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Interactions Between the Cytochrome Pathway
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castellaniiMitochondria
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The steady-state activity of the two quinol-oxidizing pathway#\oanthamoeba castellaninito-
chondria, the phosphorylating cytochrome pathway (i.e. the benzohydroxamate(BHAM)-resistant
respiration in state 3) and the alternative oxidase (i.e. the KCN-resistant respiration), is shown to
be fixed by ubiquinone (Q) pool redox state independently of the reducing substrate (succinate or
exogenous reduced nicotinamide adenine dinucleotide (NADH)), indicating that the active Q pool is
homogenous. For both pathways, activity increases with the Q reduction level (up to 80%). However,
the cytochrome pathway respiration partially inhibited (about 50%) by myxothiazol decreases when
the Q reduction level increases above 80%. The decrease can be explained by the Q cycle mechanism
of complex Ill. It is also shown that BHAM has an influence on the relationship between the rate of
ADP phosphorylation and the Q reduction level when alternative oxidase is active, and that KCN has
an influence on the relationship between the alternative oxidase activity and the Q reduction level.
These unexpected effects of BHAM and KCN observed at a given Q reduction level are likely due to
functional connections between the two pathways activities or to protein—protein interaction.

KEY WORDS: Acanthamoeba castellanialternative oxidase; cytochrome pathway; mitochondria; oxidative
phosphorylation.

INTRODUCTION Acanthamoeba castellarshares many common features
with the respiratory chain of higher plants. These are:
The mitochondrial respiratory chain of the free-living (i) coexistence of two constitutive ubiquinol-oxidizing
nonphotosynthetic soil amoeboid protozoon amoeba pathways, the benzohydroxamate(BHAM)-resistant phos-
phorylating cytochrome chain, and the alternative oxidase
being nonphosphorylating and insensitive to cyanide and
antimycin (Edwards and Lloyd, 1978; Hryniewieazal.,
1978); (ii) the ability to oxidize external nicotinamide

Key to abbreviations: AOX, alternative oxidase; BHAM, benzohydrox-
amate; MX, myxothiazol; nBMn-butyl malonate; Succ, succinate;
Q or Qux, ubiquinone; @4 or QHy, ubiquinol; Qqt, total endogenous

pool of ubiquinone in the inner mitochondrial membrang(@ Qred); adenine dinucleotide (NADH) by the rotenone-insensitive
Qred/Qot, reduction level of the ubiquinone pools\Mate of state 3res-  external NADH dehydrogenase, located on the outer sur-
piration; Veyt, contribution of the cytochrome pathway;\ contribu- face of the inner mitochondrial membrane (Hryniewiecka,
tion of the alternative pathway; (ADP/Q3riam , (ADP/Oly, intrinsic 1980; Lloyd and Griffiths, 1968); (iii) the presence of in-

ADP/O of the cytochrome pathway;3\« ADP/O, phosphorylation . . o F
rate. ternal nonelectrogenic rotenone-insensitive NADH dehy-
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Laboratory of Bloenergetlgs, Center of Oxygen Rgsearch anc_i Devel- et al,, 1995: Siedow and Umbach, 2000), the amoeba al-
opment, Institute of Chemistry B6, University of Liege, Sart-Tilman, . L . .
Liege, Belgium ternative pathway (BHAM-sensitive alternative oxidase,
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ac.be. level of ubiquinone (Q) and its activity is not coupled to
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ADP phosphorylation (Hryniewieckat al., 1978). The
amoeba AOX protein crossed-react with monoclonal an-
tibodies developed againSauromatum guttatuprotein
(Jarmuszkiewicet al.,, 1997), indicating that AOX is well-
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kinetics can also be responsible for a decrease in the cy-
tochrome pathway activity at high Q reduction level, the
behaviour of BHAM-resistant respiration in state 3 has
been studied when complex 11l was inhibited partially by

conserved throughout the species. However, consideringmyxothiazol.

regulation, AOX of amoeba appears to be a quite different
enzyme from plant AOX. While in plant mitochondria, the
activity of AOX is stimulated byx-keto acids and regu-

lated by the redox state of the enzyme (Vanlerberghe and

Mclintosh, 1997), these regulations do not concern AOX
in amoeba mitochondria (Jarmuszkiewiezal., 1997),
which, however is strongly stimulated by purine mononu-
cleotides (like GMP) (Hryniewieckat al., 1978). Reg-
ulation of AOX by purine mononucleotides occurs also
in other protists and some primitive fungi (Doussiere and
Vignais, 1984; Sakajet al., 1997; Sharpless and Butov,
1970; Siedow and Umbach, 2000; Vanderley@tral.,
1980a,b).

Using the ADP/O method, we have previously deter-
mined how the calculated contributions of both the cy-

MATERIALS AND METHODS
Cell Culture and Mitochondrial Isolation

Soil amoebacanthamoeba castellanitrain Neff,
was cultured as described previously (Jarmuszkiewicz
et al., 1997). Trophozoites of amoeba were collected 22—
24 hfollowing inoculation at the middle exponential phase
(at a density of about 2—4 1P cells/mL). Mitochondria
were isolated and purified on a self-generating Percoll
gradient (31%) as described before (Jarmuszkiewtiak,
1997). Mitochondrial protein concentration was deter-
mined by the biuret method with bovine serum albumin

tochrome and alternative pathways in isolated amoeba (fraction V) as a standard.

mitochondria respiring with succinate change when the
steady-state rate of the Q-reducing pathway is varied
(Jarmuszkiewiczt al, 1998). Our results showed that
with increasing level of Q reduction the cytochrome path-
way contribution passed through an unexpected maxi-
mum. The decrease in the cytochrome pathway contri-
bution with increasing Q reduction level may either be
inherent to the cytochrome pathway kinetics (in particular
it might be due to the Q cycle mechanism of complex IIl)
or be due to an unknown factor of regulation. It was
proposed (Jarmuszkiewie al.,, 1998) that the concen-
tration of this putative factor was varied during titration of
the succinate sustained-respiration withutyl malonate

(a competitive inhibitor of succinate uptake) used to de-
crease the reduction level of the Q pool.

Assay Procedures

Oxygen uptake was measured polarographically us-
ing an oxygen electrode (Hansatech, UK) in 2 mL of stan-
dard incubation medium (2&) containing: 120 mM KCl,

20 mM Tris-HCI pH 7.4, 3 mM KHPQ,, 8 mM MgCl,,

and 0.2% (wt/vol) BSA, with 0.5-1 mg of mitochon-
drial protein. The oxidizable substrates were succinate
(10 mM) or external NADH (up to 1.1 mM) in the pres-
ence of rotenone (2@M) to inhibit electron flux through
complex I. Succinate dehydrogenase was activated by
the 0.15 mM ATP. To titrate succinate oxidation increas-
ing concentration oh-butyl malonate (nBM), a compet-

In this study, we have investigated the state 3 respira- itive inhibitor of succinate uptake, was used. Titration of

tion using another reducing substrate (external NADH) at NADH oxidation was performed as described previously
various concentrations in order to modulate the Q redox varying NADH concentration in the presence of enzymatic
state. We have compared kinetics of the two ubiquinol- regenerating system (Hoefnagel and Wiskich, 1996). The
oxidizing pathways, the cytochrome pathway and the al- cytochrome pathway was inhibited with myxothiazol
ternative oxidase, for external NADH and succinate. These (up to 80M) or with cyanide (1.5 mM). The alterna-
kinetics (activities versus Q redox state) are independenttive oxidase (AOX) was activated with 0.6 mM GMP
ofthe reducing substrate that supplies the Q pool with elec- and inhibited with 1.5 mM benzohydroxamate (BHAM).
trons. However, the observation that the activities of the For state 3 measurements, 0.21 mM (pulse) or 1.6 mM
cytochrome and alternative pathways at a given Q redox (saturating) ADP was supplied. The total amount of oxy-
state are dependent on each other led us to propose newgen consumed during state 3 respiration was used for cal-
types of connections between the two oxidizing pathways culation of the ADP/O ratio. Values of Quptake are
different from the common-substrate sharing. Therefore, in nanomoles of O per minute per milligram of protein.

the optimum observed in the calculated contribution of the
cytochrome pathway might be linked to the AOX activity.
Onthe other hand, in order to evidence that the complex |

Redox state of ubiquinone in steady-state respira-
tion was determined by an extraction technique followed
by HPLC detection according to Van den Bergsnal.
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(1994). As previously found, endogenous ubiquinone 0.4 mM (Fig. 1(A), right partm). At higher NADH con-

in A. castellaniimitochondria is Q-9 (Jarmuszkiewicz centrations, a slight decrease is observed. With external
etal, 1998). For calibration of the peaks commercial Q-9 NADH as a single substrate, the respiratory rate increases
(Sigma) was used. A completely oxidized extract was ob- with the NADH concentration and reaches a saturation
tained during incubation in the absence of substrate usingvalue (Fig. 1(A), right partp). At any NADH concen-
evaporation/ventilation step, a completely reduced extract tration, the respiratory rates in the presence of 10 mM
was obtained upon anaerobiosis and in the presence ofsuccinate are higher than with NADH alone.

substrates (10 mM succinate or 1 mM NADH), 1.5 mM When the succinate-sustained BHAM-resistant res-
KCN and 1.5 mM BHAM. An inactive Q pool contains piration partially inhibited (around 50%) by myxothiazol,
ubiquinol that can never be oxidized and ubiquinone that an inhibitor of complex lll, is titrated with nBM, an un-

can never be reduced. expected stimulatory effect of nBM at low concentrations
is observed (Fig. 1(B), left partA). During succinate-

RESULTS sustained respiration in the presence of myxothiazol, in-
creasing concentration of NADH surprisingly decreases

Behavior of the BHAM-Resistant Respiration the respiratory rate (Fig. 1(B), right pas). In the ab-

in State 3 When the Ubiquinone Reduction Rate sence of succinate, NADH-sustained respiration in the

is Modulated: Effect of Myxothiazol presence of myxothiazol first increases with the increas-

ing NADH concentration, passes through a maximum and
In isolated mitochondria oA. castellanij the phos- then decreases (Fig. 1(B), right pat}, Except at a very
phorylating BHAM-resistant respiration (the cytochrome low NADH concentration, respiration with NADH alone
pathway activity in state 3) in the presence of 10 mM suc- is higher than with both substrates together (Fig. 1(B),
cinate ¢ rotenone) decreases when succinate uptake isright part). In the presence of myxothiazol, the maximal
inhibited by increasing concentration of nBM (Fig. 1(A), respiratory rate observed with NADH (Fig. 1(B), right
left part, A) and is enhanced by NADH additions up to part,o) is almost the same as that with succinate (Fig. 1(B),
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Fig. 1. BHAM-resistant state 3 respiration in isolatéd castellaniimitochondria oxidizing succinate and/or external
NADH. The assays were carried out in state 3 (with 1.6 mM ADP) in the presence of 1.5 mM BHAM, in the absence
(A) or presence (B) of 4&M myxothiazol (MX). Titrations of succinate (Succ) and NADH oxidation were performed
as described under “Materials and Methods.” Titrations with increasing NADH concentration (right part of (A) and (B))
in the absence)) and presenceal) of 10 mM succinate. Mitochondria oxidizing succinate titrated with nBA) (left

part of (A) and (B)). State 3 respiratory ratesz(MHam) are in nanomoles of O per minute per milligram of protein.

For each panel, shown data come from a single representative mitochondrial respiration.
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Fig. 2. Effect of myxothiazol concentration on BHAM-resistant state 3 respiration with succinate or external NADH.
Mitochondria were respiring in state 3 (with 1.6 mM ADP) in the presence of 1.5 mM BHAM and 20 or 40 oM80
myxothiazol (MX). Titrations of succinate (Succ) and NADH oxidation were performed as described under “Materials and
Methods.” (A) Succinate oxidation titrated with an increasing concentration of nBM. (B) Titrations with increasing NADH
concentration. For each comparison, shown data come from a single representative mitochondrial preparation. State 3
respiratory rates (¥;snam) are in nanomoles of O per minute per milligram of protein.

left part, A) suggesting that both maxima could have a served only inthe presence of myxothiazol, indicating that
common origin independent of the Q-reducing dehydro- the cytochrome reduction state is not responsible for the
genase and thereby be linked to the kinetics of the cy- maximum.
tochrome pathway. As in the presence of myxothiazol the Q pool could
The behavior of the phosphorylating cytochrome reach a higher reduction level, application of myxothiazol
pathway steady-state activity in response to variations of could make possible the observation of an optimum in res-
the Q pool redox state in the presence of myxothiazol, is piration followed by a decrease when the Q pool reduction
presented in Fig. 3(C). As expected from the results of level increases above an optimal value imposed by the ki-
Fig. 1(B), the respiratory rate passes through a maximum netics of complex Ill. Consistently, as shown in Fig. 2, the
for both respiratory substrates when the Q redox state isnBM (that decreases the Q reduction rate) concentration
modulated by nBM for succinate or by variation of the necessary to reach the optimum succinate-sustained respi-
concentration for NADH. ration increases with myxothiazol (that decreases thg QH
Surprising maxima in respiratory rates may be either oxidation rate) concentration (Fig. 2(A)) and the NADH
due to the kinetic properties of complex lll, including a (that increases the Q reduction rate) concentration neces-
decrease in activity when the ubiquinone pool becomes sary to reach the optimum NADH-sustained respiration
reduced enough (at low nBM concentration or at high increases when myxothiazol concentration is decreased
NADH concentration), or due to a substrate inhibition ki- (Fig. 2(B)). Thus, these maxima in respiration appear to
netics of complex IV by the reduced cytochrom@n that be linked to the kinetic properties of complex IIl.
case reduction level of cytochronedéncreases when the
nBM concentration decreases and when the NADH con- Steady State Kinetics of QH-Oxidase Activity
centration increases). In the case of substrate inhibition of in the Presence of BHAM or KCN: Comparison
complex IV, the same behavior would have been expectedBetween Succinate- and External

in the absence of complex Il (Qtytochromec oxi- NADH-Sustained Respiration
doreductase) inhibition by myxothiazol i.e. when higher
cytochromec reduction levels are reached. However, as If the redox state of the membranous Q pool is the

shown in Fig. 1, an optimum in respiration is clearly ob- only link between the substrate-Q oxidoreductase part
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(nonproton pumping) and the Qtbxidase partoftheres-  higher Q reduction levels to be reached and that the de-
piratory chain, the relationship between the Qbxidase crease in respiration occurs in this high reduction range
activity and the steady state, Qi ratio should be (above 80%).

independent of the kinetic parameters of the upstream A maximum in the contribution of the cytochrome
processes. Therefore, a unique relationship (rate versugpathway in state 3 respiration plotted versus Q redox state
Qred Quot) should be obtained using succinate or external has already been observed for a lower value Qf/Qot
NADH as respiratory substrate providing that diffusion of (Jarmuszkiewiczt al., 1998). However, these measure-
Q and QH be fast enough to insure homogeneity in the ments were performed in the presence of GMP and in the
membranous Q pool. Considering possible kinetic lim- absence of BHAM with succinate as oxidizable substrate.
itation by transmembrane diffusion of Q and @#&nd However, as demonstrated in Fig. 4, the presence of GMP
the known membranous topology of the enzyme catalytic has no significant influence on the kinetics of the BHAM-
sites, differences between two substrates (at fixed overallresistant cytochrome pathway. Then, in order to check a
Qred/ Qtot ratio) can be predicted. The complex Il activity —possible effect of BHAM on the cytochrome pathway ki-
(QH, oxidation on the cytosolic side of the inner mito- netics, the approach including determination of the two
chondrial membrane) would be favored (i.e. its £¥xi- oxidizing pathway contributions was tested with external
dation site would see a higher localized £ ratio) by NADH as oxidizable substrate.

external NADH (reducing Q on the cytosolic side) com-

pared with succinate (reducing Q on the matricial side).

In contrast, succinate would be a better substrate than ex-The Cytochrome and Alternative Pathway

ternal NADH for the alternative oxidase (Qtxidation Contributions in State 3 Respiration With External

on the matricial side of the membrane). NADH: ADP/O Measurements
As shown in Figs. 3(A) and (C), in the absence
or presence of myxothiazol, the behavior of the cy- Results obtained in the absence of GMP, the amoeba

tochrome pathway (the BHAM-resistant respiration) in AOX activator, are shown in Fig. 5. In this case, BHAM
state 3 versus the Q reduction level is not significantly dif- has no effect on the ADP/O ratio at any Q reduction level
ferent when the succinate-sustained respiration is titrated (Fig. 5(A)) suggesting that AOX is not engaged. In the
with nBM or when the NADH-sustained respirationis var- presence or absence of BHAM, a constant ADP/O value
ied by different NADH concentrations. In the absence of (1.3334 0.006, SD,n = 33) is observed for Q reduction
myxothiazol (Fig. 3(A)), comparison between substrates levels above 30%. The respiratory rate in state 3 (ér-
is possible only for Q4/Qiot Values below 40%. For higher  sus Q redox state (Fig. 5(B)) as well as the phosphorylation
Q reduction values, no influence of 10 mM succinate rate (ADP/Ox V3) versus Q redox state (Fig. 5(C)) are
on the relationship between respiratory rate and Q redox very similar with and without BHAM. Therefore, it can
state with increasing concentrations of NADH is observed be concluded that BHAM is not a direct effector of the
(Fig. 3(B)). Moreover, as shown in Fig. 3(D), the kinet- phosphorylating cytochrome pathway.
ics of the GMP-activated alternative oxidase (the KCN In the presence of GMP and BHAM, the ADP/O val-
resistant respiration) is also independent of the way the ues (Fig. 6(A),e) are the same as in the absence of GMP
Q redox state is modulated. Thus, the results presented(Fig. 5(A),e). Taking into account ADP/O values for Q re-
in Fig. 3 strongly suggest that the two concerned de- duction level above 33%, a mean value @328+ 0.014
hydrogenases have no direct interaction with either the (SD, n = 32) is found. Lower ADP/O values observed
complexes of the phosphorylating cytochrome pathway with GMP in the absence of BHAM (Fig. 6(A});) sug-
or with the alternative oxidase and that the link between gest that engagement of the nonphosphorylating alterna-
Q-reducing pathway(s) and Qkbxidizing pathway(s) tive pathway starts near 35% of the Q reduction level.
activities occurs through a single homogenous active Assuming that the ADP phosphorylated per atom
Q pool. of oxygen consumed by the cytochrome pathway
The relationships between respiratory rate and the ((ADP/O)y) is independent of AOX activity, the cy-
Q reduction level presented in Fig. 3 exhibit quite clas- tochrome pathway contribution ¢y) and the alterna-
sical profiles for both Qktoxidizing pathways, the cy-  tive pathway contribution (y;) can be calculated us-
tochrome and alternative oxidase pathways, except that ofing the ADP/O values in the absence (ADP/O) or
the cytochrome pathway partially inhibited with myxoth- presence ((ADP/Qkuam) of BHAM (Jarmuszkiewicz
iazol (Fig. 3(C)). When comparing Figs. 3(A) and (B) et al, 1998). Indeed, as & is identical to 4 x
with Fig. 3(C), it is evident that partial inhibition of  (ADP/O)/(ADP/O),;where \4is the total respiratory rate
the BHAM-resistant respiration by myxothiazol allows (V¢ + Var), the calculated contributions @( and \5,)
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Fig. 3. Respiration as a function of quinone reduction level with succinate and/or external NADH. State 3 respiration
(1.6 mM ADP) in the presence of 1.5 mM BHAM, in the absence (A), (B) or presence (C)ofMfyxothiazol (MX).

(D) cyanide-resistant respiration in the presence of 1.5 mM KCN and 0.6 mM GMP. Level of Q reduction was varied by
titrations of succinate and NADH oxidation as described under “Materials and Methods.” For each comparison, shown
data come from a single representative mitochondrial preparation. The asterisks correspond to values of completely
oxidized and reduced&/Qiot. Respiratory rates (V) are in nanomoles of O per minute per milligram of protein.

will be obtained as follows: The validity of these relationships does not require ho-
mogeneity within the Q pool as far as (ADP/@)am IS
Ve —V ADP/O d \E = V. Ve independent of the Q redox state. However, if the Q pool is
ot = Ve X (ADP/O), gram an alt = Y37 Yot homogenous, as suggested by the results reported in Fig. 3,

Q) the actual Vi, and V,; contributions should also be equal
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700 . . . . shown that BHAM enhances the ADP phosphorylation in
5 ] the 60—70% Q reduction range (Fig. 6(C)) while it had no
600 | ﬁ | such effect in the absence of GMP (Fig. 5(C)). Therefore,
it appears that for this high Q reduction level (without
[ 4 1 BHAM, with GMP, Fig. 6) the increase in AOX activity
500 - ] is accompanied by a decrease in the cytochrome path-
- A 1 way activity or in the (ADP/Q), ratio (i.e. intrinsic ratio
400 - . of the cytochrome pathway). It must be stressed that if
i ] (ADP/O);gHawm is higher than (ADP/Qy, the calculated
300 A | AOX contribution (Eqg. 1) would be an overestimate of
the true one. Then, the difference between the true AOX
contribution and the KCN-resistant respiration would be
200 T higher than the already important difference shown in
- 1 Fig. 6(C) (i.e. the difference between calculated AOX con-
100 | ADH i tribution and the KCN-resistant respiration). Moreover,
A noGMP ] KCN does not activate respiration when the cytochrome
A +0.4mM GMP . . i . . .
0 , , , ’ pathway is fully inhibited by a mixture of antimycin and
0 20 40 60 80 100 myxothiazol (data not shown) excluding a stimulation of
Qred/Qtot (%) AOX by KCN.
Therefore, as KCN is not a direct effector of AOX

V3 +BHAM

Fig. 4 Effect ofGMP on the c_ytochrome pathway activity asafunctl_on and as BHAM is not a direct effector of the Cytochrome
of quinone reduction level with external NADH as a substrate. Mito-

chondria were respiring in the presence of 1.6 mM ADP (state 3 respi- pathway, bUt_ as_ r!e_vertheless the inhibitors ha\{e an effect
ration), 1.5 mM BHAM and the absence or presence of 0.6 mM GMP. through the inhibition of one pathway on the kinetics of
To vary Q reduction level titration of NADH oxidation was performed  the other pathway, the kinetic parameters determining the
as described under “Materials and Methods.” Data deal with a single steady_state activities at a given Q reduction |eve|, for
representative mitocho_nc_irial preparation. The asterisks cor_respond tothe ADP phosphorylation sustained by the Cytochrome
values of completely oxidized and reducedd@iot. State 3 respiratory pathway on the one hand, and for the alternative oxidase

rates (Ms+sHam) are in nanomoles of O per minute per milligram of i
protein. on the other hand, are not fully independent of each other.

to Viguam and Viken respectively, when taken at the DISCUSSION
same Q4 Qo ratio. Furthermore, the ADP phosphoryla-

tion rate at fixed @4/Qiot Should be BHAM-insensitive. According to the protonmotive Q cycle mechanism
Figure 6(B) shows the calculated contributions of cy- of the cytochromédc; complex (complex 1l1), reduction
tochrome and alternative pathway /¢, andA, Vg, to- of cytochromee by QH, requires the reduction of one Q at
gether with the total respiratiom), the BHAM-resistant ~ centeii (inner side of the membrane) for two @bixidized
respiration ¢) and the KCN-resistant respiratiom)(for at centero (outer side of the membrane) (Trumpower,

NADH as a substrate, in the presence of GMP. Unex- 1990). Owing to the autocatalytic character of this process,
pected differences are clearly visible at Q reduction levels the reaction rate should pass through a maximum and de-
higher than 60%. Namely, for both Qkbxidizing path- crease whenthe Q pool becomes highly reduced. However,
ways, at a given Q4Qiot Value, the calculated activities  this may be difficult to evidence if the affinity of center

are below the activities measured when the other pathwayfor Q is very high. Moreover, as the crystal structure of
is inhibited (i.e. \gyt < Vignaw and Vg, < Viken) and the dimericbc; complex exhibits two large cavities each
the total respiration (\gnuawm) is lower than the sum of the  connecting the centerof one monomer to the centeof

two inhibitor-resistant respiration (Mnam + Viken) in- the other (Ywet al.,, 1998), a single ubiquinone may cycle
dicating that at least one of them must be different from the within the complex decreasing the need for ubiquinone in
contribution it should represent. On the other hand, the cal- the membranous bulk pool. Strong evidence in favor of
culated cytochrome pathway contributiorf()ydecreases  the Q cycle mechanism is reported here for the first time
with Qred/Qtot increasing from 70 to 80% (Fig. 6(B)). As  in experiments where steady-state respiration exhibits an
shown in Fig. 6(C), a decrease occurs in the unquestion-optimum in the presence of BHAM (Fig. 1(B), 2, 3(C)).
able phosphorylation rate in the absence of BHAM when In order to reach a range of,QQ: ratio high enough

the alternative pathway is activated by GMP. It is also (>80%) to observe a decrease in the respiratory rate in the
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Fig. 5. ADP/O ratio (A), respiratory rate (B), and phosphorylation rate (C) as functions of quinone reduction level. Effect
of BHAM in the absence of GMP. State 3 respiration measurements were made with pulsdRADP, in the absence

or presence of 1.5 mM BHAM with NADH as substrate. Level of Q reduction was varied by titration of NADH oxidation as
described under “Materials and Methods.” Data deal with a single representative mitochondrial preparation. The asterisks
correspond to values of completely oxidized and reduced@Qot. State 3 respiratory rates §/are in nanomoles of

O per minute per milligram of protein.

presence of BHAM (when AOX activity is blocked) a par- Following the currently used kinetic approach de-
tial inhibition of complex Il by myxothiazol is necessary. scribed by Van den Bergeet al. (1994), the cyanide-
Inthe absence of myxothiazol, a decrease in the phos-resistant respiration at a given Q redox state could be
phorylation rate is observed when.@Q:: exceeds 70%  tentatively considered as the AOX contribution in unin-
in the presence of GMP and in the absence of BHAM i.e. hibited respiration. Accordingly, the cytochrome pathway
when the alternative pathway can contribute to respira- contribution would be the difference between the unin-
tion (Fig. 6(C)). This decrease might be attributed to the hibited respiration and the cyanide-inhibited respiration
Q cycle mechanism of complex Ill. However, the kinetic both measured at the same reduction of the Q pool. As
behavior of the cytochrome pathway appears to be influ- reported in Fig. 7(B), this putative cytochrome pathway
enced by the alternative pathway activity arnde versa contribution starts decreasing dramatically at 60% Q re-
Indeed, for a given Q4/Qi: value, (i) the total respira-  duction level. The ADP/O ratio of the phosphorylating
tory rate is lower (instead to be equal) than the sum of pathway (the phosphorylation rate divided by the rate
the BHAM-resistant respiration and KCN-resistant respi- of putative O consumption of the cytochrome pathway,
ration (Fig. 6(B)) and (ii) the phosphorylation rate in the Jp/(V-V,kcn)) would increase with the @yQ ratio as
absence of BHAM is lower (instead to be equal) than that shown in Fig. 7(A). However, the unlikely high values
in the presence of BHAM (for Q reduction level between reached by this putative (ADP/g)) ratio invalidate the
60 and 70%, Fig. 6(C)). The cytochrome and alternative kinetic approach of Van den Bergen al. (1994) in the
pathway inhibitors (KCN and BHAM, respectively) are case of amoeba mitochondria, demonstrating that the true
not directly responsible for these unexpected inequalities AOX-contribution cannot be equal to (or higher than)
which appear to be related to the engagement of the alter-the cyanide-resistant respiration. Consequently and un-
native pathway as suggested by the comparison of ADP/O expectedly according to Van den Bergenal. (1994),
values in the presence and absence of BHAM (Fig. 6(A)). inhibition of the cytochrome pathway by cyanide is
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Fig. 6. ADP/O ratio (A), respiratory rate (B), and phosphorylation rate (C) as functions of quinone reduction level in the
presence of GMP. State 3 respiration measurements were made with pulse ARMRi0the presence of 0.6 MM GMP,
in the absence or presence of 1.5 mM BHAM, in the absence or presence of 1.5 mM KCN with NADH as substrate. To vary

Q reduction level, titration of NADH oxidation was performed as described under “Materials and Methods.” Calculations

of ngt and \§,, were performed according to Eq. 1. Data deal with three similar mitochondrial preparations. The asterisks

correspond to values of completely oxidized and reduced@Qot. Respiratory rates (V) are in nanomoles of O per minute
per milligram of protein.

accompanied by an increase in the alternative pathway This new type of interplay described above between
activity at a given Q4Qt. This AOX activation could the two QH-oxidizing pathways at fixed Qfpoise may
suggest a local increase in the ubiquinol poise, but this be explained either by an indirect connection or by a direct
cannot be the case. Indeed, site of Q@idation in the cy- interaction between the two pathways. Considering indi-
tochrome pathway is localized near the external face of the rect connection, two complementary hypotheses should be
mitochondrial inner-membrane (centeof complex I1). made as follows: (i) activation of the alternative oxidase in
Therefore, the cytochrome pathway inhibition might be the KCN-inhibited mitochondria (i.e. higher,\cny com-
accompanied by an increase in the Q reduction level on pared to \4; atthe same given@/Qt value, Fig. 6(C)) is
the external face of the membrane butalso, as the measuredlue to a high sensitivity of AOX to the matricial pH which
overall Q reduction level is kept constant, by a decrease of is lower when the cytochrome pathway proton pumps are
the Q reduction level on the matricial face that could de- inactive and (ii) activation of the oxidative phosphoryla-
crease the AOX activity because the gdxidation site of tion in the BHAM-inhibited mitochondria (observed as
AOX s localized on the matricial side (Mooeg¢al., 1995). higher phosphorylating rate in the presence of BHAM
For the same topological reasons, kinetic compartimenta-compared to that in the absence of BHAM at the same
tion within the Q pool (due to a slow transmembrane diffu- given Qed/Qot Value, Fig. 6(C)) is due to the decrease in
sion) cannot cause an increase in the cytochrome pathwaya H" leak pathway which is linked to the AOX activity.
activity when AOX is inhibited by BHAM and conse- Then, the AOX contribution to the total respiration cal-
quently cannot explain the increase observed in the phos-culated using ADP/O values §yin Fig. 6(B)) would be
phorylation rate with BHAM addition (Fig 6(C)). Fur- a sum of a leak-sustained contribution of the cytochrome
thermore, the results shown in Fig. 3 are in favor of an pathway and the actual AOX contribution to respiration.
homogenous reduction level in the active Q pool. A decrease in the actual cytochrome pathway contribution
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The main conclusions emerging from this work are
the following: (i) The cytochroméc, complex ofAcan-
thamoeba castellaniitochondria seems to follow a pro-
tonmotive Q cycle mechanism in which Q cycling occurs,
atleast in part, via the membranous Q pool. (ii) The mem-
branous active Q pool appears to be homogenous. (iii) The
cytochrome and alternative pathways do not simply share
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s00k [2 V-Veron 1 the same substrate (ubiquinol) because other links be-
A Viken tween the two pathways result in diminished individual

- 1 activities (i.e. respiration through AOX and phosphoryla-
400 |- i tion sustained by the cytochrome pathway) if compared

i N 1 other pathway is blocked. Direct or indirect interactions

5 300 . can be responsible for this phenomenon.
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to those obtained at the same Q reduction level when the
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