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Abstract

We have purified plant alternative oxidase (AOX) protein from the spadices of thermogenic Arum maculatum (cuckoo pint) to virtual

homogeneity. The obtained enzyme fraction exhibits a high specific activity, consuming on average 32 Amol oxygen min� 1 mg� 1, which is

completely stable for at least 6 months when the sample is stored at � 70 jC. This exceptionally stable AOX activity is inhibited

approximately 90% (I50f 10 AM) by 8-hydroxyquinoline (8-OHQ) and also, although to a lesser extent, by other metal chelators such as o-

phenanthroline, a,aV-dipyridyl and EDTA. When inhibited by 8-OHQ, AOX activity is fully restored upon addition of 1.2 mM ferric iron,

but neither ferrous iron nor manganese has any effect, whilst zinc decreases activity even further. Furthermore, we have developed a

spectrophotometric assay to measure AOX activity in an accurate manner, which will facilitate future steady state and transient kinetic

studies. The reliability of this assay is evidenced by retained stability of AOX protein during the course of the reaction, reproducibility of the

measured initial rates, an observed 2:1 duroquinol–oxygen stoichiometry and by the fact that, in absolute terms, the measured rates of

duroquinone formation and duroquinol disappearance are identical.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In addition to the conventional cytochrome c oxidase,

mitochondria of all higher plants studied to date contain a

cyanide- and antimycin-resistant alternative terminal oxi-

dase that couples the oxidation of ubiquinol to the complete

reduction of oxygen to water [1,2]. Its non-protonmotive

nature renders this alternative oxidase (AOX) inefficient in

terms of energy conservation, raising the interesting yet

somewhat puzzling question as to its in vivo function. Apart

from the production of heat in thermogenic plant species [3],
0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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a general physiological role for the oxidase has not been

established conclusively (cf. Ref. [4]).

The occurrence of AOX is not restricted to plants. For

example, when certain phytopathogenic fungi are exposed

to commercial respiratory fungicides, a plant-like AOX is

expressed conferring a degree of fungicide resistance [5].

Furthermore, respiratory activity of the blood parasite Try-

panosoma brucei brucei relies solely on a terminal oxidase

that is functionally and structurally very similar to the plant

ubiquinol oxidase [6] and is a potential target for chemo-

therapeutic agents [7]. Evidently, the rational design of

effective fungicidal and anti-parasitic compounds would

be greatly benefited by a thorough structural and mechanis-

tic understanding of AOX.

Recently, Berthold and coworkers have provided EPR-

spectroscopic evidence for the notion that the active site of

AOX comprises a non-haem diiron centre [8]. This work

corroborates previous structural predictions that were based

on amino acid sequence information [9,10] and also agrees

well with the observations that induction of active AOX

protein in yeast [11] and heterologous expression systems

[6] requires the presence of iron. Protein-derived coordina-

tion of the metal atoms in non-haem diiron enzymes is
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generally provided by amino acid residues that reside within

a four-helical bundle. The requirement for such a tertiary

structural motif, as well as the necessary spacing between

the iron-ligating residues, imposes considerable constraints

upon a possible overall fold of AOX and, consequently,

upon its membrane topology. For this reason, AOX is

currently believed to be a monotopic integral membrane

protein that associates exclusively with the matrix-facing

leaflet of the lipid bilayer [10]. Circumstantial experimental

support for such a topology has been obtained from site-

directed mutagenesis studies [6,12].

Information as to the mechanism of AOX catalysis is

scarce (cf. Ref. [2]), which is most likely related to the

difficulties encountered in obtaining a pure, active and

stable AOX protein. Over the years, several attempts have

been made to solubilise and purify the enzyme from

mitochondria of various thermogenic plants [13–20]. More

recently, a haem-deficient Escherichia coli strain has been

employed to overexpress and purify the trypanosome AOX

[21]. Arguably the most significant advance has been the

realisation that AOX activity is greatly stabilised during

purification by the addition of pyruvate [20]. However, even

in the presence of this a-keto acid, AOX activity has been

reported to decline within 5 days following purification of

the protein [20], which obviously hampers kinetic analyses.

Such investigations are furthermore impeded by the lack of

a reliable AOX activity assay. Oxygen-consumption deter-

minations are not suitable to measure initial rates with any

accuracy, and a more sensitive spectrophotometric assay to

follow the decay of AOX’s reducing substrate has not been

described in sufficient detail for it to be widely used (cf.

Refs. [20,21]).

In this paper we report the preparation of pure AOX

protein from Arum maculatum. This protein is highly active

and, importantly, exhibits an exceptional stability upon

storage. It is shown that AOX is inhibited potently upon

chelation of metals from the reaction medium and that

activity is fully restored by the subsequent addition of ferric

iron. Furthermore, we describe an accurate and reliable

spectrophotometric assay that should allow detailed future

kinetic analysis.
2. Material and methods

2.1. Mitochondrial isolation

Spadices of thermogenic A. maculatum plants (cf. Ref.

[3]) were collected in local Sussex woods. Immediately

following collection, mitochondria were isolated and puri-

fied on Percoll gradients as described previously [22], but

with sodium pyruvate (2 mM) included in all isolation

media. The final mitochondrial pellets were resuspended

to a concentration of 10–20 mg ml� 1, frozen in 2-ml

aliquots at � 20 jC and then stored at � 70 jC. Prior to
freezing, mitochondrial respiratory activity was assessed in
medium A (see Section 2.3). On average, NADH (1.8 mM)

was oxidised at a rate of 1.8 and 1.6 Amol O2 min� 1 mg� 1

in the absence and presence of myxothiazol (1.8 AM),

respectively. Myxothiazol-insensitive rates were completely

inhibited by octyl gallate (4 AM). At least 80% of the

NADH-dependent and myxothiazol-resistant activity was

retained following 2-year storage at � 70 jC. The mito-

chondrial DQH2-dependent AOX activity (f 0.9 Amol O2

min� 1 mg� 1 when measured in medium S (see Section 2.3)

with 0.24 mM DQH2) is not affected by storage for this

period of time.

2.2. AOX solubilisation and purification

The procedure to solubilise A. maculatum mitochondria

is largely based on the method described by Zhang et al.

[20]. A defrosted (from � 70 jC) mitochondrial suspension

(10–20 mg/ml) was diluted 10 times in a non-buffered

solution containing sodium pyruvate (10 mM) as well as

DTT (5 mM) and was incubated on ice, whilst stirring, for

20 min. Following a 20-min centrifugation at 100,000� g

(4 jC), pellets (comprised of membranes) were resuspended

in a solution (buffer P) containing pyruvate (10 mM), DTT

(5 mM) and TES (20 mM, pH adjusted to 6.8 with KOH),

whilst the supernatants (containing matrix contents) were

kept for analysis. The mitochondrial membrane suspension

was solubilised by adding, in a dropwise manner whilst

continuously vortexing, deoxyBigCHAP to a final concen-

tration of 0.5% (w/v). Subsequent to a 30-min stirred

incubation on ice, this detergent-containing suspension

was centrifuged for 20 min at 100,000� g (4 jC), yielding
solubilised and insoluble fractions (i.e. supernatants and

pellets, respectively). The insoluble pellets were resus-

pended in buffer P and kept for analysis, whilst the super-

natants were stored for up to 2 weeks at � 70 jC without

discernible loss of AOX activity. As described in more

detail in Section 3.1, AOX protein was purified from the

solubilised membrane sample by FPLC using a DEAE-

Sepharose column installed on a ÄKTApurifier system

(Amersham Pharmacia Biotech UK). Eluted fractions were

concentrated using Centriplus YM-30 ultra-filtration devi-

ces (Millipore, USA).

2.3. Assays

AOX activity was determined either polarographically,

following uptake of oxygen, or spectrophotometrically by

monitoring changes in reduced and oxidised DQ concen-

trations. Oxygen consumption measurements were made at

room temperature using a Rank Brothers oxygen electrode

(Cambridge, UK). Data were recorded digitally using a

PowerLab/4SP system (ADInstruments Pty, UK) connected

to iMac running Chart version 3.6s software (ADInstru-

ments). Spectrophotometric assays were performed with a

Cary 400 Scan UV–Visible Spectrophotometer (Varian

Analytical Instruments, UK), using a semi-micro quartz



Fig. 1. Chromatographic separation of deoxyBigCHAP-solubilised mito-

chondrial membrane proteins from A. maculatum. Eight 2-ml fractions were

loaded sequentially on to a 97-ml DEAE-sepharose column equilibrated

with a buffer containing 20 mM TES (pH 6.8), 10 mM sodium pyruvate, 5

mM DTT and 0.1% (w/v) sodium cholate (buffer P-cholate). A flow rate of

3 ml min� 1 was applied and the protein content (A280, solid line) as well as

the conductivity (dashed line) of the eluted volume were monitored

continuously. When approximately 250 ml had been eluted, the NaCl

concentration of the running buffer was gradually increased from 0 to 1 M

(equivalent to a change in conductivity of f 80 mS cm� 1). At the point

indicated by the arrow (dBC), 2-ml deoxyBigCHAP (0.5% w/v in buffer P-

cholate) was loaded on to the column. The volume eluted subsequent to this

detergent injection (represented by the shaded area in panel B) was

collected and concentrated as described in the text.
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cuvette suitable for magnetic stirring (Hellma UK), which

was thermostated at 20 jC. The AOX reaction was followed

simultaneously at two different wavelengths and initial rates

were derived from the raw absorption data as described in

Section 3.3. Mathematical descriptions of the data were

obtained and subsequent calculations were performed using

graphics (Kaleidagraph, Abelbeck) and spreadsheet (Micro-

soft Excel) software, respectively.

AOX activity was assessed in three different reaction

buffers: medium A containing mannitol (0.3 M), MgCl2 (1

mM), K2HPO4 (5 mM), KCl (10 mM) and MOPS (20 mM,

pH adjusted to 7.2 with KOH); medium S containing MgCl2
(5 mM), K2HPO4 (10 mM), sodium pyruvate (10 mM),

DTT (5 mM), EDT-20 (0.025% v/v), myxothiazol (1.8 AM)

and TES (10 mM, pH adjusted to 6.8 with KOH); or

medium D containing sodium pyruvate (10 mM), EDT-20

(0.025% v/v) and TES (20 mM, pH adjusted to 6.8 with

KOH). Type and concentration of effectors specific to a

particular experiment are specified in the figure legends. DQ

was reduced with sodium dithionite as described by Rich

[23]. Solid DQH2 aliquots were kept at room temperature

and were stable for several months. DQH2 stock solutions

were prepared on the day of use in acidified (10 mM HCl)

ethanol and were checked regularly to confirm lack of DQ.

Concentrations of quinone stocks were determined spectro-

photometrically using the following extinction coefficients:

17.8 mM� 1 cm� 1 at 259 nm for DQ in ethanol [24] and

2.15 mM� 1 cm� 1 at 283 nm for DQH2 in water [25]. All

chemicals were purchased from Sigma (Dorset, UK) except

for deoxyBigCHAP, which was obtained from ICN Phar-

maceuticals (Hampshire, UK).

The protein content of mitochondrial samples was esti-

mated using the bicinchoninic acid method with BSA as a

standard [26]. To overcome interference of detergents and

reducing agents with this method, samples obtained during

mitochondrial solubilisation and subsequent AOX purifica-

tion were precipitated as described at www.piercenet.com.

Essentially, sodium deoxycholate and trichloroacetic acid

were added sequentially to samples 10 times diluted in

deionised water, to final concentrations of 0.02% and 10%

(v/v), respectively. Following a 10-min incubation at room

temperature, the samples were centrifuged for 10 min at

9300� g. Supernatants were aspirated and 50-Al SDS (5%

w/v in 0.1 N NaOH) was added to the pellets. Protein was

subsequently detected as in the regular assay [26].

2.4. Electrophoresis and Western blot analysis

Proteins were separated (at 80 V) on 11% SDS-poly-

acrylamide gels and transferred (at 100 V) to nitrocellulose

membranes (0.45-mm pore size) in buffer containing gly-

cine (190 mM), methanol (10% v/v) and Tris (13 mM, pH

adjusted to 7.2 with HCl), based on methods described by

Laemmli [27] and Towbin et al. [28], respectively. The

filters were incubated overnight at 4 jC in 3% (w/v) BSA

and 2% (w/v) milk powder in Tris-buffered saline (140 mM
NaCl and 20 mM Tris, pH adjusted to 7.6 with HCl) that

contained 0.1% (v/v) Tween-20 (TBS-T). Filters were

washed in TBS-T and incubated for 1 h at room temperature

with 2% (w/v) milk powder in TBS-T containing monoclo-

nal antibodies (1:5000 dilution) raised against the AOX

from Sauromatum guttatum [29]. Following a wash in TBS-

T, filters were incubated for another hour at room temper-

ature in 2% (w/v) milk powder in TBS-T that contained

anti-mouse secondary antibodies (1:20,000 dilution) linked

to horseradish peroxidase. Filters were washed again with
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TBS-T and finally with distilled water. Cross-reacted anti-

bodies were detected using SuperSignal West Pico Chemi-

luminescent Substrate (Pierce, Perbio Science UK).
3. Results

3.1. Preparation of pure, active and stable AOX protein

We have purified AOX protein from solubilised mito-

chondrial membranes from A. maculatum using a method

adapted from that reported by Zhang et al. [20]. A column

packed with 97-ml DEAE-Sepharose was equilibrated with

buffer P (cf. Section 2.2) that contained 0.1% (w/v) sodium

cholate (buffer P-cholate). The sample (8-mg solubilised

membrane protein) was injected in eight 2-ml aliquots at a

flow rate of 1 ml min-1, which was increased to 3 ml min-1

subsequent to loading. Both the absorption at 280 nm (A280)

and the conductivity of the eluted volume were recorded,

yielding chromatograms exemplified by that shown in Fig.

1. As can be seen, unbound protein elutes approximately

after a single column volume. Application of a relatively

steep salt gradient (0–1 M NaCl in 5 min) results in the

release of the majority of the proteins. Some of the gradient

fractions exhibited considerable AOX activity (1.5–3 Amol

O2 min� 1 mg� 1 with 0.24 mM DQH2), but contained a

range of proteins other than AOX and, therefore, were not

considered for routine purification. Note that the A280 signal

during the salt gradient is not exclusively due to eluted

protein, but also to a great extent to pyruvate (e280 in buffer

P-cholate f 22 M� 1 cm� 1), which binds to the column

and is released by 10 mM salt. Loading 2-ml deoxyBig-

CHAP (0.5% w/v in buffer P-cholate) on to the salt-

equilibrated column results in further release of protein

(Fig. 1B), which exhibits high specific AOX activity (Table

1). As indicated by Zhang et al. [20], this protein fraction

may well have precipitated to the column (prior to the

addition of deoxyBigCHAP) and separation is probably

achieved based on a rather ill-defined hydropathy charac-

teristic. The eluted volume indicated by the shaded area in

Fig. 1B was collected in 5-ml fractions, pooled and kept on
Table 1

AOX purification from A. maculatum mitochondria

Fraction Protein (mg) Total activity

(Amol O2/min)

Mitochondria 68 (0.00) 58 (8.6)

Matrix 35 (4.9) 1.2 (1.2)

Membranes 32 (1.7) 51 (7.5)

Insoluble 18 (1.5) 6.7 (2.4)

Solubilised 16 (0.84) 42 (3.1)

DEAE 0.57 (0.27) 18 (7.4)

AOX activity was measured at room temperature in medium S as DQH2-dependent

Amol O2 consumed/min/mg protein. The respective fractions were obtained as des

deviations in parentheses) that were obtained from three (DEAE), four (Membrane

of total mitochondrial AOX activity recovered at a particular stage, whilst Purifi

observed in mitochondria.
ice. Subsequently, the column was washed with 2 M NaCl

and re-equilibrated with buffer P-cholate, after which an-

other 8-mg protein sample was loaded and the above

procedure repeated. This resulted in a total AOX-containing

eluted volume of 100 ml, which was concentrated overnight

at 4 jC to yield yellow pellets. These protein pellets were

resuspended in buffer P-cholate to approximately 0.4 mg

ml� 1 and stored at � 70 jC.
Data representing the total amount of protein as well as

the total AOX activity recovered at several stages during

solubilisation and purification are summarised in Table 1.

Lysis of mitochondria and subsequent isolation of mem-

branes results in a fraction that contains approximately half

of the original total protein, which exhibits f 90% of the

initial total AOX activity. Although a significant level of

activity is detected in the ‘insoluble’ fraction, f 80% of

the total mitochondrial AOX activity is on average recov-

ered following solubilisation of this membrane fraction by

deoxyBigCHAP. Purification and subsequent concentration

of the solubilised fraction yields a sample that exhibits a

specific AOX activity of approximately 32 Amol oxygen

consumed/min/mg protein with f 0.24 mM DQH2 as

reducing substrate. This suggests that the DEAE fraction

contains AOX protein that is at least (assuming zero loss

of intrinsic activity) 38 times more pure than that found in

the mitochondria. This purification factor compares favour-

ably with that reported by Zhang et al. [20] who achieved

a final increase in specific activity of approximately 16

times. These authors recovered f 17% of the total initial

AOX activity, whereas f 30% is retained following our

procedure.

The relative purity of the DEAE sample is also evident

from the electrophoretic data shown in Fig. 2. The three

protein bands that can be observed around 30 kDa (lane II)

all cross-react with monoclonal antibodies raised against the

AOX from S. guttatum (lane III). The low-molecular bands

possibly represent proteolytic degradation products. This is

doubtful, however, since multiple AOX proteins are also

detected in intact Arum mitochondria (data not shown;

[18,22]). The proteins visualised in Fig. 2 (lanes II and III)

therefore most likely represent multiple AOX isozymes. The
Specific activity

(Amol O2/min/mg)

Yield

(fraction)

Purification

(factor)

0.85 (0.13)

0.03 (0.03)

1.6 (0.22) 0.91 (0.07) 2.0 (0.07)

0.37 (0.15)

2.9 (0.28) 0.81 (0.10) 3.4 (0.52)

32 (4.9) 0.31 (0.13) 38 (6.1)

(0.24 mM) oxygen uptake resistant to myxothiazol (1.8 AM) and is given as

cribed in Section 2.2. The presented values are averaged data (with standard

s) or five (other fractions) separate experiments. Yield represents the fraction

cation indicates the factor of increase in specific activity compared to that



Fig. 2. Visualisation of mitochondrial (lane I) and DEAE-purified AOX

protein (lanes II and III). Approximately 10-Ag protein was loaded on a 11%
SDS-polyacrylamide gel (lanes I and II), run at 80V through both the stacking

and resolving gel components and subsequently stained with GelCode Blue

Stain Reagent (Pierce, Perbio Science UK). Lane III is equivalent to lane II

in so much that a similar protein sample was transferred to a nitrocellulose

filter and then subjected to monoclonal antibodies raised against AOX from

S. guttatum. The approximate positions of the molecular weight (kDa)

markers are indicated on the left of the figure (For color see online version).
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sole sign of protein contamination is a faint band around 50

kDa (Fig. 2, lane II), suggesting AOX has virtually been

purified to homogeneity. It should be noted, however, that

the purified protein sample has a yellow colour exhibiting

absorption bands at approximately 420, 450 and 480 nm,

indicating the presence of carotenoids [14]. Assuming the

DEAE sample contains pure AOX with a molecular weight
Fig. 3. AOX inhibition by metal chelation and subsequent reconsitution of activity

an O2-electrode vessel in 2.4-ml Buffer D at a range of 8-hydroxyquinoline concen

(panel A). When 20 AM 8-hydroxyquinoline was used to inhibit AOX (i.e. to 75%)

The observed increases in O2-uptake rate were measured and corrected for the rate

Activities are expressed as a fraction of that observed in the absence of Fe2(SO4)3
are averaged data obtained from 2 to 21 separate O2-consumption traces. The AOX

the form y= 1� [ax/(b+ x)] where y represents relative activity and x the 8-hydro
between 30 and 35 kDa, a turnover number of 64 to 75

electrons s� 1 can be calculated from the specific AOX rate

(0.24 mM DQH2) shown in Table 1. Making similar

assumptions, Zhang et al. [20] reported a turnover of 47

electrons s� 1 for AOX oxidising 1 mM DQH2.

To assess the stability of AOX activity exhibited by the

deoxyBigCHAP-solubilised and DEAE-purified samples,

the activity of aliquots stored at different temperatures was

measured over a period of time. When kept at 0, � 20 or

� 70 jC, the solubilised fraction retains complete activity for

at least 3 weeks, whilst purified AOX remains fully active for

a minimum of six months when stored at � 70 jC (data not

shown). This degree of AOX stability is unprecedented and,

importantly, allows both the ready accumulation of large

amounts of sample for FPLC and the execution of kinetic

and spectroscopic analyses without time constraints.

3.2. Requirements for AOX activity

Following the purification procedure of Zhang et al. [20],

we initially measured AOX activity in medium S, a buffer

that contains several ingredients with an unclear role (cf.

Section 2.3), which gave rise to rates of f 38 Amol O2

min� 1 mg� 1. When activity is assayed in 20 mM TES (pH

6.8), a rate of 8 Amol O2 min� 1 mg� 1 is detected, which is

not increased by either 10 mM sodium pyruvate or 0.025%

(v/v) EDT-20. However, when pyruvate and EDT-20 are

added together, a rate of 40 Amol O2 min� 1 mg� 1 is

observed, which indicates that the combination of these

compounds alone in TES buffer (from here called medium

D) is sufficient to achieve the level of AOX activity detected

in medium S. Approximately 90% of this activity is

inhibited by octyl gallate (4 AM), a potent specific inhibitor

of AOX in intact plant mitochondria [30].
by ferric sulfate. Protein (f 1.9 Ag) was incubated at room temperature in

trations. After 1 min, AOX activity was assessed by adding 0.24 mM DQH2

, various amounts of Fe2(SO4)3 were added following the addition of DQH2.

observed in control experiments performed without AOX protein (panel B).

and 8-hydroxyquinoline (40 Amol O2 min� 1 mg� 1). The presented values

inhibition profile by 8-hydroxyquinoline was described by an equation of

xyquinoline concentration.
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It has previously been demonstrated in Pichia anomala

(formerly Hansenula anomala) that the induction of AOX

expression in the presence of the metal chelator o-phenan-

throline results in formation of an inactive protein, the

activity of which can be established by subsequent (i.e.

post-induction) addition of ferrous sulfate [11]. Similarly,

induction of the heterologous expression of a functional

trypanosome AOX enzyme in E. coli is dependent on

ferrous iron [6]. However, AOX activity in P. anomala

was not affected by o-phenanthroline when added during the

activity assay [11]. Such experiments have, to our knowl-

edge, not been reported for other systems. The data pre-

sented in Fig. 3A show that the metal chelator 8-

hydroxyquinoline inhibits up to 90% (I50f 10 AM) of the

Arum AOX activity when assayed in medium D. AOX

activity is also impeded by o-phenanthroline, a,aV-dipyr-
idyl and EDTA, although to a lesser extent. Approximately

60% of activity is inhibited when the protein is incubated for

15 min with 2 mM of any of these metal chelators (data not

shown). In the presence of 20 AM 8-hydroxyquinoline,

AOX activity can be re-established by the addition of ferric

sulfate during the assay (Fig. 3B). The degree of restoration,

however, exhibits a dose dependency that is not fully

understood at this stage. AOX activity increases to approx-

imately 50% of its original level between 0 and 0.4 mM

ferric sulfate, remains relatively constant up to 0.8 mM and

then rises further to eventually reach the uninhibited activity

level in the presence of 1.2 mM ferric iron (Fig. 3B). The

activity inhibited by 8-hydroxyquinoline (20 AM) is not

restored to any extent by ferrous iron or manganese (data

not shown), the former observation being at variance with

previous reports [6,11]. Interestingly, AOX activity appears

to be severely inhibited by zinc (f 97% at 2 mM).

Although the mechanism of this effect is yet to be clarified,

it is worth notice that zinc also inhibits activity of the

mitochondrial cytochrome bc1 complex, most likely by

interfering with the enzyme’s reaction with ubiquinol at

the Qo site [31,32].

3.3. A spectrophotometric assay to measure AOX activity

Oxygen consumption assays allow rapid estimation of

total AOX activity, making them valuable to monitor
Fig. 4. A spectrophotometric assay to monitor AOX-catalysed oxidation of

DQH2. Absorption was measured at 250 (o) and 290 nm (.) in 700-

Al medium S at 20 jC and set to zero. Following addition of DQH2 (0.24

mM), the absorption progress was recorded and the reaction was initiated at

time-zero by adding 0.37-Ag AOX protein (panel A). The A250 and A290

progress data were modelled (from time-zero) with third-order polynomial

equations (panels A and B, solid lines) and corrected, as described in the

text, to exclusively reflect DQ and DQH2 progress, respectively (panel B,

dashed lines). Note that the curves in panel B were standardised to have an

initial absorbance of zero. Division by the appropriate extinction coefficients

yields progress curves that represent the time-dependent absolute change in

DQ and DQH2 concentrations (panel C, solid and dashed lines,

respectively). The initial rates of DQ-production and DQH2-disappearance

are 86 and 87 Amol min� 1 mg� 1, respectively.
purification, to measure protein stability and to assess

minimum requirements for activity. However, it is difficult

to derive accurate initial rates from oxygen-uptake traces,

which means they are not particularly suitable for detailed
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kinetic studies, which should preferably be performed

spectrophotometrically. In aqueous buffers, the optical spec-

tra of DQ and DQH2 overlap [33], which implies that

measurement of DQH2-oxidation yields a progress curve

reflecting continuously increasing and decreasing concen-

trations of both DQ and DQH2, respectively. The relative

extent to which each species contributes to the measured

time-dependent absorption can only be determined accu-

rately when at least two progress curves are recorded

simultaneously at separate wavelengths. If the extinction

coefficients of both DQ and DQH2 are known as well as the

overall absorption at two particular wavelengths, then the

concentration of both species can be calculated from the two

resulting simultaneous Beer–Lambert equations. From the

dose-dependent absorbances of DQ and DQH2 in medium S

(data not shown), the following extinction coefficients were

calculated: 7.10 and 0.534 mM� 1 cm� 1 for DQ and 0.334

and 1.62 mM� 1 cm� 1 for DQH2 at 250 and 290 nm,

respectively.

In Fig. 4A, raw data obtained from a typical spectropho-

tometric AOX activity assay are shown, representing the

time-resolved absorbances at 250 (A250) and 290 nm (A290)

during oxidation of 0.24 mM DQH2. These data can be

fitted satisfactorily to polynomial equations allowing the

curves to be readily standardised such that both A250 and

A290 are zero at the start of the reaction (Fig. 4B, solid lines).

Calculation, as described above, of DQ and DQH2 concen-

trations yields quinone progress curves as shown in Fig. 4C

and, furthermore, allows the absorbance progress curves to
Fig. 5. Reproducibility of the spectophotometric assay. AOX activity was measure

The presented values are averaged data obtained from 3 to 15 separate assays. The

of initial rate (Vo) on substrate concentration and were described by a straight lin
be corrected such that A250 and A290 exclusively reflect DQ

and DQH2, respectively (Fig. 4B, dashed lines).

From Fig. 4C it is evident that the DQ-progress curve is

virtually identical to that representing the absolute change in

DQH2 concentration, indicating the reliability of the assay.

As described by Cornish-Bowden (Section 2.8 in Ref. [34]),

initial rates can be calculated from these data, in an

objective and accurate manner, by using an integrated form

of the enzyme’s rate equation. Assuming that AOX exhibits

Michaelis–Menten behaviour with respect to DQH2 (cf.

Ref. [35]), rates of 86 and 87 Amol min� 1 mg� 1 are

obtained for DQ formation and DQH2 disappearance, re-

spectively. These rates are approximately 2.3 times higher

than the oxygen-consumption rates observed in medium S at

the same substrate concentration (f 38 Amol min� 1

mg� 1). Keeping in mind that initial rates estimated from

oxygen-uptake assays are readily underestimated, it is clear

that the DQH2:oxygen stochiometry is approximately 2:1,

which confirms that our AOX sample, at least under the

applied conditions, catalyses the complete four-electron

reduction of oxygen to water.

An enzyme assay should not be used routinely until it has

been confirmed that the reaction conditions do not cause

loss of intrinsic enzyme activity. As indicated by Cornish-

Bowden (Section 3.2 of Ref. [34]), enzymes often undergo

inactivation when diluted from a stable stock solution into a

much less concentrated assay medium. Since the degree of

activity loss could be dependent on the substrate concen-

tration, this effect, if neglected, may lead to erroneous
d as described in the legend of Fig. 4 at four different DQH2 concentrations.

data shown in the inset figure represent the double-logarithmic dependency

e with a slope of 0.94.
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descriptions of substrate kinetics. A relatively straightfor-

ward test to check for potential inactivation (described in

detail in Section 3.2 of Ref. [34]) is to assay for activity at

several enzyme concentrations. Plots of the reaction prog-

ress versus the product of time and enzyme amount should

yield overlapping curves in the case when no inactivation

occurs. We have assayed AOX activity with four different

amounts of protein at a range of substrate concentrations

and did not observe any enzyme inactivation (data not

shown).

Finally, it is evident from the dependency of initial AOX

rates (averages of 3–15 separate traces) on the concentra-

tion of DQH2 that our assay yields reproducible results

(Fig. 5). Obviously, the tested substrate concentration range

is far too limited to predict kinetic parameters with any

confidence. This limitation is due to the relatively poor

solubility of DQH2 in aqueous solutions (cf. Ref. [35]). It

should be emphasised, however, that the reaction of AOX

with other, more soluble quinone analogues (e.g. ubiquinol-

1 and menadiol) can readily be followed spectrophotomet-

rically based on the principles described in this section.

Although limited by the range of DQH2 concentrations, a

double-logarithmic representation of the data yields a linear

relation between rate and substrate level with a slope close

to one (Fig. 5, inset). This indicates that AOX turnover

during oxidation of DQH2 is controlled predominantly by a

reaction that is first-order with respect to the reducing

substrate. This observation agrees with previous work of

Hoefnagel et al. [35], who concluded that a single step of

quinol binding limits the rate of the AOX reaction with

reduced ubiquinone-1.
4. Discussion

In this paper we have described a convenient procedure

to prepare AOX protein from thermogenic A. maculatum

spadices. The obtained sample is virtually pure, exhibits a

high specific AOX activity and is exceptionally stable. From

the data shown in Fig. 3A, it can be concluded that activity

of this AOX sample is severely inhibited by the metal-

chelating agent 8-hydroxyquinoline. This inhibited activity

can be fully restored by ferric iron (Fig. 3B), but not by

ferrous iron, manganese or zinc. These observations support

the notion that iron is essential for AOX catalysis and agree

with the current belief that the enzyme’s active site com-

prises a non-haem diiron centre [8–10].

To our knowledge, metal requirement experiments have

not been performed previously with purified AOX protein

or indeed with any system containing the plant AOX.

However, our results may be compared with those

obtained from studies into the homologous expression of

the yeast AOX in P. anomala [11] and the heterologous

expression of the trypanosome AOX in E. coli [6]. These

studies revealed that the presence of o-phenanthroline in

the respective growth media results in the expression of
inactive AOX protein. In E. coli, an active enzyme could

be obtained when surplus ferrous iron was present in

addition to the metal chelator when expression was in-

duced [6], whilst the inactive AOX protein in P. anomala

could be rendered functional by subsequent addition of

ferrous, but not ferric iron [11]. These observations seem

to be in conflict with our findings. It should be noted,

however, that ferrous iron is very susceptible to autoxida-

tion [36] and that it is therefore difficult to interpret data

obtained from experiments involving Fe2 + that were per-

formed under aerobic conditions at neutral pH. It is

conceivable too that the apparent discrepancy is due to

differences in experimental design, since our data were

obtained using a sample that differs considerably from that

of Minagawa et al. [11] and Ajayi et al. [6] regarding both

its nature and physical state.

The observed unusual dose dependency of the extent to

which 8-hydroxyquinoline-inhibited AOX activity is re-

stored by ferric iron (Fig. 3B) may be explained by potential

heterogeneity of the sample. Prior to the addition of iron, the

sample exhibited approximately 20% of its ‘non-chelator-

inhibited’ activity. It is difficult to assess whether this figure

indicates that 80% of the protein had its iron chelated or,

perhaps more likely, that the protein sample is not homo-

geneous but comprises a mixture of enzymes containing

either zero, one or two iron atoms. Clearly, it is difficult to

predict quantitatively the stimulatory effect of iron on such a

heterogeneous mixture. It should also be noted that inter-

pretation of the trend in the data shown in Fig. 3B is further

complicated by experimental variation that is mainly due to

a protein-independent O2-uptake rate caused by the combi-

nation of ferric iron and DQH2, which becomes more

dominant with increasing metal concentrations (cf. legend

to Fig. 3B). Irrespective of the shape of the reconstitution

curve, however, it can be concluded that the plant AOX

requires iron for activity.

Finally, a few comments should be made with respect to

the minimum requirements for AOX activity. In agreement

with previous work from Zhang et al. [20] and Hoefnagel et

al. [35], we have shown that AOX activity is substantially

increased by pyruvate and the detergent EDT-20. Interest-

ingly, it appears from our experiments that either compound

alone does not affect the AOX significantly, but that only

their combined presence results in a f 5 times increase in

activity. This may indicate that the site at which pyruvate

interacts with the AOX is obscured in the purified protein

and only becomes accessible upon a detergent-induced

conformational change. Exploiting the reliable spectropho-

tometric assay described in this paper, we are currently

investigating the regulation of AOX by pyruvate and other

organic acids in further detail. Furthermore, the effect of

hydrogen peroxide on AOX catalysis is being studied at

present. We anticipate that the outcomes of such studies will

not only be of mechanistic relevance, but will also provide

valuable information as to the in vivo regulation and role of

the plant AOX.
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