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INTRODUCTION

Organelles are specialised compartments of the eukaryotic cell. Their outer
membranes separate them from the cytosol. One of these organelles is the
mitochondrion. It carries out respiration, providing energy to the cell. The
mitochondrion is a semi-autonomous organelle that has its own genome
and the machinery necessary for gene expression. It is believed that
mitochondria arose from a bacterium that encountered the ancestor of the
nucleo-cytoplasmic system of the eukaryotic cell. The encounter eventually
resulted in the establishment of a symbiotic relationship (Gray, 1993).
Even though, during evolution, most of the surviving bacterial genes have
been transferred to the nucleus, some of the genes encoding components
of the electron transport chain and the organellar gene expression
machinery have been retained as the mitochondrial genome. In plant cells,
mitochondria have evolved in the presence of a photosynthetic organelle,
the chloroplast. Chloroplasts, like mitochondria, are semi-autonomous.
Their origin is also believed to be endosymbiotic and a prokaryotic
phototroph is considered as the chloroplast ancestor (Gray, 1993).

From the energetic point of view, the maintenance of the chloroplast and
mitochondrial genomes is costly and must therefore confer some
evolutionary advantage. A possible explanation for the retention of
particular genes could be that their expression must be regulated in situ, in
order to respond rapidly to changes in the environment which would be
“sensed” by the organelles themselves (Allen, 1993b). The so-called
“sensing” can be exerted by the organelles since the redox state of the
components of their electron chains is directly affected by external factors
(e.g. light, oxygen). The hypothesis that redox-regulated gene expression is
the function of organellar genomes, predicts a regulatory system that
enables the cell to sense environmental changes and to respond to those
changes, by controlling the expression of organellar genes. This hypothesis
has been suggested as an explanation for the presence of organellar
genomes (Allen, 1993a).

Since most of the genetic information of the cell is contained and
processed in the nucleus, co-ordination of nuclear and organellar gene
expression is essential for the correct function of the cell. It has been



shown that the biogenesis and function of organelles are absolutely
dependent on the nucleus (for a review see Leon et al., 1998). The nucleus
encodes most of the components that build up the organelles as well as
components involved in regulation of organellar processes such as
replication and gene expression. Thus, development of effective means of
communication between the organelles and the nucleus must have been
essential during evolution of the plant cell. A few examples of such
communication have been documented. For instance, respiratory activity
has been shown to affect expression of the nuclear-encoded mitochondrial
alternative oxidase (Vanlerberghe and Mclntosh, 1994), while chloroplast
development seems to control expression of nuclear photosynthesis genes
(Lopez-Juez et al., 1998). Despite the clear evidence, components involved
in organelle-nuclear communication have not yet been identified. Signalling
between organelles in the plant cell is still an unknown field and only a few
components have been studied. For example, exchange of metabolites
between peroxisomes and mitochondria has been shown to occur during
photorespiration (Oliver and McIntosh, 1995; Oliver and Raman, 1995;
Raghavendra et al., 1998) Mitochondrial gene expression is up-regulated
in photosynthetically deficient mutants, (Hedtke ef al., 1999b) suggesting
communication between chloroplasts and mitochondria. Moreover,
deletions in the mitochondrial genome have been shown to affect
chloroplast development and photosynthetic activity (Newton, 1995).

Organelles control the energy balance of the cell in response to changing
environmental conditions. Therefore, homeostasis of the cell is dependent
on organellar activity. Control of gene expression is a very important and
efficient way of regulating the activity of the cell, but once the gene
products are synthesised, the cell needs another level of regulation. This so-
called post-translational regulation represents a quick and effective way of
keeping the cell processes under control upon changing conditions (Leon
et al., 1998). Proteolysis and protein phosphorylation are some of the
mechanisms used by the cell to control protein activity. The importance of
protein phosphorylation in regulation of protein activity has been shown in
all kinds of organisms, affecting the structure, activity and affinity of
specific proteins. Of special interest for this work is the study of a
mitochondrial nucleoside diphosphate kinase (mtNDPK), an auto-
phosphorylated protein, first reported in plants (pea) by Struglics and
Hékansson (1998).
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The aim of this work is to study some aspects of signalling in pea
mitochondria, especially concerning regulation of mitochondrial gene
expression and the potential role of the mtNDPK as one of the
components of intracellular signalling in higher plants.

THE PLANT MITOCHONDRION

Origin

Recent studies have confirmed the monophyletic origin of mitochondria
from an a-proteobacterial (eubacterial) ancestor. The ancestor has its
closest relatives in the rickettsial subgroup, that includes obligate
intracellular parasites such as Rickettsia, Ehrlichia and Anaplasma
(Andersson et al., 1998; Sicheritz-Ponten ef al., 1998).

The endosymbiotic theory was until very recently the most accepted
hypothesis explaining the mitochondrial origin. According to this theory,
an eubacterial-aerobic endosymbiont invaded a host cell, thereby
establishing a symbiotic relationship that was the origin of the eukaryotic
cell. In this model, the host cell is believed to have been an early
eukaryote, related to archaebacteria, containing a nucleus but lacking
mitochondria. Genetic analysis of the eukaryotic nucleus has revealed
incorporation of part of the eubacterial genome. This incorporation is
explained by the endosymbiotic theory as the result of gene transfer from
the mitochondrion to the nucleus during evolution.

The acceptance of the endosymbiotic theory was challenged when analysis
of genomes of Archezoa, a group of protists that lack mitochondria,
showed the presence of genes of eubacterial origin (i.e. chaperonins) in the
Archezoa nucleus (Bui et al., 1996). This kind of evidence supports the
“hydrogen hypothesis” (Martin and Muller, 1998) that proposes a
simultaneous origin of the mitochondrion and the nucleus. It explains the
origin of the eukaryotic cell as the result of a fusion event that occurred
between a hydrogen-requiring archaebacterium and a hydrogen producing
eubacterium (o-proteobacterium). In the hydrogen hypothesis, the
reduction of the eubacterial genome results in the mitochondrial genome
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and the combination of archae- and eubacterial genes gives the nuclear
genome.

It is may be possible to explain the origin of mitochondria by combining
the two hypotheses. The fusion event explains the chimeric nature of the
nucleus but does not exclude the possibility of a subsequent endosymbiotic
event that gave rise to mitochondria (Gray et al., 1999). The question then
lies in whether the mitochondrion originated from an endosymbiotic event
posterior to the formation of the nucleus or from a simultaneous event,
that gave rise to both the mitochondrion and the nucleus.

Structure

The mitochondrion (figure 1) has two membranes, the outer and the inner
membranes. The presence of porin, a channel protein, makes the outer
membrane permeable to molecules with a size smaller than 10 kDa. In
contrast, the inner membrane is impermeable to most small solute
particles, including protons. Together these membranes form two
compartments, the inter-membrane space (between the two membranes)
and the matrix, surrounded by the inner membrane.

inner membrane

NM«A"
outer membrane

Figure 1. Membranes and compartments of the mitochondrion
(redrawn from Wolfe, 1993).
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The inner membrane contains protein complexes responsible for
respiration (the respiratory chain), ATP production, and transport of
substrates into the matrix. The inner membrane is folded, forming
numerous cristae that increase surface area of the membrane.

Physiology
The TCA cycle

The tricarboxylic cycle (TCA cycle) takes place in the mitochondrial
matrix (figure 2). In the TCA cycle, carbon compounds are oxidised
producing NADH, FADH, and CO,. The CO, is a waste product while the
NADH and FADH,, molecules carrying electrons at low electrochemical
potential, are oxidised by the components of the respiratory chain.

glycolysis

v

pyruvate

Figure 2. Some of the metabolic reactions that occur in
plant mitochondria. OOA, oxaloacetate; UQ, ubiquinone
pool; cyt C, cytochrome c. |V represent respiratory
complexes I-1V, respectively.
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complex I
NADH

H* inhibitor combinations

NAD* respiratory

chain oxidised
from UQ-pool
and onwards

complex IT

succinate
only complex |l
active as
electron donor
to UQ-pool

UQ-pool and its
electron donor
complexes are
reduced

respiratory
chain reduced

2 inter-
inner membrane outer
matrix ~ membrane space membrane

Figure 3. Schematic representation of the plant mitochondrial respiratory
chain including inhibitors used in Paper | and Paper Il. Represented as int
DH and ext DH, the internal and external alternative NAD(P)H
dehydrogenases, respectively; UQ, the ubiquinone pool; alt Ox, the alter-
native oxidase; cyt ¢, cytochrome c. For practical reasons int DH and ext
DH represent two distinct complexes in each case. The sites of action of
inhibitors are represented by white boxes. Redrawn from the original
picture, a kind gift of Dr. Allan Rasmusson.
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The cycle starts when acetyl-CoA, produced by pyruvate oxidation, reacts
with oxaloacetate producing citric acid. The release of two molecules of
CO, regenerates the oxaloacetate and the cycle can start again. The FAD
group is part of the succinate dehydrogenase in the respiratory chain,
which transfers electrons to the ubiquinone pool.

The respiratory chain

The respiratory electron transport chain consists of four major complexes,
IV (figure 3). ComplexI and II oxidise NADH and succinate,
respectively, reducing the ubiquinone pool. The electrons are then
transferred from the ubiquinone pool to cytochrome ¢ through
complex III. The reduced cytochrome c is oxidised by complex IV, which
then reduces oxygen to water. As electrons flow through the respiratory
chain protons are pumped from the matrix to the inter-membrane space.
This generates an electrochemical proton gradient across the inner
mitochondrial membrane, because of the impermeability of the inner
membrane to protons. The electrochemical proton gradient can be
dissipated by the transfer of protons, back to the matrix, the by the
proton-translocating ATP synthase, which then synthesises ATP from
ADP and Pi. Electron transport sometimes can occur without the
generation of a proton gradient, and thus respiration is uncoupled from
ATP production. In plants, this uncoupling is achieved by the presence of
additional electron transfer complexes responsible for the oxidation of
NADH and NADPH, the alternative NAD(P)H dehydrogenases, as well as
electron transfer from the ubiquinone pool directly to oxygen through an
alternative oxidase.

Genome

Size

Mitochondrial genomes vary greatly in size between organisms,
exemplified by the relative small animal genomes (15-16 kb) and the large

plant ones (180-2400 kb) (Wolstenholme and Fauron, 1995). Plant
mitochondrial genomes are complex and dynamic entities. Events such as
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homologous recombination and incorporation of foreign DNA have
contributed to this complexity.

Organisation

The plant mitochondrial genome is believed to be organised in one master
circle plus a set of subgenomic circles (for references see Wolstenholme
and Fauron, 1995). The entire mitochondrial DNA is contained in the
master circle and the smaller circles seem to be the products of
recombinations between repeated sequences in the master circle. In
addition to the mitochondrial genome, extragenomic DNA is commonly
found organised in circular and linear plasmids. Less common are the self-
replicating RNA plasmids found in maize (Finnegan and Brown, 1986).

Coding capacity

Mitochondrial genome contents are highly conserved among organisms.
The mitochondrial genome encodes components of the respiratory
complexes, ribosomal proteins, transfer RNAs (tRNAs), ribosomal RNAs
(rRNAs) and a small set of other proteins. The mitochondrial genome of
Arabidopsis thaliana was the first genome to be completely analysed in
angiosperms (Unseld et al., 1997). The 367 kb genome contains 57 genes
(summarised in table I) and 85 additional open reading frames, while about
60% of the DNA has no apparent function. Recently, the nucleotide
sequence of the sugar beet mitochondrial genome was also determined
(Kubo et al., 2000). The sugar beet mitochondrial genome shares
characteristics with the Arabidopsis genome having 59 genes and with
55.6% of the DNA lacking obvious function.

Mitochondrial gene expression

Promoters

The presence of several different promoters in the mitochondrial genome
has been experimentally demonstrated in higher plants (Bergman et al.,

1995; Binder and Brennicke, 1993; Brown et al., 1991; Covello and Gray,
1991). Multiple promoters for some of the mitochondrial genes have also
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been found (Mulligan et al., 1988; Newton et al., 1995; Tracy and Stern,
1995) and differential activity of these promoters might be an important
factor in regulation of mitochondrial transcription (Binder et al., 1996).

Table I. Arabidopsis thaliana mitochondrial DNA-encoded genes,
adapted from Udseld ef al. (1997) and Giegé et al. (1998).

product genes

respiratory chain components

complex | nad1, nad2, nad3, nad4, nad4L,
nadb, nad6, nad7 & nad9

complex |l sdh4, edited transcript possibly
translated

complex Il cob

complex IV cox1, cox2 & cox3

ATP-synthase complex
cytochrome-c-biogenesis

ribosomal proteins
large subunit

small subunit
ribosomal RNAs

transfer RNAs

other ORFs

atp1, atp6 & atp9
cchb206, ccb256, cch452, ccb382 &
cchb203

ml2, rpl5 & rpl16

ps3, rps4, rps7 & rps12

rmb, 18 & rm26é

22, lacking tRNAs for 6 amino acids

orfX, orfB & orf25

Inspection of the transcription initiation sites in monocot plants has
revealed the presence of a well conserved CRTA (R=A/G) motif together
with an A-rich upstream region that enhances transcription. The CRTA
motifs are also found in dicots but in those it is part of a longer motif
CRTAAGAGA (Binder et al., 1996). Studies in pea (Binder et al., 1995)
show that the conserved motif alone is insufficient for transcriptional
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activity, defining a 25 nucleotides region that includes the nonanucleotide
motif plus an upstream A/T-rich region. However, the presence of
transcription initiation sites that lack consensus sequences has also been
documented, these being more commonly found in dicots than in
monocots (for examples see Fey & Maréchal-Drouard, 1999).

DNA-binding proteins

Hatzack et al. (1998) identified two proteins (32 and 44 kDa) that bind to
the promoter regions of azp9 in pea and atpl in Oenethera berteriana. No
similarity was found with DNA-binding proteins that are involved in
initiation of mitochondrial transcription in humans and yeast, although the
presence of the 32 and 44 kDa proteins enhances in vitro transcription
assays carried out in plants.

Transcription

Transcription in plant mitochondria is carried out by a phage type RNA
polymerase. This nuclear-encoded polymerase resembles the RNA
polymerases of bacteriophages T3, T7 and SP6 (Hedtke et al., 1997;
Hedtke et al., 1999a). Control of transcriptional activity has been proposed
to be mainly related to promoter activity and regulation of the steady-state
levels of RNA (Gray and Wong, 1992; Mulligan et al., 1988).

Translation

Studies of translation in plant mitochondria have not been very successful,
due to the lack of efficient in vitro systems. In spite of this, evidence of
conserved blocks in the 5’ untranslated region of mitochondrial mRNAs
suggests a possible role for these elements in translational control. So far,
however, there is only fragmented evidence of regulation of translation
(Brown, 1998). Studies in cytoplasmic male sterile (CMS) lines in maize
and Petunia, showed that restorer nuclear genes, necessary for recovery
of fertility, might be involved in translational control (Kennell and Pring,
1989; Pruitt and Hanson, 1991). Editing makes mRNAs translation-
competent (Grohmann et al., 1994; Phreaner et al., 1996) and in some
cases allows the formation of initiation codons, representing another
possible regulatory point in plant mitochondrial gene expression.
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REGULATION OF MITOCHONDRIAL GENE EXPRESSION

Developmental regulation

Expression of mitochondrial genes is stimulated during processes whose
energy requirements are high (Smart ez al., 1994). Events like anther and
pollen development accompany increased transcriptional activity. This
increase applies not only to mitochondrial genes but also to nuclear-
encoded mitochondrial genes (Brennicke et al., 1999). Many other studies
have shown tissue and developmental differences in transcriptional levels
of nuclear-encoded mitochondrial proteins. Landschiitze and co-workers
(1995a) showed that citrate synthase was found to be especially abundant
in green flower buds and mature leaves in potato. Summarised in
Rasmusson et al. (1998), studies on expression of nuclear genes encoding
complex I also revealed higher levels of expression in flowers than in leaf
and root/tuber. In maize, transcripts of the E,a and E,B subunits of the
pyruvate dehydrogenase were found to be more abundant in roots than in
leaves or etiolated shoots (Thelen ef al., 1999).

Environmental regulation
In bacteria, expression of a large number of genes has been shown to be
controlled by two-component regulatory systems, in response to changes

in environmental conditions (for a review see Parkinson and Kofoid,
1992).

® e QUTRUT SIGNAL.

#ECENER " UUmiuT
TOMAIN DOMAN

¥ SENSORe e RESPONGE s
EEGULATOR

Figure 4. Simplified representation of the bacterial two-
component systems. Conserved regions represented by solid
boxes. Redrawn from Parkinson & Kofoid, 1992.
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Two-component systems consist of a “sensor” and a "response regulator”
(figure 4). The so-called sensor is usually membrane-bound and undergoes
auto-phosphorylation on a histidine residue upon specific changes in the
environment. The phosphate group is then transferred from the histidine to
an aspartate residue on the response regulator. The response regulator is
often a DNA-binding protein whose activity is regulated by the presence
or absence of a phosphate group on the aspartate residue.

Redox regulation

Because of the homology of chloroplasts and mitochondria to bacterial
systems, the presence of two-component systems in these organelles has
been proposed as a possible mechanism for responses to changes in the
environment (Allen, 1993a). Fluctuation in the availability of light and/or
oxygen causes changes in the redox potential of the components of the
organellar electron transport chains. The presence of a "redox sensor”,
associated with a component of the electron transport chain, would allow
the organelle to initiate control of gene expression by activation of a
"redox response regulator” (Allen, 1993b). Such redox regulatory systems
are known in bacteria. For example in E. coli, the Arc (anoxic redox
control, previously named aerobic respiration control) system (Iuchi and
Lin, 1988), controls expression of a large set of genes. The system consists
of the redox sensor ArcB and the cytoplasmic response regulator ArcA.
ArcB is a transmembrane kinase with two transmitter domains and a
receiver domain (Georgellis et al., 1999). ArcB is believed to interact with
components of the respiratory chain (Tuchi et al., 1990) detecting changes
in redox poise. Phosphorylation of ArcA is then catalysed by ArcB,
repressing gene expression of about 30 operones upon anaerobiosis.

In spite of the continuous transfer of mitochondrial and chloroplast genes
to the nucleus (as an example see Figueroa et al., 1999) there is a set of
genes that persist as the organellar genomes. One way to explain the
presence of the mitochondrial and chloroplast genomes is the need for a
rapid regulation of their genes upon changes in the environment that can
be sensed by the organelle. A model that explains the differences between
a nuclear and a mitochondrial response to a changing environmental
stimulus is shown in figure 5. In panel A, the presence of a redox
regulatory system allows a rapid response from the organellar genetic
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machinery to changes in oxygen concentration. In contrast, a model for

the response to oxygen concentration changes by the nuclear machinery is
depicted in panel B.

forsorigtion |

Horanrigtion opothe
s‘gzﬁﬁwv& encovied
e chbnelec ey

fronsig
® 5 Up-reculated

signal pomthe
15 e nicichs
0 the,_nucied

t

Jeraor B
aetiveted @

Figure 5. Schematic representation of a mitochondrial (A) vs a

nuclear (B) localisation for genes, whose expression is
dependent on environmental changes
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The second model must include a regulatory system that transfers the
signal from the mitochondrion to the nucleus as well as a targeting
sequence and translocation apparatus for correct sorting of the protein into
the mitochondrion. The main difference between the two models would be
the speed of the response. The maintenance of the mitochondrial genes
would represent a better choice for the homeostasis of the cell when a
rapid response is required.

Redox regulation of organellar gene expression has so far mainly being
studied in chloroplasts. By the use of specific electron transport inhibitors,
Pearson et al. (1993) showed that RNA synthesis in isolated chloroplasts is
favoured by oxidation of the cytochrome b f complex. Chloroplast mRNA
stability in pea was shown to be redox dependent in vitro (Alexciev and
Tullberg, 1997); the petB transcript amounts decreased under oxidising
conditions while reducing conditions did not show any effect on the
stability of the transcript. In mustard, transcription of the psaAB genes,
that encode the two major subunits of the photosystem I reaction centre, is
regulated by the redox poise of plastoquinone (Pfannschmidt et al.,
1999a). When plastoquinone becomes reduced, as a product of illumination
with photosystem II (PSII) light, psaAB genes are up-regulated. In
contrast, the pshA gene, encoding the D, reaction centre protein of the
photosystem II is down-regulated under the same conditions. Using the
same system to study the expression of other chloroplast genes did not
show differences upon changes in light quality except for the rbcL gene,
that is regulated in the same way as psbA (Pfannschmidt ez al., 1999b).
Pfannschmidt and co-workers concluded from this study that the
regulation of transcription of psaAB and psbA genes upon changing light
regimes is gene-specific.

Danon and Mayfield (1994) showed redox regulation of the translation of
chloroplast psbA-messenger RNA in Chlamydomonas reinhardtii, in vitro.
Translation of the mRNA requires binding of nuclear encoded translational
activators. Both translation and binding were found to be inhibited under
oxidising conditions (Danon and Mayfield, 1994). Furthermore, changes in
protein synthesis in response to changes in the redox potential have been
shown in isolated pea chloroplasts (Allen et al., 1995).
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In comparison with the many examples of redox regulation in chloroplasts,
there are few examples in plant mitochondria. With the use of specific
respiratory inhibitors in isolated potato mitochondria, Wilson et al. (1996)
showed that radiolabelled UTP incorporation into RNA was regulated by
the redox poise of the Rieske iron-sulphur protein. Using a similar
approach, redox regulation of mitochondrial gene expression has been
shown in pea (Allen et al., 1995), a phenomenon that has been further
characterised in the work described in Papers I and I1.

The redox state of mitochondria is also important for expression of nuclear
genes encoding mitochondrial components. In Nicotiana tabacum,
inhibition of electron transport at the site of complex III by addition of
antimycin A has been shown to result in an increase of the expression of
the nuclear gene Aox/, which encodes the alternative oxidase of plant
mitochondria (Vanlerberghe and Mclntosh, 1994). In an analogous
situation, expression of the nuclear cab genes (coding for polypeptides of
the light harvesting complexes), in green algae, has been reported to be
redox regulated (Escoubas et al., 1995). Redox control of the cab genes is
exerted by the redox poise of the plastoquinone pool in chloroplasts.

The expression of pea mitochondrial genes is regulated by the redox
state of respiratory complex II (Paper I & II)

In organello translation

By the use of specific inhibitors of the electron respiratory chain (see figure
3 for inhibitors) we have been able to show that the redox state of the
succinate:ubiquinone oxidoreductase (complex II) plays a key role in the
regulation of mitochondrial translation (Paper I). The incorporation of *S-
methionine into newly synthesised mitochondrial proteins was shown to be
dependent on the electron flux through the respiratory complex II, but was
independent of the role of this complex in the TCA cycle.

Addition of thenoyltrifluoroacetone (TTFA) or malonate, two chemically
unrelated inhibitors of complex II, inhibited protein synthesis in isolated
mitochondria (Paper I, figure 4, lane 4 & figure 6, lane 3). However,
none of the other specific respiratory complex inhibitors used in the study
(table IT) had a comparable effect on *>S-methionine incorporation.
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Table Il. Effect on in organello translation of changes in the
activity of mitochondrial respiratory complexes

Effect respiratory complex(es) inhibited

inhibition complex I
complex I, Il & alternative dehydrogenases

increase complex | & alternative dehydrogenases

no change complex |
alternative dehydrogenases
complex Il
complex IV
alternative oxidase
complex IV &Il
complex lll & altemative oxidase

Since inhibition of complex II also inhibits the TCA cycle, it was important
to see whether the observed effects on protein synthesis were the result of
TCA cycle inhibition or of changes in the redox state of complex II. In
order to distinguish between these two possibilities, we used two different
approaches to inactivate the TCA cycle while keeping a reduced
complex II. The first experiment consisted of depletion of endogenous
substrates present in the mitochondria by incubation of the mitochondria
at 25°C for 90 minutes. The treatment causes inhibition of the TCA cycle
and oxidation of the respiratory chain due to lack of substrates. This results
in inhibition of protein synthesis. Subsequent addition of succinate initiated
electron transport through complex II but was not sufficient to start the
TCA cycle, due to depletion of additional TCA-cycle intermediates. The
addition of succinate supported protein synthesis while addition of NADH
had no such effect even at amounts sufficient to support respiration (Paper
I, figure 5). These results were consistent with the effects observed when
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inhibitors were used, demonstrating that electron transport through
complex II is necessary for mitochondrial translation. Thus, we could show
that the observed effects were not merely the result of a general chemical
influence on the system, caused by the presence of the inhibitors.
Furthermore, the of wuse malonate together with rotenone,
salicylhydroxamic acid (SHAM) and antimycin A in the presence of
NADH (and calcium) causes a reduction of complex II at the same time as
the TCA cycle is inhibited (Paper I, figure 6). NADH is used by the
external NADH dehydrogenase, reducing the UQ-pool; however, its
oxidation by complex III and/or the alternative oxidase, is prevented by the
presence of antimycin A and SHAM. This situation allows back-flow of
electrons from the UQ-pool to complex II. Presence of malonate “traps”
the electrons in complex II, causing its reduction. Under these conditions
protein synthesis can be sustained, showing that the electron flow through
complex II is enough to support *’S-methionine incorporation into newly
synthesised mitochondrial proteins.

Our results support the hypothesis that proposes the presence of a redox
regulatory system in pea mitochondria (Allen, 1993a). Furthermore, we
show that the point of regulation is the succinate dehydrogenase complex.
The presence of this regulatory system enables the mitochondrion to
couple the TCA cycle activity to the synthesis of new components of the
respiratory chain. If TCA cycle activity exceeds the capacity of the
respiratory chain, mitochondrial protein synthesis must be up-regulated.
For example, lack of subunits of complex I, Il and IV when TCA cycle
activity is high, will cause reduction of complex II. A reduced complex II
would then support protein synthesis. This situation can be mimicked by
the presence of two inhibitors, rotenone and dicumarol, that prevent
transfer of electrons through the NAD(P)H dehydrogenases, leaving
complex II as the only electron donor to the ubiquinone pool. The
presence of rotenone and dicumarol enhances protein synthesis as the
result of increase in activity of complex Il (Paper I, figure 4, lane 5).
Therefore, once the production of reducing power (NADH, FADH,) by
TCA cycle exceeds the capacity of the respiratory chain, synthesis of new
components needs to be increased.

As mentioned in Paper I, redox titration was suggested to be an
appropriate approach to identify which one of the complex II components
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is directly involved in the regulation of mitochondrial translation. Two
procedures were used, neither of which seemed to be suitable for this
purpose. No translation could be detected when the redox titration
described by Allen and Holmes (1986) was carried out. This kind of
titration requires the use of strong reducing and oxidising agents together
with redox mediators under anaerobic conditions. It is likely that
mitochondrial translation is abolished upon such treatment. On the other
hand, no conclusive results were obtained when a less harsh method (Rich
et al., 1990) was tried. This method turned out to have lower
reproducibility between assays and a more restricted range of possible
redox potentials (only positives redox potentials could be obtained).

Run-on transcription

Once the presence of a redox regulatory system was established in pea
mitochondria, using **S-methionine incorporation assays, it was necessary
to define whether the regulation of gene expression was exerted on the
transcriptional or the translational level. In run-on transcription assays,
carried out using isolated and permeabilised pea mitochondria, partial
inhibition of incorporation of *’P-labelled UTP was achieved by the
presence of TTFA (Paper 1, figure 1). The decrease in incorporation is
not comparable to the inhibition achieved in translation assays. This
suggests that the activity of complex II regulates protein synthesis mainly
at the translational level.

Protein synthesis and phosphorylation

In an attempt to elucidate the mechanisms behind the redox regulation of
gene expression in mitochondria, protein phosphorylation assays were
carried out. After in organello translation was performed, as described in
paper I, mitochondria were incubated in the presence of radio-labelled
ATP (Paper I, figure 2). The phosphorylation of a 13 kDa protein was
induced by protein synthesis (lane 2) but inhibited by the presence of
TTFA during the translation assay (lane 3). Thus, phosphorylation of the
13 kDa protein requires translational activity as well as an active
complex II. Based on these observations, we proposed that
phosphorylation of the 13 kDa protein is in some way correlated with the
control that the redox state of complex Il has on mitochondrial gene
expression. Unfortunately, the minute amounts of the protein did not allow
us to identify the 13 kDa protein.
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*sensor’ 15 oxidised

moe CLCULCE <
components are
prodpfced

Figure 6. Hypothetical and simplified model for redox reguiation
of mitochondrial gene expression in plants. The “sensor” (S)
becomes oxidised or reduced depending on the electron flow
through complex ll. Solid boxes represent “electron-saturated”
components. Abbreviations as in figure 3, alt DH = int DH.
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A model?
Summarising, a hypothetical model including the results from Paper I and
11, is presented in figure 6.

PHOSPHORYLATION AND SIGNALLING IN PLANT MITOCHONDRIA

Protein phosphorylation is one of the post-translational processes that
enables the cell to control protein activity. It modifies protein structure by
the addition of a phosphate group to specific amino acids (serine,
threonine, tyrosine, histidine, aspartate), affecting not only protein structure
but also protein function by means of factors such as affinity for substrates
and oligomerisation. Phosphorylation is mediated by protein kinases,
enzymes that catalyse the transfer of the phosphate group. Kinases are
usually auto-phosphorylated in the presence of the phosphate donor
(triphosphate nucleosides) and then transfer the phosphate group to their
specific protein substrate. In plants, protein phosphorylation and auto-
phosphorylation have been detected, that is protein kinase activity has
been demonstrated in plant mitochondria (Miernyk and Randall, 1989;
Struglics et al., 2000; Struglics et al., 1998; Struglics and Hékansson,
1999; Vidal et al., 1993).

One of the most studied plant mitochondrial phosphoproteins is the E,a-
subunit of the pyruvate dehydrogenase (PDH) complex (Miemyk and
Randall, 1989). Phosphorylation of this subunit results in the inactivation of
the complex while hydrolysis of the phosphate group causes its re-
activation. So, activity of the complex is regulated by the activities of the
kinase (inactivation) and the phosphatase (re-activation), this being a typical
example of regulation of protein activity by reversible phosphorylation.
Together with the E ;o PDH subunit, another two soluble phosphoproteins
have been identified in plant mitochondria, the a-subunit of the succinyl-
CoA synthase (Oliver and Mclntosh, 1995) and the mtHsp70 (Miernyk et
al., 1992). F,d and F,b subunits of the ATP-synthase (Struglics et al.,
1998) have been identified as plant mitochondrial membrane
phosphoproteins. Although membrane-associated mitochondrial kinase
activity has been reported (Pical et al., 1993; Struglics et al., 2000), no
such protein kinases have been identified.
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Autophosphorylation, as mentioned before, is an intrinsic feature of protein
kinases. A classical approach used to find autophosphorylated proteins is
the use of ethylenediaminetetraacetic acid (EDTA) or ethylene glycol-bis-
(B-aminoethyl ether) (EGTA), chelators of divalent cations, in
phosphorylation assays. Divalent cations, such as Mg™ and Ca™, are
necessary for protein kinase activity and, in their absence, only
autophosphorylation can occur. When isolated pea mitochondria were
phosphorylated in the presence of EDTA, a 17 kDa protein displayed
autophosphorylation (Struglics and Hékansson, 1998; Struglics and
Hékansson, 1999). The 17 kDa protein was identified as a nucleoside
diphosphate kinase (NDPK).

Nucleoside diphosphate kinases

Nucleoside diphosphate kinases (NDPKs) are enzymes that catalyse the
transfer of phosphate groups between nucleoside phosphates. The reaction
can be summarise as follows:

N,TP + N,DP <> N,DP + N,TP! (N = A, C, G, T or U)

These enzymes are found in all kinds of organisms and have been mostly
studied in animals. Animal NDPK isoforms, in addition to the enzymatic
function described above, have been found to be involved in processes like
control of cell proliferation (Cipollini et al., 1997), regulation of
transcription (Ji et al., 1995; Postel et al., 1993) and protein phospho-
transferase activity (Engel et al., 1998; Wagner and Vu, 2000). Although
less is known in plants, the involvement of NDPK has been described UV-
B light signalling (Zimmermann et al., 1999), hormone responses (Nato et
al., 1997; Novikova et al., 1999), and in phytochrome B response (Choi et
al., 1999),

The pea mitochondrial NDPK (Paper 111 & IV)

Struglics and Hakansson (1999) characterised the pea mtNDPK
biochemically. This soluble mitochondrial isoform was found to be

9 (Parks and Agarwal, 1973)
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phosphorylated in the presence of EDTA. In the absence of divalent
cations, transfer of the phosphate group to other substrates is prevented,
trapping the phosphate on the NDPK. Since EDTA cannot reach the
matrix of intact mitochondria, due to the impermeability of the inner
membrane, it was concluded that the pea mtNDPK should be localised in
the inter-membrane space. The pea mtNDPK is phosphorylated on
histidine and serine, sharing these biochemical features with NM23-H1, a
human NDPK isoform involved in signal transduction (McDonald et al.,
1993).

Cloning of a cDNA encoding the pea mtNDPK

Pea leaf cDNA was obtained by reverse transcription from total RNA and
used as a template for PCR amplification. By the use of primers
corresponding to the N-terminal sequence obtained by Struglics and
Hékansson (1998) and a conserved region for all NDPKs, a 317 bp
fragment of the pea mtNDPK cDNA was amplified. The fragment was
labelled and used to screen a pea cDNA library allowing the isolation of a
full length cDNA clone encoding the pea mtNDPK (Paper 111).

Sequence analysis and phylogeny of the mtNDPK

The pea mtNDPK cDNA (figure 7) contains a 233 amino acids (aa) open
reading frame (ORF). The ORF is preceded by 56 nucleotides (nt) and
followed by 271 nt, corresponding to the 5’ and 3’ untranslated regions,
respectively. The predicted amino acid translation of the ORF showed a N-
terminal extension of 80 aa from the start of the protein, determined by
sequencing of the purified protein (Struglics and Hikansson, 1998). The
deduced amino acid sequence of the region of the clone corresponding to
the mature protein, matched the partial sequences obtained previously
(Struglics and Hékansson, 1998 and 1999).

Alignment of the pea mtNDPK with other NDPK isoforms (Paper 111,
figure 3A) allowed the construction of a phylogenetic tree (Paper III,
Jigure 3B) in which five distinct groups can be observed. Interestingly
these groups correspond to the subcellular localisations and origins of the
examined NDPKs. It is clear that plant cytosolic isoforms group separately
from their animal counterparts. The same is true for the mitochondrial
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NDPKs, having clear differences between vertebrate and plant isoforms
(pea mtNDPK and Arabidopsis NDPK3). The group designated vertebrate
mitochondrial, contains three animal mitochondrial isoforms, the human
Nm23-H4, a chicken and a pigeon isoforms.

1 GGC..ACG. AGA. CTC.ATG..CAC. GAC ATT CTG ACA TCA AGC TCA..ICG.ATA.CCG.TAG

1 M A S H L C K S A S R A A R S L
61 AAA ATG GCC TCA CAT CTC TGC AAA TCC GCT TCC AGA GCC GCT AGG TCT CTT

20 S F H G R \ A A A A A v A S
121 TCT TTC CAC TCT CAA GGA CGC GCC GTA GCG GCG GCT GCA GCT GTT GCA TCC

40 v P v F A P N Y R R T G S G N G P
181 GTT CCG GTT TTT GCT CCA AAT TAC AGG AGA ACT GGT TCT GGA AAT GGA CCC

60 I A G A L A L P A A A Y M L Q D Q
241 ATT GCT GGA GCA CTC GCT CTT CCG GCT GCA GCT TAC ATG CTC CAA GAT CAG

80 A Va E L B R T F I A I X P D G v Q
301 GCT GCC GAG CTG GAG CGC ACT TTC ATT GCC ATC AAG CCT GAC GGA GTG CAA

100 I S E I I S R F B R K G F K L 2 G
361 ATT TCA GAG ATT ATT TCT CGT TTC GAG AGG AAA GGG TTC AAG CTT GIG GGA

120 L I P T K Q F A Q Q H Y H D L K E
421 TTG ATT CCG ACA AAG CAA TTT GCC CAA CAG CAT TAT CAC GAC CTA AAA GAA

140 F N G L C D F L S S G P v I A M v
481 TTC AAT GGA TTG TGC GAC TTC CTG AGC TCT GGC CCT GTT ATT GCA ATG GTA

160 E G v I T Y G R K L I G A T D P Q
541 GAG GGA GTT ATT ACC TAC GGC CGT AAA CTA ATT GGA GCC ACA GAT CCA CAG

180 P G T I R G D L A v v v G R N I I
601 CCT GGA ACC ATT AGG GGT GAT CTG GCT GTT GTT GTT GGA AGA AAT ATC ATC

200 D G P E T A K D B I X L W F K P B
661 GCA AAG GAT GAG ATA AAG TTG TGG TTT AAG CCA GAG GAA TTG GTT GAT GGT

220 s F T N S E K w I Y G D N *
721 AGT TTC ACA AGC AAT TCA GAG AAG TGG ATT TAT GGC GAC AAC TGA ATT GGG

781 TCC TAC TTC ATT CTA CAT GAT TGA GTT TTC GAG AAA ALWA R TC ATT ATG

841 GGC AAT ACT GAA CTC TGC AAG CCA CCA ATA AGG GGC TGA GTA TAA TAA TGT
901 CAT GTC ATT CAG ATA GGA ATT GTA TTG TTT CAT TTT CTG TTT TCT TCA GTC
961 CAA TCT GCG ACA GTT TAT TTG TTT GAT GTT AAC AGT CAT TTT TCA ACA AAA

1021 CAT TTG GTT TTC CTA AAA AAA AAA AAA AAA AA

Figure 7. Nucleotide sequence of the pea mitochondrial NDPK
and the deduced amino acid sequence. The sequences
corresponding to the degenerated oligonucleotides used as
primers are underlined. The N-terminus of the mature protein
(determined by N-terminal sequencing, Struglics and
Hakansson (1998)) is marked with an arrowhead. Dotted lines
mark the 5-untranslated region containing a putative stem-
loop structure. The solid box indicates the putative poly-
adenylation site.
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The last two isoforms are believed to be matrix located while recent work
on the Nm23-H4 (Milon et al., 2000) showed its association with
mitochondrial inner and outer membranes, probably associated with their
contact points. As expected, chloroplastic NDPKs group on their own,
except for the spinach chloroplast isoform NDPK III, (Zhang et al., 1995),
which groups together with the plant mitochondrial NDPKs. In Paper 111
we proposed an inter-envelope localisation for the spinach NDPK III. This
localisation would then be analogous to the inter-membrane space in
mitochondria, which is believed to be the localisation for the pea and
Arabidopsis mitochondrial NDPKs.

While Paper III was in press, two clones coding for Nm23-H6, a new
human mitochondrial NDPK, were identified (Mehus et al., 1999; Tsuiki et
al., 1999). It is important to mention that Tsuiki and co-workers found the
Nm23-H6 clone by screening for molecules that suppressed induced
apoptosis. Characterisation of Nm23-H6 (Tsuiki et al., 1999) revealed the
mitochondrial localisation of this protein as well as a putative role for this
protein in control of mitosis.

The pea mtNDPK is imported into mitochondria

Although mitochondria have their own genome, most of the mitochondrial
proteins are nuclear-encoded. After translation in the cytoplasm, transport
into the mitochondria is carried out by a selective import machinery (for
reviews see Braun and Schmitz, 1999; Glaser et al., 1998; Rassow et al.,
1999). Signals in the sequence of proteins targeted to the mitochondria
interact with components of the import apparatus. Often these signals are
present as N-terminal extensions called pre-sequences or targeting
sequences. Once the precursor protein is translocated into the
mitochondrion, its pre-sequence is removed by a peptidase, yielding the
mature form of the protein. The translocation of precursor proteins into
the mitochondrion and their subsequent processing into mature proteins
requires the presence of receptors, translocation machinery, processing
peptidases and chaperones.

Plant mitochondrial pre-sequences

The presence of few acidic residues and a tendency to form amphiphilic
o —helixes can be taken as common features of mitochondrial pre-
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sequences among all organisms. Plant mitochondrial pre-sequences share
some of the characteristics of mitochondrial pre-sequences found in
animals and fungi, however plant pre-sequences are longer and contain
more serine residues than their counterparts in other organisms (Sjoling
and Glaser, 1998). In an analysis of known plant mitochondrial pre-
sequences it was concluded that their N- and C-terminal regions are
structurally more conserved than the central ones (Sjoling and Glaser,
1998).

An almost typical example of a mitochondrial pre-sequence is the 80 aa
N-terminal extension of the pea mtNDPK (Figure 8; Paper II1, figure 1).
The first 17 aa form the amphiphilic a-helix that makes the protein import-
competent, whereas the central part has no predicted structure. The
Cterminus of the pre-sequence is predicted to form another helix (figure
8), which in some cases has been shown to be necessary for recognition by
the mitochondrial processing peptidase (MPP). However, the pea
mtNDPK pre-sequence lacks the MPP recognition motif, an arginine at the
-2 or —8 position from the cleavage site (Tanudji et al., 1999).

mwﬁ&%x«—w% Fochelit-
amphiphilic  random
- Coiled

Figure 8. Schematic representation of the pea mtNDPK pre-
sequence. The cleavage site is indicated by an arrow.

Translocation of nuclear-encoded mitochondrial proteins

After interaction of the pre-sequence with receptors on the mitochondrial
surface, translocation of the precursor protein into the mitochondrion can
occur. Two proteins, 23 and 70 kDa, have been identified in plant
mitochondria as import receptors by their similarity with the fungal
receptors (Heins and Schmitz, 1996; Jansch et al., 1998). Transport into
the matrix, requires translocation of the precursors across the outer and
the inner mitochondrial membranes. In the outer membrane, integral
proteins involved in translocation are named TOM proteins while the inner
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membrane counterparts are called TIM. TOM proteins have been
characterised in potato (Jansch et al., 1998), but less is known of the
import machinery of the inner membrane. In Arabidopsis thaliana, two
sequences encoding proteins similar to the fungal TIM proteins have been
identified (Bomer et al., 1996). The TIM proteins are believed to form a
channel that allows the transit of precursors through the inner membrane,
in a membrane potential dependent process (Dekker et al., 1993). Once
the precursor crosses the inner membrane, it interacts with the matrix heat
shock protein mtHsp70 (Rassow et al., 1994) and the nucleotide-exchange
factor MGE (Braun and Schmitz, 1999). Binding of mtHsp70 to the
N-terminus of the precursor is believed to be the driving force for protein
translocation, in a reaction that requires ATP hydrolysis (Pfanner et al.,
1990).

Translocation of the pea mtNDPK precursor was inhibited by the presence
of valinomycin during in vitro assays (Paper II1, figure 2). This ionophore
causes the dissipation of the mitochondrial membrane potential. The
inhibitory effect of valinomycin on protein import, is an indication of the
involvement of the inner membrane protein import machinery in the
translocation of mitochondrial proteins (Hartl et al., 1989).

Processing

The correct assembly of the proteins, once their final destination is
reached, requires cleavage of the pre-sequence. Most of the targeting
sequences are removed by the action of the mitochondrial processing
peptidase (MPP). In plants, MPP has been shown to be associated with the
bc, complex (complex III) of the respiratory chain (Braun et al., 1992a;
Brumme et al., 1998; Eriksson et al., 1994). Although matrix-localised
MPP activity has also been found (Szigyarto et al., 1998), the matrix
localised enzyme has not yet been purified. In fungi, precursors of proteins
targeted to the inter-membrane space are processed by the inner
membrane protease (IMP). Although experimental evidence has suggested
the presence of IMP in plants (Braun et al., 1992b), a plant IMP has not
yet been identified.

Correct processing of in vitro translated products by the MPP can be

achieved in isolated mitochondria by the addition of Triton X-100, which
mildly solubilises the membrane (Whelan et al., 1991). However, the pea
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mtNDPK was not processed under these conditions, indicating an
alternative processing system (Paper I11). One possibility could be that the
mtNDPK is processed by an IMP, which in analogy to the IMP found in
thylakoids, recognises an alanine at position —1 from the first amino acid of
the mature protein. Since the pea mtNDPK pre-sequence contains such an
alanine, processing by an IMP remains a possibility, supporting the
presence of an IMP in plant mitochondria.

How does the pea mtNDPK reach the inter-membrane space?

Two models for sorting of inter-membrane space proteins in mitochondria,
both involving the inner membrane machinery, have been described in
yeast mitochondria. The conservative model involves the complete
translocation of the precursor into the matrix, removal of targeting
sequence and export over the inner membrane to the inter-membrane
space (for examples see Hartl et al., 1989). The second one is the stop-
transfer model, described by Bomer et al. (1997). After interaction of the
precursor with the inner membrane protein import machinery the removal
of matrix targeting sequence continues until it reaches a stop-signal in a
hydrophobic helix, followed by lateral movement in the membrane. Based
on our results, we can say that the import of the mtNDPK involves the
inner membrane machinery (Paper I11, figure 2). Therefore, any of the
above described pathways might be feasible for the sorting of this
mitochondrial protein into the inter-membrane space.

Differential expression of pea mtNDPK

In green tissues, mitochondria must adapt to the changes in metabolism
upon cell development. In non-photosynthetic tissues, mitochondria are the
major source of ATP for the cell. In contrast, ATP production in
photosynthetically active cells is shared with the chloroplasts and additional
processes like photorespiration change the metabolic role of mitochondria.
Using primary barley leaves, in which a developmental gradient can be
found, Thompson et al. (1998) were able to show that differences in the
amounts of mitochondrial proteins (mitochondrial and nuclear-encoded)
were correlated with the degree of development of the studied cells. The
results of this work suggested that changes in mitochondrial protein
composition are the result of the change in mitochondrial function; in
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young tissues mitochondria are energy suppliers while in mature tissues
they are involved in other processes, such as photorespiration.

Through quantification of the mtNDPK transcripts, we concluded that the
expression of the mtNDPK was higher in reproductive and young tissues
as compared to vegetative and mature tissues (Paper IlI, figure 4). In
agreement with these results, immunocytochemical detection of mtNDPK
showed that this mitochondrial protein was more abundant in flowers and
young leaves as compared to mature leaves (Paper IV, figure 2).
Preferential localisation of the mtNDPK protein was observed in anthers,
ovary and petals. Taking into account that in pea flowers, stamens and
petals develop from the same primordia (Ferrandiz et al., 1999), we could
say that at this early stage in flower development the mtNDPK seems to
be preferentially localised in the reproductive parts of the flower. A similar
case was reported by Smart et al. (1994) who showed specific localisation
of the mitochondrial a-subunit of the F,-ATP synthase in meiotic cells of
sunflower anthers. Processes with high energy demands, such as
microspore development, have been correlated with an increase in
mitochondrial replication (Warmke and Lee, 1978). Furthermore,
vegetative parts of potato plants with decreased amounts of citrate
synthase developed normally, whereas flower formation was severely
affected, showing the importance of mitochondrial function in flower
development (Landschiitze et al., 1995b). On the basis of these findings, it
would be logical that mitochondrial proteins should be more abundant in
reproductive tissues than in vegetative ones.

Moreover, non-expanded leaves showed higher amounts of pea mtNDPK
transcripts than mature leaves. In addition, the mtNDPK was more
abundant in lower, as compared to upper, mesophyll cells in young leaves.
These findings are consistent with results obtained in barley (Thompson et
al., 1998). The lower mesophyll contains less chloroplasts than the upper
one, making this part of the leaf more dependent on the mitochondrial
activity. The lower mesophyll is then analogous to the basal part of the
barley leaf in which mitochondrial proteins involved in bioenergetic
activity are more abundant (Thompson et al., 1998).

However, when the amounts of mtNDPK protein were compared between
mitochondria isolated from the different tissues, no significant differences
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could be observed among the different samples (Paper IV, figure 1). The
discrepancy between the western analysis and the results obtained by
northern and immunocytochemical analysis can be explained on the basis
of differences in mitochondrial number in the various studied tissues. A
variation in mitochondrion number between tissues would not be detected
in western analysis, which is based on analysis of equal amounts of isolated
mitochondria from each tissue.

Stress responses and the pea mtNDPK

In Paper IV we studied the expression of the mtNDPK upon high salt,
cold, heat and oxidative stresses. Using western analysis we observed that
no significant differences could be observed in the amounts of mtNDPK
under the different conditions (except for a minor decrease that can be
explained by increase in protease activity). We also tried to determine if the
mtNDPK was newly synthesised upon stress. Pea leaves were supplied
with *S-methionine and exposed to the same stress conditions as above.
Antiserum against the pea mtNDPK was used to precipitate de novo
synthesised proteins from crude mitochondrial preparations. No newly
synthesised mtNDPK could be detected. However, we observed that
under heat stress, a >’S-methionine labelled 86 kDa protein co-precipitated
with the mtNDPK. This observation allowed us to propose that an
interaction between the 86 kDa protein and the mtNDPK is involved in
heat-stress response. Previous work in sugarcane, also suggested the
involvement of a NDPK isoform in heat response (Moisyadi et al., 1994).
This NDPK, present in the microsomal fraction, displayed increased
phosphorylation upon heat-shock.

Heat stress in plant mitochondria

Although characterisation of several mitochondrial heat-shock proteins has
been reported in various organisms (Banzet et al., 1998; Downs and
Heckathorn, 1998; Hartman et al., 1992; Heckathorn et al., 1998;
Herrmann et al., 1994; Lund et al., 1998; Neumann et al., 1993; Wood et
al., 1998) not very much is known about the mechanism of heat stress
response in plant mitochondria. Studies in maize (Lund et al., 1998),
showed that in this thermotolerant species, Hsp22 seems to be the main
component of the mitochondrial response to heat-stress. Hsp22 is
constitutively expressed at low levels and up-regulated during heat stress,
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suggesting a specific role for this protein in primary heat-stress response.
Downs and Heckathorn (1998) reported protection of the respiratory
complex I by a small heat shock protein (Imw-hsp) upon heat stress, in
apple. Respiratory activity through complex I was significantly reduced
upon heat stress. This reduction in complex I respiratory capacity was
prevented by heat-acclimation of the fruits prior to the measurements or
by addition of purified Imw-hsp. Moreover, the presence of specific
antibodies against the Imw-hsp antagonised the effect of the acclimation.

The 86 kDa protein is a novel protein

Analysis of the sequence obtained from the 86 kDa protein showed no
similarities with other proteins found in the available databases. Even
though we have not identified the 86 kDa protein, we can say that its
interaction with the pea mtNDPK is probably part of heat-stress response
in plant mitochondria. The mechanism behind this interaction remains to
be investigated.

Is the mtNDPK interacting with other proteins?

Examples of interaction of NDPKs with diverse proteins have been
reported in animals and in plants (Choi et al., 1999; Engel et al., 1998;
Otero, 1997). Seeking for proteins that interacted with the pea mtNDPK, a
pea cDNA library was screened using the yeast-two-hybrid system. This
method, developed by Fields and Song (1989), allows detection of protein-
protein interactions iz vivo. In yeast, lacZ transcription is controlled by the
transcriptional activator GAL4. GAL4 can be separated in two functional
domains, the activation domain (AD) and the DNA-binding domain (BD).
Separated from each other, these domains are unable to activate lacZ
transcription. A plasmid expressing a hybrid consisting of the protein of
interest and GAL4 DNA-binding domain is used as “bait”. The “target”,
is generally a plasmid expressing hybrids of the activation domain and a
library of proteins. When these two vectors are co-transformed into yeast,
the “bait” protein binds upstream of the reporter gene lacZ, and screens
for “target” proteins. An interacting “target” brings the AD and BD
domains into proximity, reconstituting GAL4, and activating lacZ
transcription. Activation is detectable by X-gal assay.
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We used two constructs as “‘bait” vectors; the first included the entire
OREF of the pea mtNDPK (precursor) whereas the region encoding the
mature protein was used for the second construct (mature). The entire
ORF was used in order to find proteins interacting with targeting sequence
of pea mtNDPK, since we were interested in the processing of the
precursor of this mitochondrial protein.

Table lll. Pea mtNDPK putative interacting proteins, detected
using yeast-two-hybrid system.

“bait” “target”

precursor

60S ribosomal protein L9, pea (X65155)

e 93% similar to 60S ribosomal protein L27A, A.
thaliana (AC010796)

e 88% similar to 40S ribosomal protein S20, A.
thaliana (AL096860)

e  81% similar to RuvB DNA helicase-like protein, A.
thaliana (AL132965)

e 73% similar to ripenin-like protein, soya (AF127110)

mature

arginine decarboxylase, pea (Z37540)
o 90% similar to histone H2B, cotton (AF025667)

After screening of co-transformants (“bait” and cDNA library) using the
X-gal assay, positives clones were isolated. Interactions were verified by
co-transforming the isolated plasmids containing the positive “targets” and
the respective “bait” vectors. Transformations with the positives clones
alone, were also carried out to select for clones that could activate the
marker gene without interaction with the “bait” vector. Sequences of true
positive clones, encoding possible interacting proteins with precursor and
mature forms of the pea mtNDPK were analysed against available
databases. The results of the searches are summarised in table III. These
are only preliminary results and biochemical assays are required to confirm
true interactions. Nevertheless, our data could be taken as an indication of
the versatile nature of the pea mtNDPK.
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The mtNDPK can be found in various oligomeric states

NDPK function and oligomerisation state have been shown to be
correlated (Mesnildrey ef al., 1998; Mesnildrey et al., 1997). The presence
of various oligomeric states has been suggested as a property of these
enzymes that influences their interactions with different types of substrates.
Most eukaryotic NDPK isoforms that have been crystallised form
hexamers. In these isoforms, the enzymatically active form is hexameric
and is believed to interact only with nucleosides, whereas the structure of
dimers or tetramers would allow the binding of larger substrates such as
proteins. Stability of the hexameric conformation of NDPK isoforms has
been shown to be dependent on the presence of a C-terminal YE motif
and a very conserved proline (Webb et al., 1995). The conserved proline is
found at position 95 in the pea mtNDPK, but the C-terminal YE motif is
missing (Paper III, figure 3A). Absence of this motif might lead to
tetrameric conformations, like the ones found in prokaryotes. In view of
the prokaryotic origin of the mitochondrion, one could expect prokaryotic
features for the mitochondrial NDPK isoform, such as the formation of
tetramers. Moreover, analysis of the sequence of the cDNA encoding for
this protein showed the presence of prokaryotic regulatory motifs in the 5’
untranslated region of the clone (Escobar Galvis et al., unpublished results,
see figure 7).

Using gel filtration, we were able to detect the presence of the mtNDPK in
fractions corresponding to hexameric (~ 100 kDa), tetrameric (~ 60 kDa)
and dimeric states (~ 30 kDa) (Paper 1V, figure 5). Hexamerisation has
also been reported for other organellar isoforms that lack the YE muotif,
such as the spinach NDPK II (Yang and Lamppa, 1996) and the human
mitochondrial Nm23-H4, which was crystallised as a hexamer (Milon et
al., 2000). Thus, it seems that the presence of the C-terminal YE is not an
absolute requirement for hexamer formation. On the other hand, the
presence of the mtNDPK in the fraction around 100 kDa might as well be
explained by the formation of a complex between the novel 86 kDa
protein (described in the previous section) and the mtNDPK.

So far, we cannot say which oligomeric state, is the enzymatically active

form of the pea mtNDPK in vivo. If one takes into account the possibility
that different oligomeric states might be associated with diverse functions
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of this enzyme, a deeper study of this aspect must be carried out to fully
understand its functions.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In an attempt to address some aspects of signalling in plant mitochondria, I
have studied regulation of mitochondrial gene expression and investigated
the function of a novel mitochondrial protein — the pea mtNDPK.

My co-workers and I have presented clear evidence for redox regulation
of translation in isolated pea mitochondria. Moreover, we have shown that
protein synthesis is dependent on the activity/redox state of respiratory
complex Il (Paper I). We believe that protein phosphorylation is part of a
regulatory system that couples the redox state of complex I and
mitochondrial protein synthesis and that the phosphorylation of a 13 kDa
protein might be involved (Paper II). However, we have not been able to
define the components involved in redox regulation of mitochondrial gene
expression. Perhaps, when more information about plant genomes
becomes available, sequence comparisons will allow the identification of
components of this regulatory system, using the existing data from
prokaryotic and fungal systems. I believe that this approach might help to
investigate the mechanisms behind the regulation of mitochondrial
translation in plants, a field that seems to have been, to some extent,
overlooked.

Concerning the pea mtNDPK, our results have confirmed the
mitochondrial localisation of this protein (Paper I11). We also found that
this NDPK isoform has an expression pattern similar to other
mitochondrial proteins involved in the bioenergetic function of
mitochondria (Paper IV). Using phylogenetic analysis of some NDPK
isoforms, we were able to classify them according to their subcellular
localisation and origin. One could conclude that, in spite of the great
similarity in sequence between the NDPK family members, small
differences in sequence might reflect functional specificity associated with
subcellular localisation.
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There are several aspects that need to be further investigated and might
help to elucidate the role of the pea mtNDPK in signalling in plant
mitochondria. The detection of an interaction of the pea mtNDPK with a
novel 86 kDa protein, which is up-regulated upon heat-stress, gave us
evidence for the involvement of this mitochondrial NDPK in heat-stress
response (Paper IV). Furthermore, it seems likely that the pea mtNDPK is
present in various oligomeric states, a characteristic that has been
suggested to enable NDPK isoforms to interact with different substrates
(Paper V). Without identification of the 86 kDa protein, it is not possible
to determine the nature of its interaction with the pea mtNDPK.
Therefore, cloning and overexpression of this novel protein would be the
logical approach to start to investigate the role of the pea mtNDPK-
86 kDa protein interaction in heat response. In order to facilitate the study
of these possible interactions, overexpression of the pea mtNDPK will also
be necessary, as well as the construction of mutated and/or truncated
forms. With these resources, discrimination between enzymatic activity and
any other possible functions for the pea mtNDPK could be feasible. An
interesting aspect to study will be to determine if the pea mtNDPK
displays phospho-transferase activity, as it has been shown for other
NDPK isoforms (Engel et al., 1995; Wagner and Vu, 2000), especially
using the 86 kDa protein as substrate upon heat stress.
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POPULARVETENSKAPLIG SAMMANFATTNING

3 <«

En del av cellens funktioner utférs i de membranomslutna smé “rum” i
cellen som kallas organeller. En typ av organeller &r mitokondrierna vars
framsta funktion dr att producera energi — ATP syntes. ATP produceras
under en process kallad respiration. Respirationen sker i mitokondriens
membran dir elektroner transporteras mellan proteinkomplex (komplex I-
IV) och elektron birare (ubiquinone och cytokrom c) (figur 3). Under
respirationen konsumeras syre, NAD(P)H och succinat.

Mitokondrierna hirstammar fran frilevande bakterier som inneslutits i en
annan organism (Gray, 1993). Detta ledde till uppkomsten av en ny, mer
komplex livsform. Under evolutionens gang har de flesta av mitokondriens
gener forflyttats till vardorganismens kédrna. Ett fatal gener finns dock
fortfarande kvar i mitokondrien. De flesta av mitokondriens proteiner
produceras dérfor utanfér mitokondrien i den s.k. cytoplasman och endast
ett fatal dr syntetiserade i mitokondrien. For att hela uppséattningen av
mitokondriella proteiner skall produceras maste sdledes tvd genetiska
system anvidndas och dessutom koordineras. Varfor har di inte alla
mitokondriella gener flyttas till kéirnan? En forklaring till detta kan vara att
uttrycket av generna i mitokondriens genom &r, och maiste vara,
kontrollerade av foridndringar av forhallanden, tex syrekoncentrationen,
innuti mitokondrien. Det dr kénnt att hos vissa bakterier uttrycks en del
gener endast vid hog syrekoncentration (Iuchi and Lin, 1988).
Komponenter i bakteriernas respiratoriska system kan kénna av skillnader
i syrekoncentrationen och justera genuttrycket i enlighet med de rddande
forhéllanderna.

Pé liknanade sitt anses fordndringar i mitokondriens respiratoriska aktivitet
kunna paverka uttrycket av de mitokondriella generna (Allen, 1993a). For
att testa denna hypotes forindrade vi aktiviteten hos respirationens
komponenter och studerade vilka effekter dessa forindringar hade pa
proteinsyntesen i mitokondrierna. Endast da aktiviteten av komplex II var
fordndrad, kunde vi se pdverkan av mitokondriell proteinsyntes (Paper I).
Hur kan komplex II-aktiviteten péverka mitokondriellt genuttryck och
proteinsyntes? Kan komplex I kommunicera med komponenter av det
mitokondriella genuttryckssystemet? Vi kan dnnu inte besvara dessa

43



frigor, men tror att translation (ett av de nodvindiga stegen i
proteinsyntesen) édr kontrollerad av aktiviteten hos komplex II. Dessutom
verkar denna reglering involvera fosforylering av ett oidentifierat protein
(Paper 1I).

Proteinfosforylering innebér att en fosfatgrupp binds till ett protein. Denna
fosfatgrupp fordndrar proteinets egenskaper, aktiverar eller inaktiverar
proteiner, och kan fungera som medel fér kommunikation i cellen.
Mitokondriellt nukleosid difosfat kinas (mtNDPK) ir ett fosfoprotein vars
funktioner #nnu inte ar fullstindigt undersokta. Vi har identifierat den
fullstéindiga genetiska information som kodar for mtNDPK i &rta och visat
ocksd att proteinet importeras in i mitokondrien (Paper III). Vi
konstaterade vidare att mtNDPK dr mer forekommande i blommorna @n i
andra delar av vixten (Paper III & IV). Vi fann ocksd att mtNDPK
interagerar med ett protein som nybildas under virmestress. Vi férmodar
dérfor att drt-mtNDPK har en roll i vixtens reaktion pd virmestress
(Paper 1V).
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Abstract In isolated pea (Pisum sativum L.) mitochon-
dria incorporation of 33S-methionine into newly synthe-
sised proteins was influenced by the presence of site-spe-
cific inhibitors of the respiratory electron-transport chain.
These effects were not produced by changes in the rate of
respiratory electron transport itself nor by changes in ATP
concentration. Protein synthesis was inhibited by inhibi-
tors of ubiquinone reduction but not by inhibitors of ubi-
quinol oxidation. By the use of additional inhibitors at spe-
cific sites of the respiratory chain, different oxidation-re-
duction states were obtained for the different complexes in
the electron-transport chain. It was found that electron
transport through succinate:ubiquinone oxidoreductase
(respiratory complex IT) was specifically required for pro-
tein synthesis, even when all the other conditions for pro-
tein synthesis were satisfied. We suggest that a subunit of
complex II, or a component closely associated with com-
plexII, is involved in aregulatory system that couples elec-
tron transport to protein synthesis.

Key words Mitochondria - Protein synthesis -
Succinate dehydrogenase - Regulation of gene expression

Introduction

Control of gene expression in response to changes in re-
dox potential has been shown to occur in bacteria as well
as in nuclear gene expression in eukaryotic systems (Tuchi
and Lin 1993; Meyer et al. 1994; Mosley et al. 1994). This
control allows cells optimally to exploit changing environ-
mental conditions. In bacteria, two-component systems
control gene expression by means of “redox sensors”, de-
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fined as electron carriers that initiate control of gene ex-
pression in response to changes in redox potential, and
“redox response regulators”, DNA-binding proteins that
affect gene expression under the action of one or more re-
dox sensors (Allen 1993a). In eukaryotic cells, environ-
mental changes causing alterations in the redox potential
of components of electron-transport chains will be rapidly
detected in chloroplasts and mitochondria, organelles with
their own genetic system. Taking into account the prokar-
yotic origin of these organelles (Palmer 1992), it is reason-
able to expect that redox regulatory systems are also
present in chloroplasts and mitochondria (Allen 1993b, c).

Results of recent investigations are consistent with re-
dox regulation of organelle gene expression. By the use of
specific electron-transport inhibitors Pearson et al. (1993)
showed that RNA synthesis in isolated chloroplasts is fa-
voured by oxidation of the cytochrome bgf complex.
Using the same approach in isolated potato mitochondria
Wilson et al. (1996) showed that radiolabelled UTP incor-
poration into RNA was regulated by the redox poise of the
Rieske iron-sulphur protein. Danon and Mayfield (1994)
showed redox regulation of the translation of chloroplast
psbA-messenger RNAs in Chlamydomonas reinhardtii in
vitro. Translation of these RNAs required binding of nu-
clear-encoded translational activators. Both translation
and binding were found to be inhibited under oxidising
conditions (Danon and Mayfield 1994). Furthermore,
changes in protein synthesis in response to changes in the
redox potential of the reaction medium have been demon-
strated in isolated chloroplasts and mitochondria (Allen
et al. 1995).

Besides regulating mitochondrial gene expression, the
redox state of mitochondria is important for the expression
of nuclear genes encoding mitochondrial components. In
Nicotiana tabacum L., inhibition of electron-transport at
the site of complex III by the addition of antimycin A has
been shown to result in an increase of the expression of the
nuclear gene Aox/, which encodes the alternative oxidase
of plant mitochondria (Vanlerberghe and McIntosh 1994).

In the present report different respiratory chain inhibi-
tors and respiratory substrates were used in order to alter
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Fig. 1 Schematic presentation of the inner membrane of plant mi-
tochondria and respiratory chain components. Electron transport
tfrom NAD(P)H to O, involves three of the four multiprotein com-
plexes (I, II] and IV), which are located in the inner membrane. Com-
plex II oxidises succinate (succ.) to fumarate (fumar.) transterring
electrons to the UQ-pool and subsequent electron carriers. Electron
flow within complex III involves the two centres of cytochrome b
(Q;and Q,). ATP synthesis by oxidative phosphorylation occurs by
means of coupling of the electron flow through complexes I, Il and
IV to proton transport across the inner membrane. The alternative
oxidase (A/tOx) and NAD(P)H dehydrogenases [NDin (internal) and
NDex (external)] are specific to plants. Respiratory inhibitors and
their action sites are indicated. Anti A Antimycin A; DC dicumarol;
NDom outer membrane NADH dehydrogenase; TTFA thenoyltritlu-
oroaceton. Adapted from Rasmusson (1994)

the redox potential of specific complexes in the electron-
transport chain and analyse corresponding changes in pro-
tein-synthesis patterns. Figure 1 shows a schematic pres-
entation of the mitochondrial membrane and components
of the respiratory chain, indicating the site of action of the
inhibitors used in these experiments.

Materials and methods

Mitochondrial isolation. Mitochondria were isolated from young pea
(Pisum sativum L.) leaves (11-12-days-old, grown at 20°C with a
12-h day) according to Boutry et al. (1984), with moditications ac-
cording to Hakansson et al. (1988).

Redox-regulated translation. Protein synthesis in isolated mitochon-
dria was performed mainly according to Allen et al. (1995). In
10-ml sterile tubes 80—100 ug of protein (<5 ul of mitochondrial sus-
pension) were added to 100 pl of synthesis medium (5 mm KH,PO,,
2 mM GTPdiNa, 0.4 M mannitol, 60 mm HEPES, 10 mm MgCl,,
25 um of each of the amino acids excluding methionine, 4 mm
ADP(K) and 4 mMm ATP, 1% bovine serum albumin, pH 7.0). Differ-
ent respiratory substrates and electron-transport inhibitors were in-
cluded according to Table 1. After 15 min of incubation at 25°C on
a shaker, 20-30 pCi of 35S-methionine was added to each tube, and
the tubes were incubated again for 75 min. To stop the translation,
350 pl of suspension medium (plus 10 mM methionine) was added
and the samples transterred to microfuge tubes. After centrifugation
for 4 minutes at 16 000 g in a microcentrifuge, the supernatants were
removed and the pellets dissolved in 30 pl of electrophoresis

0: H:0

Table 1 Concentrations of respiratory substrates and respiratory
chain inhibitors used, unless otherwise stated in figure texts

Common name Final concentration Solvent
Antimycin A 0.4pm H,O
CaCl, 1 mm H,O
DBMIB 2 pMm Ethanol
Dicumarol 20 pMm DMSO
Duroquinol 0.1,0.5 or 1 mm Ethanol
KCN 1 mm H,0
Malic acid 10 mm H,0
Malonate 5 mM H,0
Myxothiazol 15 um Ethanol
NADH 1 mm H,O
Rotenone 50 pm DMSO
SHAM 1 mm DMSO
Na-pyruvate 1 mm H,O
Succinate 5mm H,O
TTFA 0.1 mm Ethanol

sample buffer (2% SDS, 10% glycerol, 62.5 mm Tris/HCI pH 6.8,
bromophenol blue and 1% DTT). The solvents DMSO and ethanol
(Table 1) had no effect on >>S-methionine incorporation at the final
concentrations (not higher than 1% v/v and 1.5% v/v respectively)
obtained in experiments with water-insoluble inhibitors (data not
shown) . Half of each sample was separated in 12-20% SDS-poly-
acrylamide gradient gels.

Estimation of 3 S-incorporation into mitochondrial proteins. In-
corporation of **S-methionine was estimated by the densitometry of
autoradiographs using a Personal Densitometer, Molecular Dynam-
ics, and ImageQuant (v 1.11) as a quantification computer program.
All the values are expressed relative to the control value except for
Fig. 7 where the absolute values of the detected signal were em-
ployed.

Measurement of oxygen consumption. Oxygen uptake of the isolat-
ed mitochondria was measured with a Clark-type oxygen electrode
(Rank Brothers, Cambridge, UK) at 25 °C in a total volume of 0.4 ml
of the in organello synthesis medium. The eftect of the different ad-
ditions on oxygen uptake was calculated from the traces and plotted
in panel B, Figs. 2, 3 and 4.

Estimation of *>S-methionine uptake. Mitochondria were incubated,
according to the procedure for translation, with 200 um of chloram-
phenicol to prevent mitochondrial translation. After incubation, mi-
tochondria were centrifuged, washed twice with washing medium
(0.4 M mannitol and 10 mm KH,PO,) and re-suspended in 30 ul of
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the same medium. Half of the volume was mixed with sample but-
fer at double solute concentration and analysed by gel electrophore-
sis and autoradiography. The other halt was mixed with ReadySate
scintillation liquid (Beckman) and, following the manufacturer’s in-
structions, estimation of the isotope was performed in a LS 6000IC
Beckman scintillation counter. >>S-methionine was obtained from
Amersham. Chemicals for SDS-polyacrylamide gel electrophoresis
were from Bio-Rad. Other chemicals used were from Sigma or
Boehringer-Mannheim.

Results

Figures 2—6, panel A, show autoradiographs of >>S-methi-
onine-labelled proteins separated in SDS-polyacrylamide
gels after their synthesis de novo in intact mitochondria
isolated from pea (P. sativum L.). Panels B show rates of
oxygen consumption and/or total 3*S-methionine incorpo-
ration corresponding to the different additions shown in
panels A.

Effects of reducing and oxidising conditions
on mitochondrial protein synthesis

Figure 2 summarises the effect on >3S-methionine incor-
poration into mitochondrial proteins obtained by inhibit-
ing electron-transport at the beginning or the end of the
respiratory chain (see Fig. 1). The polypeptide pattern ob-
served in the control (Fig. 2A, lane 1) corresponds to mit-
ochondrial translation products reported before, where the
55-kDa band is most likely the & subunit of the F-ATPase,
the 39-40-kDa bands are the cytochrome ¢ oxidase sub-
units T and II, and the 12-kDa band is subunit 9 of the
ATPase (Lonsdale 1989). Under oxidising conditions
created by the presence of the inhibitors rotenone, thenoyl-
trifluoroacetone (TTFA) and dicumarol, which cause inhi-
bition of complexes donating electrons to the ubiquinone
(UQ) pool (see Fig. 1), protein synthesis is almost com-
pletely inhibited (Fig. 2 A, lane 2). On the other hand, sa-
licylhydroxamic acid (SHAM) and potassium cyanide
(KCN) inhibit electron transfer from the respiratory chain
to O,, causing all the complexes of the respiratory chain
to become reduced in the presence of oxidisable substrates
(see Fig. 1). Under such reducing conditions mitochondrial
protein synthesis is retained (Fig. 2A, lane 3). The ob-
served differences in protein synthesis (lane 2 vs lane 3)
are not correlated with respiratory activity, as measured by
oxygen uptake, since both sets of inhibitors cause a dras-

-l

-t
Fig. 2A, B Effects of respiratory chain inhibitors on **S-methio-
nine-labelling of proteins synthesised by isolated pea mitochondria.
Malic acid and Na-pyruvate were added to all the reactions as
respiratory substrates. Respiratory chain inhibitors were added as
in Table 1. A autoradiograph of proteins separated by SDS-PAGE.
B effect of inhibitors on total amounts of 33S-methionine-incorpora-
tion into mitochondrial proteins and on oxygen consumption. The
incorporation of >S-methionine is presented in relative units where
a value of 1 corresponds to the incorporation of the control sample
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tic reduction of oxygen consumption (Fig. 2B). In agree-
ment with these results, and as previously described (Al-
lenetal. 1995), inhibition of protein synthesis was also ob-
tained in the presence of the oxidising agent potassium fer-
ricyanide, while no inhibition occurred in the presence of
the reducing agent DTT.

Complexes IIT and TV

Figure 3 shows the oxygen uptake and polypeptide label-
ling obtained in the presence of different inhibitors that act
specifically on complex IIT (Esposti et al. 1994). SHAM,
an inhibitor of the alternative oxidase, was used together
with the complex-111 inhibitors in order to rule out the pos-
sibility of electron flow through the alternative oxidase.
Antimycin A (Fig. 3A, lanes 2, 3, 4, and 6) interacts with
the Q;-site of complex IIT (Fig. 1) and causes the reduction
of cytochrome b. The inhibitors 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone (DBMIB) (Fig. 3 A, lanes 2, 5
and 6) and myxothiazol (Fig. 3A, lane 3), on the other
hand, act specifically on the Q,-site of complex I1I (Fig. 1).
Together with antimycin A, myxothiazol and DBMIB
cause the oxidation of cytochrome b. No major differences
were seen in the pattern of *>S-methionine incorporation
between samples incubated in the presence of Q;- or Q-
site inhibitors. Therefore, it is unlikely that there is a reg-
ulatory component for the redox control of protein trans-
lation within complex III.

Inhibition of complex III (Fig. 3A) causes the oxida-
tion of complex IV while addition of SHAM and KCN
(Fig. 2 A, lane 3) cause its reduction; no difference in pro-
tein patterns, as compared to the control, was observed in
these two cases. It is unlikely therefore that the observed
effects on protein synthesis seen in Fig. 2 (lane 2 compared
with lane 3) results from the action of any redox sensor in
complex TV.

This conclusion is strengthened by further experiments.
As stated earlier, oxidation of the ubiquinone pool and sub-
sequent electron carriers, caused by the presence of rote-
none, TTFA and dicumarol, resulted in the inhibition of
protein synthesis. This effect could not be reversed by the
addition of up to 1 mm of duroquinol (data not shown),
which is able to feed electrons to the respiratory chain
at the ubiquinone pool level, thus reducing complexes 111
and IV.

-l

-
Fig. 3A, B Effects of complex-III inhibitors on 35S-methionine-la-
belling of proteins synthesised by isolated pea mitochondria. Malic
acid and Na-pyruvate were added to all the reactions as respiratory
substrates. The alternative oxidase inhibitor SHAM was included in
some of the reactions. Respiratory chain inhibitors were added as in
Table 1. A autoradiograph of proteins separated by SDS-PAGE. B
effect of inhibitors on total amounts of 33S-methionine-incorpora-
tion into mitochondrial proteins and on oxygen consumption. The
incorporation of 3>S-methionine is presented in relative units where
a value of 1 corresponds to the incorporation of the control sample
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Complexes donating electrons to the ubiquinone pool

To distinguish between the respiratory chain components
located prior to the UQ-pool, different combinations of in-
hibitors for these complexes were employed (Fig. 4). The
presence of TTFA in these experiments showed that the ac-
tivity of complex II is necessary to support the incorpora-
tion of 3>S-methionine into mitochondrial proteins
(Fig. 4A, lanes 4, 6 and 7).

In contrast with this observation, inhibition of com-
plex I (addition of rotenone, lane 2) or the internal and
external NADH dehydrogenases (addition of dicumarol,
lane 3) does not affect protein synthesis. However, inhibi-
tion of all NADH dehydrogenases (rotenone plus dicuma-
rol, lane 5) has a stimulatory effect on mitochondrial pro-
tein synthesis. Our results suggest that the activity of com-
plex Il is required for protein synthesis, since the addition
of TTFA always causes an inhibition of protein synthesis
(Fig. 4, lanes 4, 6 and 7; Fig. 2, lane 2). Inhibition of all
the NADH-dehydrogenases, on the other hand, results in
higher amounts of *>S-methionine incorporation, but only
when complex Il is still active (Fig. 4 A, lane 5 vs Fig. 2,
lane 2). Besides these general effects on protein synthesis,
alterations in the labelling intensity of specific protein
bands were sometimes found after the addition of a respir-
atory inhibitor (Fig. 4 A). These alterations in protein pat-
terns were, however, not consistent.

As described earlier (Fig. 2B), no correlation between
oxygen uptake and the incorporation of **S-methionine
into mitochondrial proteins was observed (Fig. 4B). Oxy-
gen consumption is still high in the presence of TTFA
(since the activity of complex I maintains respiratory ac-
tivity) while protein synthesis is inhibited. By contrast, the
addition of dicumarol together with rotenone reduces oxy-
gen consumption to half of the control level, while protein
synthesis is strongly induced.

Inactivation of the TCA cycle
It was important to determine whether the effect of TTFA
on mitochondrial protein synthesis was a result of a direct

inhibition of electron-transport within the complex or of
an indirect inhibition of the TCA cycle.

-

-
Fig. 4A, B Effects of respiratory chain inhibitors on 3>S-methio-
nine-labelling of proteins synthesised by isolated pea mitochondria.
These inhibitors prevent electron donation to the UQ-pool. Malic ac-
id and Na-pyruvate were added to all the reactions as respiratory sub-
strates. Respiratory chain inhibitors were added as in Table 1. A au-
toradiograph of proteins separated by SDS-PAGE. The dot repre-
sents a protein band with alterations in intensity between experi-
ments. B effect of inhibitors on total amounts of >>S-methionine-in-
corporation into mitochondrial proteins and on oxygen consumption.
The incorporation of 33S-methionine is presented in relative units
where a value of 1 corresponds to the incorporation of the control
sample
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Incubation at 25 °C

In further experiments, isolated mitochondria were al-
lowed to consume endogenous substrates by pre-incuba-
tion in synthesis medium, at 25 °C, on a shaker for 90 min.
Labelled translation was initiated by the addition of *>S-
methionine. The polypeptide pattern obtained after pre-in-
cubation (Fig. 5 A, lane 2) showed a substantial decrease
in labelling compared to that of the control (lane 1). Par-
tial restoration of the protein pattern was attained by the
addition of succinate before the labelled translation was
initiated (lane 3).

Figure 5 also shows the results of the addition of NADH
with Ca®" (addition of Ca" is necessary for activation of
the external NADH dehydrogenase) instead of succinate
(Fig. 5A, lane 4). In contrast to succinate, this respiratory
substrate was unable to restore the original translation pat-
tern to any degree. Oxidation of succinate (25.7 nmol
0,-mg of protein”! - min™") and NADH (18.7 nmol
O, - mg of protein’1 - min~") was measured in the oxygen
electrode with the mitochondria incubated as described
above, in order to show that the mitochondria were still
able to oxidise these substrates after the pre-incubation pe-
riod.

These results further point to a specific role of com-
plex 11 in the regulation of mitochondrial protein synthe-
sis.

Addition of malonate

Malonate, another inhibitor of complex II, has the same ef-
fect on protein synthesis as TTFA (Fig. 6A, lane 3), al-
though it affects electron flow through the complex in a
different way, namely by blocking the active site of the
large subunit of succinate dehydrogenase (Wilson et al.
1996). TTFA, on the other hand, interacts with the qui-
none-binding site of the complex (Ramsay et al. 1981;
Chauveau and Roussaux 1996). The presence of malonate
causes the oxidation of the complex, and at the same time
inhibits the TCA cycle. Reduction of complex II, in the
presence of malonate, was achieved by the reverse-flow of
electrons from the ubiquinone pool. Electrons were fed
through the external NADH dehydrogenase by the addi-
tion of NADH and Ca®*. If at the same time electron-trans-
port through complex I and 111 (addition of rotenone, anti-
mycin A) and the alternative oxidase (presence of SHAM)
is inhibited, a flow of electrons from the reduced ubiqui-

-l

-
Fig. 5A, B Restoration, by addition of succinate, of 35S-methio-
nine-incorporation into mitochondrial proteins after depletion of en-
dogenous substrates by pre-incubation for 90 min. Synthesis medi-
um was used as a pre-incubation medium. A autoradiograph of pro-
teins separated by SDS-PAGE. Lane I control; lane 2 incubation for
90 min; /ane 3 addition of succinate after incubation for 90 min; lane
4 addition of NADH and Ca®" after incubation for 90 min. Final con-
centrations of additions as in Table 1. B effects on total amounts of
35S-methionine-incorporation into mitochondrial proteins. The in-
corporation of >>S-methionine is presented in relative units where a
value of 1 corresponds to the incorporation of the control sample
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none pool to complex IT occurs. With this procedure a par-
tial recovery of the initial rate of labelling was observed
(Fig. 6 A, lane 2).

Influence of ATP concentration

In addition to the investigation of the effect of electron-
transport inhibitors, the effect of ATP concentration was
studied, in order to rule out the possibility that the results
obtained (Fig. 4) merely reflect changes in the rate of ATP
production produced by the different inhibitors. ATP titra-
tions were carried out in the absence and presence of 4 mm
of ADP (Fig. 7A and B).

1.04

total 35S-met
incorporation
(relative to control)

0.6

0.4

malonate

control rot
A

SHAM
malonate
B NADH (Ca2+)

Fig. 6A, B Restoration, by re-reduction of complex II, of the 33S-
labelled mitochondrial protein pattern obtained in the presence of
malonate. Final concentrations of additions as in Table 1. A autora-
diograph of 3proteins separated by SDS-PAGE. B effects on total
amounts of *>S-methionine incorporation into mitochondrial pro-
teins. The incorporation of **S-methionine is presented in relative
units where a value of 1 corresponds to the incorporation of the con-
trol sample

In both cases, absence and presence of ADP, the addi-
tion of TTFA caused an inhibition of mitochondrial pro-
tein synthesis at all the ATP concentrations employed. The
higher values of incorporation at low ATP concentrations,
in the presence of ADP (Fig. 7B), were mainly a result of
the higher incorporation of label into a single protein, the
proposed atp9 gene product (data not shown; for position
of atp9 see Fig. 2A).

In contrast to TTFA, addition of the NADH-dehydrog-
enase inhibitors, rotenone and dicumarol, did not change
33S-methionine incorporation as compared to the control.
At the highest ATP concentrations (4 mM) the addition of
dicumarol and rotenone increase protein synthesis relative
to that of the control, possibly because of high concentra-
tions of ATP in the absence of respiratory inhibitors. Pre-
vious work (Lind et al. 1991) has shown that the incorpo-
ration of >*S-methionine was inhibited by the external ad-
dition of ATP.

On the basis of these observations (Fig. 7), we conclude
that the observed effect of TTFA on mitochondrial protein
synthesis is not a result of changes in ATP concentration.
While the highest values of incorporation for the control
were seen at around 3 mM of ATP (Fig. 7A), noteven4 mm
of ATP was enough to support protein synthesis in the pres-
ence of TTFA.

As mentioned before, respiratory activity and the incor-
poration of label showed no correlation, strengthening the
conclusion that the observed effects are not the result of
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Fig. 7A, B Effect of different concentrations of ATP on the incor-
poration of labelled methionine into mitochondrial proteins. Malic
acid and Na-pyruvate were added to all the reactions as respiratory
substrates. A in the absence of ADP. B in the presence of 4 mM of
external ADP

changes in ATP concentration caused by the presence of
the different respiratory inhibitors.

Effect of TTFA on amino-acid uptake

It could be argued that the effect of TTFA on mitochon-
drial protein synthesis is a result of changes in the uptake
of 3*S-methionine caused by the presence of this respira-
tory inhibitor. In order to investigate this possibility, mi-
tochondria were incubated in medium containing chloram-
phenicol, an inhibitor of mitochondrial protein synthesis,
in the presence and absence of TTFA. The uptake of la-
belled methionine was estimated by scintillation counting
of the washed and re-suspended mitochondrial pellet. No
significant differences (P=0.8773, 95% confidence level)

327

in the uptake of labelled methionine were observed
between samples with (155 440112 538 cpm) and without
TTFA (151 213+£22 422 cpm).

Discussion

Oxidising conditions of the mitochondrial electron-trans-
port chain created by the inhibition of the electron-donat-
ing complexes (Fig. 2) inhibit mitochondrial protein syn-
thesis. In previous work (Allen et al. 1995) addition of the
oxidising agent potassium ferrycyanide was shown to have
a similar effect, suggesting that mitochondrial protein syn-
thesis is controlled by oxidation-reduction reactions. These
results favour the hypothesis that mitochondrial transla-
tion is inhibited when some component of the respiratory
chain, which therefore acts as a redox sensor (Allen
1993 a), becomes oxidised. In agreement with this, previ-
ous work (Danon et al. 1994) has shown that reducing con-
ditions promote translation in isolated chloroplasts. Pear-
sonetal. (1993) and Wilson et al. (1996), on the other hand,
showed that UTP incorporation into chloroplast and mito-
chondrial RNA, in isolated plant organelles, was inhibited
when specific components of the electron-transport chain
were reduced. These examples of the redox regulation of
organelle gene expression in plants might indicate diffe-
rential regulation depending on the level of gene expres-
sion.

It was found that the activity of complex II is necessary
for mitochondrial protein synthesis (Fig. 4). Inhibition of
complex I and at the same time of alternative NADH de-
hydrogenases, on the other hand, promotes protein synthe-
sis. The increase in the rate of incorporation of labelled
methionine into mitochondrial proteins upon inhibition of
the NADH dehydrogenases could result from the produc-
tion of inhibitory concentrations of ATP when these com-
plexes are active (Fig. 7). However, since rotenone and di-
cumarol also increase protein synthesis at low ATP con-
centrations, these results could indicate the presence of at
least two regulatory points. Low activity of the NADH de-
hydrogenases together with an active complex 11 promotes
protein synthesis. It could be argued that this effect reflects
a physiological state where the production of reducing
power by the TCA cycle exceeds the limits of its consump-
tion by the respiratory chain. Under such conditions there
will be a demand of new components of the electron-trans-
port chain, and thus protein synthesis needs to be up-reg-
ulated. Under these same conditions succinate dehydrog-
enase activity will be high. Alterations in the redox state
of the succinate:ubiquinone oxidoreductase might there-
fore be a key regulatory point for protein synthesis in mi-
tochondria. Care has to be taken, though, in interpreting
these results since all experiments were carried out with
isolated mitochondria, separated from the rest of the cell.

While succinate dehydrogenase creates a direct connec-
tion between the TCA cycle and the respiratory chain, all
other TCA-cycle enzymes are located in the matrix. Suc-
cinate dehydrogenase activity depends on succinate pro-
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duction and therefore TCA-cycle activity. The activity of
the TCA cycle depends on the oxidation of NADH and
FADH, by the respiratory chain. Succinate dehydrogenase
is also one of the most active enzymes in isolated mito-
chondria, showing very complex kinetics, suggesting a
possible regulatory activity. However, no evidence for a
regulatory role of succinate dehydrogenase in the TCA cy-
cle has been found (Wiskich and Dry 1985).

The absence of incorporation of >>S-methionine into
newly synthesised polypeptides after TTFA treatment
could be caused either by inhibition of the TCA cycle or
by the blocking of electron-transport through complex II.
In cases where mitochondria were starved of endogenous
respiratory substrates before labelled translation was in-
itiated (Fig. 5) the TCA cycle becomes inhibited, since it
is depleted of substrates (NAD™). In these cases, partial re-
covery of translation with the addition of succinate prior
to the initiation of labelled translation indicates that the ac-
tivity of the TCA cycle is not correlated with the regula-
tion of mitochondrial protein synthesis. This conclusion is
strengthened by experiments where, in the presence of mal-
onate, protein synthesis was supported by an excess of elec-
trons in the ubiquinone pool, having complex Il as the only
acceptor (Fig. 6, lane 2). This result suggests that the elec-
tron flow within the complex is sufficient to support mit-
ochondrial protein synthesis, at least partially, in spite of
the inhibition of the TCA cycle. The lack of a full recov-
ery of protein synthesis could reflect the fact that is diffi-
cult to obtain full reduction of complex II through flow-
back from the UQ-pool. We suggest that the effect of TTFA
on protein synthesis is most likely the result of a change
in the redox state of complex II or of some component
closely associated with this complex.

Oxidation of succinate to fumarate causes reduction of
the FAD bound near to the active site of the large subunit
(Fp) of complex II (Cramer and Knaff 1991; Igamberdiev
and Falaleeva 1994). Electron transfer from FAD to the ubi-
quinone pool apparently involves two of the three iron-sul-
phur clusters (S-1 and S-3). The role of the other centre
(S-2) is not clear, but a complex interaction with S-1 has
been found. Although the different inhibitors (malonate and
TTFA) for complex Il used in our investigation have dif-
ferent sites of action, they both inhibit mitochondrial pro-
tein synthesis. Malonate competes with succinate for the
active site on Fp, causing oxidation of the whole complex.
TTFA, on the other hand, blocks the electron flow from
S-3 to the ubiquinone pool, perhaps at the binding site of
the quinone pair (Ramsay et al. 1981), which would lead to
reduction of the complex. Recent work (Chauveau and
Roussaux 1996) has shown two possible sites of inhibition
by TTFA and corroborated its direct interaction with S-3,
which would imply a partial reduction of complex II in the
presence of TTFA. However, since electron flow within the
complex has not been well established, we cannot deter-
mine how the redox state of the different components is af-
fected by TTFA, and thus we cannot attribute the function
of a redox sensor to any specific component of the com-
plex. Since the mid-point redox potentials (E,, ;) for the dif-
ferent components are known (Cramer and Knaff 1991), it

should be possible to identify the redox sensor within the
complex by redox titration (Allen and Holmes 1986).

‘We conclude that our results are consistent with the hy-
pothesis that the mitochondrial genetic system permits di-
rect redox regulatory control of gene expression by respir-
atory electron-transport (Allen 1993b). The specific re-
quirement for the activity of complex II suggests that a re-
dox sensor involved in such a regulation is contained
within, or close to, complex II. Further work is required in
order to establish the mechanisms which couple electron-
transport to protein synthesis in mitochondria, and to de-
termine whether this is the only level of gene expression
at is which such control is exerted.
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MITOCHONDRIAL GENE EXPRESSION IN PEA IS REGU-
LATED BY THE ACTIVITY OF RESPIRATORY COMPLEX II
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Introduction

Protein synthesis in isolated pea mitochondria has been shown to be dependent on the activ-
ity of respiratory complex II (Escobar Galvis et al., 1998). Inhibition of electron transport
through this complex causes complete inhibition of 35S-methionine incorporation into mito-
chondrial proteins. The evidence presented points to the redox state of complex II as a regu-
latory factor in mitochondrial gene expression, although the mechanism of regulation and the
level at which control is exerted have not yet been clarified. Here we demonstrate partial
inhibition of incorporation of 32P-labelled UTP, in isolated and permeabilised mitochondria,
by thenoyltrifluoroacetone (TTFA), a specific inhibitor of complex II. Our data suggest that
although some regulation of transcription seems to occur, the redox state of complex II reg-
ulates mitochondrial gene expression mainly at the translational level. We further show that
protein synthesis is accompanied by phosphorylation of a 13 kDa protein, not previously
detected in phosphorylation assays carried out in pea mitochondria (Hékansson and Allen
1995). Incorporation of label from [y-32P]JATP into the 13 kDa protein is also inhibited by
TTFA. These preliminary observations raise the possibility that protein phosphorylation
could play a role in signal transduction between complex II and the mitochondrial protein
synthesis apparatus. Our observations support the hypothesis that the mitochondrial genetic
system permits direct regulatory control of gene expression upon changes in the redox state
of electron carriers of the respiratory chain (Allen 1993).

Materials and Methods

Mitochondria were isolated from young pea leaves (11-12 days old, grown at 20°C with a 12-
h day) according to Boutry et al. (1984) with modifications according to Hakansson et al.
(1988).

In organello translation was carried out according to Escobar Galvis et al. (1998).
Incorporation of labelling was estimated by densitometry of autoradiographs using a
Personal Densitometer, Molecular Dynamics and ImageQuant (v 1.11).

RNA synthesis assays were carried out according to Muise and Hauswirth (1992). Total
counts of incorporated isotope were acid precipitated and counted by liquid scintillation in a
LS 6000IC Beckman scintillation counter.

After mitochondrial translations were carried out the pelleted mitochondria were resus-
pended in assay mixture (Petit et al. 1990). Phosphorylation assays were carried out accord-
ing to Hikansson and Allen (1995). Proteins were separated by SDS-PAGE and phospho-
proteins were detected by autoradiography.
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Results and Discussion

Translation and RNA synthesis assays

Figure 1 shows the effects of addition of TTFA and actinomycin D on incorporation of 33S-
methionine and 32P-UTP into mitochondrial proteins and RNA, respectively. Addition of
actinomycin D, a potent inhibitor of the mitochondrial transcription, caused a decrease in
35S-methionine incorporation of about 30%, suggesting the presence of a population of sta-
ble mRNAs that are translated during the in organello assay. It was also found that addition
of TTFA decreased the incorporation of 32P-UTP into TCA precipitated RNA by about 40%.
Although inhibition of incorporation of labelling was observed, this inhibition does not
explain the complete absence of 33S-methionine incorporation into mitochondrial proteins in
the presence of TTFA.

Our results suggest that the effect of TTFA on protein synthesis is exerted mainly at the
translational level, having a limited effect on mitochondrial transcription. Thus, the activity
of respiratory complex II seems to regulate mitochondrial translation while mitochondrial
transcription might involve additional regulatory points. Addition of rotenone (a complex I
inhibitor) and dicumarol (an inhibitor of NADH dehydrogenases) had no significant effect
on the incorporation of 32P-UTP (data not shown). Since no other inhibitors were tested in
these experiments, a role for other electron carriers in regulation of mitochondrial transcrip-
tion cannot be excluded. Wilson et al. (1996) suggested complex III to be involved in redox
regulation of RNA synthesis in potato mitochondria.

Protein synthesis and phosphorylation

In fig. 2, the phosphorylation of a 13 kDa protein (indicated by a dot) is seen to be correlat-
ed with protein synthesis. Incubation of mitochondria, which had previously been carried
through a protein synthesis assay, with [y-32P]ATP, caused the phosphorylation of the addi-
tional 13 kDa band (lane 2), as compared to the control (lane 1). Presence of TTFA (lane 3)
caused inhibition of the phosphorylation of this band. Effects of TTFA on phosphorylation
of minor bands at about 25, 60 and 70 kDa may also have occurred, but labelling of these

M 35S-methinone
1,04 O s32p-utp

0,8

0,6
0,4
0,24
0.0 TTFA ct. D t. D t. D

control

355-methionine/ 32P-UTP incorporation
(relative to control)

act. act. act.
(0.1 mM) (10 pg/ml) (20 pg/ml) (30 ug/mi)

addition

Fig. 1. Effect of TTFA and actinomycin D additions on incorporation of 35S-methionine and 32P-UTP
into mitochondrial proteins and RNA respectively. Incorporation of the isotopes is presented in relative
units where a value of one corresponds to the incorporation of the control sample.
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Fig. 2. Effect of protein synthesis on mitochondrial protein phosphorylation. Autoradiograph of 32P-
labelled proteins separated by SDS-PAGE. The dot indicates a labelled 13 kDa protein, phosphoryla-
tion of which is clearly associated with protein synthesis. TTFA was added to give a final concentra-
tion of 0.1 mM.

bands is not correlated with protein synthesis since they are also observed in the control (lane
1). As a control, mitochondria were incubated in washing medium (0.4 M mannitol, 10 mM
KH,PO,, pH 7.2) for the same length of time as in the translation assay, and the phosphoryla-
tion assay, was then carried out as for the rest of the samples. In this case labelling of the 13
kDa protein was not observed (data not shown).

Since the phosphorylation of the 13 kDa protein occurred only after protein synthesis had
taken place, we suggest that its phosphorylation is associated with mitochondrial translation.
One can not, however, rule out the possibility that the mitochondria became depleted of some
factor during protein synthesis, a factor which then induces phosphorylation of the 13 kDa
band. On the other hand, our hypothesis is supported by the observation that TTFA, a complex
1I inhibitor, inhibits mitochondrial protein synthesis (Escobar Galvis et al. 1998) as well as the
phosphorylation of the 13 kDa protein. Based on these preliminary findings we propose that
phosphorylation of the 13 kDa protein might be part of a signal transduction pathway that con-
trols mitochondrial gene expression in response to changes in the redox state of complex II
(Escobar Galvis et al. 1998). This hypothesis is presently under investigation in our laboratory.
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Conclusions

Regulation of gene expression in isolated pea mitochondria is controlled by the redox poise
of complex II, at least at the translational level. Mitochondrial transcription seems to be
under control of additional components that have not yet been identified. Further work,
including use of inhibitors of other electron carriers, might help to elucidate if other compo-
nents of the respiratory chain are involved in regulation of mitochondrial transcription. We
further propose that protein phosphorylation is part of a redox regulatory system that con-
trols mitochondrial gene expression.

Acknowledgements

We acknowledge the support of the Swedish Natural Sciences Research Council (G. H. and
J. E A.), the Swedish Agriculture and Forestry Research Council (G. H.) and the Swedish
Council for the Planning and Coordination of Research for equipment.

References

Allen, J. F. 1993. Control of gene expression by redox potential and the requirement for chloroplast and
mitochondrial genomes. J. Theor. Biol. 165:609-631.

Boutry, M., Faber, A., Charbonnier, M. & Briquet, M. 1984. Microanalysis of plant mitochondrial pro-
tein synthesis. Plant Mol. Biol. 3:445-452.

Escobar Galvis, M. L., Allen, J. F. & Hakansson, G. 1998. Protein synthesis by isolated pea mitochon-
dria is dependent on the activity of respiratory complex II. Curr. Genet. 33: 320-329.

Hakansson, G., van der Mark, F,, Bonnett, H. T. & Glimelius, K. 1988. Variant mitochondrial protein
and DNA patterns associated with cytoplasmic male-sterile lines of Nicotiana. Theor. Appl. Genet.
76:431-437.

Hékansson, G. & Allen, J.F. 1995. Histidine and tyrosine phosphorylation in pea mitochondria: evi-
dence for protein phosphorylation in respiratory redox signalling. FEBS Lett. 372: 238-242.

Muise, R. C. & Hauswirth, W. W. 1992. Transcription in maize mitochondria: effects of tissue and mito-
chondrial genotype. Curr. Genet. 22: 235-242.

Petit, P. X., Sommarin, M., Pical, C. & Mgller I. M. 1990. Modulation of endogenous protein phos-
phorylation in plant mitochondria by respiratory substrates. Physiol. Plant. 80: 493-499.

Wilson, S.B., Davidson, G.S., Thomson, L.M. & Pearson, C.K. 1996. Redox control of RNA synthesis
in potato mitochondria. Eur. J. Biochem. 242: 81-85.



111






Biochimie 81 (1999) 1089-1096 . .
© 1999 Société frangaise de biochimie et biologie moléculaire/Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Cloning and characterisation of a pea mitochondrial NDPK

Martha L. Escobar Galvis*, Gunilla Hikansson, Krassimir Alexciev, Carina Knorpp**

Plant Cell Biology, Lund University, Box 117, 221 00, Lund, Sweden
(Received 12 August 1999; accepted 11 October 1999)

Abstract — Here we report the cloning of a cDNA encoding the first nucleoside diphosphate kinase (NDPK) isolated from plant
mitochondria. Amplification of a 317 nt product was performed by PCR, using oligonucleotide primers based on partial amino acid
sequences of the pea mitochondria NDPK and other NDPK isoforms. By screening of a pea cDNA library with this PCR product, a
full length clone was obtained. Northern analysis revealed the presence of a 1.1 kb single transcript, with high expression in young
leaves and reproductive tissues. The clone encodes a precursor protein of 232 amino acids (26 kDa), including an N-terminal extension
of 80 amino acids (9 kDa). Analysis of the deduced amino acid sequence confirmed its identity with the sequences obtained from the
purified mature pea mitochondrial NDPK. In vitro import experiments carried out in isolated pea mitochondria showed targeting and
processing of the 27 kDa precursor into a 16.5 kDa mature form. Phylogenetic analysis of some vertebrate and plant isoforms of
NDPK showed that the pea mtNDPK groups together with the NDPK3 isoform from A. thaliana and the chloroplastic NDPK 1II from
spinach. We suggest that it is possible to design a novel classification of the different NDPK isoforms according to their subcellular
localisation and origin. © 1999 Société francaise de biochimie et biologie moléculaire/Editions scientifiques et médicales Elsevier SAS

Pisum sativum / mitochondria / nucleoside diphosphate kinase / cDNA / protein import

1. Introduction

The nucleoside diphosphate kinases (NDPKs) are en-
zymes whose major role is to maintain the balance
between adenine and non-adenine triphosphates. NDPKs
catalyse the transfer of phosphate from N;TP to N,DP to
form N,TP, via a NDPK-phospho-histidine intermedi-
ate [2]. Besides this housekeeping function, several ex-
amples of the role of NDPK in cell signalling have been
described [3, 4]. Some of the animal isoforms play key
roles in processes such as cell proliferation [5], cell
differentiation [6] and transcriptional regulation [7]. In
contrast, much less is known about the possible role of
plant NDPKSs in cell signalling. The only experimental
evidence of such a role has been found in pea, where
NDPK I, a cytosolic isoform, becomes phosphorylated
upon red-light irradiation, in a process which is believed
to involve phytochrome B [8] and in A. thaliana where an
NDPK isoform is thought to be involved in UV-B light
signalling [9].

NDPKs are ubiquitous enzymes whose activity has
been detected in various subcellular compartments. In
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117, 221 00, Lund, Sweden

Abbreviations: NDPK, nucleoside diphosphate kinase; PCR,
polymerase chain reaction; aa, amino acids; MPP, mitochondrial
processing peptidase; IMP, inner membrane peptidase; TPP,
thylakoid processing peptidase; IMS, intermembrane space.

Arabidopsis [10], pea [11] and spinach [12], both chloro-
plastic and cytoplasmic NDPKs have been identified.
Although NDPK activity has been detected in mitochon-
dria isolated from several types of organisms and tis-
sues [2, 13] (and references therein) only two mitochon-
drial isoforms have been isolated. One from pigeon,
located in the matrix [14] and one from pea, with a
suggested intermembrane localisation [1]. In addition, two
c¢DNA clones, nm23-H4 from human [15] and guk from
Dictyostelium discoideum [16], with putative mitochon-
drial targeting peptides, have been isolated.

Mitochondrial NDPK activity varies between different
tissues and organisms, and the roles of mitochondrial
isoforms are under discussion. A reasonable role for a
matrix located NDPK in animals could be to catalyse the
transfer of the phosphoryl group from GTP, synthesised by
the succinyl-CoA synthetase in the TCA cycle, to form
ATP. However, in heart mitochondria isolated from pi-
geon, where high activity of the TCA cycle has been
detected, NDPK activity was found to be low and mainly
located outside the inner membrane [17]. In plants, ATP is
synthesised directly by the succinyl-CoA synthetase [18],
questioning the need for a matrix mitochondrial isoform
with this particular function. NDPK activity in the mito-
chondrial intermembrane space has been detected in
various organisms and a role in the generation of NTPs for
the cytosol using the mitochondrially produced ATP was
proposed in early experiments [13]. An intermembrane
space located NDPK could thus play a role in communi-
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cation between mitochondria and cytosol rather than in
maintaining the balance of triphosphates inside the mito-
chondria.

Recently, a mitochondrial NDPK isoform from pea
leaves was isolated and purified [1]. Its N-terminal se-
quence showed high similarity to the human cytosolic
isoforms Nm23-H1 and Nm23-H2, that have been shown
to be involved in intracellular signalling [3, 7]. The
similarity in sequence and in biochemical features, such as
serine auto-phosphorylation [1, 3], between the pea mito-
chondrial and human isoforms, raises the question
whether this intermembrane space protein might play a
role in signalling between subcellular compartments. De-
termination of the full sequence of the pea mitochondrial
NDPK is the first step in its complete characterisation. In
this paper we report cDNA cloning of the pea mitochon-
drial isoform, import into mitochondria and differential
tissue and developmental expression of the gene.

2. Materials and methods
2.1. Plant material

Peas (Pisum sativum, L. cv Oregon sugar pod) were
grown on vermiculite in a growing chamber at 20 °C with
a 12 h light period (25 pE m~2s™1). Flowers, pods and
senescent leaves were collected from plants growing on
soil under greenhouse conditions (20 °C, 12 h day).

2.2. Polymerase chain reaction

The following degenerate oligonucleotides were used
as primers for polymerase chain reaction (PCR). The for-
ward primer 5°-GAGCTYGAGCGTACYTTYATYGC-3’
(figure 1) corresponds to the protein sequence ELERTFIA
obtained by N-terminal sequencing of a NDPK purified
from pea leaf mitochondria [19]. The reverse primer 5’-
CCTGGIACYATCCGTGGIATCCGTGGIGAYTT  (fig-
ure 1) corresponds to a conserved sequence of several
plant NDPKs. First-strand cDNA was synthesised by re-
verse transcription from total RNA isolated from 7-day-
old pea leaves. The conditions used for PCR were as fol-
lows: 50 mM KCl, 10 mM Tris-HCl (pH 9.0 at 25 °C),
1.5 mM MgCl,, 0.1% Triton X-100, 200 uM of each of
dATP, dCTP, dGTP and dTTP, 0.25 pg of each primer,
2 pL of cDNA (corresponding to 0.4 g of totat RNA) and
2.5 units of Taqg DNA polymerase (Promega) in a final
volume of 100 uL. A 317 bp PCR product was obtained
after amplification (25 cycles, 1 min 95 °C, 1.5 min 54 °C
and 1 min 72 °C).

2.3. ¢cDNA library screening and sequencing

Total RNA was isolated from 7-day-old pea leaves
according to Hughes et al. [20]. Purification of mRNA was
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1 MASHLCKSASRAARSLLSASFHSQGRAVAAAAAVASIREKYV
41 PVFAPNYRRTGSGNGPSSWIAGALALPAAAYMLQDQEVHA

Figure 1. Deduced amino acid sequence of the targeting se-
quence of the pea mitochondrial NDPK.

performed using Dynabeads (Dynal) according to the
manufacturer’s instructions. A cDNA library was con-
structed using a HybriZAP-2.1 two hybrid cDNA synthe-
sis kit (Stratagene) following the manufacturer’s instruc-
tions.

The PCR product was labelled and used to screen
a HybriZAP-2.1 pea cDNA library. Approximately
6 % 10° plaque-forming units were screened. Sequencing
was performed on a ABI Prism 310 Genetic Analyser
(Perkin-Elmer) using AmpliTaq DNA polymerase, FS
(Perkin-Elmer) according to the manufacturer’s instruc-
tions.

2.4. In vitro translation and import

A Sall fragment containing 12 bp upstream of the start
codon and the entire coding region of the positive clone
was subcloned into BlueScript (Stratagene) under the
control of the T7 promoter. In vitro translation was carried
out using a TNT Coupled Reticulocyte Lysate System
(Promega), in the presence of [>>S]methionine according
to the manufacturer’s instructions. Import assays were
carried out as described earlier [21], using 200 ug of intact
mitochondria per assay. In organello phosphorylation
assays were carried out according to Struglics and HA-
kansson [1, 19]. Mitochondria were isolated from 12—-14-
day-old pea leaves according to Boutry et al. [22]. Pro-
teins were separated by SDS-PAGE (12-18% T gradient
gels, C = 2.67%) according to Laemmli[23]. The
[33S]methionine labelled proteins were visualised by auto-
radiography.

2.5. Computer-generated analysis

Sequences were analysed using the ClustalW pro-
gram [24] and the phylogenetic tree was constructed by
the PAUP 4.0B2 for program Macintosh [25].

2.6. RNA isolation and hybridisation

Total RNA was isolated from pea leaves (5-21 days
old), flowers, pods and roots using the method of Hughes
et al. [20]. RNA was separated in a 1% denaturing agarose
gel using standard methods [26] and blotted onto Biodyne
A membranes (Pall). Prehybridisation and hybrydisation
were carried out at 52 °C in 50% formamide, 3 x SSC
(1 x SSC is 0.3 M NaCl and 0.03 M Na-citrate),
5 x Denhardt’s solution (1 X Denhardt’s is 0.02% polyvi-
nylpyrrolidone, 0.02% Ficoll 400, 0.02% bovine serum
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albumin), 0.08% SDS and 100 ug mL™! denaturated
salmon sperm DNA. High stringency washes were per-
formed at 68 °C with 0.1 x SSC and 0.1% SDS. DNA
from the positive cDNA clone was labelled using oligo-
nucleotide labelling kit (Pharmacia) in the presence of
[*2P]dCTP and used as a probe.

3. Results
3.1. Isolation of the mtNDPK c¢DNA from pea

In order to identify the cDNA coding for the pea
mitochondrial NDPK, pea leaf cDNA was amplified using
degenerate primers corresponding to the N-terminal se-
quence, as obtained by Struglics and Hékansson [19], and
a conserved region from compiled sequences of NDPKs.
A single 317 bp PCR product was obtained and se-
quenced. Using the labelled PCR product as probe, a full
length positive clone was obtained after secondary screen-
ing of a pea HybriZAP-2.1 cDNA library. Sequence
analysis confirmed its correspondence with the isolated
protein [1]. The deduced amino acid (aa) sequence
showed high similarity with other NDPKs found in
databases (Swissprot, TREMBL, GenBank) by BLAST
searches [27].

3.2. Sequence analysis

The longest ORF of 232 aa starts at position 56 of the
full-length ¢cDNA (data not shown, see GenBank acces-
sion no. AF191098 for sequence). The 3’ end contains a
predicted poly-A addition site at position 818. The TGA
stop codon is followed by a 271 nt long untranslated
region and a short poly-A tail of 18 adenylate residues.

The deduced amino acid sequence corresponding to the
mature protein was identical to the partial sequences
obtained from the isolated pea mtNDPK [1, 19]. It also
contains an N-terminal extension of 80 aa with respect to
the start of the mature protein as sequenced by Struglics
and Hékansson [19] (figure 1). The overall structure of the
targeting sequence is predicted to be helix-random coiled-
helix [28]. The first part of the first helix (17 aa), is
amphiphilic, a structure that has been shown to be
important for mitochondrial targeting [29]. The second
helix forms a hydrophobic structure that resembles an
intramitochondrial sorting signal according to the postu-
lated criteria in the algorithm used by the PSORT pro-
gram [30]. A clear consensus feature for the mitochondrial
processing peptidase (MPP) has been shown to be the
presence of an arginine at the —2 or —8 position relative to
the cleavage site [31]. No arginine can be found at the -2
or —8 position of the N-terminus of the mature protein,
moreover, the closest arginine is located at position —32.
Processing at this position would result in a form inter-
mediate in size between the precursor and the mature
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1 2345 6

Figure 2. In vitro import and in organello phosphorylation of
isolated pea leaf mitochondria. Lane 1, in vitro translation
product of the pea mtNDPK. Lanes 2, 3, in vitro import of the
pea mtNDPK into isolated mitochondria, prior and after protei-
nase K treatment, respectively. Lanes 4, 5, in vitro import in the
presence of 10 uM valinomycin, prior and after proteinase K
treatment, respectively. Lane 6, in organello phosphorylated pea
mtNDPK [1]. ‘p’ denotes the precursor form and ‘m’ indicates
the mature form of protein.

protein. However, no such band could be detected during
in vitro import experiments (figure 2). In vitro processing
experiments using crude mitochondrial extracts [32], that
successfully process the alternative oxidase precursor
from soybean [33], did not process the NDPK precursor
protein (data not shown).

3.3. Protein targeting

In order to experimentally confirm the mitochondrial
localisation and to study the import pathway of the pea
mtNDPK, in vitro import assays were carried out. In vitro
translation of the NDPK BlueScript subclone produced a
single 27 kDa translation product (figure 2, lane 1). The
size of the precursor protein corresponds well to the
theoretical value of 26 kDa calculated from the deduced
amino acid sequence. Upon incubation of the precursor
protein with isolated pea leaf mitochondria, the presence
of a 16.5 kDa band can be observed (figure 2, lane 2). The
16.5 kDa band was proteinase K protected and hence
inside the mitochondria (figure 2, lane 3). Moreover, the in
vitro imported 16.5 kDa protein co-migrates with in or-
ganello phosphorylated NDPK (figure 2, lane 6), allowing
us to identify this protein as the mature NDPK. The in
vitro import was sensitive to the addition of the ionophore
valinomycin (figure 2, lanes 4 and 5) indicating the
requirement for a membrane potential for import. This
suggests that the import pathway of this intermembrane
space located NDPK involves the inner membrane protein
import machinery [34].

3.4. Phylogenetic analysis

In order to investigate whether different evolutionary
groups of NDPKs could be distinguished, and to place our
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A

13 27 28 42 43 57 58 72

DGVQRGLISEIISRF ERKGFKLVGIKVLIP TKQFAQQOHYHDLKER PFFNGLCDFLSSGPV 72
DGVQRGLISEIISRF ERKGFKLVGIKVIVP SKDFAQKHYHDLKER PFFNGLCDFLSSGPV 12
DGVQRGLISEIVARF ERKGFSLVAIKVVIP SRPFAQKHYADLKDK PFYVGLVAYWSSGPV 72
KP DGVQRGLVGEIISRF EKKGFKLIGLKMYPC PKELAEEHYKDLKAK SFYQKLIDYITSGPV 73
DGIQRGLVGEIISRF EXKGFKLIGLKMFQC PKELAEEHYKELSAK SFFLTLIEYITSGPV 73
DGVQRGLVGELISRF EKKGFKLTGLKLFQC SKELAEEHYKHLNQK SFFPKLIEYITSGPV 72
DGVQRGLVGEIISRF EKKGFYLKGLKFVNV ERAFAEKHYADLSAK PFFSGLVDYIISGPV 71
DGVQRGLVGEIISRF EKKGFSLKALKFVNV DRPFAEKHYADLSAK PFFNGLVEYIVSGPV 70
DGVQRGLIGEVICRF EKKGFTLKGLKLISV ERSFAEKHYEDLSSK SFFSGLVDYIVSGPV 70
DGVQRGLVGEITKRF EQKGFRLVGMKFVHA SEELLKQHYIDLKDR PFYPGLVKYMNSGPI 74
DGVQRGLVGEIIKRF EQKGFRLVAMKFLRA SEEHLKQHYIDLXDR PFFPGLVKYMNSGPV 73
DGVQRGLVGEIIKRF EQKGFRLVGLKFMQA SEDLLKEHYVDLKDR PFFAGLVKYMHSGPV 73
DGVQRRLVGEIVRRF ERKGFKLVALKLVQS SEELLREHYAELRER PFYGRLVKYMASGPV 90
DAVQRRLVGNVIQRF ERRGFKLVAMKLIQA DQGLIDKHYQQLRQK PFYPALLAYMTSGPL 73
DAVQRRLVGDVIGRF ERRGFKLVAMKLLOA DRGLLDRHYQHLQQK SFYPALLAYMTSGPL 77
DGVQRRLVGDVIQRF ERRGFTLVGMKMLOA PESVLAEHYQDLRRK PFYPALIRYMSSGPV 74

pea mtNDPK

A. thaliana NDPK3
spinach NDPK IIT
spinach NDPK TI
A.thaliana NDPK 2
pea NDPK II

pea NDPK I
spinach NDPK I

A, thaliana NDPK 1

human DR-nm23
pigeon mtNDPK
chicken mtNDPK
human Nm23-H4

KPD VR L RFE GF L K HYQ F L SGPV 74
73 87 88 102 103 117 118 132 133 147 148
pea mtNDPK IAMVWEREGVITYGR KLIGATDPQKSAPGT IRGDLAVVVGRNIIH GSDGPETAKDEIKLW FKPEELVSFTSNSEK WIYZDN 153
A. thaliana NDPK3 IAMVWEGDGVIRYGR KLIGATDPQKSEPGT IRGDLAVTVGRNIIH GSDGPETAKDEISLW FKPQELVSYTSNSEK WLYGDN 153
spinach NDPK IIT 'VAMVWEGEGVIKYGR KLIGATDPOKSEPGT IRGDLAVVNGRNITH GSDGPETAKDEIKLW FKPEELVNYTHNAEK WIYGDN 153
spinach NDPK IT VCMAWEGVGVVASSR KLIGATDPLOAEPGT IRGDLAVQTGRNVVH GSDSPDNGKREIGLW FKEGEICQWTPAQAP WLRE-- 152
A.thaliana NDPK 2 VCMAWEGVGVVASAR KLIGKTDPLQAEPGT IRGDLAVQTGRNIVH GSDSPENGKREIGLW FKEGELCKWDSALAT WLRE-- 152
pea NDPK II VSMAWEGVGVVPSAR KLIGATDPLQAEPGT IRGDFAVQTGRNIIH GSDSPENGEREIALW FKEGELCEWTPVQEP WLRE-- 151
pea NDPK I VAMIWEGKNVVTTGR KIIGATNPAQSEPGT IRGDFAIDIGRNVIH GSL EIALW FPE HS WIYE-~ 149
spinach NDPK I VAMVWEGKGVVATGR KLIGATNPLASEPGT IRGDFAIDIGRNVIH GSDAVDSATKEIALW FPDG-VVHWQSSLHS WIYE-- 148
A.thaliana NDPK 1 MI TGR KIT( IRGDFAIDIGRNVIH GSDSVESARKEIALW FPDG-PVNWQSSVHP WVYET- 149
pigeon NDPK VAMWIEGLNVVKTGR 'VMLGETNPADSKPGT IRGDFCIQVGRNITH GSDSVESAQKEINLW FKPAELIDFKSCAHD WIYE-~ 153
human Nm23-H2 VAMVWEGLNVVKTGR VMLGETNPADSKPGT IRGDFCIQVGRNIIH GSDSVKSAEKEISLW FKPEELVDYKSCAHD WVYE-- 152
human Nm23-H1 VAMVWEGLNVVKTGR VMLGETNPADSKPGT IRGDFCIQVGRNITH GSDSVESAEKEIGLW FHPEELVDYTSCAQN WIYE-- 152
human DR-nm23 VAMVWOGLDVVRTSR ALIGATNPADAPPGT IRGDFCIEVG-NLIH GSD: LW FRADELLCWEDSAGH WLYE-- 168
pigeon mtNDPK NVVRSTR AMVGDTL IRGDI 'H ASDSVETAQREIGFW FQRNELVAWESGDRD YTWGP- 153
chicken mtNDPK NVVRSTR AMVGDTDSAQAAAGT IRGDL { ASDSVETALREIGFW FQRDELVAWESGDSQ YTYGP~ 157
human Nm23-H4 'NVVRASR AMIGHTL PGT IRGDFSVHISRNVIH ASDSVEGAQREIQLW FQSSELVSWADGGQH SSIHPA 155
MWG R G T *A GT IRGD N H SD EI WF
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protein among them, an alignment with other NDPK
isoforms from the database was performed (figure 3A).
Sequences from A. thaliana, pea, spinach, human, pigeon
and chicken were used. These are all the higher eukaryotic
species where sequences of NDPK isoforms representing
different subcellular compartments are available.

The active site of the NDPKs is highly conserved and
the phospho-histidine intermediate, identified by Gilles et
al. [35] corresponds to His 117 in our sequence
(figure 3A). Serine phosphorylation has been reported to
be correlated with regulatory functions independent of the
catalytic activity of the enzyme [3, 36]. Among the
analysed sequences, only the serines at positions 69 and
119 are completely conserved. The residue corresponding
to Ser44 in human Nm23-H1, which is the major serine
phosphorylation site [3] is not conserved and in our
sequence is replaced by a threonine. Therefore, the serine
phosphorylation detected by Struglics and Hékansson [1]
in the purified enzyme must reflect alternative phospho-
rylation sites, such as Ser119.

A clear difference between the vertebrate mitochondrial
sequences and all the other analysed sequences is the
absence of Pro95 in the former group. Pro95 has been
shown to contribute to the stability of the hexameric
oligomerisation of Nm23-H2 [37]. The mutation Pro-Ser
at this position, so-called killer of prune in Drosophila [6]
is lethal in the genetic context of the prune eye colour
mutation, but has no effect on the catalytic activity of the
enzyme. Hexamerisation has also been associated with the
YE motif at the C-terminus of the cytosolic isoforms. The
YE motif is found in all cytosolic isoforms but in none of
the organellar isoforms, where other sequences are
present. However, the chloroplastic NDPK II C-terminal
RE motif is evidently compatible with hexameric struc-
ture, since this has been observed in spinach [38].
Prokaryotic NDPKs have been reported to form tetram-
ers [39] and although there is no direct evidence for
tetramerisation of isoforms with other C-terminal motifs,
such as the GDN found in the pea mtNDPK sequence
(figure 3A), it remains a possibility.

The amino acid sequences were trimmed to flush
conserved ends prior to phylogenetic analysis as indicated
in figure 3A. This alignment was used in the construction
of a phylogenetic tree by the maximum parsimony
method [25]. The tree is shown in figure 3B as an unrooted
phylogram representation of the bootstrap consensus tree
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of two topologically identical trees (cut at 50% confi-
dence). Five distinct groups can be observed. They are
associated with their subcellular localisation and origin
(vertebrate mitochondrial, vertebrate cytosolic, plant
‘inter-membrane’, chloroplast stromal and plant cytosolic
isoforms). The pea mitochondrial NDPK groups together
with a putative mitochondrial Arabidopsis sequence and
the NDPK III isoform found in spinach chloroplasts. The
pea mtNDPK seems not to be more closely related to the
vertebrate mitochondrial group than to any other group.
Other methods such as the UGMPA and neighbour-joining
as implemented in the PAUP program package were also
employed and resulted in identical phylogenetic topolo-
gies but with differing support values (data not shown).

Two interesting exceptions from the grouping in the
phylogenetic tree are the cytosolic DR-nm23 [40] from
human and the chloroplastic NDPK III from spinach. The
spinach NDPK III is placed together with two plant
mitochondrial NDPKs while the DR-nm23 can not be
confidently placed in either the vertebrate cytosolic or the
mitochondrial group.

The deduced amino acid sequence of the mature pea
mtNDPK showed a 90% (138/153) identity with the
deduced sequence of a putative mitochondrial NDPK gene
from A. thaliana, ndpk3. A 58.8% identity was observed
when only the targeting sequences deduced from these
two clones were compared. The same overall secondary
structure is predicted for the A. thaliana and the pea
mtNDPK targeting sequences [28].

3.5. Expression analysis

The expression of genes coding for organelle proteins
is spacially and temporary regulated [41-43]. We followed
the expression pattern of the pea mtINDPK mRNA in
different parts of the plant as well as at various develop-
mental stages of pea leaves. Samples were collected from
budding leaves (S5 days old), through expanding leaves
(7-9 days old), fully expanded leaves (11-21 days old), to
senescent leaves (more than 21 days old). The Northern
blot analysis shows in all ¢
ases a single transcript with an estimated size of 1.1 kb
(figure 4).

From the studied tissues we can conclude that the
expression of this gene is higher in reproductive organs
(flowers and pods) than in vegetative tissues (fully ex-

Figure 3. A. Amino acid sequence alignment of the pea mtNDPK and some representative NDPKs. Completely conserved amino acids
are indicated below the alignment, Ser67 and Ser119, which are mentioned in the text are presented in bold. Asterisks mark other
residues discussed in the text. The place where the sequences were trimmed to flush conserved ends prior to phylogenetic analysis are
indicated with arrowheads. The aligned sequences with accession number are listed below: Nm23-H1 (P15531), Nm23-H2 (P22392),
DR-nm23 (Q13232), Nm23-H4 (000746) from human; NDPK I (Q02254), NDPK II (Q01402), NDPK III (S60363) from spinach;
mtNDPK (AF191098), NDPK I (P47922), NDPK II (P47923) from pea; NDPK 1 (P39207), NDPK 2 (064903), NDPK 3 (AF044265)
from A. thaliana; mNDPK (P87355), NDPK (Q90380) from pigeon and mNDPK (AF043542) from chicken. B. Unrooted phylogram
representation of the consensus phylogenetic tree constructed by the maximum parsimony method with indicated bootstrap values on
the branches. The sequences were trimmed to flush conserved ends prior to phylogenetic analysis.
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flowers pods roots

leaves
5days 7 days

11 days

1.1 kb

pixel intensity 77.2 64.4 42.1 73.7 60.5 393

(0.D.)

Figure 4. Analysis of the expression of the pea mtNDPK. For
comparison among tissues the fully expanded leaves (11 days
old) were taken as representatives of leaf tissue. Approximately
10 pg of total RNA were loaded per lane. The intensity of the
hybridisation signal is given in numbers under each lane (num-
bers were adjusted to the differences in loading, using the 26S
rRNA as standard). Data were analysed using ImageQuant 1.2
software.

panded leaves and roots). This tissue specific expression
follows the pattern of other nuclear-encoded mitochon-
drial proteins [44, 45]. Furthermore, we observed a higher
expression in young leaves as compared to old ones. The
observed decrease of transcript levels with age continued
through to day 21 (data not shown). This could be
interpreted as a reflection of declining mitochondrial
activity in mature leaves, where respiration has been
shown to decrease once the tissue becomes more photo-
synthetically active [46, 47].

Stress conditions have been shown to affect expression
of some NDPK isoforms [9, 48, 49]. RNA was isolated
from leaves of pea plants exposed to high salt conditions
and to low or high temperature. However, none of the
treatments showed any effect on the expression pattern of
the pea mitochondrial NDPK (results not shown).

4. Discussion

As a first step in characterising a possible signal
transduction pathway in pea mitochondria, a cDNA clone
encoding a member of the highly conserved Nm23/NDPK
family was isolated. Targeting of the in vitro translation
product into isolated mitochondria confirmed its organel-
lar localisation. According to the literature, four mecha-
nistically different pathways have been established for
nuclearly encoded mitochondrial proteins to reach the
intermembrane space (IMS): i) receptor-independent, re-
versible passage over the outer membrane followed by
co-factor ligation, e.g., cytochrome c [50]; ii) receptor-
dependent with no cleavable targeting sequence, e.g., the
heme lyases [51]; iii) conservative sorting: complete
translocation into the matrix, removal of targeting se-
quence, followed by export over the inner membrane to
the IMS, e.g., the Rieske protein [34]; and iv) stop-transfer
model: engagement with the inner membrane protein
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import machinery, removal of matrix targeting sequence,
stop-signal in a hydrophobic helix followed by lateral
movement in the membrane for further maturation by a
signal peptidase, e.g., cytochrome b, [52]. Our results
suggest that the import pathway of the pea mtNDPK
follows either route iii or iv. Firstly, the protein has a
targeting sequence that is removed upon import into the
mitochondria. Secondly, the import is dependent on a
membrane potential, indicating the involvement of the
inner membrane protein import machinery.

The lack of processing of the mtNDPK precursor
during the in vitro assays suggests an unusual processing
of this protein. Moreover, the absence of any MPP
recognition site may indicate that the processing observed
during in vitro import is not due to MPP but possibly to a
functional homologue to inner membrane peptidase (IMP)
as described by Nunnari et al. [53]. The IMP belongs to
the signal peptidase family as does the analogous thyla-
koid processing peptidase (TPP). The specificity of the
TPP is such that it cleaves after short chain residues at the
-3 and -1 positions where alanine at the —1 position is
essential [54]. In our sequence a valine is located at
position ~3 and an alanine at position -1 of the N-terminus
of the mature protein. By analogy to the TPP processing
activity we can describe the pea mtNDPK targeting
sequence as a good candidate substrate for a putative plant
mitochondrial signal peptidase.

A very high sequence similarity was found between the
pea mtNDPK ¢DNA and ndpk3 from A. thaliana. A high
similarity was also found between the deduced targeting
sequences of the two proteins. In addition, the absence of
any MPP cleavage site as well as the presence of a
possible TPP-like recognition sites are features of both the
pea mtNDPK and the A. thaliana targeting sequences.
Given the high similarity between the two sequences, we
would suggest that these two proteins are not only sharing
the same function, but also the same subcellular localisa-
tion and import pathways. This was supported by the
phylogenetic analysis where the pea mtNDPK and the A.
thaliana NDPK3 group together.

The spinach NDPK III sequence was determined from
direct sequence of the isolated protein [12] and therefore
no information concerning its targeting sequence is avail-
able. This soluble isoform has been found in low abun-
dance, as compared to the stromal NDPK 1I, in purified
chloroplasts [38]. The high degree of similarity with the
plant mitochondrial isoforms makes it tempting to propose
an inter-envelope localisation of the spinach NDPK IiI,
being placed in an analogous position to the intermem-
brane space pea mitochondrial isoform. Inter-membrane
NDPKs have been suggested to play an important role in
the nucleoside balance between organelles and cyto-
sol [13]. Future identification of proteins interacting with
the pea mitochondrial NDPK may help to unravel a
potential role of this protein in intracellular communica-
tion.
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Abstract

In this work we have further characterised the first mitochondrial nucleoside diphosphate
kinase (mtNDPK) isolated from plants. The mitochondrial isoform was found to be especially
abundant in reproductive and young tissues. Expression of the pea mtNDPK was not
affected upon different stress conditions. However, the pea mtNDPK was found to interact
with a novel 86 kDa protein, which is de novo synthesised in pea leaves upon exposure to
heat. Thus, we have evidence for the involvement of mtNDPK in mitochondrial heat response
in pea in vivo. Studies on oligomerisation of the pea mtNDPK revealed that this mitochondrial
isoform, like other organellar isoforms, can form hexamers. In addition to the hexamers, the
protein was also found as tetramers and dimers displaying flexibility in oligomerisation. This
flexibility, also found for other NDPK isoforms, has been correlated with the ability of this
enzyme to interact with other proteins. We believe that the mtNDPK is involved in heat stress
response in pea, possibly as a modulator of the 86 kDa protein.



Introduction

Nucleoside diphosphate kinases (NDPKs) are ubiquitous enzymes that transfer phosphate
groups from triphosphate nucleosides (NTPs) to nucleoside diphosphates (NDPs) (Parks and
Agarwal, 1973). Besides this house-keeping function, recent reports have revealed the
involvement of animal NDPKs in vital processes such as control of cell proliferation (Cipollini et
al., 1997), regulation of transcription (Ji et al., 1995; Postel et al., 1993) and protein phospho-
transferase activity (Engel et al., 1998; Wagner and Vu, 2000). In plants, phytochrome B
response (Choi et al., 1999), UV-B light signalling (Zimmermann ef al., 1999) and hormone
responses (Nato ef al., 1997; Novikova et al., 1999) are among the processes in which NDPK
isoforms have been shown to be involved.

The oligomeric structure of NDPKs has been shown to be important for the function of this
enzyme. With the exception of some prokaryotic NDPKs, that are tetrameric, most of the
known NDPK isoforms are active as hexamers, including the chloroplastic NDPK Il from
spinach (Yang and Lamppa, 1996) and the human mitochondrial Nm23-H4 (Milon et al., 2000).
However, the organellar isoforms lack the typical C-terminus motif that is believed to stabilise
the hexameric conformation of cytosolic isoforms (Webb et al., 1995). Correlation between
the stability of the NDPK’s oligomeric structure and its function has been found in vitro in
Dictyostelium (Mesnildrey et al., 1997). While the wild-type hexameric NDPK lacks DNA-
binding activity, point mutations, that cause destabilisation of the hexamer structure lead to
dimer formation and enables this mutant protein to bind DNA.

Interactions of NDPKs with different types of proteins have been reported in several cases.
For example, in human erythrocytes, dimers of nm23-H1 and of glyceraldehyde-3-phosphate
dehydrogenase form a hetero-tetrameric complex, that has serine/threonine
phosphotransferase activity (Engel et al., 1998). In Arabidopsis thaliana, interaction between
phytochrome B and NDPK 2 has been shown to occur (Choi ef al., 1999). Also commonly
found but less studied is the interaction of NDPK with heat shock proteins. In Poeciliopsis
lucida a 16 kDa NDPK modulates the activity of Hsc70 (Leung and Hightower, 1997).
Moreover, in E. coli the co-purification NDPK and Dna K, a Hsp70 protein, suggests a similar
type of interaction (Barthel and Walker, 1999).

NDPK isoforms have been found in the matrix as well as the inter-membrane space of
mitochondria (Lambeth et al., 1997; Milon et al., 1997; Struglics and Hakansson, 1999; Troll et
al., 1993). In animals, matrix NDPK isoforms have been suggested to catalyse transfer of the
phosphoryl group from GTP, produced by the TCA cycle, to ATP (Herbert et al., 1955).
However, in plants no GTP is directly generated by the TCA cycle (Palmer and Wedding,
1966). Early reports suggested that the function of an inter-membrane isoform would be
generation of triphosphate nucleosides needed in the cytosol, using the ATP produced by the
mitochondrion as substrate (Pedersen, 1973). However, the functions of the different
isoforms remain under debate. Struglics and Hakansson (1999) purified the first plant



mitochondrial isoform and suggested an inte-membrane space localisation. This 17 kDa
isoform, purified from pea mitochondria, shows auto-phosphorylation on serine residues, a
characteristic of the human NDPK isoforms involved in signal transduction (McDonald et al.,
1993; Postel et al., 1993). Sequence and phylogenetic analysis of the cDNA encoding for this
mitochondrial isoform (Escobar Galvis et al., 1999) revealed high similarity with NDPK3 from
Arabidopsis thaliana and the chloroplastic NDK Il from spinach. The similarity among these
isoforms might reflect an analogous localisation within the organelles: the mitochondrial inter-
membrane space and the inter-envelope in chloroplasts. We believe that, due to its sub-
cellular localisation and biochemical features (Struglics and Hakansson, 1999), the pea
mitochondrial NDPK (mtNDPK) possibly acts as a signalling element between mitochondria and
cytosol.

Expression of NDPKSs varies between different tissues and developmental stages. In wheat
grains, NDPK protein levels were found to be more abundant in the embryo than in pericarp-
testa (Hurkman et al., 1998). The pea mtNDPK showed higher transcript levels in young
leaves and reproductive tissues as compared to mature leaves and roots (Escobar Galvis et
al., 1999). In addition, stress conditions such as wounding in tomato has been shown to
affect transcription of an NDPK isoform (Harris et al., 1994). Moreover, phosphorylation of a
NDPK isoform was affected by heat stress in sugarcane (Moisyadi et al., 1994). Even
though, heat-stress response in plants have been shown to involve proteins such as NDPK
(Moisyadi et al., 1994) and BiP (binding protein) (Hurkman et al., 1998), studies on heat-
stress response in plant mitochondria have been mainly focused on characterisation of heat
shock proteins (HSPs) (Neumann et al., 1993; Lund et al., 1998). Only one mitochondrial small
heat shock protein, which provides thermotolerance to respiratory complex | (Downs and
Heckathorn, 1998), have been functionally studied. Investigations of the possible involvement
of other proteins, such as NDPK, in mitochondrial response to heat stress are therefore
relevant.

The purpose of this work was to functionally characterise the pea mtNDPK, investigating
tissue specificity in expression as well as a possible role in response to different kinds of
stress. In this paper, by using immunocytochemistry, we show a higher expression of the
pea mtNDPK protein in young leaves and the reproductive parts of the flower bud as
compared to mature leaves and vegetative parts of the flower. We also report a novel
interaction of a 86 kDa protein with the pea mtNDPK under heat stress, providing evidence for
a role of this mitochondrial NDPK isoform in stress response in plants. In addition, studies on
the oligomerisation of the pea mtNDPK revealed that this protein can form hexamers as well
as tetramers.



Results
Tissue-specific expression of the pea mtNDPK

In order to avoid cross-reaction of the mtNDPK antibody with other NDPK isoforms, we
selected a region at the C-terminus of the protein for antibody production. This region has no
similarities with other plant NDPKs (Escobar Galvis et al., 1999). When isolated mitochondria
were probed with the antibody, only one band (16.5 kDa) in the region corresponding to
NDPK isoforms (around 17 kDa) was detected (Figure 1, lanes 1-4). The size of the detected
protein corresponds to the size of the purified mitochondrial NDPK (lane 5, supplied by
Struglics and Hakansson). No cross-reaction of the anti-mtNDPK with any of the chloroplast
isoforms was observed (lane 6), demonstrating the specificity of the antibody.

We were able to detect the presence of the mtNDPK in isolated mitochondria from flowers,
leaves (7 and 9 days old) and roots using western analysis. No significant differences were
observed when mitochondria isolated from the different tissues were compared (Figure 1,
lanes 1-4). Based on these observations we concluded that the steady state level of pea
mtNDPK does not seem to vary among mitochondria of different origin.

On the other hand, when whole tissues probed with anti-mtNDPK were studied by light
microscopy clear differences in signal were observed within each tissue as well as
between leaves of different developmental stages. In flower buds (Figure 2, panel A), the
signal specifically corresponding to anti-mtNDPK was higher in central and lateral parts of the
bud than in the outer layers of tissue. When compared to the sample incubated only with the
pre-immune serum (panel B), it is clear that the anti-mtNDPK specifically reacts only with
ovary, stamen and petal tissues (panel A). When the anthers are observed in more detail
(panel C), and compared to the pre-immune serum sample (panel D), the labelling is found
mainly in the cytoplasm (which contains the mitochondria) of the inner cells. No label is
present in the vacuole. When sections of young leaves (non-expanded leaves) were labelled
we were able to see that the mtNDPK is preferentially localised in the lower mesophyll (Figure
2, panel E). A tissue that later contains large air space and lower chloroplast number. In the
sample probed with the pre-immune serum, no such specific localisation of label is seen
(panel F). Conversely, in expanded leaves, a photosynthetically active tissue, mtNDPK seems
to be found in lower amounts and with no preference for any cell type (results not shown).

A 86 kDa protein is newly synthesised upon heat-stress and co-precipitates with the pea
mtNDPK

Previous studies have shown involvement of NDPK isoforms in stress responses (Harris et
al., 1994; Zimmermann et al., 1999). We therefore investigated mtNDPK expression after
exposure to stress conditions such as high salt (400 mM NacCl), oxidative (2% H,0,), cold
(4°C) and heat (42°C). Western analyses confirmed the presence of mtNDPK in the different



samples (Figure 3), showing decreased levels at 42°C (lane 4) as compared to the control
(lane 1). Decreased levels of mtNDPK were also found in the presence of high salt (lane 2) or
H,O, (lane 3), probably a result of increased proteolytic activity upon exposure to all these
types of stress.

In order to detect whether the mtNDPK was de novo synthesised under stress conditions,
pea seedlings were supplied with [¥*S]methionine during cold and heat stress.
Immunoprecipitation assays of solubilised proteins isolated from crude mitochondria, with the
mtNDPK antibody, were carried out to detect differential expression of this protein upon
stress. No band corresponding to the 17 kDa pea mtNDPK was **S-labelled (Figure 4A, lanes
1-3) showing that mtNDPK expression does not seem to be up-regulated during the stress
conditions tested here. However, a single labelled 86 kDa band (lane 2) was observed in
seedlings that had been exposed to heat stress (4 hr at 42°C). Incorporation of
[*°S]methionine into the 86 kDa protein was observed after 2 hours of heat treatment
increasing in a time-dependent manner for 8 hours (Figure 4B, lanes 1-3). The 86 kDa protein
co-precipitates with the mtNDPK suggesting a specific interaction between the two proteins.
In addition, the results indicate involvement of the pea mtNDPK in mitochondrial heat-stress
response.

Parallel assays were carried out in the absence of the isotope in order to check the
efficiency of the immunoprecipitation assay. Gel blots of the immunoprecipitation assays
probed with the mtNDPK anti-serum confirmed the presence of NDPK in all samples (Figure
4C, lanes 1-5). These results show that the absence of a **S—labelled band corresponding to
the mtNDPK is not due to failure of the immunoprecipitation assay. Rather we can conclude
that mtNDPK is not newly synthesised upon cold or heat stress conditions, in agreement with
the results from the western analysis (Figure 1).

The 86 kDa protein is a novel protein

The [**S]methionine labelled 86 kDa protein was also detectable by coomassie staining of the
SDS-PAGE gels, allowing sequencing of this heat up-regulated protein. Unfortunately, N-
terminal sequencing of the 86 kDa protein was inconclusive, due to N-terminal blocking of this
protein. Using mass spectrometry sequences of trypsin digested peptides were obtained,
however analysis of the sequences revealed no similarity with other proteins found in the
databases, making identification of the 86 kDa heat up-regulated protein impossible.

The mtNDPK can be found in various oligomeric states
Taking into account the reports of correlation between function and structure of the NDPKs in

animals (Mesnildrey et al., 1998; Mesnildrey et al., 1997) we wanted to determine the
oligomeric structure of this mitochondrial isoform. After gel filtration of mitochondrial soluble



proteins and immunodetection, the pea mtNDPK was detected in several fractions with peaks
corresponding to approximately 100, 80, 60, 45, 30 and 15 kDa (figure 5). The peaks
approximately correspond to calculated sizes of different oligomeric states of mtNDPK:
monomer (15 kDa), dimer (30 kDa), trimer (45 kDa), tetramer (60 kDa), pentamer (80 kDa) and
hexamer (100 kDa).

Discussion

Western analysis revealed no differences in the amounts of mtNDPK compared to total
mitochondrial protein in the various tissues studied in this work. On the other hand,
immunolocalisation studies revealed high levels of mtNDPK in flower and young leaves,
tissues which require high mitochondrial activity to cover their energy requirements (Moneger
et al., 1994; Smart et al., 1994; Thompson et al., 1998). The higher mitochondrial activity in
these tissues could be explained by a higher number of mitochondria (Huang et al., 1994).
The results obtained by immunolocalisation of the pea mtNDPK are in agreement with previous
studies using northern analysis (Escobar Galvis et al., 1999), where higher levels of mtNDPK
mRNA were found in young and reproductive tissues. Taking our new observations into
account we can conclude that the differences in pea mtNDPK expression previously reported
are likely due to differences in mitochondrial number among the studied tissues.

In young non-expanded pea leaves, the pea mtNDPK was preferentially found in the lower
mesophyll, a tissue that is known to contain less chloroplasts than its upper counterpart.
Since the lower mesophyll is a less photosynthetically active tissue, respiration must be an
important source of metabolites and ATP. Furthermore, when mature leaves were studied,
the amounts of mtNDPK were found to be very low, probably an indication of lower
mitochondrial activity or mitochondrial number. These results are in agreement with previous
work showing that the levels of respiratory capacity and efficiency of oxidative
phosphorylation decreases with ageing in pea leaves (Azcon-Bieto ef al., 1983).

Flower buds showed high amounts of mtNDPK localised to the central and lateral parts of the
bud, whereas in the peripheral parts the signal was comparable to the sample incubated with
the pre-immune serum. Development of pea flowers have been shown to be a complex
process that involves the presence of common primordia to petals and stamens (Ferrandiz et
al., 1999). This peculiarity would explain that tissues like petals and stamens showed similar
levels of mtNDPK at this early stage of development (Figure 2, panel A). In sunflower (Smart
et al., 1994), mitochondrial gene expression has been found to be correlated with flower
development. Smart and co-workers showed that the mitochondrial o subunit of the F,-ATP
synthase was most abundant in young meiotic cells in anthers, a tissue responsible for the
development of haploid microspore cells. This process has a high energy demand that can
only be covered by high mitochondrial activity and/or increased mitochondrial number.

The in vivo labelling assays showed that upon heat stress the pea mtNDPK interacts with a
newly synthesised 86 kDa protein. The results indicate the involvement of the mtNDPK in



heat-stress response. Previous work has shown that modulation of protein activity by
interaction with NDPK isoforms occurs. In the fish Poeciliopsis lucida NDPK controls
oligomerisation of Hsc70, thereby affecting its activity (Leung and Hightower, 1997). It would
be plausible to suggest that the pea mtNDPK could act as a modulator of the heat up-
regulated 86 kDa protein. The mechanism of such a regulation remains to be investigated.
Besides control of oligomerisation, the phospho-transferase activity reported for some NDPK
isoforms (Engel et al., 1998; Engel et al., 1995; Wagner et al., 1997; Wagner and Vu, 2000)
could regulate activity other proteins.

Determination of the oligomeric state of the miNDPK revealed the presence of this
mitochondrial isoform in several fractions corresponding to a wide range of molecular sizes
(100, 80, 60, 45, 30 and 15 kDa). It is possible that these fractions represent a step-wise
oligomerisation from monomer to hexamer. On the other hand, it has been proposed for the
Dictyostelium NDPK (Mesnildrey et al., 1998) that hexamerisation is the result of trimerisation
of dimers that would need the formation of a tetramer intermediate. Formation of the
intermediate tetramer requires the presence of nucleoside substrate (e. g. ATP) after which
hexamerisation is possible. It was further proposed that interaction of NDPK with other
proteins could occur at the tetramer intermediate state, where the structure would allow
interaction with a larger substrate. One cannot exclude that such interactions of the pea
mtNDPK with other soluble proteins could be detected through gel filtration. For example, in E.
coli Dna K and NDPK have been shown to co-purify (Barthel and Walker, 1999). An
analogous interaction between the mtNDPK and the mitochondrial hsp70 could explain the
peak observed around 80 kDa.

In conclusion, we have shown that the pea mtNDPK is probably involved in heat-stress
response, due to its interaction with the 86 kDa protein. We propose that the pea mtNDPK
might act as a modulator of the 86 kDa protein being part of the mitochondrial heat response
in higher plants. It is possible, taking into account the different oligomeric states detected for
this protein, that the pea mtNDPK can interact with various additional substrates.

Materials and methods

Plant material. Garden peas (Pisum sativum L. cv Oregon sugarpod) were grown, on
vermiculite in a growth chamber at 20°C with a 12 hours day (25 pEm?s™).

Mitochondria isolation. Six g of pea leaves from 12-13 days old seedlings were incubated
for 4 hours at 4°C or at 42°C. The seedlings were ground with a polytron (9500 rpm) in 40 ml
ice-cold homogenisation buffer (0.4 M sucrose, 50 mM Tris, 1 mM EGTA and 10 mM KH,PO4,
5 mM 2-mercaptoethanol, 1% (w/v) BSA, 0.1% (w/v) PVP-44, pH 7.6). The resulting
supernatant, after centrifugation at 3100g for 2 min, was spun at 15 300g for 15 min. The
obtained pellet was used as crude mitochondria. Percoll (Pharmacia-Biotech, Uppsala,
Sweden) purified mitochondria were isolated as in Boutry et al. (1984) with modifications



according to Hakansson et al. (1998). As a control mitochondria were isolated from seedlings
kept at room temperature (22°C) for 4 hours.

Chloroplasts isolation. Chloroplasts were prepared from 12-13 days old pea leaves
according to Walker (1971).

Antibody. A peptide corresponding to the last 15 amino acids of the C-terminus of the pea
mitochondrial NDPK (accession number AF191098) was synthesised and conjugated to
keyhole limpet hemocyanid using maleimide crosslinker. Innovagen (Lund, Sweden) produced
a rabbit polyclonal antiserum raised against this peptide. Anti-mtNDPK was used in a 1:5000
dilution for western analysis and 1:50 for immunolocalisation experiments.

Western blotting. Proteins were separated by SDS-PAGE (Laemmli, 1970) using BioRad’s
mini-gel system and transferred onto nitrocellulose membranes (Hybond ECL, Amersham
International, Buckinghamshire, UK). Transfer was performed in a Multiphore 1l NovoBlot unit
(Pharmacia, Sweden) using the transfer buffer of Bjerrum and Shafer-Nielsen (1986) (48 mM
Tris, 39 mM glycine, 20% (v/v) methanol) at 5 mAscm™ for 30 min. Membranes were blocked
in 3% (w/v) BSA (fraction V, Sigma) in TBS (100 mM Tris, 150 mM NacCl) at 4°C, overnight.
Incubation with the primary antibody (diluted in 3% (w/v) BSA in TBST (TBS containing 0.1%
(v/v) Tween-20) was carried out for at least 4 hours at room temperature. The secondary
antibody, an alkaline phosphatase conjugated goat anti-rabbit (Bio-Rad Laboratories,
Hercules, CA, USA) was used as a 1:10 000 dilution and the protein was detected using the
Immun-Star Chemiluminiscent Protein Detection Systems (Bio-Rad Laboratories, Hercules, CA,
USA) following manufacturers’ instructions.

Immunocytochemistry. Semi-thin sections were prepared from purified pea mitochondria, pea
flower buds, young (6 days old) and mature leaves (fully expanded, 11 days old) as in
Marttila et al., (1996). Briefly, the material was fixed in 4% (w/v) paraformaldehyde and
0.25% (v/v) glutaraldehyde in PBS (10 mM Na-phosphate buffer pH 7.4, 150 mM NacCl) for 2
hours at room temperature, dehydrated, infiltrated with medium-grade London Resin White
(London Resin Company Ltd., Reading, UK distributed by TAAB), and polymerised for 24 h at
58°C. Sections of 1 ym were cut on Superfrost Plus slides (Menzel Glaser, Germany) and
blocked in 5% (v/v) goat normal serum and 1% (w/v) BSA in PBS for 30 min at room
temperature. Primary antibody incubation with anti-mtNDPK (1:50 in 1% (w/v) BSA in PBS)
was carried out at 4°C overnight. After 4 washes in PBS for 20 min, the sections were
incubated with a goat-anti-rabbit IgG conjugated to FITC (Sigma) for 1 hour at 37°C. On
control slides, either pre-immune serum was used instead of the primary antibody, or both
primary and secondary antibody were replaced with dilution buffer. Samples were washed
with PBS and water and mounted in 20% Mowiol 4-88 (Calbiochem-Novabiochem
Corporation, La Jolla, CA, USA) in PBS pH 8.6 containing 0.1% phenylenediamine.
Immunofluorescence was investigated under UV light (excitation filter 495 nm, barrier filter
520 nm) in a Leica microscope.



In vivo labelling under stress conditions. Six to eight (12-13 days old) seedlings were cut off
and incubated for 4 hours at 4°C or at 42°C, in water containing 0.2 mCi of [**S]methionine
(Amersham, SJ1015). The control sample was kept at room temperature (22°C) for 4 hours.
After incubation the leaves were detached and ground in 5 ml ice cold homogenisation buffer
together with 1 g of glass beads. All the following steps were carried out between 4-8°C.
The homogenate was filtered through four layers of Miracloth (Calbiochem-Novabiochem
Corporation, La Jolla, CA, USA) and spun for 3 min. at 2500 g in a microcentrifuge. The
supernatant was then spun for 15 min at 16 200g. The resulting pellet was resuspended in
400 pl of solubilisation buffer (1% Nonidet P-40, 150 mM NaCl, 50 mM Tris, 1 mM PMSF). A
soluble fraction was obtained after centrifugation for 5 min. at 16 200g, the pellet was
discarded. A time course at 42°C was carried out under the same conditions collecting
samples every second hour during an 8 hour period.

Immunoprecipitation. 350 pl of the soluble fraction were incubated with the mitochondrial
NDPK antibody (1:100 dilution) overnight at 4°C. Proteins were precipitated by addition of
Protein G Sepharose 4 Fast Flow (Pharmacia-Biotech, Uppsala, Sweden). After 1 hour of
incubation the beads were washed 3 times in solubilisation buffer (0,25% Nonidet P-40, 150
mM NacCl, 50 mM Tris, 1 mM PMSF) and once in washing buffer (50 mM Tris-HCI, pH 8.0)
following manufacturers’ instructions. The proteins were denaturated in reducing sample
buffer (100 mM DTT, 1% SDS, 50 mM Tris, pH 7.5) by heating at 95°C for 3 min. Proteins were
separated by SDS-PAGE (Laemmli, 1970) and gels were vacuum-dried and exposed to
Phosphorlmager plates (Molecular Dynamics, Sunnyvale, CA, USA). Data were analysed
using ImageQuant 1.2 software (Molecular Dynamics).

Protein sequencing. For N-terminal sequencing, immunoprecipitation of crude mitochondrial
soluble proteins prepared from pea leaves exposed to heat stress were separated by SDS-
PAGE. After electroblotting onto PVDF membrane (Pall Europe Limited, Portsmouth, UK)
proteins were detected via coomassie staining according to the manufacturers’ instructions.
For internal sequencing proteins prepared as above were separated by SDS-PAGE and
briefly coomassie stained and destained. Sequence analysis (N-terminal sequencing, in-gel
digestion, peptide extraction, mass mapping and tandem mass spectrometry) were performed
by the Protein Analysis Center, Karolinska Institutet (Stockholm, Sweden). N-terminal
sequencing was carried out as follows: the excised protein were applied to a Procise cLC
sequencer (PE-Applied Biosystems, USA) for Edman degradation.

Internal sequencing was carried out as follows: the coomassie-stained protein band was cut
from the gel and the piece was placed in an Eppendorf tube for in-gel digestion. Briefly,
washing was carried out in 0.2 M ammonium bicarbonate containing 50% acetonitrile. The
protein was reduced (DTT) and alkylated (iodoacetamide) followed by in-gel digestion with
0.5-3 g trypsin (Promega, modified) in 0.2 M ammonium bicarbonate overnight at 37°C. The
tryptic peptides were extracted using acetonitrile in 0.1% trifluoroacetic acid, first at 60%
then at 40%. Aliquots of the peptide extract, were desalted (ZipTip C18, Millipore) and
analysed by MALDI mass spectrometry (Voyager DE-PRO, Applied Biosystems). For protein



identification, the resulting mass map was analysed with computer algorithms (MS Fit, Pep
Sea and Pro Found) in screens of internet accessible sequence databases. For tandem mass
spectrometry analysis (Q-TOF, Micromass), aliquots were applied using a nano-electrospray
ion source and argon as the collision gas. Amino acid sequence interpretation from peptide
fragment data was aided by software supplied by Micromass.

Gel filtration. Purified mitochondria were osmotically ruptured in ice-cold 5 mM EDTA, in the
presence of 200 yM ATP. The resulting suspension was spun at 16 200g in a microcentrifuge
for 15 min at 4°C, separating the membrane from the soluble fraction. Soluble mitochondrial
proteins were separated in Sephacryl S-200 HR column (Pharmacia, Uppsala, Sweden) using
PBS buffer (pH 7.3). The column was operated using the FPLC system (Pharmacia, Uppsala,
Sweden) at a flow of 0.3 mlmin". The collected (1 ml) fractions were blotted onto
nitrocellulose membranes (Hybond-ECL Amersham International, Buckinghamshire, UK), using
a BIO-DOT SF slot-blot apparatus (Bio-Rad Laboratories, Hercules, CA, USA) according to
the manufacturers’ instructions and probed with the anti-mtNDPK as in the western blotting
analysis. Phosphorylase B (97.16 kDa), BSA (66 kDa), carbonic anhydrase (30 kDa) and
cytochrome c (12.4 kDa), were used as standards.
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Figure legends

Figure 1

Western analysis of the pea miNDPK in various subcellular fractions. Lane 1, flower
mitochondria; lane 2, root mitochondria; lane 3, 7 days old leaves mitochondria; lane 4, 9 days
old leaves mitochondria; lane 5, purified pea mtNDPK (according to Struglics and Hakansson,
1999) and lane 6, purified chloroplasts.

Figure 2

Immunolocalisation of the pea mtNDPK in flower bud and young pea leaf. Positive fluorescent
immunolabelling of the mtNDPK is seen as bright green spots. Panels A-D, flower bud; panels
E-F non-expanded pea leaf. The pictures represent the following: A, longitudinal flower bud
section, incubated with anti-mtNDPK; B, longitudinal flower bud section, incubated with pre-
immune serum; C, transversal anthers section, incubated with anti-mtNDPK; D, transversal
anthers section, incubated with pre-immune serum; E, transversal young pea leaf section,
incubated with anti-mtNDPK; F, transversal young pea leaf section, incubated with pre-
immune serum. A, anthers, O, ovary; ST, stamen; P, petals; SE, sepals; UM, upper mesophyll;
LM, lower mesophyll; V, vein. Scale bars represent 100 pm.

Figure 3

Western analysis of the pea mtNDPK in crude mitochondria prepared from pea leaves
exposed to various stress conditions for 4 hours. Lane 1, control; lane 2, high salt stress
(400 mM NaCl); lane 3, oxidative stress (2% H,0O,); lane 4, heat stress (42°C); lane 4, cold
stress (4°C).

Figure 4

Analysis of de novo synthesised protein in pea upon heat and cold stress.

Panel A. Phosphorlmage of immunoprecipitation of [**S]methionine labelled crude mitochondrial
proteins using the pea mtNDPK antibody. Lane 1, control; lane 2, heat stress (42°C) and lane
3, cold stress (4°C).

Panel B. Phosphorlmage of the time course of incorporation of [**S]methionine into the 86 kDa
heat stress up-regulated protein, immunoprecipitated using the pea mtNDPK antibody. Lane 1,
2 hours; lane 2, 4 hours and lane 3, 8 hours.

Panel C. Western blot of immunoprecipitations of crude mitochondrial proteins prepared from
pea leaves exposed to various stresses probed with anti-mtNDPK. Lane 1, control; lane 2,
high salt stress (400 mM NaCl); lane 3, oxidative stress (2% H,O.); lane 4, heat stress (42°C);
lane 4, cold stress (4°C).

Figure 5

Gel filtration of pea mitochondria soluble fraction. Fractions of 1 ml were collected and
analysed using the pea mtNDPK antibody. On Y-axis, bottom panel, quantification of the signal
corresponding to the pea mtNDPK (analysed with ImageQuant 1.2 software, Molecular
Dynamics). At the top, the calibration curve showing the used standards.
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