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Abstract

In Acanthamoeba castellanii mitochondria, the apparent affinity values of alternative oxidase for oxygen were much lower than those for

cytochrome c oxidase. For unstimulated alternative oxidase, the KMox values were around 4–5 AM both in mitochondria oxidizing 1 mM

external NADH or 10 mM succinate. For alternative oxidase fully stimulated by 1 mM GMP, the KMox values were markedly different when

compared to those in the absence of GMP and they varied when different respiratory substrates were oxidized (KMox was around 1.2 AM for

succinate and around 11 AM for NADH). Thus, with succinate as a reducing substrate, the activation of alternative oxidase (with GMP)

resulted in the oxidation of the ubiquinone pool, and a corresponding decrease in KMox. However, when external NADH was oxidized, the

ubiquinone pool was further reduced (albeit slightly) with alternative oxidase activation, and the KMox increased dramatically. Thus, the

apparent affinity of alternative oxidase for oxygen decreased when the ubiquinone reduction level increased either by changing the activator

or the respiratory substrate availability.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The mitochondrial respiratory chain of the amoeba

Acanthamoeba castellanii, a non-photosynthetic amoeboid

protozoon, like that of plant mitochondria, possesses both

cyanide- and antimycin-resistant alternative oxidase (AOX)

and conventional cytochrome c oxidase [1,2]. Furthermore,

A. castellanii and higher plants share other common features

at the level of the respiratory chain of the inner mitochon-

drial membrane, such as the presence of the non-phosphor-

ylating rotenone-insensitive internal (matricial face) and

external (cytosolic face) NADH dehydrogenases [1,3,4].
0005-2728/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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Abbreviations: AOX, alternative oxidase; BHAM, benzohydroxamate;

KMox, apparent Michaelis constant of oxygen; Vmax, apparent maximal

velocity; Q or Qox, ubiquinone; Qred or QH2, ubiquinol; Qtot, total

endogenous pool of ubiquinone in the inner mitochondrial membrane

(Qox+Qred); Qred/Qtot, reduction level of the ubiquinone pool
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As in higher plant mitochondria, the alternative pathway

of amoeba mitochondria branches from the main respiratory

chain at the level of ubiquinone (Q), and electron flux

through AOX is not coupled to ADP phosphorylation.

While in plant mitochondria the activity of AOX is

stimulated by a-keto acids and regulated by the redox state

of the intermolecular disulfide bond (the reduced state is

more active) [5–7], these regulations do not apply to AOX

in amoeba mitochondria [8]. The amoeba cyanide-resistant

AOX is strongly stimulated by purine nucleoside 5V-mono-

phosphates AMP, GMP and IMP [1,9]. A similar effect of

purine mononucleotides on the cyanide-resistant alternative

pathway has also been observed in other protists and some

primitive fungi [10–17]. Despite important differences

between plant and amoeba AOX at the level of regulation,

monoclonal antibodies developed against Sauromatum

guttatum cross-react with the oxidase protein of A.

castellanii mitochondria [8], as they do with proteins of a

wide range of thermogenic and non-thermogenic plant

species, some fungi, and trypanosomes [5,6]. This indicates
cta 1708 (2005) 71–78
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that the AOX protein is well conserved throughout various

species.

The development of techniques for the Q redox poise

measurement in isolated mitochondria [18–20] has led to a

better understanding of the kinetics of electron transport

between the Q pool and AOX. In plant mitochondria as well

as in A. castellanii mitochondria, the cyanide-resistant

electron flux through AOX displayed a non-linear relation-

ship with the redox state of Q, increasing non-linearly with

higher levels of Q reduction [19,21]. In A. castellanii

mitochondria, a similar relationship was found for the

kinetics of AOX contribution versus Q reduction level

determined with the ADP/O method when the cytochrome

pathway was active in state 3 respiration [22]. Our previous

results have indicated that in isolated A. castellanii

mitochondria, the binding of the purine nucleotide (GMP),

the redox state of Q as well as the matrix pH, collaborate to

set the activity of GMP-stimulated AOX [21–23]. The

activation mechanism of non-plant type AOX by GMP is

not yet well characterized. In our previous work, we have

proposed a model explaining the pH-dependence of GMP

stimulation of A. castellanii AOX that implicates proto-

nation/deprotonation processes at the level of ligand (at one

hydroxyl of GMP) and protein (at two conserved histidines

of the N-terminal domain of GMP-dependent oxidases) with

an optimum pH at 6.8 [23].

In non-plant mitochondria of eukaryotic microorganisms

possessing AOX, an accurate determination of its oxygen

affinity has not yet been reported. In plant mitochondria, the

apparent affinity of AOX for oxygen was found to be lower

than that of cytochrome oxidase. Depending on the method

of determination used, the apparent KMox values of plant

AOX were found between 0.5–2 AM [24,25] and 10–20 AM
[26]. In addition, the affinity of plant AOX for oxygen

decreased as the Q pool became more reduced [26].

In this paper, we present an accurate estimation of the

oxygen affinity of AOX in A. castellanii mitochondria,

obtained using high-resolution respirometry, and compare it

with the cytochrome oxidase oxygen affinity. The apparent

KMox of the amoeba AOX was determined under different

conditions, i.e., when the Q redox state was varied by

dehydrogenase activity or GMP concentration titrations in

isolated mitochondria oxidizing NADH or succinate. The

effects of GMP on the dependence of AOX activity and the

affinity for oxygen on the Q redox state were studied.
2. Material and methods

2.1. Cell culture and mitochondrial isolation

The soil amoeba A. castellanii, strain Neff, was cultured

as described by Jarmuszkiewicz et al. [8]. Trophozoites of

amoeba were collected 22–24 h following inoculation at the

middle exponential phase (at a density of about 2–4�106

cells/ml). Mitochondria were isolated and purified on a self-
generating Percoll gradient (31%) as described earlier [8].

Mitochondrial protein concentration was determined by the

biuret method with bovine serum albumin (fraction V) as a

standard.

2.2. Assay procedures

Oxygen uptake was measured polarographically using an

oxygen electrode (Hansatech, UK) in 1.4 ml of standard

incubation medium (25 8C) containing: 120 mM KCl, 20

mM Tris–HCl pH 7.4, 3 mM KH2PO4, 8 mM MgCl2 and

0.2% (w/v) BSA, with 0.5–1 mg of mitochondrial protein.

The oxidizable substrates were succinate (10 mM) or

external NADH (up to 1.1 mM) in the presence of rotenone

(4 AM) to block electron input from complex I. Succinate

dehydrogenase was activated by 0.15 mM ATP. To titrate

succinate (10 mM) oxidation, an increasing concentration of

n-butyl malonate, a competitive inhibitor of succinate

uptake, was used. The titration of NADH oxidation was

performed as described previously, varying the NADH

concentration (0.03–1 mM) in the presence of the enzymatic

regenerating system [27]. For state 3 measurements, 1.6 mM

ADP was supplied. The cytochrome pathway was inhibited

with cyanide (1.5 mM). The alternative oxidase was

activated with up to 1.1 mM GMP and inhibited with 1.5

mM benzohydroxamate (BHAM). Values of O2 uptake are

in nmol O2�min�1�mg�1 protein. In A. castellanii

mitochondria, no correction of respiratory rates is needed,

as there is no residual rate in the presence of inhibitors of

both AOX and the cytochrome c oxidase.

The membrane potential of mitochondria was measured

simultaneously with oxygen uptake using a tetraphenyl-

phosphonium-specific electrode according to Kamo et al.

[28]. For the calculation of the membrane potential value (in

mV), the matrix volume of amoeba mitochondria was

assumed as 2.0 Al�mg�1 protein.

The redox state of ubiquinone (Qred/Qtot) in steady-state

respiration was determined by an extraction technique,

followed by HPLC detection according to Van den Bergen

et al. [20]. As previously determined, endogenous quinone in

A. castellanii mitochondria is Q-9 [22]. For the calibration of

the peaks, commercial Q-9 (Sigma) was used. A completely

oxidized extract was obtained during incubation in the

absence of substrate using the evaporation/ventilation step.

A completely reduced extract was obtained upon anaerobio-

sis and in the presence of substrates (10 mM succinate or 1

mM NADH), 1.5 mM KCN and 1.5 mM BHAM.

2.3. O2-affinity measurements

The determination of KMox and Vmax was performed with

the high-resolution respirometry Oroboros Oxygraph and

DatLab Software (Oroboros, Innsbruck, Austria) that

provides a routine approach to oxygen kinetics of isolated

mitochondria [29,30]. This approach secures high time

resolution, background correction and internal correction for
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zero signal drift that are critical for oxygen kinetics. The

oxygen range can be selected for non-linear fitting and a

hyperbolic function is calculated to obtain the oxygen

pressure at half-maximum flux, p50, and maximum flux,

Jmax, which are used to calculate KMox and Vmax,

respectively. The incubation medium was the same as for

standard oxygen consumption measurements, except that

the volume of the medium was 2 ml and 0.3–0.5 mg of

mitochondrial protein was used.
3. Results and discussion

3.1. Oxygen affinity of the cytochrome and alternative

oxidases in A. castellanii mitochondria

Accurate measurements of respiration at low oxygen

concentrations and determination of apparent affinity for

oxygen and apparent maximal respiratory velocity were

made with high-resolution respirometry [29,30]. The appa-

rent maximal respiratory velocity (Vmax) values calculated

from non-linear fitting and the hyperbolic function of

oxygen pressure corresponded very closely to the maximum

steady-state rates measured simultaneously by the oxygraph.

For measurements of cytochrome pathway respiration,

1.5 mM BHAM was added to inhibit AOX. Measurements

of the apparent affinity of cytochrome c oxidase for oxygen

in isolated A. castellanii mitochondria gave values (Table 1)

that were not significantly different from the values cited
Table 1

The apparent maximal velocity (Vmax) and the oxygen Michaelis constant

(KMox) of respiration via the cytochrome c and alternative oxidases in A.

castellanii mitochondria

Conditions Vmax (nmol

O2/min/mg pr.)

KMox (AM)

COX

Succinate

No ADP 43.3F3.5 0.39F0.08

+1 mM ADP 160F8 0.52F0.11

NADH

No ADP 47.2F3.6 0.46F0.06

+1 mM ADP 182F10 0.56F0.06

AOX

Succinate

Unstimulated 13.2F2.5 5.11F0.31

1 mM GMP-stimulated 66.6F4.2 1.21F0.18

NADH

Unstimulated 15.4F2.6 4.91F0.41

1 mM GMP-stimulated 198F11 11.3F0.9

Succinate+NADH

Unstimulated 15.8F4 5.06F0.22

1 mM GMP-stimulated 218F13 12.5F1.0

Respiratory substrates were 10 mM succinate or/and 1 mM NADH. For

cytochrome c oxidase measurements, 1.5 mM BHAM was added. Where

indicated, 1 mM ADP was added to ensure phosphorylating (state 3)

respiration. For AOX measurements, 1.5 mM cyanide was added. Where

indicated, 1 mM GMP was supplied to ensure maximum activity. Mean

valuesFS.D. are given for 12 determinations with different mitochondrial

preparations.
previously for these mitochondria [31]. Apparent KMox

values did not differ considerably when different respiratory

substrates were oxidized. These values ranged from 0.39 to

0.56 AM oxygen both for mitochondria respiring in the

presence (state 3) or absence (state 4) of ADP. As shown in

Table 1, the apparent KMox values of cytochrome c oxidase

were found to be higher in phosphorylating mitochondria

(or uncoupled mitochondria, data not shown) compared to

those of mitochondria respiring in the absence of ADP (state

4). However, it can be concluded that in A. castellanii

mitochondria the cytochrome c oxidase has a low KM for

oxygen, although higher when compared with animal and

plant mitochondria (0.1–0.3 AM) [25,32,33].

In order to measure AOX mediated respiration, the

cytochrome pathway was inhibited with 1.5 mM KCN. In

A. castellanii mitochondria, the KMox values for AOX were

much higher than those for the cytochrome c oxidase (Table

1). For unstimulated AOX, KMox values ranged from 4.91 to

5.11 AM both in mitochondria oxidizing 1 mM external

NADH or 10 mM succinate (or both together, not shown).

However, in the case of AOX fully stimulated by 1mMGMP,

KMox values differed considerably in comparison with the

absence of GMP and varied when different respiratory

substrates were oxidized. Analysis of different sets of data

for cyanide-insensitive GMP-stimulated respiration gave the

apparent KMox of 1.21F0.18 AM and 11.3F0.9 AM, with

succinate and NADH as substrates, respectively. In A.

castellanii mitochondria simultaneously oxidizing succinate

and NADH, the observed KMox values (as well as Vmax

values) of unstimulated AOX were the same as for each

respiratory substrate alone (Table 1). Similarly, for the GMP-

stimulated AOX, the KMox and Vmax values did not

significantly differ either when with the two substrates were

oxidized simultaneously or with NADH alone. This indicates

that when mitochondria oxidized NADH alone or the two

substrates simultaneously, the AOX activity is saturated by

ubiquinol (QH2). With isolated plant mitochondria, the KMox

of AOX has been reported to be quite different for different

approaches, i.e., 0.5–2 AM [24,25] and 10–20 AM [26]. This

difference in the KMox values for plant alternative oxidases

does not seem to result from the plant material, the presence

of pyruvate (an activator of the plant AOX) or the used

respiratory substrate. However, it was observed that the KMox

varied with the redox poise of the Q pool [26].

As with the KMox values, the apparent Vmax values were

almost the same for unstimulated cyanide-resistant respira-

tion with both substrates (13.2–15.4 nmol O2�min�1�mg�1

pr.), and significantly different for GMP-stimulated cyanide-

resistant respiration when succinate (around 66 nmol

O2�min�1�mg�1 pr.) and external NADH (around 200

nmol O2�min�1�mg�1 pr.) were oxidized by A. castellanii

mitochondria (Table 1). The difference in the maximal

activity of A. castellanii AOX (at a high GMP concentration)

with different substrates has been already reported in our

previous studies [21]. However, in A. castellanii mitochon-

dria, AOX activity is independent of the reducing substrate
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that supplies the Q pool with electrons when presented versus

the Q redox state varied by substrate availability titration [21].

3.2. Effect of GMP on alternative oxidase activity and

affinity for oxygen

In order to elucidate the effect of GMP on A. castellanii

AOX activity and on the affinity for oxygen, we determined

the apparent affinity of cyanide-resistant respiration for

stimulation by GMP using an increasing concentration of

the nucleotide (Fig. 1). Fig. 1A shows the calculated

apparent maximal respiratory velocity as a function of

GMP concentration and Fig. 1B shows the calculated

apparent affinity for oxygen as a function of GMP

concentration, both for the cyanide-resistant AOX-mediated

respiration with a saturating concentration of succinate or

external NADH. Concentrations of GMP causing a half-

maximum effect on respiration and apparent affinity for

oxygen were similar for the given respiratory substrate,
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Fig. 1. The effect of GMP concentration on the cyanide-resistant AOX-

mediated respiration (the apparent maximal velocity, Vmax) (A) and on the

apparent Michaelis constant of oxygen (KMox) (B), in mitochondria

oxidizing 1 mM NADH or 10 mM succinate in the presence of 1.5 mM

cyanide.
although almost 3 times higher for NADH compared to

succinate. The S0.5 values for GMP, ranging from around

0.260 to 0.300 mM (for NADH) and from around 0.10 to

0.130 mM (for succinate), correspond to the GMP concen-

tration that induces 50% stimulation of AOX activity (Fig.

1A) and 50% modification of KMox (Fig. 1B). Thus, there

was a surprising difference between the AOX activity when

supplied with electrons from succinate dehydrogenase and

NADH dehydrogenase. Besides the difference in S0.5 values

for GMP, the different behavior of the apparent affinity for

oxygen was observed with the increasing concentration of

GMP. With succinate, the apparent KM of AOX for oxygen

decreased, while with NADH it increased, with the

increasing concentration of GMP and thereby with an

increasing maximal respiratory rate (Fig. 2). As it was

observed that in plant mitochondria the KMox of AOX

varied with the redox poise of the Q pool [26], it was

important to check how a reduction level of ubiqinone

influences the affinity of the oxidase for the second

substrate, i.e. oxygen in A. castellanii mitochondria.

3.3. Effect of GMP on the dependence of alternative oxidase

activity and affinity for oxygen on the ubiquinone redox

state

It is well established that AOX activity depends on the Q

redox state. Fig. 3A shows the relationship between AOX

activity (the cyanide-resistant respiration) and the Q redox

state in A. castellanii mitochondria oxidizing succinate or

NADH (at saturating concentrations) during GMP titration.

With increasing concentration of GMP (from 0.05 to 1.05

mM), an increase in the AOX activity was accompanied by

a decrease or no significant change in the Q reduction level

with succinate and external NADH, respectively. This

difference between the two substrates disappeared when

the apparent KMox values were plotted versus the Q redox

state that gave a single relationship (Fig. 3B). Namely, in A.

castellanii mitochondria at saturating concentrations of the
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two substrates, we observed that when changing the

availability of the AOX activator, the value of the KMox

varied with the Q redox poise. For more reduced Q (during
GMP titration with succinate as substrate), a larger KMox

was observed until around 76% of the Q reduction level that

is the maximal value of the Q pool reduction in the studied

A. castellanii mitochondria. This value was characteristic of

unstimulated AOX activity for both substrates. For a higher

activity of AOX that can be reached with NADH in the

presence of GMP, a further increase of the KMox value with

increasing concentration of GMP occurred with no detect-

able change in the Q reduction level, indicating a very steep

dependence of KMox on the Q redox poise under these

conditions. The increase in the KMox value with a higher Q

reduction level has been reported previously for plant AOX

[26]. However, the interpretation of data presenting the

calculated apparent KMox value versus the Q reduction level

depends on the constancy of the redox state of the

ubiquinone pool over the course of the reaction. The redox

poise of the Q pool measured using the voltametric method

[18] was found to remain constant until just before the

reaction reached anaerobiosis during the measurement of the

oxygen KM [26]. Following this observation, we assume no

appreciable change of the Q reduction level during the

course of the reaction when the concentration of oxygen is

decreasing, in our experimental conditions. Moreover, in the

applied method of determination of the A. castellanii AOX

KMox value, based on non-linear fitting, all rate measure-

ments were taken at oxygen concentration (above 3 AM)

when the Q pool reduction should remain unchanged [26].

3.4. Effect of ubiquinone-reducing pathway activity on

alternative oxidase activity and affinity for oxygen and

their dependence on the ubiquinone redox state

As shown in Figs. 4 and 5, in the absence or presence of

1.05 mM GMP, the behavior of AOX is not significantly

different when the two titrations of Q-reducing pathway
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activity (with succinate or external NADH) are compared.

The substrate dehydrogenase activity was varied by titration

of cyanide-resistant succinate-sustained respiration with n-

butyl malonate or by titration of the cyanide-resistant

NADH-sustained respiration with different NADH concen-

trations. Data presenting the effect of Q-reducing pathway

activity on AOX activity and affinity for oxygen (Fig. 4)

and their dependence on the Q redox state (Fig. 5A and B)

gave single relationships with respect to succinate and

NADH (for the same conditions minus or plus GMP),

indicating that the two concerned dehydrogenases have no

direct interaction with AOX and that the link between the Q-

reducing pathway and QH2-oxidizing pathway (AOX)

activities occurs through a single homogenous active Q

pool. This is in agreement with our previous results obtained

for A. castellanii AOX activity in state 3 respiration, when

the cytochrome pathway was active [21].

Fig. 5A shows that the A. castellanii AOX activity (both

unstimulated and GMP-stimulated) increased non-linearly

with higher levels of Q reduction altered with variation in

respiratory substrate availability as observed for plant AOX

[19]. In the absence or presence of a high GMP concen-

tration, the KM of AOX for oxygen decreased with the

lowering of dehydrogenase activity, thereby with lowering

of the AOX activity and the redox poise of the Q pool alike

(Figs. 4, 5B). As in Fig. 3B, the highest KMox values were

obtained for NADH oxidation at high respiratory substrate

concentration and in the presence of a high concentration of

GMP, i.e., under conditions that gave the highest activity of

AOX, however, at the maximal, unchangeable range of the

Q reduction level (Fig. 5B).

3.5. Regulation of A. castellanii alternative oxidase:

interplay between substrates and activator

The activation mechanism of non-plant type AOX

(including A. castellanii AOX) by GMP is not yet well

characterized. At present, direct evidence that GMP binds to

AOX protein to stimulate its activity has not yet been

obtained. However, a clear indication can be found in Fig.

5A, which demonstrates that in A. castellanii mitochondria,

for a given Q reduction level, GMP increases the apparent

maximal rate of AOX.

In A. castellanii mitochondria, the AOX activity and

affinity for oxygen are independent of the reducing substrate

that supplies the Q pool with electrons both in the presence or

absence of GMP when compared to a given Q redox state

(Figs. 3 and 5). When the Q reduction level decreases either

by changing the activator (Fig. 3B) or respiratory substrate

(Fig. 5B) availability, the KMox decreases. Moreover, the

KMox versus Qred/Qtot relationships (Figs. 3B and 5B)

obtained in both cases are very close together. Thus, titration

results suggest that GMP and oxygen binding to AOX are

independent. In other words, the KMox of AOX might not be

affected directly by the presence or absence of GMP, but

rather GMP affects the Q reduction level, which in turn



∆ψ
 (

m
V

)

180

mito

GMP

BHAM

32

49

40

160

130

100
2 min

20
0 

nm
ol

 O

Fig. 6. The effect of GMP on oxygen consumption and membrane potential

(DW) in mitochondria oxidizing NADH (at not saturating concentration) in

the absence of cyanide. The concentration of NADH (0.03 mM) was

maintained by the enzymatic regenerating system. The measurement was

performed in the presence of 4 AM rotenone in the incubation medium.

Additions (where indicated): 1 mM GMP, 1.5 mM BHAM. Numbers on the

trace refer to oxygen consumption rates in nmol O2�min�1�mg�1 protein.

W. Jarmuszkiewicz et al. / Biochimica et Biophysica Acta 1708 (2005) 71–78 77
affects the KMox. As a consequence, the KMox increase with

increasing concentration of GMP during NADH oxidation

(Fig. 1B) should be due to a slight (undetectable, Fig. 3B)

increase in the Q reduction that could occur only if GMP

activates the external NADH dehydrogenase. For an appa-

rently maximal Q reduction level (around 76%), unstimulated

andGMP-stimulated AOX activities yield two differentKMox

values (5 and 12, respectively) (Fig. 3B), suggesting that

GMP has a direct effect on the AOX affinity for oxygen.

However, the possible activation of external NADH dehy-

drogenase by GMP (see section 3.6) might lead to a higher Q

reduction level (although not detectable in the range close to

maximum), and consequently to a higher KMox, following a

very steep dependence of KMox on the Q redox poise under

these conditions.

3.6. Possible activation of A. castellanii external NADH

dehydrogenase by GMP

The higher GMP concentration inducing a 50% stim-

ulation of AOX activity, observed with NADH compared to

succinate (Fig. 1A), supports the possibility that GMP

activates not only AOX but also external NADH dehydro-

genase in A. castellanii mitochondria. Fig. 6 reports an

experiment also consistent with the proposed hypothesis.

Namely, when mitochondria oxidized external NADH at a

low concentration (leading to low activity of external

NADH dehydrogenase), in the absence of inhibitors of

AOX and the cytochrome pathway, the addition of 1 mM
GMP resulted in a stimulation of oxygen uptake that was

accompanied by an increase in the membrane potential. The

increase in the membrane potential and subsequently

observed only partial inhibition of GMP-stimulated respira-

tion by benzohydroxamate indicates that the nucleotide

stimulates not only AOX but also the external NADH

dehydrogenase. Indeed, in the described conditions, the

GMP-activated NADH dehydrogenase would supply more

electrons to the cytochrome pathway and as a consequence

would lead to an increased membrane potential and

increased respiration, not sensitive to the AOX inhibitor.

However, these preliminary results are just a starting point

for the further studies necessary to elucidate the possible

activation of external NADH dehydrogenase in A. castella-

nii mitochondria.
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Communauté Wallonie-Bruxelles et la PologneQ. We thank

Dr Claudine Sluse-Goffart for a critical reading of the paper.
References

[1] L. Hryniewiecka, J. Jenek, J. Michejda, Cyanide resistance in soil

amoeba Acanthamoeba castellanii, in: G. Ducet, C. Lance (Eds.),

Plant mitochondria, Elsevier, Amsterdam, 1978, pp. 307–314.

[2] S.W. Edwards, D. Lloyd, Properties of mitochondria isolated from

cyanide-stimulated and -sensitive cultures of Acanthamoeba castella-

nii, Biochem. J. 174 (1978) 203–211.

[3] L. Hryniewiecka, Malate oxidation in mitochondria of Acanthamoeba

castellanii Neff, Bull. Soc. Sci. Lett. 25 (1986) 15–31.

[4] A.G. Rasmusson, K.L. Soole, T.E. Elthon, Alternative NAD(P)H

dehydrogenases of plant mitochondria, Annu. Rev. Plant Biol. 55

(2004) 23–39.

[5] D.A. Day, J. Whelan, A.H. Millar, J.N. Siedow, J.T. Wiskich,

Regulation of the alternative oxidase in plants and fungi, Aust. J.

Plant Physiol. 22 (1995) 497–509.

[6] G.C. Vanlerberghe, L. McIntosh, Alternative oxidase: from gene to

function, Annu. Rev. Plant Physiol. Plant Mol. Biol. 48 (1997)

703–734.

[7] J.N. Siedow, A.L. Umbach, The mitochondrial cyanide-resistant

oxidase: structural conservation and regulatory diversity, Biochim.

Biophys. Acta 1459 (2000) 432–439.

[8] W. Jarmuszkiewicz, A.M. Wagner, M.J. Wagner, M.J.L. Hrynie-

wiecka, Immunological identification of the alternative oxidase of

Acanthamoeba castellanii, FEBS Lett. 411 (1997) 110–114.

[9] S.W. Edwards, D. Lloyd, Changes in oxygen uptake rates, enzyme

activities, cytochrome amounts and adenine nucleotide pool levels

during growth of Acanthamoeba castellanii in batch culture, J. Gen.

Microbiol. 102 (1977) 135–144.

[10] T.K. Sharpless, R.A. Butov, An inducible alternative terminal oxidase

in Euglena gracilis mitochondria, J. Biol. Chem. 245 (1970) 58–70.

[11] L. Hanssens, H. Verachtert, Adenosine 5V-monophosphate stimulates

cyanide-insensitive respiration in mitochondria of Monilella tomen-

tosa, J. Bacteriol. 125 (1976) 829–836.



W. Jarmuszkiewicz et al. / Biochimica et Biophysica Acta 1708 (2005) 71–7878
[12] J. Doussiere, P.V. Vignais, AMP-dependence of the cyanide-insensi-

tive pathway in the respiratory chain of Paramecium tetraurelia,

Biochem. J. 220 (1984) 787–794.

[13] J. Vanderleyden, C. Peeters, H. Verachtert, H. Bertrandt, Stimulation

of the alternative oxidase of Neurospora crassa by nucleoside

phosphates, Biochem. J. 188 (1980) 141–144.

[14] S. Sakajo, N. Minagawa, Y. Yoshimoto, Effects of nucleotides on

cyanide-resistant respiratory activity in mitochondria isolated from

antimycin A-treated yeast Hansenula anomala, Biosci. Biotechnol.

Biochem. 61 (1997) 397–399.

[15] A.L. Umbach, J.N. Siedow, The cyanide-resistant alternative oxidases

from the fungi Pichia stipis and Neurospora crassa are monomeric

and lack regulatory features of the plant enzyme, Arch. Biochem.

Biophys. 378 (2000) 234–245.

[16] G. Milani, W. Jarmuszkiewicz, C.M. Sluse-Goffart, A.Z. Scheiber,

A.E. Vercesi, F.E. Sluse, Respiratory chain network in mitochondria

of Candida parapsilosis: ADP/O appraisal of the multiple electron

pathways, FEBS Lett. 508 (2001) 231–235.

[17] W. Jarmuszkiewicz, M. Behrendt, R. Navet, F.E. Sluse, Uncoupling

protein and alternative oxidase of Dictyostelium discoideum :

occurrence, properties and protein expression during vegetative life

and starvation-induced early development, FEBS Lett. 532 (2002)

459–464.

[18] A.L. Moore, I.B. Dry, J.T. Wiskich, Measurement of the redox state of

the ubiquinone pool in plant mitochondria, FEBS Lett. 235 (1988)

76–80.

[19] I.B. Dry, A.L. Moore, D.A. Day, J.T. Wiskich, Regulation of

alternative pathway activity in plant mitochondria: nonlinear relation-

ship between electron flux and the redox poise of the quinone pool,

Arch. Biochem. Biophys. 273 (1989) 148–157.

[20] C.W.M. Van den Bergen, A.M. Wagner, K. Krab, A.L. Moore, The

relationship between electron flux and the redox poise of the quinone

pool in plant mitochondria, Eur. J. Biochem. 226 (1994) 71–78.

[21] W. Jarmuszkiewicz, F.E. Sluse, L. Hryniewiecka, C.M. Sluse-Goffart,

Interactions between the cytochrome pathway and the alternative

oxidase in isolated Acanthamoeba castellanii mitochondria, J. Bio-

energ. Biomembr. 34 (2002) 31–40.

[22] W. Jarmuszkiewicz, C.M. Sluse-Goffart, L. Hryniewiecka, J.

Michejda, F.E. Sluse, Electron partitioning between the two branching
quinol-oxidizing pathways in Acanthamoeba castellanii mitochondria

during steady-state state 3 respiration, J. Biol. Chem. 273 (1998)

10174–10180.

[23] W. Jarmuszkiewicz, L. Hryniewiecka, F.E. Sluse, The effect of pH on

the alternative oxidase activity in isolated Acanthamoeba castellanii

mitochondria, J. Bioenerg. Biomembr. 34 (2002) 221–225.

[24] R. Douce, Mitochondria in higher plants, Structure, function and

biogenesis, Academic Press, New York, 1985, pp. 93–103.

[25] A.H. Millar, F.J. Bergersen, D.A. Day, Oxygen affinity of terminal

oxidases in soybean mitochondria, Plant Physiol. Biochem. 32 (1994)

847–852.

[26] M. Ribas-Carbo, J.A. Berry, J. Azcon-Bieto, J.N. Siedow, The

reaction of the plant mitochondrial cyanide-resistant alternative

oxidase with oxygen, Biochim. Biophys. Acta 1188 (1994) 205–212.

[27] M.H.N. Hoefnagel, J.T. Wiskich, Alternative oxidase activity and the

ubiquinone redox level in soybean cotyledon and Arum spadix

mitochondria during NADH and succinate oxidation, Plant Physiol.

110 (1996) 1329–1335.

[28] N. Kamo, N. Muratsugu, R. Hongoh, Y. Kobatake, Membrane

potential of mitochondria measured with an electrode sensitive to

tetraphenyl phosphonium and relationship between proton electro-

chemical and phosphorylation potential, J. Membr. Biol. 49 (1979)

105–121.

[29] E. Gnaiger, R. Steinlechner-Maran, G. Mendez, T. Eberl, R.

Margreiter, Control of mitochondrial and cellular respiration by

oxygen, J. Bioenerg. Biomembr. 27 (1995) 583–596.

[30] E. Gnaiger, B. Lassing, A. Kuznetsov, G. Rieger, R. Margreiter,

Mitochondrial oxygen affinity, respiratory flux control and excess

capacity of cytochrome c oxidase, J. Exp. Biol. 201 (1998)

1129–1139.

[31] D. Lloyd, H. Mellor, J.L. Williams, Oxygen affinity of the

respiratory chain of Acanthamoeba castellanii, Biochem. J. 214

(1983) 47–51.

[32] O. Barzu, M. Satre, Determination of oxygen affinity of respiratory

systems using oxyhemoglobin as oxygen donor, Anal. Biochem. 36

(1970) 428–433.

[33] S. Rawsthorne, T.A. LaRue, Metabolism under microaerobic con-

ditions of mitochondria from cowpea nodules, Plant Physiol. 81

(1986) 1097–1102.


	Substrate kinetics of the Acanthamoeba castellanii alternative oxidase and the effects of GMP
	Introduction
	Material and methods
	Cell culture and mitochondrial isolation
	Assay procedures
	O2-affinity measurements

	Results and discussion
	Oxygen affinity of the cytochrome and alternative oxidases in A. castellanii mitochondria
	Effect of GMP on alternative oxidase activity and affinity for oxygen
	Effect of GMP on the dependence of alternative oxidase activity and affinity for oxygen on the ubiquinone redox state
	Effect of ubiquinone-reducing pathway activity on alternative oxidase activity and affinity for oxygen and their dependence on the ubiquinone redox state
	Regulation of A. castellanii alternative oxidase: interplay between substrates and activator
	Possible activation of A. castellanii external NADH dehydrogenase by GMP

	Acknowledgements
	References


