Figure formed during subunit dissociation.

6). The area under chromatographic peak C (9-subunit form Electron Transport Actiity of Intact and Subunit-Depleted

of CcO) increases as a function of the time and magnitude CcO.CcO eluting as chromatographic peak C has onhy 40
of the applied pressure with a concomitant decrease in45% of the electron transport activity of untreated CcO, while
chromatographic peak A (intact 13-subunit CcO) (Figure 6, chromatographic peaks A and B are-88% of normal
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Ficure 4: Reversed-phase HPLC analysis of nuclear-encoded
subunits of CcO and its pressure-generated subcomplexes. Mono
meric CcO, after exposure to 3 kbar of hydrostatic pressure for 2

h, was separated by HiTrapQ anion-exchange chromatography into

three distinct chromatographic species, i.e., A, B, and C in Figure

3, and the subunit content of each was determined by quantitative

reversed-phase HPLC analysig7). Nearly identical subunit
compositions were obtained each time the HiTrapQ peaks were
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Ficure 6: Correlation between pressure-induced inactivation of
CcO and the generation of a 9-subunit subcomplex of CcO. The

Telative amounts corresponding to CcO-A (13 subunits), CcO-B

(11 subunits), and CcO-C (9 subunits) are plotted in the main figure
as a function of pressurization time at 3 kbar. The generation of
CcO peak C, i.e., CcO-C containing only 9 subunits (red line),
correlates well with the percent loss of enzymatic activity (black
line). These data were generated by measuring the electron transfer
activity of CcO and the percent of the three forms of CcO, i.e.,

analyzed. Data are representative of more than a dozen analysess._a (13 subunits), CcO-B (11 subunits), and CcO-C (9 subunits),

(A) subunit content of HiTrapQ peak A, (B) subunit content of
HiTrapQ peak B, and (C) subunit content of HiTrapQ peak C. For
each analysis, CcO eluting in a HiTrapQ peak was pooled, acidified
with 0.2% TFA, and 56-100ug of protein injected onto the RP-
HPLC column.
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Ficure 5: SDS-PAGE analysis of mitochondrially encoded
subunits of CcO and its pressure-generated subcomplexes. Mono
meric CcO, after exposure to 3 kbar of hydrostatic pressure for 2

as a function of exposure time at 3 kbar of hydrostatic pressure.
To obtain the percent CcO-A, CcO-B, and CcO-C, the data depicted
in Figure 3 (right panel) were quantified by fitting each elution
profile to three slightly skewed gaussians. The inset illustrates such
an analysis for the elution of CcO after it was exposed to 3 kbar of
hydrostatic pressure for 30 min. The three gaussians fit the original
elution profile (black line) very well. The relative amounts
corresponding to CcO-A (13 subunits), CcO-B (11 subunits), and
CcO-C (9 subunits) were calculated from their respective areas
under each gaussian.

Table 1: Electron Transport Activity of Monomeric Control and
Pressurized CytochromzOxidasé

CcO-A CcO-B CcO-C
control 350 340 N/A
2.5 kbar 315 290 147

a Activities expressed as micromoles of ferrocytochraneidized
per micromole of CcO per second. CcO was pressurized at 2.5 kbar
for 2 h at 25°C. CcO, before and after being exposed to hydrostatic
pressure, was resolved into CcO-A, CcO-B, and CcO-C with a
HiTrapQ anion-exchange column (refer to Figures 3 and 6) and the
electron transport activity of each form of CcO measured spectropho-
tometrically as described in Experimental Procedures. The standard error
of the mean for activities was3% for control CcO andt:5% for
pressurized CcO.

matographic peak C (CcO-C) and CcO inactivation (Figure

6). The activity of CcO-C (43%, Table 1) is also nearly

h, was separated by HiTrapQ anion-exchange chromatography intoidentical to the activity of monomeric CcO exposed to 3 kbar
three distinct chromatographic species, i.e., A, B, and C as describedand extrapolated to infinite time (40%, Figure 1). The only
in the legend of Figure 4. The subunit content of CcO eluting in inconsistency is the lower activity of 11-subunit CcO after

peaks B and C was compared to the subunit content of CcO that . .
had not been exposed to hydrostatic pressure (CcO Control), which&XPosure of monomeric CcO to 3 kbar of hydrostatic pressure

is identical to CcO peak AZ7). The relative amounts of subunits
I—1V in each sample were determined by SEFAGE using a 15%
running gel that contairk2 M urea and 0.1% SDS. Gels were

for 2 h (20%, Figure 1) versus the higher activity of
HiTrapQ-purified CcO-C (40%, Table 1). However, these
experiments are not directly comparable. The pressure-

stained, destained, and scanned as fdesﬁ“bed n Exper."{?emafnduced intermediate CcO-B is not identical to the 11-subunit
Procedures. Data are representative of analyses done in triplicate~ . prepared by HiTrapQ chromatography even though both
(Table 1). These data suggest that dissociation of subunitsare missing subunits Vla and VIb. The HiTrapQ procedure
Il and/or Vlla is responsible for CcO activity loss. In fact, involves dodecyl maltoside extraction of subunits Vla and
a strong correlation exists between the generation of chro-VIb, which removes all the bound phospholipid except for
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the two cardiolipins near subunit V1148, 23). In contrast,
monomeric CcO contains at least four cardiolipins and two
to six other phospholipids. The increased sensitivity of the
phospholipid-depleted 11-subunit form of CcO could easily
be due to its lower phospholipid content. Furthermore, the
two samples were not exposed to the same hydrostatic
pressure. The data depicted in Figure 1 were collected after
exposure of 11-subunit CcO to 3.0 kbar of hydrostatic
pressure, while the data listed in Table 1 were obtained after
exposure of monomeric CcO to only 2.5 kbar of pressure.

DISCUSSION

Elevated hydrostatic pressure was successfully utilized to
probe the functional and structural stability of various
oligomeric forms of bovine heart CcO. Dimeric CcO is
highly resistant to increased hydrostatic pressure, while
monomeric CcO is not. Dimerization must either strengthen
subunit interactions within the detergent-solubilized complex FIGURE 7: Three-dimensional structure of dimeric CcO illustrating
or lock the complex into a highly resistant structure. Pressure-the location of the four subunits that dissociate during exposure to
. . = . . - hydrostatic pressure: yellow and tan for subunit Ill, magenta for
induced inactivation is not readily reversible, and the gyt via, light and dark teal for subunit Vb, red for subunit
structural perturbations persist hours after decompression.yiia, orange for heme andas, and green for Cuand C. All
The incomplete recovery of tryptophan fluorescence, the other subunits are colored blue. Subunits Vla and Vlb are the first
increasedszovw heterogeneity, and loss of enzymatic activity Sybunits to dissociate during pressurization of CcO. In the CcO

i - . dimer, both of these subunits are “trapped” at the dimer interface,
all suggest that the pressure-induced changes in monomem‘greventing their dissociation. In monomeric CcO, this constraint is

CcO are effectively irreversible. Because the structural removed, enabling both subunits to dissociate and produce CcO-
perturbations remain after pressure release, we were able t@®, an 11-subunit complex of CcO. Subsequent to the dissociation

determine the pressure-induced structural perturbations withinof subunits Vla and Vb is the dissociation of subunits Il and Vila.
the different oligomeric forms of CcO. Subunit Il is located at the dimer interface, and its association is
. . . . . also stabilized by CcO dimerization. This figure was prepared using
Sequential Dissociation of Subunits from Monomeric pywmol (DeLano Scientific LLC, San Francisco, CA) using atomic
Cytochrome ¢ Oxidas®ressure-induced inactivation is not coordinates of CcO [PDB entry 1v54)].

the result of complete disruption of CcQO’s quaternary
structure but occurs together with the progressive dissociationtion in CcO, which indirectly results in the dissociation of
of four subunits: Ill, Vla, VIb, and Vlla. Dissociation is  both subunits. At present, it is not possible to differentiate
not random but appears to be highly ordered. The initial rate- between the two possibilities. The subunit Vlla-linked
limiting step is the dissociation of subunits Vla and Vlb mechanism is intriguing since we previously found that
followed by the immediate dissociation of subunits Vlla and dissociation of subunit Vlla correlates with peroxide-induced
Ill. Dissociation of subunits Vla and Vb is not directly inactivation of CcO 25). Furthermore, subunit Vlla is
linked to pressure-induced inactivation since both subunits involved in the binding of functionally important cardiolipin
can be removed without a significant loss of electron bound to CcO near the entrance to the D-chanié).(
transport activity {8). However, enzyme that is missing these Removal of this cardiolipin also decreases the CcO activity.
two subunits (11-subunit CcO) is much more vulnerable to These previous results, together with the findings presented
pressure-induced inactivation (the inactivation rate-&5- here, indicate subunit Vlla has a critical function in CcO.
fold faster for 11-subunit CcO than for the 13-subunit form  Structural Stability of Dimeric Cytochrome ¢ Oxidase.
of CcO). The extremely rapid dissociation of subunits Il Dimeric CcO is structurally and functionally highly resistant
and Vlla when Vla and VIb are no longer present explains to pressures up to 3 kbar. The small loss of activityl $%0)
the fact that dissociation of Vla and VIb is rate-limiting and induced during exposure of dimeric CcO to elevated
why the 11-subunit intermediate does not accumulate duringhydrostatic pressure is almost certainly due to complete
the exposure to elevated hydrostatic pressure. The 11-subuniinactivation of the small amount of monomeric CcO 10
form is only a transient, kinetic intermediate that disappears 15%) that is always present in our dimeric CcO preparations
as fast as it is produced. (refer to Figures 2 and 3). This unavoidable structural
Mechanism for Pressure-Induced Inagtiion of Cyto- heterogeneity almost certainly explains the small but repro-
chrome ¢ Oxidas€The inactivation and subunit analysis data ducible pressure-induced inactivation of dimeric CcO.
suggest that dissociation of subunit Il and/or Vlla is linked  The strong resistance of dimeric CcO to pressure-induced
to pressure-induced inactivation. It is not possible to inactivation reinforces our conclusion that dissociation of
determine whether loss of subunit Ill or Vlla causes the subunits Vla and VIb precedes CcO inactivation. Both
activity loss. However, genetic removal of subunit 11l does subunits are located at the dimer interface and stabilize
not alter either the electron transfer or proton translocation dimeric CcO by forming the major contacts between the two
activity of Paracoccus denitrifican€cO @4), suggesting monomers (Figure 7). If subunits Vla and VIb stabilize
that dissociation of subunit Vila is responsible for the dimeric CcO, then dimerization must stabilize the association
pressure-induced activity loss. Alternatively, the loss in of subunits Vla and VIb and decrease their susceptibility to
activity may be due to a pressure-induced structural perturba-pressure-induced dissociation. Since dissociation of subunits



7152 Biochemistry, Vol. 46, No. 24, 2007

Vla and VIb must occur prior to loss of activity, dimerization
of CcO effectively protects it from inactivation.

We, therefore, conclude that (1) dissociation of subunits
from CcO is an ordered process, i.e., Vla and VIb dissociate
first followed immediately by the dissociation of Vlla and
I, (2) dissociation of subunits Vlla and Il coincides with
pressure-induced inactivation of CcO, and (3) dimerization
stabilizes the association of Vla and VIb and, therefore, the
functional integrity and entire quaternary structure of CcO.
These findings are the first clear demonstration that dimeric
CcO has an important structural role, i.e., stabilization of its
quaternary structure against environmental perturbations.
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