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ACCESS

Cyanide-resistant alternative oxidase (AOX) is a nuclear-encoded quinol oxidase located
in the inner mitochondrial membrane. Although the quality control of AOX proteins is
expected to have a role in elevated respiration in mitochondria, it remains unclear
whether thermogenic plants possess molecular mechanisms for the mitochondrial deg-
radation of AOX. To better understand the mechanism of AOX turnover in mitochondria,
we performed a series of in organello AOX degradation assays using mitochondria from
various stages of the appendices of Arum maculatum. Our analyses clearly indicated that
AOX proteins at certain stages in the appendices are degraded at 30°C, which is close to
the maximum appendix temperature observed during thermogenesis. Interestingly, such
temperature-dependent protease activities were specifically inhibited by E-64, a cysteine
protease inhibitor. Moreover, purification and subsequent nano LC-MS/MS analyses of
E-64-sensitive and DCG-04-labeled active mitochondrial protease revealed an ~30 kDa
protein with an identical partial peptide sequence to the cysteine protease 1-like protein
from Phoenix dactylifera. Our data collectively suggest that AOX is a potential target for
temperature-dependent E-64-sensitive cysteine protease in the appendices of A. macula-
tum. A possible retrograde signalling cascade mediated by specific degradation of AOX
proteins and its physiological significance are discussed.

Introduction
Thermogenesis in reproductive organs occurs in various seed plants including Araceae, Aristolochiaceae,
Annonaceae, Cycadaceae, Cyclanthaceae, Magnoliaceae, Nelumbonaceae and Nymphaeaceae [1]. Since
the seminal report in 1955 [2] that mitochondria in the spadix of Arum maculatum, a thermogenic
plant in Araceae, exhibit cyanide-insensitive respiration, significant progress has been made in establish-
ing the structure-function relationships of cyanide-insensitive alternative oxidase (AOX). Currently
thermogenesis in plants is attributed partially to the activity of AOX in the mitochondria [3-9]. AOX is
part of an alternative respiratory pathway specific to plants as well as certain fungi and protists, which
acts as an electron acceptor from ubiquinol, thereby bypassing complex III [9,10]. AOX reduces oxygen
to water without the establishment of a proton gradient, thereby allowing a dramatic drop in free
energy between ubiquinol and oxygen which is dissipated as metabolic heat [5,9,11,12]. Respiratory
analysis with mitochondria purified from thermogenic tissues has revealed a large cyanide-insensitive
respiration capacity in A. maculatum [13-15], Symplocarpus renifolius [16], Nelumbo nucifera [17],
Dracunculus vulgaris [18] and Cycas revoluta [19].

AOX is an interfacial membrane protein oriented towards the matrix side of the inner mitochon-
drial membrane [12,20], and crystallization of the trypanosomal AOX reveals that it is a homodimer,
with each monomer comprising four short and six long a-helices arranged in an antiparallel fashion,

3417

1.20Z 4equiede( /g uo 3senb Aq 4pd'G1.G0-0202-f0a/L LEE68/L L 1S/ 111 L Y/4Pd-d[o1E/[wayoolg/woo sseidpueod//:dny woly papeojumoq


http://orcid.org/0000-0003-1217-3462
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1042/BCJ20200515&domain=pdf&date_stamp=2020-09-17

. PORTLAND Biochemical Journal (2020) 477 3417-3431
... PRESS https://doi.org/10.1042/BCJ20200515

four of which create a four-helix bundle that acts as a scaffold to bind the two iron atoms [21]. The AOX
dimer is present either as a non-covalently-linked active form or a covalently-linked inactive form, with a regu-
latory disulfide bond between the two monomers via a conserved cysteine residue (Cys I) located towards the
N-terminus of the AOX protein [22]. Moreover, once in reduced form, AOX proteins that harbour the ENV
motif are activated by pyruvate [16], whereas AOX proteins with a QNT or QDC motif are pyruvate-insensitive
[7,15]. In some plants, the Cys I residue of the AOX isoforms is replaced by serine, and this change results in
the activation of AOX activity by succinate rather than pyruvate [17,23].

The level of AOX expression varies among non-thermogenic plant species. In potato tuber mitochondria, for
example, the AOX protein level is much lower than that found in thermogenic plants. In general, AOX is
considered to be expressed when the main respiratory chain is inhibited or the plant is exposed to extreme
environmental stresses such as drought, excessive salinity or low temperatures [24]. Moreover, the
AOX-mediated respiration pathway provides a mechanism for oxidative metabolism in the absence of ATP
synthesis. Mitochondria are a source of ROS production because an electron leakage from respiratory chain
components, in particular from complexes I and III, leads to the production of superoxide (O3) from oxygen
[25,26]. AOX acts to prevent the over-reduction of electron transfer chain components that leads to such ROS
production [27,28]. Accordingly, abiotic and biotic conditions associated with oxidative stress could induce
AOX gene expression, thereby maintaining cell homeostasis [24,29].

AOX has also been shown to be regulated in a retrograde manner [30-37]. For instance, the transcription
factor ABI4 acts as a repressor of AOXla, which is depressed under rotenone treatment [38,39]. Although
ABI4 represents a downstream component of a mitochondrial retrograde signalling pathway, the actual sensors
in the organelle and the second messengers of the signalling cascade are still not well known [40,41].

Thus, although there is a wealth of information on AOX gene expression under various environmental
conditions and in various signalling pathways, little is known regarding the quality control of the AOX protein,
such as its protein degradation in mitochondria. For instance, LC-MS/MS analyses using progressive '°N label-
ling of Arabidopsis cells have shown that different mitochondrial proteins turnover at widely divergent rates,
with a >50-fold variation in protein degradation [42], although the AOX protein appears to have been
undetectable in these analyses. The heat-shock chaperone type protein, grpE, showed the shortest half-life
(31 h) whereas components of mitochondrial energy biogenesis, including cytochrome ¢ oxidase 15 and NAD
(P) H dehydrogenase B2, showed no appreciable turnover during 7 days of measurements.

Thermogenesis in the appendix of A. maculatum is developmentally regulated [43], and there are at least
seven types of AOX transcripts (AmAOXIla-AmAOXIg) in the appendix [15]. The expression of AmAOXle,
which harbours the QNT type of pyruvate-insensitive isoform, dominates in thermogenic appendices of
A. maculatum [15]. Because the expression of AmAOXIe gene transcripts is highly specific to thermogenic
tissues in A. maculatum[15], we hypothesized that this thermogenic plant would be an ideal organism to
clarify the relationship between AOX gene expression (i.e. levels of its transcripts and proteins) and the quality
control of AOX proteins in the context of developmentally regulated thermogenesis.

To investigate whether co-ordinated AOX gene expression in thermogenic appendices is associated with spe-
cific turnover of the AOX protein in the mitochondria, we employed a series of in organello protein degradation
assays using mitochondria purified from the appendices of A. maculatum.

Materials and methods

Plant materials
The appendices of A. maculatum plants at B-, 8-, and y/8 periphery stages were collected on the campus of the
University of Sussex, UK..

Thermal imaging
Thermal images were captured with an infrared colour LSD camera (TVS-600; Nippon Avionics, Tokyo, Japan)
and images were analyzed for temperature determination as previously described [15,44].

qRT-PCR and cycleave PCR analyses

Real-time qRT-PCR was performed with a Dice Thermal Cycler (TP800; Takara Bio, Otsu, Japan) as described
previously [15]. Briefly, total RNA samples were isolated using the FastPure RNA kit (Takara Bio). cDNAs
were then generated using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan), and qRT-PCR was performed
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using a SYBR Green Real-time PCR Master Mix-Plus- (Toyobo). The primers used to detect the full complement
of transcripts for AmAOXla-1g were AmAOXallFW (5'-ggaggccatccactectaca-3’) and AmAOZXallRV
(5'-acgacgtcgegeagggtg-3'), and amplification conditions were as follows: an initial denaturing step at 95°C for
30 s; 45 amplification cycles of 95°C for 15 s, 61°C for 15 s and 72°C for 20 s; and a dissociation curve analysis
at 95°C for 15, 60°C for 30 s and 95°C for 15s. Cycleave PCR was performed to quantify the transcripts of
ENV-, QNT- or QDT-type AOX genes as described in our previous study [15]. The primer sets used for VDAC
and  ubiquitin were as followss AmVDAC _FW (5-caagttcgacaccctaacaac-3’) and AmVDAC_RV
(5'-agaagctgtgcgtcaactc-3’)  for VDAC; and AmUB_FW (5-caggtggaatcctctgacacg-3’) and AmUB_RV
(5'-cgtectecagetgettee-3') for ubiquitin. The same amplification protocol was used for VDAC and ubiquitin
as follows: an initial denaturing step at 95°C for 30 s; 45 amplification cycles of 95°C for 15 s, 60°C for 15 s and
72°C for 20 s; and a dissociation curve analysis at 95°C for 15 s, 60°C for 30 s and 95°C for 15 s.

Preparation of mitochondria, respiration analysis and determination of protein

concentration

Mitochondria were purified from the thermogenic appendices of A. maculatum as described previously [15,45].
Isolated mitochondria were stored at —30°C overnight and then at —80°C. For DCG-04 activity labelling, the
stored mitochondria were treated by repeated freeze-thawing cycles and suspended in a buffer containing
2 mM TES-KOH (pH 7.5), 5mM EDTA, 1 mM AEBSF, and 1 mM pepstatin. After centrifugation at 20 000 g
at 4°C for 15 min, the supernatants were recovered (termed SUP), and precipitants (termed PPT) were resus-
pended in a buffer containing 0.4 M mannitol, and 10 mM MOPS-KOH (pH 7.2). Respiratory analysis was
performed as described previously [15]. Protein concentrations of the isolated mitochondria were determined
using the previously described BCA method [15,45].

In organello protein degradation assay

Mitochondria purified from A. maculatum were incubated in a buffer containing 200 mM Tris-HCI, pH 7.5,
10 mM MgCl,, 10 mM CaCl,, 50 mM ATP and 0.1% Triton X-100 [46] at either 15°C or 30°C for the indicated
time periods. Protease inhibitors were then added to the incubation medium at the following final concentra-
tions: EDTA (5 mM), AEBSF (1 mM), pepstatin (1 wM) and E-64 (28 puM).

Western blotting and immunological detection

Mitochondrial proteins were separated on SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDEF)
membranes as described previously [15,45]. Membranes were then treated with primary antibodies against
AOX (Agrisera, Vannis, Sweden), Hsp60 or VDAC (a gift from Dr. Thomas Elthon, University of Nebraska,
Lincoln, U.S.A.). Densitometric analysis of immunologically detected AmAOX proteins was carried out within
the quantitative dynamic range of a CS Analyzer 3.0 (ATTO, Tokyo, Japan).

Detection of carbonylated proteins in the mitochondria

Carbonylated proteins were detected using Oxidized Protein Western Blot Kit (MitoSciences, OR, U.S.A.) in
accordance with the manufacturer’s instructions. Densitometric analysis of the signals was carried out using the
Image] Software (version 1.51).

Activity labelling with the biotinylated probe DCG-04

Activity profiling of cysteine proteases was performed with DCG-04, a biotinylated analogue of the irreversible
cysteine protease inhibitor E-64 [47-49]. Briefly, mitochondrial samples were incubated in a buffer containing
5 uM DCG-04, 50 mM Na-acetate, 1 mM cysteine, 0.1% Triton X-100 at 4°C for 2 h. Proteins were separated
on SDS-PAGE gels, transferred to PVDF membranes, and detected with streptavidin-horseradish peroxidase
(Thermo, MA, U.S.A.).

Affinity purification of DCG-04-reactive proteases

To purify the DCG-04-reactive proteases from mitochondria prepared from non-thermogenic appendices,
20 wl of magnetic streptavidin beads (Promega, WI, U.S.A.) was added to each reaction mixture and incubated
for 16 h at 4°C. The magnetic beads were then washed with 300 pl of TBS buffer using a magnetic stand
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(Promega) to remove non-specifically bound proteins. Biotin-labelled proteins were recovered by boiling the
magnetic beads in Laemmli SDS loading buffer and subjected to SDS-PAGE.

Mass spectrometry
Nano LC-MS/MS analysis was performed using a LTQ orbitrap XL system (Thermo Scientific, MA, U.S.A.) as
described previously [15,45]. The MASCOT Server 2.3.02 (Matrix Science, Tokyo, Japan) software was used for
Mascot database searching.

Computer simulation
Modelling and computer simulation for AOX turnover was carried out using Excel spreadsheet program
(Microsoft, WA, U.S.A.).

Statistical analysis

Results were presented as mean values = SD. Differences between the means were tested by one-way factorial
ANOVA and a Tukey’s honest significant difference post hoc test using SPSS software (IBM, NY, U.S.A.).
Significant differences between means were indicated by a P value <0.05.

Results
Thermogenesis of A. maculatum and thermogenic appendix-specific

expression of AmAOX transcripts

We have previously reported that the appendices of A. maculatum show intensive thermogenesis at the & stage
during the development of inflorescence, and that the maximum temperature reached ~30°C [15]. To evaluate
the expression levels of the AmAOXs in the appendices of this plant in our current study, the apparent § stages
of the thermogenic appendices with open but not wilted spathes were collected in the field together with the 8
stages of pre-thermogenic appendices with tightly closed spathes. All sampled appendices were analyzed in the
laboratory with an infrared thermal camera to evaluate the level of thermogenesis (Figure 1a). No thermogenic
activity was found in the appendices at the B stage, and these samples were accordingly designated ‘pre-hot’.
Our thermal imaging analyses clearly showed that some appendices collected at the 3 stage of inflorescence
were indeed thermogenic, which were termed ‘hot’; whereas the others were not thermogenic and were denoted
‘non-hot’ (Figure 1a). Some appendices were found to be at the y/8 periphery stage of thermogenesis, although
we attempted to collect only thermogenic & stage appendices in the field. However, because these non-hot
samples acted as an experimental control by representing the physiological status at the boundary stages of
thermogenesis, we decided to use them for subsequent comparative analyses of AmAOX gene transcript levels,
and an in organello degradation assay of AmAOX proteins, alongside the pre-hot and hot appendices.

The AmAOX transcript levels were evaluated by real-time PCR using two different methods: conventional
quantitative PCR (qRT-PCR), which amplified all AmAOX transcripts and cycleave PCR, which specifically
amplified the ENV, QNT + QDT and QDT types of AmAOX transcripts. AmAOX transcripts showed signifi-
cantly higher expression levels in hot appendices by both qRT-PCR and cycleave PCR (Figure 1b). Our
qRT-PCR analysis revealed that AmAOX transcripts were ~7-8-times more abundant in hot appendices than
in pre-hot samples. The expression of transcripts encoding the QNT type of AmMAOX (AmAOXIle) was signifi-
cantly higher in hot appendices, supporting the notion raised in our previous report that AmAOXle is the
major AOX molecule expressed in thermogenic appendices of A. maculatum [15]. As the temperature rises to
~30°C in hot appendices, it could be speculated that this is a trigger for the induction of general gene tran-
scription, including AmAOXIe, in the appendices. To determine whether gene transcripts other than
AmAOXle are induced in the thermogenic appendices of A. maculatum, expression analysis for voltage-
dependent anion channel (VDAC) and ubiquitin genes was conducted using the same RNA samples from
pre-hot, non-hot and hot appendices that were used in the AmAOXIe expression analysis. VDAC has a role in
regulating metabolic and energetic flux across the outer mitochondrial membrane and its gene expression is
reflective of mitochondrial metabolism [50]. Ubiquitin is frequently used as a housekeeping gene in expression
analysis [51]. The VDAC transcript levels between pre-hot and hot appendices were almost the same, whereas
those in non-thermogenic appendices were significantly lower than in the other samples (Supplementary
Figure S1). Considering that VDAC expression represents mitochondrial metabolism in the plant cell, these
results suggest that there were some post-thermogenic appendices in our samples that had been collected in the
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Figure 1. Expression of AmAOX transcripts and proteins in the appendices of A. maculatum. Part 1 of 2

(a) Infrared thermal images of the pre-hot (B-stage), non-hot (y/3-stage) and hot (3-stage) appendices used in this study.

(b) AMAOX transcript levels in pre-hot, non-hot and hot stages of A. maculatum. These levels are shown as an expression ratio
relative to EF1a. Expression levels analyzed by gRT-PCR and cycleave PCR are shown at the bottom of the figure. The total
AmAOX expression level was determined using common primers that amplify all types of transcripts (AmAOX71a-AmAOX1g;
denoted by ‘all’). Transcripts for QNT- and QDT-type AmAOXs were coamplified in the cycleave PCR (QNT + QDT). Values are
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Figure 1. Expression of AmAOX transcripts and proteins in the appendices of A. maculatum. Part 2 of 2
the means + SD (n = 3). Different alphabetical letters in the graph indicate significantly different values (P < 0.05). (c) Expression
of AmAOX proteins in the mitochondria from various thermogenic stage appendices. Mitochondrial proteins were separated by
SDS-PAGE, visualised with the Coomassie Birilliant Blue (CBB) staining (right), transferred to a polyvinylidene difluoride
membrane and immunoblotted with antibodies against AOX (left). Molecular mass standards are indicated.

field as non-hot appendices. The ubiquitin transcript levels were found to be consistent across pre-hot, non-hot
and hot appendices (Supplementary Figure S1). Our gene expression analysis of various stage appendices of
A. maculatum thus suggested that an increased temperature produced by thermogenesis has little effect on the
accumulation of mRNAs for VDAC and ubiquitin, but that there is a thermogenic stage-specific mechanism
that strongly induces the gene transcription of AmAOXIe.

Expression and temperature-dependent degradation of AmMAOX proteins in

mitochondria

We surmised that if there was a correlation between the AmAOX transcript and protein levels in the appendices
of A. maculatum, a higher accumulation of the AmAOX protein in hot appendices would be found because
AmAOXIe transcripts are abundantly expressed under these conditions. However, by non-reducing SDS-PAGE
and subsequent western analyses of mitochondria from pre-hot, non-hot and hot appendices, we observed that
AmAOX proteins are present as reduced non-covalently associated dimers at similar expression levels in the
mitochondria in all cases (Figure 1c). Moreover, the major proteins stained by CBB were similar regardless of
the developmental stage (Figure 1c).

Temperature-dependent degradation of AmMAOX proteins in the mitochondria

To determine whether AmAOX proteins are degraded by an increased temperature, an in organello degradation
assay with purified mitochondria was performed. Mitochondria prepared from pre-hot, non-hot and hot
appendices, as shown in Figure 1, were treated at either 15°C or 30°C, followed by western analysis for
AmAOX proteins (Figure 2). In the mitochondria from the pre-hot appendices, AmAOX proteins were slightly
degraded at 15°C but much more quickly at 30°C. The degradation profiles of AmAOX proteins in the mito-
chondria from non-hot and hot appendices appeared to be essentially similar and more rapidly degraded than
those from pre-hot appendices. In the mitochondria from the non-hot and hot appendices, AmAOX proteins
were more rapidly degraded at 30°C than at 15°C. These results suggest that AmAOX proteins are substrates
for mitochondrial protease(s) that show a higher degradation activity at 30°C.

Carbonyl oxidation of mitochondrial proteins and respiration activities
Mitochondria are the main site of ROS production and the oxidation of mitochondrial proteins leads to a con-
formational change and/or modifications [52], which cause recognition and degradation by protease [53]. The
best characterized irreversible protein oxidation reaction in mitochondria is carbonylation, which is regarded
as an indicator of oxidative damage to the cell [53]. Accordingly, we first investigated the carbonylation of mito-
chondrial proteins in pre-hot, non-hot and hot appendices (Supplementary Figure S2). Our results clearly indi-
cated that carbonylated proteins are present in mitochondria but that the patterns were comparable between
non-hot and hot appendices. These results suggested that ROS produced during thermogenesis in appendices are
scavenged by anti-oxidative defence mechanisms in mitochondria, although our DNP-based analysis could not
determine the molecule-specific oxidation status of the mitochondrial proteins. We thus examined the oxidation
of tryptophan residues, an irreversible chemical reaction [54], in the AmAOX proteins in pre-hot, non-hot and
hot appendices. By nano-LC-MS/MS analysis however, we detected no N-formylkynurenine or kynurenine
oxidized residues on these proteins. In general, it is thought that oxidized proteins lose functionality because of
conformational changes due to the oxidization of amino acid residues [55]. Because no tryptophan residues were
found to have been oxidized in AmAOX proteins and carbonylated proteins were almost equally distributed in
the mitochondria from non-hot and hot appendices, we hypothesized that the mitochondrial respiration profiles,
including the AOX-mediated respiration pathway, would be similar among our analyzed mitochondria.

To test this idea, we next conducted respiratory assays using NADH as the mitochondrial substrate
(Supplementary Figure S3). The respiration profiles of each mitochondrial preparation were essentially

3422 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

1.20Z 4equiede( /g uo 3senb Aq 4pd'G1.G0-0202-f0a/L LEE68/L L 1S/ 111 L Y/4Pd-d[o1E/[wayoolg/woo sseidpueod//:dny woly papeojumoq


https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2020) 477 3417-3431 <. = PORTLAND
https://doi.org/10.1042/BCJ20200515 ... PRESS

15°C 30°C
MW
(kDa) MO 4 81224 0 4 8 1224 M
Pre i [
72 gy A [r—y
55 .

s e

g
34 g
e

%

Non 3

S LA

-
Hot '3 | 7 \
55 | &
43
34

26

17

Figure 2. Degradation of AmMAOX proteins in mitochondria purified from appendices at various developmental stages in
A. maculatum.

Mitochondrial proteins were incubated at either 15°C or 30°C in a buffer containing 200 mM Tris-HCI, pH 7.5, 10 mM MgCl,,
10 mM CaCl,, 50 mM ATP and 0.1% Triton-X100 for the indicated time periods (0, 4, 8, 12 and 24 h). Samples were separated
by SDS-PAGE, transferred to a polyvinylidene difluoride membrane and incubated with antibodies to AOX. AmAOX positions
are indicated by arrows. Molecular mass standards are also indicated.

equivalent irrespective of their thermogenic status. Our data also indicated that pyruvate stimulates
AOX-mediated respiration in pre-hot mitochondria, whereas no activation was evident in mitochondria from
the non-hot and hot appendices. These results confirmed those of our previous study [15], in which we found
that the QDT type of pyruvate-insensitive AOX (AmAOXIle) is principally expressed in mitochondria from
non-hot and hot appendices, whereas the mitochondria from pre-hot appendices express the ENV type of
pyruvate-sensitive AOXs (AmAOXla-d and f).
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Characterization of protease(s) that degrade mitochondrial AmAOX proteins in

mitochondria

To next characterize the protease(s) that degrade AmAOX proteins, we tested four types of protease inhibitor via
an in organello protease assay: EDTA for metalloproteases, AEBSF for serine proteases, pepstatin for aspartic pro-
teases and E-64 for cysteine proteases. To assess the specificity of the protease(s) that degrade AmAOX proteins,
antibodies to Hsp60 and VDAC were also used in the western analysis (Supplementary Figure S4). We found that
the addition of E-64 had apparent inhibitory effects on the degradation of AmAOX proteins in the mitochondria
from pre-hot, non-hot and hot appendices at either 15°C or 30°C (Figure 3 and Supplementary Figure S4). EDTA
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Figure 3. Effects of proteinase inhibitors on the degradation of AmMAOX proteins in mitochondria purified from
appendices at various developmental stages in A. maculatum.

AOX protein signals shown Supplementary Figure S4 are expressed as a relative intensity following densitometric analysis as
described in the Materials and methods.
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and pepstatin produced little effect although AEBSF had a weak inhibitory effect on the degradation of AmAOX
proteins. In contrast, VDAC, which localizes at the outer membrane of the mitochondria, was not degraded under
our experimental conditions (Supplementary Figure S4). This suggests that E-64-sensitive protease(s) that are
capable of the degradation of AmAOX proteins reside in the matrix of the mitochondria. Under these same
experimental conditions, Hsp60 was not degraded in the same manner as the AmAOX proteins, although a weak
degradation may have occurred over a prolonged incubation (Supplementary Figure S4).

E-64 is a mechanism-based inhibitor that specifically and irreversibly reacts with papain-like cysteine
proteases [56]. Thus, our present results clearly suggest that cysteine protease(s) function in the mitochondria
from A. maculatum and that AmAOX proteins are their natural target substrates for degradation in a
temperature-dependent manner. Moreover, the E-64-sensitive degradation of AmAOX proteins proceeded
faster in the mitochondria from non-hot and hot appendices at either 15°C or 30°C (Figure 2 and
Supplementary Figure S4). These results further indicated that the expression of E-64-sensitive cysteine
protease(s) is under the control of inflorescence development in A. maculatum.

Identification of an E-64-sensitive and DCG-04-reactive cysteine protease

To examine the E-64-sensitive protease activities that degrade AOX proteins in our current experimental
system, purified mitochondria were pre-treated in the presence or absence of E-64 and separated into crude
membrane (PPT) and matrix (SUP) fractions (Figure 4a). Purified mitochondria were confirmed to actively

a Mitochondria b
O bl Mitochondria PPT(-)  PPT(+)  PPT(+)+ SUP()
: Matrix protein SupP
E-64-sensitive protease MW + - + - + - ) + - 200 pM E-64
kDa i
+ E-64 % & -E-64 (130)M 036036 036 036 036 036 036 036 Time (h)
95 -
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55 W
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E-64-sensitive protease  (kDa) p 0 0 0 20200 0 O O 20 200 E-64 (uM)

PPT | precipitate supernatant| SUP

Figure 4. Targeting of E-64-sensitive and DCG-04-reactive proteases in mitochondria from A. maculatum.

(a,c) Schematic representation of the experimental steps used for the detection of the AmAOX proteolysis. (b) E-64-sensitive
protease activities. Mitochondria were incubated with or without E-64 (200 M) at 30°C in a medium containing 200 mM
Tris—HCI, pH 7.5, 10 mM MgCl,, 10 mM CaCl,, 50 mM ATP and 0.1% Triton-X100 for the indicated time periods (0 and 36 h).
Samples were separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and incubated with antibodies to
AOX. Molecular mass standards are indicated. (d) Detection of DCG-04 labelled active protease in the membrane fraction of
the mitochondria. Mitochondria were incubated with or without DCG-04 (2 uM) for 2 h at 4°C. A pre-heated sample (100°C,

5 min) was also labelled with DCG-04 (pre-heat). Samples were separated by SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, and detected with streptavidin-horseradish peroxidase. The arrow on the right indicates the position of a
cysteine protease specifically labelled with DCG-04. Molecular mass standards are indicated.
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degrade AOX proteins in the absence of E-64 (Figure 4b). Crude membrane fractions with no pre-treatment of
E-64 (PPT (—)) also showed a similar protease activity against AOX proteins (Figure 4b), whereas this was
inhibited by pre-treatment with E-64 (PPT (+)) (Figure 4b). There were no detectable AOX proteins in the
matrix fraction (SUP (—)). To examine if any AOX-degrading protease activities remain in the matrix fraction,
a mitochondrial membrane fraction treated with E-64 (PPT (+)) was mixed with the matrix fraction (SUP (-))
and incubated either in the presence or absence of E-64 (Figure 4b). We observed no degradation of AOX pro-
teins in this mixture, which suggested that the E-64-sensitive protease activities localize in the mitochondrial
membrane fraction.

We further characterized the E-64-sensitive protease(s) via activity profiling with the E-64 analogue DCG-04
containing a biotin tag [47]. Repeatedly freeze-thawed mitochondria were separated into crude membrane
(PPT) and matrix (SUP) fractions in the absence of E-64 (Figure 4c). Profiles of DCG-04-labelled cysteine pro-
teins were found to differ between the crude mitochondrial membrane and matrix fractions (Figure 4d), which
suggested a successful separation of crude mitochondrial membrane and matrix fractions. To determine the
specificity of DCG-labelled proteins, E-64 was used as a competitor. We detected a band at ~30 kDa in the
crude mitochondrial fraction that disappeared in the presence of E-64 (Figure 4d, arrow). Moreover, the
E-64-sensitive band was undetectable when the sample was pre-heated.

The DCG-04-labelled proteins were next affinity purified, and the activity profiling of the mitochondrial proteins
revealed the existence of a heat-labile, E-64-sensitive band at ~30 kDa on the gel (Figure 5a). A band that corre-
sponded to the specific DCG-labelled protein was excised and subjected to nano-LC-MS/MS analysis (Figure 5b).
By MS/MS scanning and a MASCOT database search, a partial peptide (NVCGVDSMVSTVAAVRSS) that has
been deposited as a cysteine protease 1-like protein from Phoenix dactylifera (NCBI Reference Sequence:
XP_008775532.1) was found to be present in the mitochondria from A. maculatum (Figure 5b; Supplementary
Figure S5; Supplementary Table S1).

Discussion

Mitochondria harbour a proteolytic system that can specifically recognize and degrade proteins in this organ-
elle. In general, peptidases in this system are highly conserved and can be classed into three groups: processing
peptidases, ATP-dependent proteases and oligopeptidases [57]. The processing peptidases mediate limited
proteolysis, whereas the ATP-dependent proteases and oligopeptidases, working sequentially, degrade proteins
to single amino acids. Additionally, peptides generated by processing enzymes are degraded to amino acids by
oligopeptidases [58]. Three families of ATP-dependent proteases have been identified in plant mitochondria:
Lon, Clp and FtsH [57]. Lon and Clp are serine proteases, whereas the FtsH family are zinc-dependent metallo-
proteases. Although Lon proteases function in the control of protein turnover and/or protein complex assembly
in plant organelles, there was no evidence previously that the expression patterns of nuclear genes encoding
respiratory proteins, i.e. the cytochrome ¢ 1, cytc-2 genes and the AOX1a gene, were altered in a Jonl mutant in
comparison with wild type plants [59].

In our present study, we found that AOX proteins are degraded by an E-64-sensitive cysteine protease in the
mitochondria of A. maculatum. Notably, this detected E-64-sensitive cysteine protease exerts its function at a
higher temperature (30°C). The maximum temperature of the appendix reaches 32°C at the &-stage during
floral development in A. maculatum [15], and it was clear that such 8-stage-specific endogenous thermogenesis
could greatly stimulate the protease activity that degrades the AmAOX proteins in mitochondria. Interestingly,
the mitochondrial outer-membrane protein, VDAC, and mitochondrial matrix protein, Hsp60, were both
almost intact under conditions where mitochondrial AmAOX proteins were degraded by the E-64-sensitive
protease. Remarkably, the activities of the E-64-sensitive cysteine protease could be recovered from mitochon-
drial membrane fractions together with AmAOX proteins, and partial purification of this protease revealed a
protein with an apparent molecular mass of 30 kDa that contains a peptide fragment that is identical with the
C-terminal sequence of cysteine proteinase 1-like protein from P. dactylifera (Figure 5 and Supplementary
Figure S5). Accordingly, our results strongly suggest that AmAOX proteins are the target of an as yet unidenti-
fied E-64-sensitive mitochondrial cysteine protease in thermogenic A. maculatum.

We conducted comparative expression analyses of AmAOX transcripts and their translation products using
the same tissue samples collected at different developmental stages and thermogenic states (Figure la-c).
Intriguingly, although the expression of AmAOX transcripts are greatly stimulated in thermogenic (hot) appen-
dices, their protein translation levels remain unchanged across different developmental stages (pre-hot,
non-hot, and hot appendices). These data are consistent with our previous paper which demonstrated that
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Figure 5. Identification of DCG-04-targeted protease in mitochondria from A. maculatum.

(@) Purification of DCG-04-reactive proteins. Mitochondrial proteins were labelled with and without DCG-04 either in the
presence or absence of E-64 as a competitor. A pre-heated sample (100°C, 5 min) was also labelled with DCG-04 (pre-heat).
After labelling, the samples were purified using streptavidin beads. Samples were then separated on SDS-PAGE and analyzed
by florescence scanning (left) and Coomassie Birilliant Blue staining (right). The DCG-04-reactive specific band is denoted by
an arrow, and a band corresponding to the position of the DCG-04-reactive protein (indicated by a red box) was excised and
analyzed by nano-LC-MS/MS. (b) MS/MS spectrum of the DCG-04-targeted protease peptide fragment
(NVCGVDSMVSTVAAVRSS) derived by tryptic digestion of the protein sample.

AmAOX proteins constitutively express at all stages during floral development in A. maculatum [13]. It should
also be noted here that although mitochondria from non-hot and hot appendices both showed almost the same
temperature-dependent protease activities for AOX proteins (Figure 2), the AmAOX transcript levels were
significantly higher in the hot appendices (Figure 1). An important question arising from these findings is why
there is a low correlation between the AOX mRNA and protein levels in the appendices. Presumably, the
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AmAOX transcript levels in pre-hot and non-hot appendices were sufficient to maintain the required amounts
of AmAOX proteins in these tissues. In the hot appendices however, a much higher amounts of AmAOX tran-
scripts is needed to maintain the translation products in the mitochondria at a level that is comparable to those
in pre-hot and non-hot appendices. One of the possible mechanisms could be a temperature-dependent retro-
grade control pathway that links the increased degradation of AmAOX proteins in mitochondria and the stimu-
lation of AmAOX transcription in the nuclei.

Organelle-to-nucleus signalling, or retrograde control, co-ordinates the expression of nuclear genes [60].
Mitochondrial retrograde regulation was first reported in Saccharomyces cerevisiae in which it was shown that
perturbed respiratory function activates a retrograde pathway that regulates gene expression and thereby alters
cellular metabolism [61]. The AOX genes represent the pre-eminent example of this system in plants
[29,36,37,41]. In A. thaliana, the transcription of AtAOX1a has been shown to be strongly negatively regulated
by ABI4 [38], but to be inducible by latent transcriptional factors including NAC17 [62,63]. AtAOX1a has also
been shown to be under both negative and positive regulation by the WRKY transcription factors that bind to
the AtAOXIa promoter [34,64,65]. Moreover, AtAOXIa transcription can be controlled by a number of regula-
tors such as KIN10 that do not directly bind to its promoter [66]. Among these factors that directly or indir-
ectly regulate AtAOX1a transcription, NACI17 is a tail-anchored protein in the endoplasmic reticulum that is
released by rhomboid protease-mediated proteolytic cleavage to activate the expression of AtAOXIa and other
downstream regulators of AtAOXIa [62]. Although the genomic sequencing of A. maculatum has not yet been
completed and there is no information as to the promoter sequences of AmAOXs, we speculate that retrograde
signalling pathways that control the transcription of AtAOXIa may also be involved in regulating the
temperature-dependent gene expression of AmAOXs in A. maculatum. It is also possible that the temperature-
dependent degradation of AmAOX proteins by the E-64-sensitive cysteine protease produces smaller peptide
fragments that signal the activation of transcription (Supplementary Figure S6), as shown in Caenorhabditis
elegans [67]. In our model, E-64-sensitivecysteine protease(s) are activated by an elevated appendix temperature
caused by endogenous thermogenesis, which leads to an increased degradation of the AOX protein. Moreover,
subsequent induction of AOX gene expression via unidentified signalling pathway to the nucleus could be acti-
vated (Supplementary Figure S6).

Ubiquinol is a common substrate for both AOX- and COX-mediated respiration pathways, and previous
study showed that the ubiquinone pool in A. maculatum appendices was ~90% reduced during thermogenesis
[68]. Because a higher reduced ubiquinone pool provides maximal activity of the AOX-mediated respiratory
pathway [13], it is clear that AmAOX proteins that are constitutively expressed in pre- and non-hot appendices
show less enzymatic activities in A. maculatum. In the present study, we also confirmed our previous findings
that mitochondria from pre-hot appendices express the ENV type of pyruvate-sensitive AOXs (AmAOXla-d
and f), whereas the QDT type of pyruvate-insensitive AOX (AmAOXle) is principally expressed in mitochon-
dria from non-hot and hot appendices [15]. It is tempting to speculate that developmental switch of the
AmAOXs gene expression from pre-hot to hot appendices is a ‘switching out’ of the pyruvate-sensitive AOX
form for a pyruvate-insensitive AOX form. In this case, activities of pyruvate insensitive AmAOXIle might then
no longer be dependent upon the threshold level of pyruvate concentration within the matrix of mitochondria
in thermogenic appendices of A. maculatum.

The significance of increased AmAOX protein turnover in A. maculatum is a fundamental question to arise
from our current data. AOX proteins in plant mitochondria generally exist as either a non-covalently associated
reduced dimer (active form) or an oxidized dimer (inactive form) through the formation of a disulfide bridge
between the conserved Cys I residue [22,69]. The ratio of reduced and oxidized AOX proteins at various equi-
librium conditions could be estimated by computer simulation modelling and it is apparent that an elevated
turnover rate of the AOX proteins reduces the oxidized state level (Supplementary Figure S7). Although the oxi-
dative damage of mitochondrial proteins, which is induced under higher respiration conditions, leads to struc-
tural alterations and further degradation by specific proteases [55,70], an increased turnover of AOX proteins,
which is stimulated by endogenous thermogenesis, could also have a role to preserve AmAOX proteins in a
reduced (active) form in thermogenic appendices of A. maculatum.

In conclusion, AOX proteins are a potential substrate of an E-64-sensitive cysteine protease of the
thermogenic appendices of A. maculatum. The temperature-inducible degradation of AOX proteins and
the subsequent stimulation of their gene transcription may contribute to the endogenous heat-production in
this plant.

3428 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

1.20Z 4equiede( /g uo 3senb Aq 4pd'G1.G0-0202-f0a/L LEE68/L L 1S/ 111 L Y/4Pd-d[o1E/[wayoolg/woo sseidpueod//:dny woly papeojumoq


https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2020) 477 3417-3431 o PORTLAND
https://doi.org/10.1042/BCJ20200515 ... PRESS

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported by funding from the JSPS Open Partnership Joint Projects and JSPS KAKENHI
(16H05064, 19H02918) to K.I. Research in the laboratory of A.L.M. was supported by grants from BBSRC
(BB/L022915/1 and BB/NO10051/1). A.L.M. was also a recipient of a JSPS Invitation Fellowship (S13088) which
is greatly appreciated.

Author Contributions

K.l. designed the research and wrote the paper. T.O., Y.K,, K.Il. and A.L.M. purified the mitochondria from the
A. maculatum appendices. T.O., Y.U. and K.l. performed the gene expression analyses, mitochondrial assays
and data analyses. T.S. and K.I. carried out the biochemical analyses. T.S., K.I. and H.O. conducted the
modelling and computer simulation. A.L.M. edited the article prior to submission.

Acknowledgements
We thank Dr. M. Bogyo (Stanford University) for the gift of DCG-04.

Abbreviations

AEBSF, 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride; AOX, alternative oxidase; BCA, bicinchoninic
acid; CBB, Coomassie Brilliant Blue; COX, cytochrome ¢ oxidase; DNPH, 2, 4-dinitrophenylhydrazine; PVDF,
polyvinylidene difluoride; gRT-PCR, quantitative real time-PCR; ROS, reactive oxygen species; SDS-PAGE,
sodium dodecy! sulfate-polyacrylamide gel electrophoresis; VDAC, voltage-dependent anion channel.

References

1 Seymour, R.S. and Schultze-Motel, P. (1997) Heat-producing flowers. Endeavour 21, 125-129 https://doi.org/10.1016/S0160-9327(97)80222-0

2 James, W.0. and Elliott, D.C. (1955) Cyanide-resistant mitochondria from the spadix of an Arum. Nature 175, 89 https://doi.org/10.1038/175089a0

3 Meeuse, B.J.D. (1975) Thermogenic respiration in aroids. Ann. Rev. Plant Physiol. 26, 117—126 https://doi.org/10.1146/annurev.pp.26.060175.
001001

4 Meeuse, B.J.D. and Raskin, I. (1988) Sexual reproduction in the arum lily family, with emphasis on thermogenicity. Sex. Plant Reprod. 1, 3-15
https://doi.org/10.1007/BF00227016

5 Vanlerberghe, G.C. and Mclintosh, L. (1997) ALTERNATIVE OXIDASE: from gene to function. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48, 703—734
https://doi.org/10.1146/annurev.arplant.48.1.703

6  Affourtit, C., Krab, K. and Moore, A.L. (2001) Control of plant mitochondrial respiration. Biochim. Biophys. Acta 1504, 58—69 https://doi.org/10.1016/
S0005-2728(00)00239-5

7 Crichton, P.G., Affourtit, C., Albury, M.S., Carré, J.E. and Moore, A.L. (2005) Constitutive activity of Sauromatum guttatum alternative oxidase in
Schizosaccharomyces pombe implicates residues in addition to conserved cysteines in alpha-keto acid activation. FEBS Lett. 579, 331-336 https://doi.
org/10.1016/}.febslet.2004.10.107

8  van Dongen, J.T., Gupta, K.J., Ramirez-Aguilar, S.J., Aratjo, W.L., Nunes-Nesi, A. and Fernie, A.R. (2011) Regulation of respiration in plants: a role for
alternative metabolic pathways. J. Plant Physiol. 168, 1434—1443 https://doi.org/10.1016/}.jplph.2010.11.004

9 Moore, A.L.,, Shiba, T., Young, L., Harada, S., Kita, K. and Ito, K. (2013) Unraveling the heater: new insights into the structure of the alternative oxidase.
Annu. Rev. Plant Biol. 64, 637-663 https://doi.org/10.1146/annurev-arplant-042811-105432

10 Moore, A.L., Albury, M.S., Crichton, P.G. and Affourtit, C. (2002) Function of the alternative oxidase: is it still a scavenger? Trends Plant Sci. 7,
478-481 https://doi.org/10.1016/51360-1385(02)02366-X

11 Moore, A.L. and Albury, M.S. (2008) Further insights into the structure of the alternative oxidase: from plants to parasites. Biochem. Soc. Trans.
36, 1022-1026 https://doi.org/10.1042/BST0361022

12 Albury, M.S., Elliott, C. and Moore, A.L. (2009) Towards a structural elucidation of the alternative oxidase in plants. Physiol. Plant. 137, 316-327
https://doi.org/10.1111/.1399-3054.2009.01270.x

13 Leach, G.R., Krab, K., Whitehouse, D.G. and Moore, A.L. (1996) Kinetic analysis of the mitochondrial quinol-oxidizing enzymes during development of
thermogenesis in Arum maculatum L. Biochem. J. 317, 313-319 https://doi.org/10.1042/bj3170313

14 Wagner, A.M., Krab, K., Wagner, M.J. and Moore, A.L. (2008) Regulation of thermogenesis in flowering Araceae: the role of the alternative oxidase.
Biochim. Biophys. Acta 1777, 993-1000 https://doi.org/10.1016/j.bbabio.2008.04.001

15 lto, K., Ogata, T., Kakizaki, Y., Elliott, C., Albury, M.S. and Moore, A.L. (2011) Identification of a gene for pyruvate-insensitive mitochondrial alternative
oxidase expressed in the thermogenic appendices in Arum maculatum. Plant Physiol. 157, 1721-1732 https://doi.org/10.1104/pp.111.186932

16 Onda, Y., Kato, Y., Abe, Y., lto, T., lto-Inaba, Y., Morohashi, M. et al. (2007) Pyruvate-sensitive AOX exists as a non-covalently associated dimer in the
homeothermic spadix of the skunk cabbage, Symplocarpus renifolius. FEBS Lett. 581, 5852-5858 https://doi.org/10.1016/j.febslet.2007.11.061

17  Grant, N., Onda, Y., Kakizaki, Y., Ito, K., Watling, J. and Robinson, S. (2009) Two cys or not two cys? That is the question; alternative oxidase in the
thermogenic plant sacred lotus. Plant Physiol. 150, 987-995 https://doi.org/10.1104/pp.109.139394

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 3429

1.20Z 4equiede( /g uo 3senb Aq 4pd'G1.G0-0202-f0a/L LEE68/L L 1S/ 111 L Y/4Pd-d[o1E/[wayoolg/woo sseidpueod//:dny woly papeojumoq


https://doi.org/10.1016/S0160-9327(97)80222-0
https://doi.org/10.1016/S0160-9327(97)80222-0
https://doi.org/10.1016/S0160-9327(97)80222-0
https://doi.org/10.1038/175089a0
https://doi.org/10.1146/annurev.pp.26.060175.001001
https://doi.org/10.1146/annurev.pp.26.060175.001001
https://doi.org/10.1007/BF00227016
https://doi.org/10.1146/annurev.arplant.48.1.703
https://doi.org/10.1016/S0005-2728(00)00239-5
https://doi.org/10.1016/S0005-2728(00)00239-5
https://doi.org/10.1016/S0005-2728(00)00239-5
https://doi.org/10.1016/S0005-2728(00)00239-5
https://doi.org/10.1016/j.febslet.2004.10.107
https://doi.org/10.1016/j.febslet.2004.10.107
https://doi.org/10.1016/j.jplph.2010.11.004
https://doi.org/10.1146/annurev-arplant-042811-105432
https://doi.org/10.1146/annurev-arplant-042811-105432
https://doi.org/10.1146/annurev-arplant-042811-105432
https://doi.org/10.1146/annurev-arplant-042811-105432
https://doi.org/10.1016/S1360-1385(02)02366-X
https://doi.org/10.1016/S1360-1385(02)02366-X
https://doi.org/10.1016/S1360-1385(02)02366-X
https://doi.org/10.1042/BST0361022
https://doi.org/10.1111/j.1399-3054.2009.01270.x
https://doi.org/10.1111/j.1399-3054.2009.01270.x
https://doi.org/10.1042/bj3170313
https://doi.org/10.1016/j.bbabio.2008.04.001
https://doi.org/10.1104/pp.111.186932
https://doi.org/10.1016/j.febslet.2007.11.061
https://doi.org/10.1104/pp.109.139394
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

18

19
20
21
22
23
24

25
26

27
28
29
30
31
32
33
34
35

36
37

38

39

40
41
42
43
44

45

46

47

Biochemical Journal (2020) 477 3417-3431
https://doi.org/10.1042/BCJ20200515

Ito, K., Takahashi, H., Umekawa, Y., Imamura, T., Kawasaki, S., Ogata, T. et al. (2013) Metabolite profiling reveals tissue- and temperature-specific
metabolomic responses in thermoregulatory male florets of Dracunculus vulgaris (Araceae). Metabolomics 9, 919-930 https://doi.org/10.1007/
$11306-013-0509-x

Ito-Inaba, Y., Sato, M., Sato, M.P., Kurayama, Y., Yamamoto, H., Ohata, M. et al. (2019) Alternative oxidase capacity of mitochondria in microsporophylls
may function in cycad thermogenesis. Plant Physiol. 180, 743—756 https://doi.org/10.1104/pp.19.00150

Berthold, D.A., Andersson, M.E. and Nordlund, P. (2000) New insight into the structure and function of the alternative oxidase. Biochim. Biophys. Acta
1460, 241-254 https://doi.org/10.1016/S0005-2728(00)00149-3

Shiba, T., Kido, Y., Sakamoto, K., Inaoka, D.K., Tsuge, C., Tatsumi, R. et al. (2013) Structure of the trypanosome cyanide-insensitive alternative oxidase.
Proc. Natl Acad. Sci. U.S.A. 110, 4580-4585 https://doi.org/10.1073/pnas.1218386110

Umbach, A.L. and Siedow, J.N. (1993) Covalent and noncovalent dimers of the cyanide-resistant alternative oxidase protein in higher plant mitochondria
and their relationship to enzyme activity. Plant Physiol. 103, 845-854 https://doi.org/10.1104/pp.103.3.845

Hoefnagel, M.H.N., Millar, A.H., Wiskich, J.T. and Day, D.A. (1995) Cytochrome and alternative respiratory pathways compete for electrons in the
presence of pyruvate in soybean mitochondria. Arch. Biochem. Biophys. 318, 394—400 https://doi.org/10.1006/abbi.1995.1245

Vanlerberghe, G.C. (2013) Alternative oxidase: a mitochondrial respiratory pathway to maintain metabolic and signaling homeostasis during abiotic and
biotic stress in plants. Int. J. Mol. Sci. 14, 6805-6847 https://doi.org/10.3390/ijms14046805

Turrens, J.F. (1997) Superoxide production by the mitochondrial respiratory chain. Biosci. Rep. 17, 3-8 https://doi.org/10.1023/A:1027374931887
Muller, F.L., Liu, Y. and Van Remmen, H. (2004) Complex lll releases superoxide to both sides of the inner mitochondrial membrane. J. Biol. Chem.
279, 49064-49073 https://doi.org/10.1074/jbc.M407715200

Matsukawa, K., Kamata, T. and Ito, K. (2009) Functional expression of plant alternative oxidase decreases antimycin A-induced reactive oxygen species
production in human cells. FEBS Lett. 583, 148—152 https://doi.org/10.1016/j.febslet.2008.11.040

Cvetkovska, M. and Vanlerberghe, G.C. (2012) Alternative oxidase modulates leaf mitochondrial concentrations of superoxide and nitric oxide.

New Phytol. 195, 32—39 https://doi.org/10.1111/.1469-8137.2012.04166.x

Selinski, J., Scheibe, R., Day, D.A. and Whelan, J. (2018) Alternative oxidase is positive for plant performance. Trends Plant Sci. 23, 588597
https://doi.org/10.1016/j.tplants.2018.03.012

Vanlerberghe, G.C., Vanlerberghe, A.E. and MclIntosh, L. (1994) Molecular genetic alteration of plant respiration (silencing and overexpression of
alternative oxidase in transgenic tobacco). Plant Physiol. 106, 1503—1510 https://doi.org/10.1104/pp.106.4.1503

Vanlerberghe, G.C. and Mcintosh, L. (1996) Signals regulating the expression of the nuclear gene encoding alternative oxidase of plant mitochondria.
Plant Physiol. 111, 589-595 https://doi.org/10.1104/pp.111.2.589

Djajanegara, I., Finnegan, P.M., Mathieu, C., McCabe, T., Whelan, J. and Day, D.A. (2002) Regulation of alternative oxidase gene expression in soybean.
Plant Mol. Biol. 50, 735—742 https://doi.org/10.1023/A:1019942720636

Gray, G.R., Maxwell, D.P., Villarimo, A.R. and MclIntosh, L. (2004) Mitochondria/nuclear signaling of alternative oxidase gene expression occurs through
distinct pathways involving organic acids and reactive oxygen species. Plant Cell Rep. 23, 497-503 https://doi.org/10.1007/s00299-004-0848-1
Dojcinovic, D., Krosting, J., Harris, A.J., Wagner, D.J. and Rhoads, D.M. (2005) Identification of a region of the Arabidopsis AtAOX7a promoter
necessary for mitochondrial retrograde regulation of expression. Plant Mol. Biol. 58, 159-175 https://doi.org/10.1007/s11103-005-5390-1
Pfannschmidt, T., Terry, M.J., Van Aken, O. and Quiros, P.M. (2020) Retrograde signals from endosymbiotic organelles: a common control principle in
eukaryotic cells. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190396 https://doi.org/10.1098/rstb.2019.0396

Adamowicz-Skrzypkowska, A., Kwasniak-Owczarek, M., Van Aken, 0., Kazmierczak, U. and Janska, H. (2020) Joint inhibition of mitochondrial complex
IV and alternative oxidase by genetic or chemical means represses chloroplast transcription in Arabidopsis. Philos. Trans. R. Soc. Lond. B Biol Sci.
375, 20190409 https://doi.org/10.1098/rsth.2019.0409

Merendino, L., Courtois, F., Griibler, B., Bastien, ., Straetmanns, V., Chevalier, F. et al. (2020) Retrograde signals from mitochondria reprogramme
skoto-morphogenesis in Arabidopsis thaliana via alternative oxidase 1a. Philos. Trans. R. Soc. Lond. B Biol Sci. 375, 20190567 https://doi.org/10.
1098/rsth.2019.0567

Giraud, E., Van Aken, 0., Ho, L.H.M. and Whelan, J. (2009) The transcription factor ABI4 is a regulator of mitochondrial retrograde expression of
ALTERNATIVE OXIDASE1a. Plant Physiol. 150, 1286—1296 https://doi.org/10.1104/pp.109.139782

lvanova, A., Law, S.R., Narsai, R., Duncan, 0., Lee, J.-H., Zhang, B. et al. (2014) A functional antagonistic relationship between auxin and
mitochondrial retrograde signaling regulates alternative oxidase1a expression in Arabidopsis. Plant Physiol. 165, 1233—1254 https://doi.org/10.1104/pp.
114.237495

Wind, J.J., Peviani, A., Snel, B., Hanson, J. and Smeekens, S.C. (2013) ABI4: versatile activator and repressor. Trends Plant Sci. 18, 125-132
https://doi.org/10.1016/j.tplants.2012.10.004

Ng, S., De Clercq, I., Van Aken, 0., Law, S.R., lvanova, A., Willems, P. et al. (2014) Anterograde and retrograde regulation of nuclear genes encoding
mitochondrial proteins during growth, development, and stress. Mol. Plant 7, 1075-1093 https://doi.org/10.1093/mp/ssu037

Nelson, C.J., Li, L., Jacoby, R.P. and Millar, A.H. (2013) Degradation rate of mitochondrial proteins in Arabidopsis thaliana cells. J. Proteome Res.

12, 3449-3459 https://doi.org/10.1021/pr400304r

James, W.0. and Beevers, H. (1950) The respiration of Arum spadix. A rapid respiration, resistant to cyanide. New Phytol. 49, 353-374 https://doi.org/
10.1111/.1469-8137.1950.tb05160.x

Ito, K., Onda, Y., Sato, T., Abe, Y. and Uemura, M. (2003) Structural requirements for the perception of ambient temperature signals in homeothermic
heat production of skunk cabbage (Symplocarpus foetidus). Plant Cell Environ. 26, 783—788 https://doi.org/10.1046/j.1365-3040.2003.00989.x
Kakizaki, Y., Moore, A.L. and lto, K. (2012) Different molecular bases underlie the mitochondrial respiratory activity in the homoeothermic spadices of
Symplocarpus renifolius and the transiently thermogenic appendices of Arum maculatum. Biochem. J. 445, 237-246 https://doi.org/10.1042/
BJ20111978

Sweetlove, L.J., Heazlewood, J.L., Herald, V., Holtzapffel, R., Day, D.A., Leaver, C.J. et al. (2002) The impact of oxidative stress on Arabidopsis
mitochondria. Plant J. 32, 891-904 https://doi.org/10.1046/].1365-313X.2002.01474.x

Greenbaum, D., Medzihradszky, K.F., Burlingame, A. and Bogyo, M. (2000) Epoxide electrophiles as activity-dependent cysteine protease profiling and
discovery tools. Chem. Biol. 7, 569-581 https://doi.org/10.1016/S1074-5521(00)00014-4

3430 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

1.20Z 4equiede( /g uo 3senb Aq 4pd'G1.G0-0202-f0a/L LEE68/L L 1S/ 111 L Y/4Pd-d[o1E/[wayoolg/woo sseidpueod//:dny woly papeojumoq


https://doi.org/10.1007/s11306-013-0509-x
https://doi.org/10.1007/s11306-013-0509-x
https://doi.org/10.1007/s11306-013-0509-x
https://doi.org/10.1007/s11306-013-0509-x
https://doi.org/10.1007/s11306-013-0509-x
https://doi.org/10.1104/pp.19.00150
https://doi.org/10.1016/S0005-2728(00)00149-3
https://doi.org/10.1016/S0005-2728(00)00149-3
https://doi.org/10.1016/S0005-2728(00)00149-3
https://doi.org/10.1073/pnas.1218386110
https://doi.org/10.1104/pp.103.3.845
https://doi.org/10.1006/abbi.1995.1245
https://doi.org/10.3390/ijms14046805
https://doi.org/10.1023/A:1027374931887
https://doi.org/10.1074/jbc.M407715200
https://doi.org/10.1016/j.febslet.2008.11.040
https://doi.org/10.1111/j.1469-8137.2012.04166.x
https://doi.org/10.1111/j.1469-8137.2012.04166.x
https://doi.org/10.1016/j.tplants.2018.03.012
https://doi.org/10.1104/pp.106.4.1503
https://doi.org/10.1104/pp.111.2.589
https://doi.org/10.1023/A:1019942720636
https://doi.org/10.1007/s00299-004-0848-1
https://doi.org/10.1007/s00299-004-0848-1
https://doi.org/10.1007/s00299-004-0848-1
https://doi.org/10.1007/s00299-004-0848-1
https://doi.org/10.1007/s11103-005-5390-1
https://doi.org/10.1007/s11103-005-5390-1
https://doi.org/10.1007/s11103-005-5390-1
https://doi.org/10.1007/s11103-005-5390-1
https://doi.org/10.1098/rstb.2019.0396
https://doi.org/10.1098/rstb.2019.0409
https://doi.org/10.1098/rstb.2019.0567
https://doi.org/10.1098/rstb.2019.0567
https://doi.org/10.1104/pp.109.139782
https://doi.org/10.1104/pp.114.237495
https://doi.org/10.1104/pp.114.237495
https://doi.org/10.1016/j.tplants.2012.10.004
https://doi.org/10.1093/mp/ssu037
https://doi.org/10.1021/pr400304r
https://doi.org/10.1111/j.1469-8137.1950.tb05160.x
https://doi.org/10.1111/j.1469-8137.1950.tb05160.x
https://doi.org/10.1111/j.1469-8137.1950.tb05160.x
https://doi.org/10.1046/j.1365-3040.2003.00989.x
https://doi.org/10.1046/j.1365-3040.2003.00989.x
https://doi.org/10.1042/BJ20111978
https://doi.org/10.1042/BJ20111978
https://doi.org/10.1046/j.1365-313X.2002.01474.x
https://doi.org/10.1046/j.1365-313X.2002.01474.x
https://doi.org/10.1016/S1074-5521(00)00014-4
https://doi.org/10.1016/S1074-5521(00)00014-4
https://doi.org/10.1016/S1074-5521(00)00014-4
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2020) 477 3417-3431 o PORTLAND
https://doi.org/10.1042/BCJ20200515 ... PRESS

48  Greenbaum, D., Baruch, A., Hayrapetian, L., Darula, Z., Burlingame, A., Medzihradszky, K.F. et al. (2002) Chemical approaches for functionally probing
the proteome. Mol. Cell. Proteomics 1, 60—68 https://doi.org/10.1074/mcp.T100003-MCP200

49  Kaschani, F., Verhelst, S.H.L., Van Swieten, P.F., Verdoes, M., Wong, C.-S., Wang, Z. et al. (2009) Minitags for small molecules: detecting targets of
reactive small molecules in living plant tissues using ‘click chemistry’. Plant J. 57, 373-385 https://doi.org/10.1111/j.1365-313X.2008.03683.x

50 Kusano, T., Tateda, C., Berberich, T. and Takahashi, Y. (2009) Voltage-dependent anion channels: their roles in plant defense and cell death. Plant Cell
Rep. 28, 1301-1308 https://doi.org/10.1007/s00299-009-0741-z

51 Gu, C., Chen, S, Liu, Z., Shan, H., Luo, H., Guan, Z. et al. (2011) Reference gene selection for quantitative real-time PCR in Chrysanthemum subjected
to biotic and abiotic stress. Mol. Biotechnol. 49, 192—197 https://doi.org/10.1007/s12033-011-9394-6

52 Maller, .M., Igamberdiev, A.U., Bykova, N.V., Finkemeier, |., Rasmusson, A.G. and Schwarzidnder, M. (2020) Matrix redox physiology governs the
regulation of plant mitochondrial metabolism through posttranslational protein modifications. Plant Cell 32, 573-594 https://doi.org/10.1105/tpc.19.
00535

53 Mller, .M., Rogowska-Wrzesinska, A. and Rao, R.S.P. (2011) Protein carbonylation and metal-catalyzed protein oxidation in a cellular perspective.
J. Proteomics 74, 2228-2242 https://doi.org/10.1016/j.jprot.2011.05.004

54 Mgller, I.M. and Kristensen, B.K. (2006) Protein oxidation in plant mitochondria detected as oxidized tryptophan. Free Radical Biol. Med. 40, 430-435
https://doi.org/10.1016/j.freeradbiomed.2005.08.036

55 van der Hoorn, R.A.L. (2008) Plant proteases: from phenotypes to molecular mechanisms. Annu. Rev. Plant Biol. 59, 191-223 https://doi.org/10.1146/
annurev.arplant.59.032607.092835

56  Powers, J.C., Asgian, J.L., Ekici, 0.D and James, K.E. (2002) Irreversible inhibitors of serine, cysteine, and threonine proteases. Chem. Rev. 102,
4639-4750 https://doi.org/10.1021/cr010182v

57  Kwasniak, M., Pogorzelec, L., Migdal, I., Smakowska, E. and Janska, H. (2012) Proteolytic system of plant mitochondria. Physiol. Plant. 145, 187—195
https://doi.org/10.1111/.1399-3054.2011.01542.x

58  Kmiec, B., Teixeira, P.F., Berntsson, R.P.-A., Murcha, M.W., Branca, R.M.M., Radomiljac, J.D. et al. (2013) Organellar oligopeptidase (OOP) provides a
complementary pathway for targeting peptide degradation in mitochondria and chloroplasts. Proc. Natl Acad. Sci. U.S.A. 110, E3761-E3769 https://doi.
0rg/10.1073/pnas. 1307637110

59  Rigas, S., Daras, G., Laxa, M., Marathias, N., Fasseas, C., Sweetlove, L.J. et al. (2009) Role of Lon1 protease in post-germinative growth and
maintenance of mitochondrial function in Arabidopsis thaliana. New Phytol. 181, 588-600 https://doi.org/10.1111/1.1469-8137.2008.02701 x

60 Kleine, T. and Leister, D. (2016) Retrograde signaling: organelles go networking. Biochim. Biophys. Acta 1857, 1313—1325 https://doi.org/10.1016/j.
bbabio.2016.03.017

61  Liu, Z. and Butow, R.A. (2006) Mitochondrial retrograde signaling. Annu. Rev. Genet. 40, 159-185 https://doi.org/10.1146/annurev.genet.40.110405.
090613

62 Ng, S., lvanova, A., Duncan, O., Law, S.R., Van Aken, O., De Clercq, . et al. (2013) A membrane-bound NAC transcription factor, ANACO17, mediates
mitochondrial retrograde signaling in Arabidopsis. Plant Cell 25, 3450-3471 https://doi.org/10.1105/tpc.113.113985

63  Van Aken, 0. and Pogson, B.J. (2017) Convergence of mitochondrial and chloroplastic ANACO17/PAP-dependent retrograde signalling pathways and
suppression of programmed cell death. Cell Death Differ. 24, 955-960 https://doi.org/10.1038/cdd.2017.68

64  Vanderauwera, S., Vandenbroucke, K., Inzé, A., van de Cotte, B., Mihlenbock, P., De Rycke, R. et al. (2012) AtWRKY15 perturbation abolishes the
mitochondrial stress response that steers osmotic stress tolerance in Arabidopsis. Proc. Natl Acad. Sci. U.S.A. 109, 20113-20118 https://doi.org/10.
1073/pnas.1217516109

65 Van Aken, 0., Zhang, B., Law, S., Narsai, R. and Whelan, J. (2013) AtWRKY40 and AtWRKY63 modulate the expression of stress-responsive nuclear
genes encoding mitochondrial and chloroplast proteins. Plant Physiol. 162, 254-271 https://doi.org/10.1104/pp.113.215996

66 Baena-Gonzalez, E., Rolland, F., Thevelein, .M. and Sheen, J. (2007) A central integrator of transcription networks in plant stress and energy signalling.
Nature 448, 938-942 https://doi.org/10.1038/nature06069

67  Haynes, C.M., Yang, Y., Blais, S.P., Neubert, T.A. and Ron, D. (2010) The matrix peptide exporter HAF-1 signals a mitochondrial UPR by activating the
transcription factor ZC376.7 in C. elegans. Mol. Cell 37, 529-540 https://doi.org/10.1016/.molcel.2010.01.015

68  Wagner, A.M., Wagner, M.J. and Moore, A.L. (1998) In vivo ubiquinone reduction levels during thermogenesis in Araceae. Plant Physiol. 117,
1501-1506 https://doi.org/10.1104/pp.117.4.1501

69  Vanlerberghe, G.C., McIntosh, L. and Yip, J.Y.H. (1998) Molecular localization of a redox-modulated process regulating plant mitochondrial electron
transport. Plant Cell 10, 1551-1560 https://doi.org/10.1105/tpc.10.9.1551

70  Maller, I.M., Jensen, P.E. and Hansson, A. (2007) Oxidative modifications to cellular components in plants. Annu. Rev. Plant Biol. 58, 459-481
https://doi.org/10.1146/annurev.arplant.58.032806.103946

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 3431

1.20Z 4equiede( /g uo 3senb Aq 4pd'G1.G0-0202-f0a/L LEE68/L L 1S/ 111 L Y/4Pd-d[o1E/[wayoolg/woo sseidpueod//:dny woly papeojumoq


https://doi.org/10.1074/mcp.T100003-MCP200
https://doi.org/10.1074/mcp.T100003-MCP200
https://doi.org/10.1111/j.1365-313X.2008.03683.x
https://doi.org/10.1111/j.1365-313X.2008.03683.x
https://doi.org/10.1007/s00299-009-0741-z
https://doi.org/10.1007/s00299-009-0741-z
https://doi.org/10.1007/s00299-009-0741-z
https://doi.org/10.1007/s00299-009-0741-z
https://doi.org/10.1007/s12033-011-9394-6
https://doi.org/10.1007/s12033-011-9394-6
https://doi.org/10.1007/s12033-011-9394-6
https://doi.org/10.1007/s12033-011-9394-6
https://doi.org/10.1105/tpc.19.00535
https://doi.org/10.1105/tpc.19.00535
https://doi.org/10.1016/j.jprot.2011.05.004
https://doi.org/10.1016/j.freeradbiomed.2005.08.036
https://doi.org/10.1146/annurev.arplant.59.032607.092835
https://doi.org/10.1146/annurev.arplant.59.032607.092835
https://doi.org/10.1021/cr010182v
https://doi.org/10.1111/j.1399-3054.2011.01542.x
https://doi.org/10.1111/j.1399-3054.2011.01542.x
https://doi.org/10.1073/pnas.1307637110
https://doi.org/10.1073/pnas.1307637110
https://doi.org/10.1111/j.1469-8137.2008.02701.x
https://doi.org/10.1111/j.1469-8137.2008.02701.x
https://doi.org/10.1016/j.bbabio.2016.03.017
https://doi.org/10.1016/j.bbabio.2016.03.017
https://doi.org/10.1146/annurev.genet.40.110405.090613
https://doi.org/10.1146/annurev.genet.40.110405.090613
https://doi.org/10.1105/tpc.113.113985
https://doi.org/10.1038/cdd.2017.68
https://doi.org/10.1073/pnas.1217516109
https://doi.org/10.1073/pnas.1217516109
https://doi.org/10.1104/pp.113.215996
https://doi.org/10.1038/nature06069
https://doi.org/10.1016/j.molcel.2010.01.015
https://doi.org/10.1104/pp.117.4.1501
https://doi.org/10.1105/tpc.10.9.1551
https://doi.org/10.1146/annurev.arplant.58.032806.103946
https://creativecommons.org/licenses/by/4.0/

	Degradation of mitochondrial alternative oxidase in the appendices of Arum maculatum
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Thermal imaging
	qRT-PCR and cycleave PCR analyses
	Preparation of mitochondria, respiration analysis and determination of protein concentration
	In organello protein degradation assay
	Western blotting and immunological detection
	Detection of carbonylated proteins in the mitochondria
	Activity labelling with the biotinylated probe DCG-04
	Affinity purification of DCG-04-reactive proteases
	Mass spectrometry
	Computer simulation
	Statistical analysis

	Results
	Thermogenesis of A. maculatum and thermogenic appendix-specific expression of AmAOX transcripts
	Expression and temperature-dependent degradation of AmAOX proteins in mitochondria
	Temperature-dependent degradation of AmAOX proteins in the mitochondria
	Carbonyl oxidation of mitochondrial proteins and respiration activities
	Characterization of protease(s) that degrade mitochondrial AmAOX proteins in mitochondria
	Identification of an E-64-sensitive and DCG-04-reactive cysteine protease

	Discussion
	Competing Interests
	Funding
	Author Contributions
	References


