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The Effect of pH on the Alternative Oxidase Activity
in Isolated Acanthamoeba castellaniMitochondria
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Mitochondria of Acanthamoeba castellaniiossess a cyanide-resistant GMP-stimulated ubiquinol
alternative oxidase in addition to the cytochrome pathway. In a previous work it has been observed
that an interaction between the two ubiquinol-oxidizing pathways exists in iAtaetstellaniimito-
chondria and that this interaction may be due to a high sensitivity of the alternative oxidase to matrix
pH. In this study we have shown that the alternative oxidase activity reveals a pH-dependence with
a pH optimum at 6.8 whatever the reducing substrate may be. The GMP stimulation of alternative
oxidase is also strongly dependent on pH implicating probably protonation/deprotonation processes
at the level of ligand and protein with an optimum pH at 6.8. The ubiquinone redox state-dependence
of alternative oxidase activity is modified by pH in such a way that the highest activity for a given
ubiquinone redox state is observed at pH 6.8. Thus pH, binding of GMP, and redox state of ubiquinone
collaborate to set the activity of the GMP-stimulated alternative oxidase in isédatedtellaniimito-
chondria. The high pH sensitivity of the alternative oxidase could link inactivation of the cytochrome
pathway proton pumps to activation of the alternative oxidase with acceleration of redox free energy
dissipation as a consequence.
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INTRODUCTION other common features at the level of the respiratory chain
such as a presence of the nonproton pumping rotenone-
The mitochondrial respiratory chain of anonphoto- insensitive internal (matrix side) and external (cytosolic
synthetic amoeboid protozodctanthamoeba castellanii  side) NADH dehydrogenases (Hryniewieakal., 1978).
possesses a cyanide- and antimycin-resistant ubiquinolAs in higher plant mitochondria, the alternative pathway
alternative oxidase in addition to the cytochromex- of amoeba mitochondria branches from the main respi-
idase (Edwards and Lloyds, 1978; Hryniewieaiaal, ratory chain at the level of ubiquinone (Q), and so the
1978). AmoebaA. castellaniiand higher plants share electron flux through alternative oxidase is not coupled
to ADP phosphorylation. While in plant mitochondria,
Key to abbreviations: AA, antimycin A; BHAM, benzohydroxamate;  the activity of alternative oxidase is stimulated by
FCCP, carbonyl cyanidp-trifluoromethoxyphenylhydrazone; state U,  keto acids and regulated by the redox state of the en-
uncoupled respiration; state 3, phosphorylating respiration in the pres- zyme (Valenberghe and MclIntosh, 1997), these regula-
a3 o, o emton et 1Y PrOperis co not concern the allemativ oidase in
(reduced ub’iquyinonqe versué total ubiqu’inone). ‘ amoeba mitoc_hondrig (‘JarmUSZkiewmzal'_’ 1997_)' The
'Department of Bioenergetics, Institute of Molecular Biology and @Moeba cyanide-resistant alternative oxidase is strongly
Biotechnology, Adam Mickiewicz University, Fredry 10, 61-701 Stimulated by purine nucleosideonophosphates AMP,
2Pozna:', Poland. _ o ~ GMP (the lowest Km of stimulation) and IMP (Edwards
Laboratow of Bloenerget|ps, Dep_grtment of'L|fe Sciences, I_r}sntute and Lloyds, 1978; Hryniewieclet al, 1978). A similar ef-
of Chemistry B6, University of lége, Sart Tilman, B-4000 kge, . . . .
fectof purine mononucleotides on the cyanide-resistant al-

Belgium. . . . .
3To whom correspondence should be addressed; e-mail: f.sluse@ ternative pathway was observed in other microorganisms.
ulg.ac.be. Euglena gracilis(Sharples and Butov, 197QYoniliella
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tomentosgHanssens and Verachtert, 197Hgurospora
crassa(Vanderleyderet al,, 1980),Paramecium tetrau-
relia (Doussiere and Vignais, 1984), ardansemula
anomalaSakajeet al,, 1997; Umbach and Siedow, 2000).
Monoclonal antibodies developed agairg&iuromatum
guttatuncross-react with the alternative oxidase protein of
A. castellaniimitochondria (Jarmuszkiewi&t al.,, 1997),

as they do in a wide range of thermogenic and nonther-

Jarmuszkiewicz, Hryniewiecka, and Sluse

in intact isolatedA. castellaniimitochondria using differ-

ent oxidizable substrates. This is the first attempt to de-
termine pH-dependence of the nonplant GMP-stimulated
alternative oxidase. We show that the pH optimum of the
alternative oxidase-mediated respiration is lower than that
of the cytochrome pathway and also that pH-dependence
of the alternative oxidase activity is directly related to the
binding of GMP on the alternative oxidase and to the redox

mogenic plant species, some fungi, and trypanosomesstate of ubiquinone.

(Valenberghe and Mcintosh, 1997), indicating that this
protein is well conserved throughout the species.
Besides the important difference at the level of

MATERIAL AND METHODS

regulation, the alternative oxidases of plants and microor- Cell Culture and Mitochondrial Isolation

ganisms (several fungi and protozoa) differ at the level
of their molecular organization (Joseph-Horne, 2001;

Soil amoeba. castellanij strain Neff, was cultured

Siedow and Umbach, 2000). The primary sequences ofas described by Jarmuszkiewiet al. (1997). Tropho-

the plant and fungal alternative oxidases differ mainly
in their N terminus. On the basis of protein sequence

zoites of amoeba were collected 48 h following inocu-
lation at the late exponential phase (at density 5-6

analysis and cross-linking studies, it is proposed that the 10f cells/mL). Mitochondria were isolated and purified

plant oxidase is dimeric and that the fungitype oxidase is

on a self-generating Percoll gradient (31%) as described

monomeric (Siedow and Umbach, 2000). There are two previously (Jarmuszkiewiczt al., 1997). Protein concen-
structural models that can be applied to the plant and tration was estimated by the biuret method (Goragdl,

fungitype oxidases. In the Siedow—Umbach—-Moore

model, the alternative oxidase is an integral membrane

1949).

protein with two transmembrane helices and part exposedOxygen Uptake

into the intermembrane space (Siedaw al., 1995).

In a more recent, now widely accepted model (the
Anderson—-Nordlund model), the alternative oxidase is
an interfacial membrane protein (matrix phase) without
any external part (Albunet al, 2002; Andersson and
Norlund, 1999; Bertholet al., 2000).

Oxygen uptake was measured polarographically with
a Rank Brothers (Cambridge, United Kingdom) oxy-
gen electrode in 3 mL of the medium (Z5) contain-
ing 120 mM KCI, 10 mM Tris/Cl, 5 mM MOPS, 5
mM MES, 3 mM KHPO;, 8 mM MgCl, and 0.2%

Recently, it has been observed that kinetic behav- BSA, with 1-2 mg of mitochondrial protein. The pH

ior of the alternative oxidase is influenced by the cy-
tochrome pathway activity and vice versaiincastellanii

mitochondria (Jarmuszkiewiczt al., 2002). This newly

observed type of interplay between the two ubiquinol-
oxidizing pathways could be explained either by a direct
interaction or by an indirect connection (not mutually ex-
clusive) between the two pathways. Considering the in-

values of the reaction medium were adjusted according
to experimental need. Exogenous NADH (1 mM), suc-
cinate (10 mM) plus rotenone (16M) plus 0.17 mM
ATP, and malate (10 mM) were used as respiratory sub-
strates. KCN (1.5 mM) or antimycin A (AA, 1,5g/mg of
mitochondrial protein) and benzohydroxymate (BHAM,
1.5 mM) were used as inhibitors of the cytochrome path-

direct connection, activation of the alternative oxidase in way and of alternative oxidase, respectively. To fully ac-
the cyanide-inhibited mitochondria at fixed @pbise has tivate the alternative oxidase, 0.8 mM GMP was added to
been proposed to be due to a high sensitivity of the alter- the incubation medium. Measurements were performed
native oxidase to the matrix pH which is lower when the in the absence (state 4) or presence (state 3) of 1.5 mM
cytochrome pathway proton pumps are inactive. This link ADP or in the presence of 1.aM carbonyl cyanide
between the two ubiquinol-oxidizing pathways may be p-trifluoromethoxyphenylhydrazone (FCCP, uncoupled
important for the cell physiology. Thus, it is particularly state, state U). Values of Qiptake are presented in nmol
relevant to study the pH-sensitivity @&. castellaniial- O x min~! mg~! protein.
ternative oxidase and the mechanisms responsible for this
sensitivity.

The aim of this work is to determine the pH-
sensitivity of the cyanide-resistant (or antimycin-resistant) The redox state of ubiquinone (Q) in steady-state
respiration, sustained by the alternative oxidase activity, respiration was determined by an extraction technique as

Redox State of Ubiquinone
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described previously (Van den Bergehal, 1994). To succinate
Qecrease the gbmumone redox state (Qred/Qtot), increas- I
ing concentration (10-30 mM) ofbutyl malonate (an in- o sate 4w BHAM
hibitor of succinate uptake) or decreasing concentration of w0 : , : | —e—+ken+amp |
—X—RCR x 100

NADH in the presence of enzymatic regenerating system

X
(Hoefnagel and Wiskich, 1996) was used, when succinate 2o+ x/x/x _ x
or external NADH was reducing substrates, respectively. E T -
200 -
RESULTS @ g
8 150 |
The influence of assay pH on amoeBa castel- SN \E
lanii respiration was studied in a pH range from 6.2 to oor ]
8.2 with respiratory substrates that differ in topology of = <
electron input into ubiquinone (i.e., from complex | or orog I T ]
internal rotenone-insensitive NADH dehydrogenase with \§\§ ]
malate, from complex Il with succinate (plus rotenone), %0 Y o8 72 78 50 84
and from external NADH dehydrogenase with exoge- external pH

nous NADH). The pH-dependence of benzohydroxam- _ ) ) ) .

. . - L Fig. 1. pH-dependence profile of cyanide-resistant respiration and
ate (BHAM)-resistant, cyanide-sensitive respiration, rep- BHAM-resistant respiration in amoeba mitochondria. Respiration with
resenting the cytochrome pathway-mediated respiration 10 mm succinate (plus rotenone) in state 4 (no ADP), in state 3 (in the
was determined with mitochondria respiring in resting presence of 1.5mM ADP), or in uncoupled state (state U, in the presence
sate (sate 4 in he absence of added ADP). In phos-H L1 0T e e
phorylating state (state 3, in Fhe preser\ce of ADP), anq n cated. Respiratory control ratio (R‘CR, state 3/state 4 respiration) is given
uncoupled state when the mitochondrial, electrochemical ;¢ 100, values of @ uptake are presented in nmolOmin—t mg-*
gradientwas collapsed by a protonophore, FCCP. For eaChprotein. Each set of data represents the mean of 3-5 experiments.
type of substrate, as shown in Fig. 1 with succinate (plus
rotenone) as an example, almost the same pH-dependent
respiratory rate profile was observed in the phosphorylat- close to the external (assay) pH as thegdimps of the cy-
ing and uncoupled states, indicating that the electron flux is tochrome pathway are inactive. Thus, the assay-pH depen-
essentially controlled by the respiratory chain capacity at dence of the cyanide-resistant respiration (the alternative
each tested pH. Profiles of states 4 and 3 respiration versuoxidase activity) could actually represent the sensitivity of
pH are such that respiratory control ratio remains constant alternative oxidase to matrix pH. As shown for succinate
(2.56+ 0.1, SD,n = 7) within the pH range. These ob- (plus rotenone) as an example (Fig. 1), for all three sub-
servations mean that the pH-dependence observed for thestrates (data not shown), the pH optimum of the unstim-
BHAM-resistant cyanide-sensitive respiration character- ulated and GMP-stimulated alternative oxidase-mediated
izes mainly the cytochrome pathway as it is independent respiration was at 6.8. This identical pH optimum with the
of the electron source (i.e., reducing paths through differ- three substrates means that it is a property of the ubiquinol
ent dehydrogenases) and the energized state of mitochonexidizing step, i.e., alternative oxidase only. To exclude the
dria. The highest cytochrome pathway-mediated respira- possibility that pH effect on the cyanide-resistant alterna-
tion was reached with external NADH, while the lowest tive oxidase-mediated respiration could be partly related
was observed with malate (data not shown) confirming our to a decrease in the CNconcentration, because of a high
previous results obtained at pH value 7.4 (Jarmuszkiewicz pKa value of KCN (equal to 9.3), another inhibitor of the
and Hryniewiecka, 1994). In this study, a single pH opti- cytochrome pathway (i.e. antimycin A) was used. As in
mum (at pH 7.4) was observed for all substrates and all cyanide-resistant respiration, both unstimulated and
respiratory states, indicating that the pH optimum charac- GMP-stimulated AA-resistant respiration with succinate
terizes the cytochrome pathway activity (U8, span) (plus rotenone) as an example (Table I) revealed the high-
only. est activity at pH 6.8. Thus, the pH optimum of the alter-

The effect of assay pH on the alternative oxidase- native oxidase (6.8) is actually lower than the pH optimum
mediated respiration was measured in the presence ofof the cytochrome pathway (7.4).
cyanide both in the absence or in the presence of GMP, an As shown in Fig. 2, stimulation of the cyanide-
activator ofthe amoeba alternative oxidase. Inthe presenceresistant alternative oxidase-mediated respiration by GMP
of cyanide, the internal (matrix) pH is expected to be very is strongly influenced by the assay pH whatever the
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Table I. Effect of Assay pH on Antimycin-Resistant Respiration
with Succinate (Plus Rotenone) as an Oxidizable Substrate. Succinate
(10 mM) Oxidation was Inhibited by 1 /g/mg of Mitochondrial Protein
Antimycin A in the Absence or Presence of 0.8 mM GMP. Values of

350

300

=4
(=]
O, Uptake are Presented in nmol©min~—! mg~! protein. Data are = = om0 b |
Mean=+ SD of Three Experiments g‘ %
€ § 200 g
Assay pH % 3
§ g. 150 g
Antimycin-resistant respiration 6.2 6.8 7.4 g8
—GMP 35+4 63+2 38+6 S S 1ol i
+GMP 7045 3024+12 91+8 °

50

85 75

Qred/Qtot [%)]

70

reducing substrate may be. For every substrate, the highest
effect (_)f GMP was Obse_rVed at_the same pH (6.8) as the Fig. 3. Influence of assay pH on Q redox state-dependence of the alterna-
pH optimum observed with succinate for cyanide-resistant tive oxidase activity. GMP-stimulated cyanide-resistant respiration with

respiration £GMP) (Fig. 1). This important observation succinate (solid symbols) and external NADH (open symbols) versus Q
indicates that the binding of GMP. that is responsible for reduction level at three pH values, i.e., 6.2, 6.8, and 7.4, is shown. Level

allosteric stimulation, is not independent of pH. An in-
crease in the binding for pH higher than 6.2 could be due
to the deprotonation of the second hydroxyl of the phos-
phomonoester and a decrease in binding for pH higher
than 6.8 could be due to changes in protonation of the
GMP-binding site of the protein.

Activity of the amoeba alternative oxidase depends
upon the Q reduction level and increases sharply for
Qred/Qtot ratio higher than 50% (Jarmuszkiewétzl.,

of Q reduction was varied by titrations of succinate and NADH oxidation
as described under Material and Methods.

of n-butyl malonate or decreasing the concentration of
NADH, with succinate or external NADH as reducing
substrates, respectively. At a given pH, the same rate (the
cyanide-resistant GMP-stimulated respiratory rate) versus
Qred/Qtot relationship is observed with both substrates.
When NADH was reducing substrate, respiratory rate and

1998). Figure 3 shows the influence of Q redox state on the Q '€dox state were higher than those with succinate as ob-

cyanide-resistant GMP-stimulated steady-state rate respi-

ration at three pH values (6.2, 6.8, and 7.4) when Q re-
dox state was decreased by increasing the concentratio

A
.

250

—e— malate
—@8— succinate
—A— NADH

g

o
o

by GMP

100

g

stimulation of cyanide-resistant respiration

7.2

: 76
external pH

84

Fig. 2. Effect of assay pH on stimulation of cyanide-resistant respiration
by GMP with different substrates. Substrates: 10 mM malate, 10 mM
succinate (plus rotenone), 1 mM NADH. Respiration was inhibited by
1.5 mM cyanide in the absence or presence of 0.8 mM GMP. Effect of
GMP on the alternative oxidase activity at different assay pH value pre-
sented as the difference between the cyanide-resistant respiration in th

served previously for pH value 7.4 (Jarmuszkievatal.,
2002). At a given Q reduction level, the cyanide-resistant

fJespiration $GMP) with succinate or NADH depends

strongly on the value of assay pH. The highest cyanide-
resistant respiration was observed at pH 6.8 for each given
Q redox state whatever the reducing substrate (internal
succinate or external NADH). This strongly supports the

idea that pH effect on the cyanide-resistant respiration at
a given Q redox state is solely characteristic of AOX.

DISCUSSION

In plant mitochondria, the effect of assay pH on
the alternative oxidase-mediated respiration depends on
plant species. With intact mitochondria, pH had little or
no effect on cyanide-resistant respiration as observed in
corn (Zea may4..) shoot mitochondria and in mung bean
(Vigna radiataL.) hypocotyl mitochondria (Elthoet al,,
1986). However, in voodoo lily§auromatum guttatum
appendix and vita bean/igna uniculatal.) hypocotyl
mitochondria, a pH dependence of the cyanide-resistant
respiration with external NADH revealed an optimum be-
Jween 6.8 and 7.2 or at 6.25, respectively (Eltiedral,

presence of GMP minus the cyanide-resistant respiration in the absence1986; Limaet al,, 2000). In isolatedV. uniculatamito-

of activator.

chondria, an activation of the cyanide-resistant respiration
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by pyruvate (an activator of the plant alternative oxidase) the most conserved sequence which comprises the diiron-
was also pH-dependent, although pH optimum (near neu- binding helices and the large hydrophilic N-terminal do-
trality) was significantly different from that in the absence main (Anderssonand Norlund, 1999; Berthetal., 2000.

of pyruvate (Limaet al., 2000). For activity of solubi-  The structure of the N-terminal region is hot known. In the
lized, partially purified AOX fromS. guttatum(Elthon plant alternative oxidase, it contains the cysteine responsi-
and Mclntosh, 1986) anA. italicum (Hoefnagelet al,, ble for the redox state-pyruvate-dependent regulation. In

1997), optimal values of 6.8 and 7.0 were determined, the GMP-dependent alternative oxidase (protozoan- and
respectively. In the case éf italicumsolubilized alterna-  fungitype alternative oxidase), the N-terminal region con-
tive oxidase, the observed pH optimum was the same in tains no cysteine but two histidines, one conserved in all
the presence or absence of pyruvate (Hoefnagell, types of alternative oxidases and second conserved specif-
1997). So far, to our knowledge, nothing was known ically in the GMP-dependent oxidase. This pair of his-
about pH regulation of the GMP-stimulated nonplanttype tidines could play a role in GMP binding, considering
alternative oxidase. that the X, of their imidazol rings in the protein can fit
The results shown in Fig. 1 demonstrate that the for the protonation/deprotonation events in the tested pH
cytochrome pathway and the alternative oxidase have range. Therefore, the two imidazol rings could be depro-
different assay pH optima (7.4 and 6.8, respectively) tonated (neutral) at pH 8.2 and protonatedtht pH 6.8
when their activities are measured with intéctcastel- and 6.2. A simple scheme explaining the pH-dependence
lanii mitochondria. These two pH optima are not influ- (with optimum at 6.8) of GMP stimulation can be
enced by the various ways ubiquinone can be reducedproposed:
or by the energy state of the mitochondrial membrane.

isi i i i +GMP H
This mdu_:a_tes that_ th_e two pH optima are independent E GMP- (99%) p82
of the origin of ubiquinone-reducing electrons and are
solely related to the ubiquinol-oxidizing pathways, i.e., :[ 1
the cytochrome pathway or the alternative oxidase. More-

over, the assay pH-dependence of the alternative oxidaseg,;+y+ <F°M2 errpromP=  GMP- (80%) 68 optimum
activity measured in the presence of cyanide could ac-

tually represent the sensitivity of alternative oxidase to 1 1 1

matrix pH. Lomp

The activation mechanism of alternative oxidase by EH'H* <—— EHTHTGMP>~  GMP?>~ (50%) 62
purine nucleoside’smonophosphates (like GMP) in mi-
croorganisms is not yet well characterized. Purine nu- This scheme accounts for (i) a very weak activity of the
cleotides are supposed to act from outside the inner alternative oxidase and its weak stimulation by GMP at
mitochondrial membrane (Doussiere and Vignais, 1984; pH 8.2, (ii) a peak activity of the alternative oxidase and
Vanderleyderet al., 1979). In mitochondria oParame- its peak stimulation by GMP at pH 6.8, and (iii) a decrease
cium tetraurelig stimulation of the cyanide-resistant res- in activity of the alternative oxidase and in its activation
piration by the non-penetrating inner membrance com- by GMP at pH below 6.8. We have proposed the two his-
plex AMP-agarose was observed (Doussiere and Vignais, tidines as candidates for protonation/deprotonation events
1984). However, it is difficult to reconcile these observa- because of their position in the hydrophilic N-terminal
tions with the new topological model of alternative oxidase domain of the protein which contains not only the most
as aninterfacialmembrane protein on the matrix side of the variable sequence regions between the plant and nonplant
inner mitochondrial membrane (Andersson and Norlund, GMP-stimulated alternative oxidases but also the regula-
1999; Bertholcet al,, 2000). tory cysteine in the plant oxidase.

In amoebaA. castellaniimitochondria, stimulation When the pH effect on the GMP-stimulated cyanide-
of the alternative oxidase activity by GMP exhibits a clear resistant respiration was measured for various Q redox
pH optimum, indicating that the GMP binding on the en- state (Fig. 3), with succinate (plus rotenone) or external
zyme is pH-dependent. WherKp values of the various =~ NADH as oxidizable substrates, the highest activity was
protonation sites of GMP are analyzed, only one hydroxyl observed atpH 6.8. This observation confirms thatin these
of the phosphomonoesterp = 6.2) could take place in  conditions the alternative oxidase could be the sole target
protonation/deprotonation events in the studied pH range of pH and leads to proposition that @inding could be
(6.2-8.2). Thus, GMP occurs in 99, 80, or 50% as GMP  also dependent on pH as GMP-binding.
at pH 8.2, 6.8, and 6.2, respectively. At the level of the From this analysis, it can be concluded that pH
alternative oxidase protein, two regions can be defined: modifies the activity of alternative oxidase through
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