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Summary

The oxygen affinity of the enzyme system involved in
mitochondrial respiration indicates, in relation to
intracellular oxygen levels and interpreted with the aid of
flux control analysis, a significant role of oxygen supply in
limiting maximum exercise. This implies that the flux
control coefficient of mitochondria is not excessively high,
based on a capacity of mitochondrial oxygen consumption
that is slightly higher than the capacity for oxygen supply
through the respiratory cascade. Close matching of the
capacities and distribution of flux control is consistent with
the concept of symmorphosis. Within the respiratory chain,
however, the large excess capacity of cytochrom®xidase,
COX, appears to be inconsistent with the economic design
of the respiratory cascade. To address this apparent
discrepancy, we used three model systems: -cultured
endothelial cells and mitochondria isolated from heart and
liver. Intracellular oxygen gradients increase with oxygen
flux, explaining part of the observed decrease in oxygen
affinity with increasing metabolic rate in cells. In addition,
mitochondrial oxygen affinities decrease from the resting

to the active state. The oxygen affinity in the active ADP-
stimulated state is higher in mitochondria from heart than
in those from liver, in direct relationship to the higher
excess capacity of COX in heart. This yields, in turn, a
lower turnover rate of COX even at maximum flux through
the respiratory chain, which is necessary to prevent a large
decrease in oxygen affinity in the active state. Up-
regulation of oxygen affinity provides a functional
explanation of the excess capacity of COX. The concept of
symmorphosis, a matching of capacities in the respiratory
cascade, is therefore complemented by ‘synkinetic’
considerations on optimum enzyme ratios in the
respiratory chain. Accordingly, enzymatic capacities are
matched in terms of optimum ratios, rather than equal
levels, to meet the specific kinetic and thermodynamic
demands set by the low-oxygen environment in the cell.

Key words: oxygen flux, catalytic efficiency, hypoxia, respiratory
cascade, respiratory chain, flux control analysis, endothelial cell,
liver, heart, mitochondria.

Respiratory cascade to respiratory chain

The mitochondrial respiratory chain fulfils the kinetically andcomplex, yet a surprisingly simple hyperbolic equation
thermodynamically complex tasks of (1) catalysing a highdescribes the flux/pressure relationship in some cases (Gnaiger,
electron flux to oxygen in active metabolic states and (2)993). The rectangular hyperbolic equation with an intercept
pumping protons at high efficiency as a basis for intense aerobiisrough the origin:

ATP production. Moreover, these functions must be (3)
performed at low intracellular oxygen pressure, which require:

a high affinity for oxygen (Babcock and Wikstrém, 1992).

Jn. = Jmax X P02
2™ Py +Po,

)

Oxygen in the environment is globally stable whenwhereJo, is oxygen flux, is characterised by two parameters,
measured at the scale of generations, but varies locally and mayy, the oxygen partial pressure at which respiratory flux is

become limiting under diverse environmental

ands09% of maximum, andmax the maximum oxygen flux, at

physiological conditions. Respiration of all organisms is aaturating oxygen leveldmaxis a function of metabolic state.

function of the partial pressure of oxyg®a,, below a critical

At maximum aerobic power, the correspondiigx may be

environmental oxygen pressure, depending on the structurastimated approximately at a plateau of non-limiting, possibly
and functional capacities and regulatory mechanisms at dllyperoxic, oxygen pressures greater than 20 kPa. Differences
steps of the respiratory cascade (Fig. 1). The form of thim Jo, of a few per cent are usually within experimental error

oxygen-dependence varies among species and may

bat might be important indications that oxygen saturation is
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nearly but not fully reached. Accurate determinatiod@f, ~ with mitochondria at much higher oxygen levels appear to
therefore, requires statistical evaluation over the entire randgnore this physiological background of the respiratory cascade
of oxygen concentration. This is not a simple task in athlete@naigeret al. 1995).
or animal models at maximum levels of exercise (Chatce Biochemists frequently refer to thesg as the apparent
al. 1985; Wagner, 1996). Michaelis—Menten constant for oxygels'. However, even
When studying the respiration of isolated cells, the majothis mitochondrial compartment at the end of the respiratory
pathway for oxygen from the environment along thecascade is a highly complex metabolic network, harbouring the
respiratory cascade (Weibel, 1984) is removed (Fig. 1), and theultienzyme system known as the mitochondrial respiratory
relevantPo, range is reduced from more than 20 to 1kPa. Irchain (Fig. 1). Since the oxygen-dependence of organismic
tumour vessels, for instance vivo Po, values as low as respiration is sensitive to each component of the respiratory
0.7kPa are not hypoxic (Helmlinget al. 1997). Under the cascade, so is the mitochondra potentially a function of
simpler conditions for oxygen transport from extracellley  each element in the respiratory chain, in contrast to the
to the terminal oxidase, a hyperbolic oxygen-dependenderminological implications of &' ‘constant’.
(equation 1) is more generally observed (for a review, see In the present work, we address four aspects of
Gnaigeret al. 1995), despite the remaining complexities of mitochondrial oxygen kinetics, aiming at an integration of
intracellular oxygen gradients and heterogeneities of lipid anghysiological and bioenergetic perspectives. (1) The current
aqueous phases and mitochondrial clusters (Fig. 2). status of mitochondrial oxygen kinetics is reviewed in terms of
A further shortcut for oxygen delivery to the actual site ofexperimentally determineBso values. (2)Pso increases with
conversion of oxygen to water is afforded by the study ofhe rate of oxidative phosphorylation and is a function of
isolated mitochondria. A myoglobin saturation of metabolic state (coupledersusuncoupled respiration). (3)
approximately 50% is typical for the volume-averagedOxygen affinity, i.e. the reciprocal value &g, provides
intracellular oxygen pressure in heart and skeletal muscl&sufficient information on oxygen kinetics whékhax is a
corresponding to 0.3kPa (2 mmHguBolI-1; Wittenberg and  function of oxygen-independent parameters, such as ADP
Wittenberg, 1989; Wagner, 1996). In the physiologicallyconcentration. Under these conditions, the apparent catalytic
relevant intracellulaPo, range below 1kPa, respiration can efficiency, JnaxPso, is physiologically relevant to describe
again be described by a hyperbolic function. Measurementgspiratory control by low oxygen levels. While affinity

Fig. 1. Oxygen flux from the
environment, characterised by the
biogeochemical cycle, through the
organismic respiratory cascade (Weibel,
1984) to the mitochondrial respiratory
chain. Mitochondrial electron transport

is shown in the inner mitochondrial
membrane, with redox proteins and
proton pumps (complexes I-IV).
Horizontal arrows show electron flow,
finally reducing Q@ to water (complex

IV, cytochrome c oxidase, COX) as
measured by respirometry. Vertical
arrows show transmembrane protoiCytosol |, i+ H H*
flows. Electrons from NADH enter the L

respiratory chain at complex " v

| 1
(NADH-CoQ reductase), which is l ] ) bc, aag 7
inhibited by rotenone. Succinate enters at  <DH }y‘ I (R
complex 1l (succinate—-CoQ reductase). o TMPD

In general, electron transfer to ubiquinol NAPH 02 v ADPEATP

(Q) is effected by parallel pathways “UDSaes succinate HY e
through  multiple  dehydrogenasesVlatrix

(Trumpower and Gennis, 1994). After\jijtochondrial respiratory chain

C@]
blocking electron flow at complex IlI

(CoQH— reductase) with antimycin AL,N,N’,N-tetramethylp-phenylenediamine dihydrochloride (TMPD) is added as an artificial electron
donor to cytochrome to study the activity of COX. Proton pumping generates a proton-motive force across the inner mitochondrial membrane
which inhibits Q flux at rest in the absence of ADP. Maximum stimulation by ADP and inorganic phosphate leads to a decline in the proton-
motive force and maximum flux at reduced thermodynamic efficiency of proton translocation. The uncoupler carbonyl peyanide
trifluoromethoxyphenylhydrazone (FCCP) reduces the membrane potential further by short-circuiting proton flow and elimingtaig ade
control. Mitochondrial oxygen kinetics is studied under these different metabolic states andagtbs:, ¢, ctyochromes; DH, NADH
dehydrogenase complei;, ATP synthetase; Hb, haemoglobin; CoQ, coenzyme Q.

Microcapillary

Organismic respiratory cascade
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Fig. 2. Ultrastructure of human umbilical vein endothelial cells (HUVECS) suspended in endothelial culture medium. (A) Tda¢ celer
show large lobate nuclei (n) and a correspondingly uneven distribution of mitochondria (arrowheads). Cell extensionsdianekipo
retracted to varying degrees and some microspikes (s) are always present. Extensions frequently contain rough endogliasntistetiae
(small arrows) and occasionally contain mitochondria. Scale han. §B) Elongate mitochondria (arrowheads) with regularly arranged
lamelliform cristae and medium-dense matrix. Mitochondria are closely associated with the network of rough endoplasnmt (sstiaillu
arrows). The numerous Weibel-Palade bodies (large arrows) are of similar size to mitochondria. Sqate. li2&|l4 were fixed by injecting
glutaraldehyde into a sample taken from the stirred oxygraph chamber (2.5 % final concentration, for 90 min at 4 °C). Aftgatoemttifie
pellet was washed and resuspended in agar. The hardened agar pellet was cut into small pieces for post-fixation 4if{020% ras ¢
sodium cacodylate buffer, 60 min) and serial dehydration. Thin sections were stained with saturated aqueous urany| azatatitrateddnd
examined using a Zeiss 902 transmission electron microscope.

decreases, the apparent catalytic efficiency increases from thencept of symmorphosis (Weibet al. 1991). The excess
resting to the active state and increases in general as tbapacity of cytochromec oxidase (COX) relative to the
thermodynamic efficiency of energy conversion decreasesapacity of the integrated respiratory chain and respiratory
This analysis sets the stage for (4) a discussion of the oxygeascade is functionally explained as a regulatory mechanism
kinetics of the mitochondrial respiratory chain in relation to th€for maintaining a high oxygen affinity by a COX turnover rate
organismic respiratory cascade (Fig. 1), with reference to théhat is low even at maximum aerobic performance.
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Oxygen affinity and metabolic state/rate sufficiently slow transition (Fig. 3), such that externally
The conflicting views on the role of oxygen in respiratorymeasured oxygen flux is equal to intracellular diffusional flux
control are mainly due to uncertainties about intracellulaend equal to all enzyme-catalysed reaction rates along the
gradients and levels of oxygen in the mitochondrialrespiratory chain (Fig. 1). Hyperbolic oxygen flux/pressure
microenvironment and to the difficulties of making respiratoryrelationships were obtained by non-linear fitting in the
measurements at the corresponding low oxygen concentratioogygen range below 1.1kPa (Fig. 4; equation 1). The
(Gnaiger et al. 1995). Is intracellularPo, limiting under  distribution of residuals provides a powerful statistical
physiological conditions? Negative answers to this importantvaluation (Cornish-Bowden, 1995), both in cells (Fig. 4,
guestion refer to a value fé%o for mitochondrial respiration inset) and in isolated mitochondria (Gnaigar al. 1995,
of 0.005kPa, which is nearly 100 times below intracellularl998). In contrast, Petersest al. (1974) show double-
oxygen levels (Coleet al. 1982; Gayeski and Honig, 1991; reciprocal plots of the oxygen kinetics of isolated rat liver
Wittenberg and Wittenberg, 1985), whereas an affirmatiomitochondria in the range belowuinol =2 Oz (<0.1kPa),
relates to more recent data gy values that are less than one- yielding non-linear (non-hyperbolic) patterns in all metabolic
tenth of intracellulaPo, (Wilson et al. 1988; Rumseyet al.  states. Their methodP§o varies with enzyme concentration;
1990; Gnaigeet al. 1995). Up to 30-fold differences iBso  Petersenet al. 1976), the narrow oxygen range and the
reported for mitochondrial respiration continue to separatdouble-reciprocal Lineweaver—Burk plots appear to be
opposing views on the role of intracellular oxygen ininadequate for a statistical test of deviations from a
respiratory control and require resolution. hyperbolic relationship (Cornish-Bowden, 1995).
Interpretation of the oxygen affinity of intact cells is
Intracellular oxygen gradients and mitochondrial oxygen complex owing to the diversity of metabolic states and
kinetics difficulties in quantification of intracellular oxygen gradients
The study of the oxygen kinetics of isolated cells offerqJones, 1986; Wittenberg and Wittenberg, 1989; Rurasay
the advantage of observing mitochondrial function largelyl990). Suspended endothelial cells provide a good model for
undisturbed in the intracellular environment (Fig. 2). Anthe study of oxygen kinetics because of their small size and
experimental example with endothelial cells is shown irregular shape (Fig.2). Their respiratory rate is 95%
Fig. 3. By selecting appropriate cell densities, the transitiomitochondrial (Steinlechner-Maraet al. 1996). The increase
from kinetic oxygen saturation to anoxia is sufficiently fastin cellular Psp with maximum respiratory rate per cell
to eliminate effects that are unrelated to the regulation of flugoxygenflow, lo,; Gnaiger, 1998) is caused by intracellular
by oxygen in the physiological range, without compromisingoxygen gradients, which increase with oxygen flow, and by a
the requirement to obtain a large number of data points durirchange in mitochondriaPso (Fig. 5). Separation of these
the transition (Fig. 3, inset). Continuous measurement in eaterdependent factors is achieved by a comparison of the rate-
closed system offers the advantage of a high density of datiependence oPsp in identical ranges of oxygen flow in
points but presents the problem of a non-steady-state processupled and uncoupled/inhibited cells (Fig. 5). The shallow
A quasi-steady state may be realised at each point duringskope ofPspas a function of oxygen-saturated fldwax, in the
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Fig. 3. Experimental records of oxygen concentratidBo, Fig. 4. Oxygen fluxJo,, plotted as a function of oxygen pressure,
(umolI=t=nmolcnt3), and oxygen fluxJo, (pmolsicm3), as a Po, (data from Fig.2, inset). Solid line, hyperbolic fit
function of time. Endothelial cells at a density ofx2.& cm3 were (Ps0=0.06 kPa=0.5 mmHg=0ymol I"Y). Large circles, original data;
studied in the 2cfclosed Oroboros oxygraph chamber (37°C).small circles, smoothed data. Oscillations in the original data are
Inset: low oxygen range (10noll~1=1kPa) and the aerobic—anoxic instrumental; smoothing shifts the hyperbolic function to the right,
transition relevant for oxygen kinetics. Each symbol for fluxwith a higher apparenPso. Inset: residuals of the hyperbolic
represents one data point. regression, validating the hyperbolic function.
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Instrumental background oxygen flux over the experimental
oxygen range (Gnaigest al.1995)

Background measurements yield the change in oxygen
concentration over time in the closed system containing
incubation medium without biological material. Background
oxygen flux results from oxygen consumption by the
polarographic oxygen sensor, which is directly proportional to
Po.,, and back-diffusion of oxygen into the medium at declining
oxygen levels, which is proportional to thRy, difference
between the oxygen source and the medium. Gradual depletion
of the oxygen source gives rise to a hysteresis effect. The
overall background flux is a near-linear function of oxygen
+~ - Uncoupled/inhibited concentration, which is subtracted from the experimental flux

at each point of oxygen measurement. A sampling interval of
0 ) 20 40 60 1s is appropriate. In addition, occasional microbial
Imax (pmol s1 1076 cells) contamination is detected by careful background tests.

0.08

Fig. 5. Pso (kPa) as a function of maximum oxygen floWsax  Independence d¥so from concentrations of cells,
(pmolst107¢cells), in endothelial cells in coupled (filled circles, mitochondria or enzymes at constant metabolic state (Rumsey

solid line) and in uncoupled/inhibited states (ol 12 FCCP; open et al.1990; Steinlechner-Maraet al.1996; Gnaigeret al.
circles, dashed line) in experiments with up to five anoxic exposur%%)

3min) and partial re-oxygenations. Regression for coupled cells:
5/:0.01)27+0.30140 r:0.71yf,P<0.0001; an?:l for uncoupled/ir?hibited Oxygen flux per volume 9f the oxygrgph Chambkf%y,
cells: y=0.0092+0.0003@ r=0.773, P<0.0032. 95% confidence (PMolsicm3=nmollls™?), is a function of specific
intervals are also shown. Comparison of slopes in an identical rang@spiratory activity and the concentration of mitochondria,
of maximum oxygen flow provides a basis for the separation of theells or enzyme(sjlo,,v increases proportionally with enzyme
effects of state and rate &o0. A shallow slope for the relationship concentration. In contrad®so must be constant, except if (i)
between Psgp and oxygen flow indicates a minor influence of concentration exerts an effect on metabolic state (Steinlechner-
intracellular diffusion gradients (modified after Steinlechner-Maranviaran et al. 1996), (ii) the varying aerobic—hypoxic—anoxic
et al. 1996). transition time influences compensatory processes (Wéson
al. 1988) or (iii) different instrumental artefacts are sensitive
to different levels oflo, v, particularly the time resolution, the
uncoupled/inhibited state indicates that intracellular oxygemumber of data points obtained in the oxygen-dependent region
gradients are small. The difference between the slopes ahd the ratio of uncorrected background flux to metabolic
coupled and uncoupled/inhibited cells, therefore, can bexygen flux. We tested our system for concentration effects in
interpreted as the diffusion-independent mitochondfgl  the Jo,v range 20-500 pmotscm3 at a chamber volume of
(Table 1). The lowePsp in uncoupled cells emphasises the 2 cm?, and observed no significant differencePdnat various
importance of metabolic state in the regulation Rf  mitochondrial dilutions. At higher volume-specific fluxes,
(Steinlechner-Marant al. 1996). A direct test is required with erroneously highPso values were obtained (Gnaiget al.

isolated mitochondria. 1998; B. Lassnig, A. Kuznetsov, R. Margreiter and E. Gnaiger,
in preparation).
Fact and artefact Oxygen gradients from a gas—aqueous boundary layer to the

It is becoming increasingly clear that various potentialoxygen sensor yield low appareRgo values. This artefact
artefacts are confounding factors in mitochondrial oxygemmight explain the lowPsg of 0.005kPa in active skeletal
kinetics. These include oxygen gradients in the respirometemuscle mitochondria at high protein concentration
back-diffusion of oxygen from Teflon stirrers, Perspex(10mgcnt3; Coleet al.1982) in comparison with the value of
chambers and inappropriate sealing materials, the Ilo®.015kPa observed on the basis of intracellular myoglobin
sensitivity of oxygen sensors and insufficient time resolutionsaturation in resting cardiomyocytes (Wittenberg and
These limitations are resolved in high-resolution respirometryittenberg, 1985). The latter value agrees closely with the
based on the Oroboros oxygraph and DatlLab softwarealue of 0.025kPa for skeletal muscle mitochondria
(Oroboros, Innsbruck, Austria) and on rigorous tests ofletermined by high-resolution respirometry (Gnaigeral.
instrumental background, correction for the exponential timé995) and of 0.008 kPa for passive heart mitochondria (Sugano
constant of the sensor (3—6s) and internal calibration of the zeed al. 1974). Although Suganet al.(1974) used a gas—aqueous
oxygen signal (Gnaigest al. 1995, 1998). The contribution of transfer system, the low mitochondrial density of 0.2 mgfcm
instrumental  artefacts changes with  mitochondrialand the spatially dispersed bioluminescence probe reduced the
concentration and activation state. Unfortunately, only fewnterference by oxygen gradients. A higkes of 0.04 kPa was
studies report adequate methodological tests. obtained for passive heart mitochondria in a closed
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Table 1.Mitochondrial Psoin passive and active states, with substrates for complexes | or Il
Pso (kPa}

Temperature
Source Passive Active (°C) Reference
HearP 0.008 0.08 25 Sugaret al (1974)
0.013 - 30 Wittenberg and Wittenberg (1985)
0.04 - 25 Rumseyet al.(1990)
0.016 0.035 30 B. Lassnig, A. Kuznetsov, R. Margreiter and
E. Gnaiger (in preparation); Gnaiggtral.(1998)
Liver¢ 0.06 - 25 Wilsonet al.(1988)
0.025 - 25 Gnaigeret al (1995)
0.020 0.057 30 B. Lassnig, A. Kuznetsov, R. Margreiter and
E. Gnaiger (in preparation); Gnaiggral.(1998)
Endothelial cell$ 0.039 0.057 37 Steinlechner-Maranal. (1996)

35 is better expressed in terms of partial pressure (kPa; 1 mmHg=0.133322 kPa) rather than concentration, since oxygenxsgability (o
concentration per unit partial pressure) decreases with temperature and depends on the composition of the medium. Foroxieratyg ap
conversion, a solubility of 10 umok® 1 kPal may be used.

blsolated mitochondria, in states 4 (passive) and 3 (active), respiring on substrates for respiratory complex | and I1.

¢Cardiac myocytes, oxygen partial pressure based on intracellular myoglobin saturation.

dEndothelial cells, in (not maximally) active and passive states, corrected for intracellular oxygen gradients.

respirometer using a phosphorescence probe (Ruetsaly As shown in Fig. 6, the value of elasticitsz, is 0.10 in active
1990). The difference may be due to uncorrected oxygen backeart mitochondria and 0.16 in liver mitochondria, and
diffusion from the Teflon stirrer. Whereas high volume-decreases to 0.06 in the passive state. In other words, at
specific fluxes cause an underestimatioRsgidue to gradients intracellularPo,, mitochondrial flux reaches 94 % dfax in
in steady-state oxygen transfer systems, the opposite effecttie resting state of zero ATP turnover (Fig. 6). Any evaluation
produced in closed systeni&of 0.15 kPa in active heart and of the physiological role of respiratory control by oxygen must,
liver mitochondria; Costaet al. 1997) where fast therefore, take into account tissue-specific differences and the
aerobic—anoxic transitions are beyond the scope of timdependence of oxygen affinity on metabolic state and rate.
resolution of the oxygen sensor. In Table 1, results artnterpretation of affinities, in turn, is incomplete without
excluded that appear to suffer from implicit artefacts. simultaneous consideration of maximum flux at each metabolic
state.

Mitochondrial Psg and elasticity in passive and active states

The Pso of mitochondrial respiration increases with
activation by ADP (Table 1). In heart mitochondriBso
doubles from 0.02 to 0.04kPa (from 0.12 to 0.26 mmHQ)
whereas in liver mitochondriBsg increases almost threefold

Catalytic efficiencywersusaffinity

The decrease in oxygen affinity (£5b) in active states,
when the demand for oxygen is highest, appears to be
paradoxical from a functional point of view. While the affinity
. i decreases, however, maximum flux increases greatly, such that
from (,)'02 to 0.06 kPa' (0.43 mml—!g) _'n thg active state.z (Bthe ratioJmax/Pso is actually increased by adenylate activation
Lassnig and others, in preparation; Gnaiger al. 1998’ (Fig. 7). The scope for activation by ADP declines under
Tableil). At an intracellulaPo, .Of 0.3kP§1, .th? maximum }1ypoxia, but this decline would be even more pronounced at a
aerobic performance of heart mitochondria is limited to goo%onstant\lma){Pso ratio (Gnaigeret al. 1998). As seen from

of Jmax (Fig. 6), as derived from equation 1: equation 1,Jma/Pso is the initial slope of the hyperbolic

Po function:
Jo, (% max) = =—22—x100. )
Pgo+Po, Jrmax
. . . o ‘]02: P P02 (4)
Liver mitochondria would be limited to 84% afnax at 50

maximum activity (Fig. 6). Insufficient information is
available on intracellulaPo, in liver. The relative limitation
of flux by a given intracellular oxygen level is equivalent to
the elasticity in metabolic control analysis (Fell, 1997):

when Po,<Ps5q, and reflects the ‘catalytic efficiency’ at low
substrate concentrations (Place and Powers, 1984). Apparent
catalytic efficiencies can be compared within a system,
whereas comparison between different types of mitochondria
requires the expression of fluxes in terms of enzyme turnover
o) o Pso 3)  rates.
O2 Pen+ P, ( ) .. . .. . ..

50T P02 Oxygen affinity and catalytic efficiency are highly sensitive
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Fig. 6. Oxygen fluxlo, (% of Jmay as a function of oxygen pressure ATP
Po,, expressed relative to tiRgo value for each particular state, and 0¥ T I I I
the inverse relationship to the elasticify, of mitochondrial oxygen 0 0.1 0.2 0.3 04
flux with respect to oxygen pressure (right-hanexis). Arrows Po, (kPa)

indicate the Po,/Pso ratio in the passive and active states in

mitochondria isolated from rat heart and liver at an intracelRdgr ~ Fig. 7. Oxygen fluxJo, (as a percentage Ghax in the presence of

of 0.3kPa. The maximunPo,/Pso ratio of 20 on thex-axis excess ADP), of rat heart mitochondria as a function of oxygen
corresponds to thePo, range below 1.1kPa in active liver PressurePo, (kPa), or oxygen concentratioBp, (umoll™), in the
mitochondria. If intracellulaPo, in liver were approximately double Passive and active states. The vertical arrow indicates the scope for
that in heart, then active mitochondria would respire a@ctivation by ADP at an intracellul@o, of 0.3kPa (2mmHg). The
approximately 90% of maximum capacity in both tissues. Based ocircle and square shodgo (50 % of Jmax) andPsp in states 4 and 3,
equation 2 in the form: respectively. The dotted lines through these points show slopes
(0.50maxPs0), proportional to apparent catalytic efficiency, which

Jo, (% max) = Po,/Pso 100. increase with activation by ADP (curved arrow). Measurements at
: 1+Po,/Pso 30°C with pyruvate and malate, and 1mmblATP, no ADP

(passive, state 4) or 1mmotADP plus 1mmoltl ATP (active,
state 3). 100% Jo, is equivalent to a state 3 flux of
to uncoupling of oxidative phosphorylation (Fig. 8). 4.5 nmol smg I mitochondrial protein (from Gnaiget al. 1998).
At low concentration of carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), uncoupled
respiration of endothelial cells increased to a maximum valugs kinetic limit: turnover rate can be increased further by the
more than double that for coupled oxygen fld%o and  addition of artificial electron donors. COX activity was
catalytic efficiency increased concomitantly. Above anmeasured in the oxygraph after blocking complex IIl with
optimum  uncoupler  concentration,  oxygen-saturatetntimycin A (Fig. 1). ReducedN,N,N’,N" tetramethylp-
respiratory flow,Imax declined to the inhibited state, but phenylenediamine dihydrochloride (TMPD) served as an
catalytic efficiency increased further as a function of state ang|ectron donor to Cytochrorrre and its concentration was
independently of rate (Fig. 8). In the uncoupled/inhibited statgeld constant by the addition of ascorbate. Auto-oxidation of
(compare Fig. 5), further changes in catalytic efficiency wereiscorbate and TMPD is a function of oxygen pressure and
not significant. ~ Catalytic  efficiency increases aswas subtracted from the measured oxygen consumption as a
thermodynamic efficiency decreases, consistent with a modghemical background (B. Lassnig and others, in preparation).
based on the thermodynamics of irreversible processeme activity of COX was 50 % and 100 % above maximally
(Gnaigeret aI1995) This inverse relationship is not reStriCtedADP-Stimmated flux through the respiratory chain in liver
to uncoupling, but also applies to activation by ADP (Fig. 7)and heart mitochondria, respectively, at kinetic oxygen
when thermodynamic efficiency decreases at maximum powe&fturation and 5Q@moll TMPD (Fig. 9). This is an
output (Gnaiger, 1993. underestimation since TMPD becomes saturating only at
millimolar levels in coupled mitochondria (Morgan and
Wikstrém, 1991).

Oxygen affinity and excess capacity of cytochrome The phenomenon of an excess capacity of cytochrome
oxidase oxidase is well known and largely unexplained. The molar
Threshold effect and flux control coefficient of cytochrome  ratio between complexes IV and | is six in skeletal muscle
oxidase (Schwerzmannret al. 1989). COX has a low flux control

ADP and oxygen saturation of mitochondrial respiration atoefficient,Cf;ox, which means that a small change in COX
optimum conditions does not drive cytochromexidase to  activity plays a minor role in the control of mitochondrial
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respiration (Groenet al. 1982; using azide for inhibitor 250 150
titrations). In titrations with cyanide, Kuznetset al. (1996)
found a lower flux control coefficient of COX than with azide.
Identical values of maximum fluxes in permeabilized muscle
fibres of 50 % COX-deficient mice and controls (Kuznetsov
al. 1996) might even suggest a flux control coefficient of zero
The flux control coefficient is the (infinitesimally small)
change in relative flux through the pathway over the
(infinitesimally small) change in relative capacity of the ster
(Kacser and Burns, 1973; Heinrich and Rapoport, 1974). Hig 50 -
excess capacity is associated with a low flux contro
coefficient. CorrespondinegC‘éOX is increased in muscle
fibres of the 50 % COX-deficient mice (Kuznetsal. 1996). Jo, COX 1/Pg,
In a theoretical modeI,CJcox increases when muscle excess
mitochondria are nearly 50% oxygen-limited at intracellular,

. . .Fig. 9. Excess capacity of cytochrornexidase (COX) relative to
oxygen pressure (Korzeplewskl and Ma;at, ,1996)’ but thImaximum oxygen fluxJo,, through the respiratory chain and the
lacks support from experimental oxygen kinetics.

= g ) corresponding oxygen affinity, Bgo, in isolated mitochondria from
A low flux control COEf_f'C'em is directly rela'ted. 'to the Jiver (open columns) and heart (filled columns). Fluxes are expressed
threshold effect and explains why COX can be inhibited to relative to the respiratory chain (with substrates for complex Il in

large extent without effect on flux through the respiratory chailiver, complex | or Il in heart). Oxygen affinity is for the active
(Letellieret al. 1993, 1994). The threshold effect of COX may ADP-stimulated state expressed relative to the affinity of liver
provide a safety margin, protecting against the consequencmitochondria. Error bars shown., N=6-9. The excess capacity of
of accumulations of mutations in mitochondrial DNA COX (500umoll™* TMPD, 2 or 5mmolt! ascorbate, 26moll™
(MDNA) with age (Sohal and Weindruch, 1996) andar_ltimycin A_\) is signjficantly higherP(<O._05) in heart than in Iive_r
counteracting genetic defects with mtDNA heteroplasmy, suc™tochondria. The higher excess capacity of COX leads to the higher
that a small fraction of wild-type mtDNA remaining in a oxygen affinity of the respiratory chain.
mitochondrion or cell is sufficient for normal respiratory
function (Mazatt al. 1997). Importantly, the low flux control ) )
coefficient of cytochrome oxidase needs re-evaluation under Symmorphosis and flux control analysis
intracellularPo, levels (Gnaigeet al. 1995). Is the excess capacity of COX non-functional, merely
providing a safety margin and expensive insurance against
irregular events (Diamond and Hammond, 1992), or does it
0.16 serve a direct function and is thus compatible with economic
design of the respiratory chain? The principle of economic
design is well illustrated when considering that the
mitochondrial respiratory capacity in skeletal muscle exceeds
just slightly the capacity for cardiovascular oxygen supply
(Saltin, 1985), and the oxidative capacity of the heart is merely
10-20% above the maximum physiological performance
(Moothaet al. 1997). Indeed, the simplest structure—function
relationship in the respiratory cascade appears to be at the level
of muscle mitochondria, the total volume of which varies in
i proportion to the aerobic capacity of the organism (Wesbel
0 +—r—T—T—"T"—"T1—1 0 al. 1991). Regardless of allometric variation of body mass and
0 4 8 adaptive variation of aerobic scope in athlggcsussedentary
[FCCP] (umol 1-1) species, there is a constant relationship ofi81@l Oxs1cm3
between the maximum rate of oxygen consumption of the
Fig. 8. Maximum oxygen flow, Imax in endothelial cells whole organism and mitochondrial volume in the musculature
(pmols* 107 cells) (open squares) afdo (kPa) (open triangles) as  (Hoppeler and Turner, 1989). At a mitochondrial volume of

. . ” _ : _ o _

i, o empoaton e ey 1 ek Mg Lmtochondialprotein, this 5 equiclent 10
. . . ~protein-specific maximum Oflux of 4.1nmolslmg? at

concentrations of 2-48moll-1. Higher concentrations caused rapid P P O g

inhibition of respiration, tdmax or below, of coupled cells. Apparent 30°C, CoerSpondmg Fo the range of _2—6_nmbh$g‘1
catalytic efficiencylmaxPso (filled circles), increases with uncoupler measured in ADP-activated mitochondria isolated from
concentration to a plateau that is reached when respiration fkeletal —muscle (Schwerzmanret al. 1989) and
inhibited to a constant minimum value (calculated from data given i nmol s'mg? in active heart mitochondria (Fig. 7). In
Steinlechner-Maraet al. 1996). contrast to the closely matched mitochondrial capacity, there
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is excess lung structure in relation to maximum respiratiofFig. 1) to the maximum flux of the physiological system
(Weibelet al.1991), suggesting that the flux control coefficient(Weibel et al. 1991). At steady state, oxygen fluxes through
of the lung in the respiratory cascade must be very low undeach step in the cascade are equal. Does the matching of
normoxic conditions. capacities, therefore, imply that equal capacities of all steps are

What is the flux control coefficient of mitochondria in the optimal for economical design? Intuitively, this appears to be
respiratory cascade? Important insights can be derived frothe logical implication of symmorphosis. The mechanistic
our study on mitochondrial oxygen kinetics with the aid of fluxaspects of oxygen kinetics and the mathematical formalism of
control analysis. For this purpose, the respiratory cascade fisx control analysis, however, provide a quantitatively
simplified to three steps (Fig. 1): (1) the lung, with a fluxdifferent perspective. Mitochondrial oxidative capacity is
control coefficient of zero; (2) the cardiovascular oxygenconventionally and conveniently measured at kinetic oxygen
supply, including diffusion with a typically high flux control saturation (Schwerzmarm al.1989; Moothaet al. 1997). Full
coefficient, Csuppw and (3) the mitochondria, with a flux kinetic oxygen saturation would be required, at each
control coefficient, Cio = 1- Cl,ppy Consider a 5% mitochondrion in the cell, at a 1:1 matching of the capacities
inhibition of mitochondrial capacity in active heart. Thefor oxygen consumption and supply. A kinetic saturation of
competition for oxygen decreases after a reduction i99% is reached atRo,/Psp ratio of 100 (equation 2) or at an
mitochondrial capacity. Consequently, intracelllfay, tends  intracellularPo, of 3.5kPa (26 mmHg). Quite apart from the
to increase and flux becomes more oxygen-saturated, relatiggntradiction with experimental observation by a factor of 10,
to aPo,/Pso ratio of approximately 9 (Fig. 6). This pushls  this high intracellular oxygen pressure would seriously reduce
closer to the maximum of the remaining mitochondrialthe oxygen gradient from haemoglobin to mitochondria and
capacity maxis now 5% less than in the absence of inhibitor;thereby impose additional demands on cardiovascular structure
Fig. 6, left-handy-axis), and a 5% reduction in mitochondrial and function to compensate for the lower oxygen pressure head
capacny yields a response of less than 5% in flux; thereforgyr diffusion. In addition, at a mitochondrial excess capacity of
Chito<1. To compensate fully for any change in flux and tozero, the elasticity reduces to zero and the mitochondrial flux
attain C,1,=0, intracellular oxygen pressure would have tocontrol coefficient is 1, exerting exclusive control over
double to &o,/Pso ratio of 18, assuming no changeHsb. I maximum aerobic performance. Equal capacities for
this new state, the system is driven to a lower elasticity (frormitochondrial oxygen consumption and cardiovascular oxygen
0.1 to 0.05; Flg 6, right-hand’-aXiS), and flux is now Supp|y are not economical.
ineVitany more Sensitive to a furthel’ |nh|b|t|0n Of At the Other extreme of an intrace”u%zlpa) ratio of 1 (a
mitochondrial activity, i.eChto increases as the elasticity factor of 10 below measureb, in myocytes), the elasticity
decreases. This reflects the well-known connectivity theoreng, oxygen is increased to 0.5 (Fig. 6). Mitochondrial oxidative
(Kacser and Burns, 1973), application of which shows that gapacity would have to be 100 % instead of 10% in excess of
change in elasticity tends to be associated with a change in ﬂB&ygen supply capacity (equation 5). Such a design is not only
control coefficient in the opposite direction, a very smallneconomical but impossible, because a doubling of
elasticity corresponds to a large flux control coefficient, angyitochondrial volume density in cardiomyocytes would
vice versaElasticity and excess capacity (%) are also relatethyceed the available space (Hoppelsal. 1984). Neither zero

) nor a large mitochondrial excess capacity is economical.
: _ 50 . . . . .
Excess capacity (%9 —P—X100- 5 Instead, criteria for an optimum excess capacity and optimum
©2 distribution of flux control coefficients have to be developed
At Po,=Pso (on the far right in Fig. 6), the excess capacity isunder the constraints set by mitochondrial oxygen kinetics and
diminishingly small and is equal to the elasticityl@0; the intracellular microenvironment (Fig. 6).
equations 3 and 5). o ] ] )

A mitochondrial excess capacity of 10-20% (Mooghal. Kinetic trapping of oxygen: COX and the respiratory chain
1997) is in line with an elasticity of 0.1 for active heart (Fig. 6). 100% excess capacity of mitochondria in the respiratory
Under these conditions, intracellular oxygen level can beascade would present a serious challenge for symmorphosis,
maintained high with respect to mitochondRsb, but not high and so does the 100% excess capacity of COX in the
enough for full kinetic oxygen saturation of the respiratoryrespiratory chain (Fig. 9). Excess capacities of enzymes in a
chain (Fig. 6). This implies a fairly high mitochondrial flux pathway are required to maintain a catalysed reaction step near
control coefficient, sharing control with the cardiovascularequilibrium (for a review, see Suarez, 1996). We propose a
system. Such distribution of flux control is seen directly innew functional explanation of the excess capacity of COX
training and in a comparison of sedentary with athletic animalselated to the regulation of mitochondrial oxygen affinity, on
where the gain in aerobic performance is due to cardiovascultire basis of (1) the decreasePsy with a reduction in oxygen
improvement and an accompanying increase in mitochondriflux in the transition from the active to the passive state
density (Weibekt al. 1991). (Fig. 7), (2) the increase in oxygen affinity with an increase in

One central hypothesis of symmorphosis is the matching @xcess capacity of COX in heasrsusliver (Fig. 9), and (3)
capacity for oxygen flux at each step in the respiratory casca@dekinetic model of the regulation of ti&,' of cytochromec
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