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The aim of this work was to investigate the effect of decreased cytosolic pyruvate kinase (PKc) on potato (Solanum tuberosumnt)
tuber metabolism. Transgenic potato plants with strongly reduced levels of PKc were generated by RNA interference gene
silencing under the control of a tuber-specific promoter. Metabolite profiling showed that decreased PKc activity led to a
decrease in the levels of pyruvate and some other organic acids involved in the tricarboxylic acid cycle. Flux analysis showed
that this was accompanied by changes in carbon partitioning, with carbon flux being diverted from glycolysis toward starch
synthesis. However, this metabolic shift was relatively small and hence did not result in enhanced starch levels in the tubers.
Although total respiration rates and the ATP to ADP ratio were largely unchanged, transgenic tubers showed a strong decrease
in the levels of alternative oxidase (AOX) protein and a corresponding decrease in the capacity of the alternative pathway of
respiration. External feeding of pyruvate to tuber tissue or isolated mitochondria resulted in activation of the AOX pathway,
both in the wild type and the PKc transgenic lines, providing direct evidence for the regulation of AOX by changes in pyruvate
levels. Overall, these results provide evidence for a crucial role of PKc in the regulation of pyruvate levels as well as the level of

the AOX in heterotrophic plant tissue, and furthermore reveal that these parameters are interlinked in vivo.

Pyruvate kinase (PK; EC 2.7.1.40) catalyzes the final
reaction of the glycolytic pathway, converting ADP
and phosphoenolpyruvate (PEP) to ATP and pyruvate,
which is subsequently imported into mitochondria
and used as a substrate for respiration. PK catalyzes an
irreversible reaction in vivo in castor bean (Ricinus
communis; Geigenberger et al., 1993) and is probably a
primary regulation site of glycolysis and respiration,
as indicated by various biochemical studies in mam-
malian and bacterial systems (Pilkis and Granner,
1992; Teusink et al., 2000) and plants (Thomas et al.,
1997; Geigenberger et al., 1998; Schwender et al., 2004;
Plaxton and Podesta, 2006). In plants, PK is believed to
provide bottom-up control of plant glycolytic flux
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from hexose-phosphates to pyruvate owing to PEP’s
pronounced feedback allosteric inhibition of ATP- and
inorganic pyrophosphate-dependent phosphofructo-
kinases (Dennis and Greyson, 1987). PK in plants has
been found to be subject to a number of regulatory
mechanisms, including allosteric regulation by Glu
and Asp (Turner et al., 2005), activation by changes in
cytosolic pH (Podesta and Plaxton 1991, 1992, 1994),
inhibition by ATP (Podesta and Plaxton, 1991, 1992,
1993), and phosphorylation and ubiquitination (Tang
et al., 2003). While the role of PK in the regulation of
glycolysis in response to hormone signals has been
intensively studied in mammalian and bacterial sys-
tems (Pilkis and Granner, 1992; Teusink et al., 2000),
much less is known about the signals regulating PK in
plants.

Previous studies in vascular plants revealed that PK
exists as tissue-specific isozymes that show pro-
nounced differences in their respective physical and
kinetic properties (Plaxton and Podesta, 2006). In
plants, the situation is further complicated due to the
presence of PK isozymes in both the cytosolic and
plastidial compartments (denoted PKc and PKp, re-
spectively; Plaxton, 1996; Givan, 1999). While the role of
PKp has been studied recently and was shown to be
critical for fatty acid biosynthesis in Arabidopsis (Arabi-
dopsis thaliana) seeds (Andre and Benning, 2007; Andre
et al., 2007; Baud et al., 2007), the impact of modified
PKc levels on plant metabolism has been little studied.
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A set of tobacco (Nicotiana tabacum) plants lacking PKc
in leaves was previously analyzed with respect to
growth, photosynthesis, and respiration, and a number
of conditional growth defects were identified, mainly
as a consequence of altered regulation of sink-source
metabolism due to a loss of PKc, specifically in leaves
(Gottlob et al., 1992; Knowles et al., 1998; Grodzinski
et al., 1999). However, no information on the effect of
altered PKc on metabolism in heterotrophic tissues was
provided. Moreover, targeted manipulation of PKc
levels in heterotrophic tissues such as roots or tubers
has not been reported yet (to our knowledge). For this
reason, the aim of our study was to analyze the effect of
altered PKc levels on potato (Solanum tuberosum) tuber
growth and metabolism.

Given the likely importance of PKc for generating
pyruvate for entry into the mitochondrial tricarboxylic
acid (TCA) cycle, we focused our studies on under-
standing the effect of altered PKc activity on carbon
metabolism, particularly on respiratory processes and
the coordinated regulation of glycolysis, the TCA
cycle, and the mitochondrial electron transport chain.
It is becoming apparent that a coordinated regulation
of these respiratory processes exists (Fernie et al.,
2004). A recent example of this is the observation
that enzymes of the cytosolic glycolytic pathway (in-
cluding PK) are physically associated with the outer
mitochondrial membrane (Giege et al., 2003) and that
their degree of association is dynamically responsive
to the respiratory burden imposed on the mitochon-
dria (Graham et al., 2007). Furthermore, in vitro assays
have shown that the addition of pyruvate or other
a-keto acids to isolated mitochondrial preparations
under conditions where the cytochrome c pathway is
inhibited (e.g. in the presence of antimycin a or KCN)
stimulates the activity of the mitochondrial alternative
oxidase (AOX; Millar et al., 1993; Day et al., 1994). This
effect has been demonstrated to be due to an interaction
of pyruvate with the reduced form of the N-terminal
Cys residue of the AOX, rather than a result of pyru-
vate metabolism per se (Millar et al., 1993, Millenaar
and Lambers, 2003; Umbach et al., 2006). While direct
evidence for endogenous changes in organic acid
levels in regulating the AOX is currently lacking, the
pyruvate addition experiments are suggestive of a
regulatory role of glycolytic flux on the activity and
dynamics of the mitochondrial electron transport
chain.

In this study, we have generated and analyzed
transgenic potato tubers with a decrease in PKc levels
using an RNA interference (RNAi) approach. De-
creased PKc levels led to decreased levels of pyruvate
and several TCA cycle intermediates, which were
accompanied by changes in carbon partitioning be-
tween glycolysis and starch and by a decrease in AOX
protein level and respiratory capacity. The decrease
in AOX-dependent respiratory capacity could be re-
verted by external feeding of pyruvate to tuber tissue.
These results thus provide evidence for an important
role of PKc in regulating pyruvate levels and the
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alternative pathway of respiration in heterotrophic
potato tubers.

RESULTS

Generation of Potato Tubers with Decreased PKc
Expression and Activity

Plants contain multiple isozymes of PK (e.g. Arabi-
dopsis contains 14 isozymes; Arabidopsis Genome
Initiative 2000; Andre et al., 2007), but in potato only
one gene (hereafter called PKCYT1) encoding a cyto-
solic isozyme has been cloned and sequenced to date
(Blakeley et al., 1990; Cole et al., 1992). To identify
additional potato genes encoding PK isozymes, we
searched available cDNA and EST sequences from
potato and other Solanaceous species, and compared
these with the complete sets of PK proteins identified
from sequenced plant genomes. A phylogenetic tree
was constructed from the deduced protein sequences,
including partial sequences and sequence gaps (Fig. 1).
The same clustering and topology was obtained when
more stringent analyses were performed on the se-
quences without gaps and excluding the partial se-
quences (Supplemental Fig. S1), and on the N- and
C-terminal regions separately (to include the partial
Solanaceae sequences), excluding the variable transit
peptides and any C-terminal extensions (data not
shown). In the phylogenetic tree, the cytosolic and
plastidial isozymes of PK were clearly separated. The
PKc isozymes were consistently split into two main
classes (cytosolic-1 and -2; Fig. 1), with strong support
for two subgroups within the angiosperm cytosolic-1
class (I and II; Fig. 1). As reported previously (Blakeley
et al., 1995; Andre et al., 2007), there are two main
classes of plastidial PK isozymes (a and ). Our phy-
logenetic analysis revealed two subgroups of the @ and
B classes in angiosperms (designated a1, a2, 81, and
B2 according to Andre et al., 2007; Fig. 1). Nine se-
quences encoding PK isozymes were identified in
potato. Based on the phylogenetic analysis, five are
cytosolic (PKCYT1 [S53332; Blakeley et al., 1990],
PKCYT2 [TC134535], PKCYT3 [TC141201], PKCYT4
[TC118783], and PKCYT5 [TC135950]) and four are
plastidial (PKPal [TC135043], PKPa2 [TC159621],
PKPB1 [TC149988], and PKPB2 [TC134739]). One of
the Arabidopsis proteins (Arabidopsis 14, At3g49160)
that has previously been annotated as a PK (Arabi-
dopsis Genome Initiative, 2000) belongs to a rather
divergent cluster of sequences that show only 25% to
31% identity with the other PK isozymes (PK-like;
Supplemental Fig. S1). This cluster contains sequences
from Physcomitrella patens, poplar (Populus trichocarpa),
and tomato (Solanum lycopersicum) but not rice (Oryza
sativa) or sorghum (Sorghum bicolor), and no potato
ortholog was found in the available EST sequences.
The role of these PK-related proteins in plants is not
yet clear, and there is so far no experimental evidence
for their function. In this context, it is interesting to
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Figure 1. Phylogenetic alignment of PK proteins.
Protein sequences were deduced from cDNA or EST
sequences obtained from the Joint Genome Institute
and the National Center for Biotechnology Informa-
tion. The tree shows a phylogram of PK protein
sequences (including partial sequences and gaps,
excluding the variable transit peptides and C-terminal
extensions) using the JTT evolutionary model of
amino acid substitution and rooted with the yeast
sequences. Bootstrap values from 100 replicates are
indicated. Potato PK proteins are shown in bold. The
accession codes and protein sequences are given as
supplemental material.
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note that de Bari et al. (2007) also suggest mitochon-
drial location of some of these proteins.

To generate potato tubers with decreased PKc ex-
pression, we targeted the PKCYT1 gene in an RNAi
gene silencing approach. The PKCYT1 gene was chosen
because our database searches indicated that tran-
scripts of PKCYT1 are highly abundant in tubers and
it is therefore likely to encode a major tuber isozyme.
An RNAIi construct was created, containing a PCR-
amplified, 650-bp cDNA fragment homologous to the
PKCYT1 gene in a hairpin orientation between the
tuber-specific B33 promoter and the OCS terminator
(Fig. 2A), and transformed into potato. The resultant
transgenic lines were screened by measuring total PK
activity in 10-week-old tubers using an enzyme assay at
pH 6.9. Five lines were selected for further analysis:
PKC-25, -6, and -15 had significantly reduced PK ac-
tivities down to 40%, 37%, and 29% of wild-type level,
respectively, PKC-26 had significantly reduced activity
to 64% of wild-type activity, while activity in PKC-11
was not significantly different from wild type (Fig. 2B).
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PKc protein levels in the transgenic tubers were
determined from western blots using a PKc-specific
antibody raised against PKc from Brassica napus (Smith
et al., 2000; Fig. 2C). This antibody has previously been
shown to recognize only PKc proteins and not PKp
proteins in different plant species (Smith et al., 2000;
Plaxton et al., 2002; Rivoal et al., 2002). Analysis of
wild-type potato showed that tubers contain two
strongly immunoreactive proteins of approximately
60 and 55 kD (proteins 1 and 2; Fig. 2C) and one less
immunoreactive protein (approximately 50 kD, pro-
tein 3; Fig. 2C). In the PKc transgenic lines, levels of the
two major PKc immunoreactive polypeptides (pro-
teins 1 and 2) are strongly decreased in the strongly
silenced lines (PKC-25, -6, and -15) but not in the
weakly silenced lines (PKC-26 and -11; Fig. 2C). Inter-
estingly, the minor immunoreactive polypeptide (pro-
tein 3) appears to be induced in PKC-25, -6, and -15. It
is difficult to assign the different immunoreactive
bands to particular genes because the predicted mo-
lecular masses of the PKc polypeptides are similar (54—
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Figure 2. Generation of plants with reduced PKc in tubers. A, RNAi
construct used to transform potato plants, containing a PCR-amplified,
650-bp fragment homologous to PKCYTT (PK-cyt) in a hairpin orien-
tation under the control of the B33 patatin promoter. B, PK activity in
tuber extracts from five resultant transgenic lines plus wild type assayed
at pH 6.9 (*, significant difference from wild-type levels, n = six tubers
from six different plants). C, Western blot of tuber extracts probed with
an anti-PKc antibody. D, Quantitative real-time RT-PCR expression
analysis of PK transcripts for PKCYT1, PKPa1, and PKPB2 genes in
tubers from the PKc transgenic lines and wild type (normalized to wild-
type expression levels). *, Significant difference from wild-type levels
(P < 0.05). Data represent the mean and st (n = four independent tuber
RNA extractions from different plants).
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57 kD); nevertheless, it is likely that protein 2 corre-
sponds to the PKCYT1 protein, based on the predicted
molecular mass (55 kD) and the reduced levels of this
protein in the transgenic tubers. Protein 3 appears to
be the only PKc polypeptide abundant in potato leaves
(data not shown) and could be a posttranslationally
cleaved product of one of the PKc proteins, similar to
that described in soybean (Glycine max; Tang et al.,
2003).

To assess the transcript levels of PK genes in the
transgenic lines, quantitative real-time reverse tran-
scription (RT)-PCR was performed with cDNA de-
rived from tuber RNA using primers specific for the
potato PK transcripts. The results showed that the
targeted PKCYT1 transcript was strongly reduced to
3%, 2%, and 1% of wild-type levels in the lines with
low PK activity (PKC-25, -6, and -15, respectively),
reduced to 56% in PKC-26, and not reduced in PKC-11
(Fig. 2D). The expression of two other PKCYT genes,
PKCYT2 and PKCYT3, was also measured, with both
showing minor but nonsignificant decreases in tran-
script level (data not shown). Two PKP genes, PKPa1
and PKPB2, are expressed in tubers, and there were no
significant differences in their transcript levels in the
transgenic tubers compared to wild type (Fig. 2D).
Transcript levels of PKPB1 were undetectable in tubers,
and PKPa? is not represented in tuber EST collections,
indicating that they are not major tuber isozymes.
Taken together, these data show that the PKCYT1 gene
has been strongly silenced in three of the transgenic
lines, resulting in a large decrease in the levels of the
two major PKc proteins and PK activity in tubers.
Given that the transcript levels of PKP genes were
unaffected, these lines were deemed to be suitable for
further analysis to determine the effect of decreased
PKc on tuber metabolism.

Effect of Decreased PKc Expression on
Enzyme Activities

Measurement of maximal catalytic activities of the
glycolytic enzymes hexokinase, fructokinase, phos-
phoglucomutase, and phosphofructokinase showed
no significant difference in the PKc transgenics com-
pared to wild type (Table I). The maximal activities of
enzymes that bypass PKc to produce pyruvate via
malate (PEP carboxylase [PEPC], malate dehydroge-
nase, and NAD malic enzyme) were also not signifi-
cantly different from wild type, nor was the activity of
PEP phosphatase, which is a vacuolar acid phospha-
tase that can convert PEP to pyruvate without requir-
ing ATP (Plaxton, 1996; Table I). Furthermore, the
activation state of PEPC was assessed by measuring
the extent of inhibition of the enzyme by 15 mM malate
at suboptimal assay conditions (pH 7.0, 0.25 mm PEP;
see Schuller et al., 1990). The values (in percentage of
control without malate) were 33.9 = 6.9, 27.0 = 3.9,
33.5+54,27.7+29,32.6 +5.1,and 33.7 = 5.2 for wild
type, PKC-6, PKC-11, PKC-15, PKC-25, and PKC-26,
respectively (mean =* sg, n = 4-8), suggesting that the
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Table I. Enzyme activities in tubers of transgenic plants with decreased PKc and wild type

Maximal catalytic activities were measured in 10-week-old tubers. Data show the mean and st (n = six tubers from six different plants per line).

Enzyme Activity

Enzyme
Wild Type PKC-11 PKC-26 PKC-25 PKC-6 PKC-15
nmol min~" mg protein™’
Hexokinase 236 1.4 275 0.7 259 % 1.6 23.8 £ 2.1 213 = 2.1 239*+13
Fructokinase 30.7 £ 23 354 3.2 266 £ 2.9 22.6 3.9 253 = 3.1 26.7 = 2.0
Phosphoglucomutase 1,255 £ 75 1,245 = 48 1,364 £ 90 1,066 = 113 1,037 = 67 1,147 = 62
ATP-dependent phosphofructokinase 152 + 1.8 15.7 £ 0.3 13.2 £ 1.3 11.2 +1.9 12.3 =23 133+ 1.4
PEPC 19.6 £ 1.0 214 £ 1.1 229 15 222 *13 18.6 = 1.1 204 = 0.7
NAD-malate dehydrogenase 1,828 + 202 1,982 + 333 1,760 * 342 1,418 = 318 1,436 £ 292 2,072 = 359
NAD malic enzyme 8.4+ 0.5 82 *+1.0 9.0 £ 0.7 92 *1.2 9.0 £ 0.2 8.3 x 1.1
PEP phosphatase 107 =5 122 =13 127 £ 8 111 =10 114 = 8 122 £ 12

level of PEPC activation is not different from wild type
in the transgenic lines. For the analysis of PEPC ac-
tivation state, frozen potato tuber tissue was extracted
immediately using an extraction buffer that contained
a cocktail of different protease inhibitors. The same
extraction buffer has been used in previous studies to
analyze the in vivo activation state of Suc-P synthase
in growing potato tubers (Geigenberger et al., 1997).
Overall, this indicates that there were no pleiotropic or
compensatory changes of other enzymes in response
to decreased PKc expression.

Effect of Decreased PKc Expression on Growth and
Metabolite Levels

Wild-type and PKc transgenic plants were grown
under greenhouse conditions for metabolic analysis of
tubers from 10-week-old plants. Total tuber mass per
plant was slightly elevated in all transgenic lines
(significant for PKC-25; Fig. 3A), while tuber number
per plant was significantly higher in all transgenic
lines compared to wild type (Fig. 3B). The reason for
the increase in tuber number upon reduction of PKc is
not revealed by our data. However, the average tuber
mass was not significantly different from wild type
(Fig. 3C). Starch content in the transgenics was not
different to wild type but protein content was reduced
(significant for PKC-26, -25, and -15; Fig. 3, D and E).
Respiration was measured as the rate of oxygen con-
sumption by tuber discs cut from freshly harvested
tubers. While PKC-25 showed a significant reduction
in respiration, all other lines were not significantly
different from wild type (Fig. 3F).

The levels of hexose-phosphates (sum of Glc-1-P,
Fru-6-P, and Glc-6-P) and PEP were similar in all lines
(Fig. 3, R and L), while pyruvate was significantly
decreased in PKC-6 and -15 (Fig. 3M), resulting in a
significant increase in the PEP to pyruvate ratio in
these lines (Fig. 3N), which is consistent with the
decrease in PK activity. Measurement of sugars re-
vealed that PKC-6 had significantly higher Glc and
Suc, while PKC-11 had significantly higher Glc (Fig. 3,
0-Q). Measurement of adenine nucleotides showed
that ATP levels were similar in all lines, while ADP

1644

levels showed a trend of being slightly higher than
wild type, and the ATP to ADP ratio a trend of be-
ing slightly decreased in PKC-25, -6, and -15 (Fig. 3,
G-I). These changes were, however, not significant.
UTP and UDP levels were similar in all lines (Fig. 3, |
and K).

Metabolite profiling using an established gas
chromatography-mass spectrometry (GC-MS) method
(Roessner et al., 2001) was performed to determine
further changes in metabolite levels in tubers from the
three most strongly silenced transgenic lines (PKC-25,
-6, and -15) compared to wild type. The results are
shown in Table II. The most striking changes observed
were a significant reduction in the levels of several
organic acids that are intermediates of the TCA cycle
(aconitate, fumarate, and isocitrate) in the transgenics
compared to wild type. Succinate, citrate, and malate
were not significantly different in the transgenics.
The levels of Asp (a direct product of oxaloacetate
from the TCA cycle) were significantly reduced in all
transgenic lines. Lys was increased in the transgenic
lines. Glycerate, which is probably representative of
3-phosphoglycerate, a precursor of PEP, was signifi-
cantly reduced in the transgenic lines. The other
significant changes detected in these transgenic tubers
were significant in only a single line (e.g. the signifi-
cant increase in Ala in PKC-6) and therefore not
deemed representative of all PKc transgenic lines.

Effect of Decreased PKc Expression on Metabolic Fluxes

The effect of reduced PKc on carbon fluxes was
determined by incubating tuber discs from wild type
and lines PKC-11, -25, and -15 with [U-"C]Glc fol-
lowed by fractionation of the labeled material to
determine the label distribution into different path-
ways (Fig. 4). The transgenic tubers showed no differ-
ence from wild type in total label uptake (Fig. 4A),
amount metabolized (Fig. 4B), or in the percentage of
metabolized label incorporated into carbon dioxide
(Fig. 4C), cell wall (Fig. 4F), or amino acids (Fig. 4H).
However, there was a tendency of increased label
incorporation into starch (Fig. 4D), significant reduc-
tion of label incorporated into protein (Fig. 4E, signif-
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80
50
40
30
20
10

300
250
200

100

Total tuber mass per plant
(grams)
o "
8838 3
>
ig
j"
N - -
e b
- -
ATP
(nmol gFwW1)
o
—
-
b
i,
,_,
F
Pyruvate

15 |

ADP

10 |

Tuber number
per plant
(nmal gFW-1)

[

\

[

[

\

]
b

30
" 25
2,0
15
1.0
0.5
0,0

Sucrose
(umol gFW-T)

— |

2,0
15
1.0

100 05

Starch
(umol glucose gFw-T)
.
8

Average tuber mass
(grams)
o
[=TRNE 4 I = R T = =1
Mo © e —

| b
" ‘ .
1 ‘ l_<

[ =

j_<

ATP/ADP ratio

Protein
(mg gFw ")
uoP
(nmol gFW“‘ )
Fructose
(umol gFWT)

© = N W B 0 O

Oxygen consumption
(nmol gFW~1 min-1)
3
Tl
wT )
}H *
PKC-15 '*
PEP
(nmulgFWq}
o oaom o
w o o =] w

PKC-11

e N & @ o T

| 1
| \
| f
[ —
: l
uTpP
i (nmol gFW' 1)
r (- -
wr h g X- —
. ‘ ] ~
F
|_,
‘ »
h
Glucose

40

30

20

Sum of hexose phosphates

PKC-6 +

PKC-26
PKC-25

PKC-6
PKC-11 |
PKC-26
PKC-25 b
PKC-15

icant for lines PKC-25 and -15), and a tendency of
reduction of label into organic acids (Fig. 4G). PKC-11
showed a significant increase of label into phosphate
esters and Suc, while PKC-15 had reduced label in-
corporation into Suc (Fig. 4, I and J). The total sum of
label incorporation into glycolysis was calculated as
the sum of label in carbon dioxide, protein, organic
acids, and amino acids (Fig. 4K). The ratio of label
incorporation into starch versus glycolysis was signif-
icantly increased in PKC-25 and -15 (Fig. 4L).
Metabolic fluxes were calculated according to
Geigenberger et al. (1997) by determining the specific
activity of the hexose phosphate pool, which was sim-
ilar in all lines (wild type = 1.11 * 0.06, PKC-11 = 1.46 =
0.14, PKC-25 = 0.91 = 0.21, PKC-15 = 1.17 * 0.25 Bq
nmol '). There was an increased flux of carbon into
starch in transgenic lines PKC-25 and -15 compared to
wild type (significant for line PKC-15; Fig. 4M). Fluxes
into protein and glycolysis were not significantly
different from wild type, but the ratio of flux into
starch versus glycolysis was significantly higher than
wild type in PKC-25 and -15 (Fig. 4, N, O, and R). Flux
into Suc was significantly higher than wild type in
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Figure 3. Growth parameters and me-
tabolite levels in wild-type and trans-
genic tubers with decreased PKc. Plants
were grown under greenhouse condi-
tions, and 10-week-old tubers were
harvested for analysis. Data show the
mean and st (n = six tubers from six
different plants per line). *, Significant
difference from wild-type levels (P <
0.05).
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PKC-11 but lower in PKC-15, while flux into cell wall
was not significantly different from wild type (Fig. 4, P
and Q). These data show that reduced PKc causes an
altered redistribution of carbon fluxes, with slightly
less flux through glycolysis and greater flux into starch
synthesis.

The relative flux of carbon through the TCA cycle
was measured by incubating tuber discs in position-
ally labeled Glc isotopomers ([1-'*C]Glc, [3,4-"*C]Glc,
and [6-"*C]Glc) and measuring the label released as
CO,. Carbon from the C3,4 positions can only be
released as CO, via the mitochondrial TCA cycle,
whereas carbon from the C6 position can be released
as CO, from both mitochondrial respiration and the
oxidative pentose phosphate (OPP) pathway. The rel-
ative TCA cycle flux can be compared among the plant
lines from the ratio of label evolution from the C3,4 to
C1 incubations, while the C6 to C1 ratio is a measure-
ment of flux through the OPP pathway relative to the
other pathways of carbon oxidation (ap Rees and
Beevers, 1960; Nunes-Nesi et al., 2005). The results
revealed that tubers from lines PKC-6 and -15 have
20% and 10% lower rates of flux through the TCA cycle
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Table 1l. Metabolite levels in tubers of transgenic plants with decreased PKc and wild type

Metabolites were measured by GC-MS profiling in samples from the same 10-week-old tubers used for
the growth and metabolite measurements shown in Figure 3. The data show the full set of metabolites that
could be identified in the chromatograms. Results are the mean = st normalized to wild type (n = six tubers
from six different plants per line). Significant differences from wild type are shown in bold (P < 0.05).

Metabolite Wild Type PKC-25 PKC-6 PKC-15
Sugars
Ara 1.00 = 0.39 1.05 = 0.29 1.03 £ 0.25 2.14 = 0.38
Gal 1.00 = 0.14 0.78 = 0.12 0.96 = 0.11 1.65 = 0.47
Maltose 1.00 £ 0.13 0.87 £ 0.18 1.13 £0.11 1.36 £ 0.26
Man 1.00 = 0.14 0.89 = 0.14 1.05 = 0.15 1.59 = 0.22
Myoinositol 1.00 £ 0.15 0.77 £ 0.16 0.73 £ 0.05 1.02 = 0.17
Xyl 1.00 = 0.18 1.19 = 0.06 1.20 = 0.16 1.06 = 0.23
Phosphorylated intermediates
Glycerol-1-P 1.00 = 0.04 1.02 = 0.03 1.03 = 0.03 1.17 = 0.06
Myonositol-1-P 1.00 = 0.08 1.21 £ 0.05 1.20 = 0.07 1.11 = 0.11
Organic acids
Aconitate 1.00 £ 0.33 0.40 * 0.18 0.35 * 0.05 0.51 £ 0.20
Chlorogenic acid 1.00 = 0.25 0.35 £0.10  0.45 = 0.13 0.72 £ 0.16
Citrate 1.00 £ 0.33 293 £1.97 249 £ 1.90 2.86 = 1.68
Dehydroascorbate 1.00 = 0.12 0.96 * 0.05 1.09 = 0.12 1.05 = 0.14
Fumarate 1.00 £ 0.25 0.42 = 0.04 0.31 = 0.04 0.44 £ 0.09
y-Amino-butyric acid 1.00 = 0.03 0.98 = 0.06 1.00 = 0.04 0.93 £ 0.07
Gluconic acid 1.00 = 0.15 0.87 = 0.06 0.85 * 0.04 0.91 £ 0.15
Glycerate 1.00 = 0.13 0.55 * 0.02 0.57 = 0.01 0.61 * 0.05
Isocitrate 1.00 = 0.06 0.47 * 0.17 0.36 *+ 0.22 0.44 * 0.15
Malate 1.00 = 0.16 1.00 = 0.12 1.10 = 0.09 1.25 £ 0.21
Putrescine 1.00 £ 0.15 1.26 = 0.06 1.44 = 0.09 1.02 = 0.15
Quinate 1.00 = 0.03 1.18 £ 0.01 0.98 = 0.17 0.96 = 0.08
Saccharic acid 1.00 = 0.21 0.85 = 0.11 0.94 = 0.03 0.99 £ 0.09
Shikimate 1.00 = 0.10 1.26 = 0.09 1.11 = 0.03 1.07 = 0.20
Succinate 1.00 = 0.28 1.00 £ 0.22 1.11 £ 0.26 0.79 £ 0.32
Amino acids
Ala 1.00 £ 0.18 1.28 £ 0.15 1.58 = 0.07 1.22 = 0.03
Arg 1.00 = 0.25 1.20 £ 0.13 1.20 = 0.11 1.01 = 0.10
Asn 1.00 = 0.31 0.90 = 0.25 0.71 £ 0.25 0.84 £ 0.12
Asp 1.00 = 0.03 0.73 * 0.01 0.73 * 0.01 0.71 * 0.08
B-Ala 1.00 = 0.05 0.95 = 0.07 1.13 = 0.06 0.94 = 0.11
Cys 1.00 = 0.41 1.61 £ 0.52 2.11 £ 0.46 1.66 = 0.60
Glu 1.00 = 0.05 1.05 £ 0.10 1.02 = 0.07 1.05 = 0.08
Gin 1.00 = 0.29 1.51 £ 0.45 1.16 = 0.39 1.38 = 0.40
Gly 1.00 = 0.07 1.08 = 0.11 1.15 = 0.04 1.08 = 0.09
Homo-Ser 1.00 = 0.07 1.19 = 0.06 0.94 = 0.07 1.31 £ 0.11
lle 1.00 = 0.20 1.23 = 0.21 1.46 = 0.18 1.17 = 0.20
Leu Not detected ~ Not detected ~ Not detected ~ Not detected
Lys 1.00 = 0.27 3.45 * 0.70 4.57 * 0.61 243 * 0.39
Met 1.00 = 0.14 1.11 £0.13 1.16 £ 0.11 0.99 = 0.09
Phe 1.00 = 0.11 1.06 = 0.16 1.20 = 0.11 0.96 = 0.09
Pro 1.00 = 0.31 0.89 + 0.23 0.74 £ 0.18 1.08 = 0.25
Ser 1.00 £ 0.12 1.09 £ 0.10 1.08 = 0.08 1.01 = 0.09
Thr 1.00 = 0.11 0.98 = 0.07 0.90 = 0.07 0.94 £ 0.10
Trp 1.00 = 0.35 0.71 £ 0.20 0.92 £ 0.26 0.64 £ 0.07
Tyr 1.00 £ 0.23 1.34 = 0.31 1.67 = 0.31 1.00 = 0.10
Val 1.00 = 0.06 1.02 = 0.05 1.03 = 0.05 1.00 = 0.03

flux compared to wild type (significant for PKC-6),
while TCA cycle flux in PKC-25 exhibited equivalent
flux rates to those observed for wild type (Fig. 5A).
Flux through the OPP pathway in the transgenics was
not significantly different from wild type (Fig. 5B).
These data imply that there were no major alterations
in the relative flux through the TCA cycle and the OPP
pathway in the transgenics (Fig. 5).
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Respiration was measured as the overall rate of
oxygen consumption by tuber discs cut from freshly
harvested tubers. While PKC-25 showed a significant
reduction in respiration, all other lines were not sig-
nificantly different from wild type (Fig. 3F).

We also measured internal oxygen concentrations in
intact tubers. Because changes in respiration rates will
lead to inverse changes in internal oxygen concentra-
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tions (see Bologa et al., 2003), internal oxygen con-
centrations can be used as an indirect measure of
respiration rates in intact tubers. Internal oxygen
concentrations were measured with a needle-type,
230-um-diameter, minimally invasive oxygen micro-
optode, which was directly inserted into growing
tubers of similar size. Consistent with the lack of
changes in respiration rates in discs, reduction of PKc
did not lead to significant changes in internal oxygen
levels of growing tubers. Oxygen concentrations as
percentage of normal air were as follows: 47 * 4,39 *
6, and 50 * 5 for wild type, PKC-25, and PKC-15,
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Figure 4. Metabolism of ["*CIGlc in
wild-type and transgenic tubers with
decreased PKc. Tuber discs were cut
from freshly harvested 10-week-old
tubers and incubated with 2 mm
[U-"*CIGlc (specific activity = 11.54
kBq wmol™") for 2 h, followed by
fractionation of the material and deter-
mination of label distribution. Data
I show the mean of three biological
replicates per line and error bars rep-
resent ses. *, Significant difference from
wild-type levels (P < 0.05).
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respectively (mean = sg, n = 19 tubers for wild type,
n = 13 tubers for PKC-25, and n = 17 tubers for PKC-15
from three different plants per line). This provides
indirect evidence that overall respiration was not
substantially changed in tubers of the transgenic lines.

Effect of Decreased PKc Expression on AOX Capacity

The AOX capacity was calculated as the rate of
KCNe-insensitive, salicylhydroxamic acid (SHAM)-
sensitive oxygen consumption in tuber slices, and the
level of stimulation by pyruvate was also determined.
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Figure 5. Measurement of flux through the TCA cycle and OPP
pathway in wild-type and transgenic tubers with decreased PKc by
incubation of tuber discs in positionally labeled isotopomers of
["*CIGlc. Tuber discs were cut from freshly harvested 10-week-old
tubers and incubated in ['"*C]Glc labeled in either the C1, C3,4, or C6
position for 6 h. The evolved CO, gas was continuously captured in
10% KOH and the amount of label released as CO, was measured. TCA
cycle flux was determined as the ratio of label evolved as CO, from the
(3,4 incubation compared to the C1 incubation, while OPP pathway
flux was determined as the ratio of label evolved as CO, from the C6
incubation compared to the C1 incubation. Data shows the mean of
three replicate incubations per Glc isotopomer per line, and error bars
represent ses. *, Significant difference from wild-type levels (P < 0.05);
n = six tubers from six different plants.

Without exogenous pyruvate addition, AOX capacity
was significantly lower than wild type in the strongest
transgenic lines (PKC-25, -6, and -15) but no different
than wild type in the nonsilenced line PKC-11 (Fig.
6A). Upon addition of pyruvate, respiration was sig-
nificantly increased in all genotypes but remained
significantly lower than wild type in PKC-25, -6, and
-15 (Fig. 6A). As reported previously (Millar et al.,
1993), the stimulation of KCN-insensitive respiration
by pyruvate occurred within seconds and resulted in
a linear rate of oxygen consumption for the duration
of the experiment (at least 10 min) until SHAM was
added. The initial levels of oxygen consumption before
KCN addition were similar in all lines (wild type =
27.1 = 4.1, PKC-11 = 28.8 = 5.7, PKC-25 = 23.6 = 3.2,
PKC-6 = 24.5 = 2.0, PKC-15 = 27.1 * 4.1 nmol oxygen
g fresh weight [FW] ! min?), and the residual rates of
respiration (measured as KCN-, SHAM-insensitive
respiration) were very low, as has previously been
reported for potato tubers (Hiser et al., 1996), and not
significantly different between the lines (wild type =
25 + 0.5, PKC-11 = 2.0 = 0.3, PKC-25 = 1.2 * 0.6,
PKC-6 = 2.4 = 0.4, PKC-15 = 2.0 = 0.3 nmol oxygen g
FW ™ min™"). The reverse experiment was also per-
formed to measure the rate of SHAM-insensitive,
KCN-sensitive respiration. In the absence of KCN,
the addition of SHAM and pyruvate had no effect on
the respiration rate (data not shown).
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In isolated tuber mitochondria, similar results were
obtained, with a significantly lower AOX capacity in
PKC-25, -6, and -15 compared to wild type and PKC-11
(Fig. 6B). However, the difference in AOX capacity
between the transgenics and wild type was not as
marked as in intact tuber tissue. Mitochondria in intact
cells are subject to other influences, such as redox poise,
that are known to influence AOX activity (Umbach
and Siedow, 1993; Day et al., 1995; Mackenzie and
Mclntosh, 1999; Vanlerberghe et al., 1999).

Effect of Decreased PKc Expression on AOX and
Cytochrome c Oxidase Protein Levels

The results presented above indicate that decreased
PKc led to a decrease in the capacity of the alternative

>
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Figure 6. Measurement of AOX capacity in intact tissue slices (A) and
isolated mitochondria (B) from 10-week-old wild-type and transgenic
tubers with decreased PKc. Data show the average KCN-insensitive,
SHAM-sensitive respiration in the absence (light gray bars) and presence
(black bars) of pyruvate. Respiration rates were calculated from oxygen
consumption rates measured using a Clark electrode in the presence
of KCN (to inhibit the COX), before and after the addition of pyruvate
(to stimulate the AOX), followed by SHAM (to inhibit the AOX and calcu-
late residual respiration rates, which were subtracted to obtain KCN-
sensitive, SHAM-insensitive respiration). Error bars represent ses (n = 12
tubers from six different plants per line [A] or four mitochondrial
preparations per line, representing four independent tuber harvests
[B]). *, Significant difference from wild-type levels (P < 0.05).
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pathway of respiration. To confirm these results, AOX
protein levels were measured in isolated mitochondria
by western blots of proteins separated under reducing
conditions, using an AOX-specific antibody (Elthon
and McIntosh, 1987). The results showed that levels of
the AOX protein were significantly lower in mitochon-
dria from the PKc transgenic tubers in lines PKC-25, -6,
and -15 compared to wild type (Fig. 7A). In contrast,
the levels of cytochrome c oxidase (COX) in the trans-
genics were not significantly different to wild type
(Fig. 7B). The expression level of the AOX1 gene in
tubers was assessed by quantitative real-time RT-PCR.
The results showed that transcriptional abundance of
this gene was reduced to 51% = 11%, 42% = 20%, and
66% = 15% of wild-type levels in PKC-25, -6, and -15,
respectively (wild type = 100% * 13%) but not re-
duced in PKC-11 or PKC-26 (141% = 32% and 108% =
45%, respectively; n = 4).

DISCUSSION

The role of PKc in plants has not yet been fully
resolved, despite a number of physiological and bio-
chemical approaches published in the past. In this
article, we have studied the effect of decreased PKc
levels in potato tubers on tuber metabolism using an
RNAI silencing approach. Silencing the PKCYT1 gene
in tubers resulted in a large decrease in total PK
activity and decreased levels of the two major immu-
noreactive PKc polypeptides present in wild-type tu-
bers (of sizes approximately 55 and 60 kD; see Fig. 1).
The large reduction of PKCYT1 transcript levels to 1%
to 3% of wild type levels in the PKc transgenic tubers
probably accounts for the strongly decreased level
of the 55-kD PKc¢ immunoreactive band. However,
the strong reduction of the 60-kD protein does not ap-
pear to be solely due to reduced transcription of the
corresponding gene, because there was only weak
cross-silencing of other PKC genes. It has previously
been demonstrated that PKc in tobacco leaves and
castor oil leaves is a heterotetramer consisting of two
subunits of 57 kD and 56 kD (Plaxton, 1989; Knowles
et al., 1998) and our results indicate PKc in potato
tubers may also be composed of two different sub-
units. While this remains to be investigated, it is possi-
ble that the presence of the 55-kD protein is necessary
to maintain levels of the 60-kD protein, as has been
described for the heterotetrameric plant AGPase en-
zyme, in which the presence of the 49-kD subunit is
required to maintain stability of the 52-kD subunit
(Wang et al., 1998). Furthermore, analysis of tobacco
plants lacking PKc activity and protein levels in leaves
showed that the 56-kD and 57-kD PKc polypeptides
were either both present or both absent (Gottlob et al.,
1992). In the PKc transgenic plants analyzed here, the
third PKc immunoreactive PKc polypeptide detected
in tubers (approximately 50 kD) was slightly induced
in the transgenics, but this also does not appear to be
due to increased transcription of the PKC genes mea-

Plant Physiol. Vol. 148, 2008

Link between Pyruvate Kinase and Alternative Oxidase in Vivo

A 120
100
~ 801 L :
=S - *
£ 60 ’
x
5}
5t 40
20
0 : : ‘
wT PKC-11  PKC-25 PKC-6 PKC-15
P s NS e — 35kDa
B 140
120 1
1 1
100
- I
=
= 80+
S
6 60 -
(&)
40 -
20
0 ' ' ' '
WT PKC-11  PKC-25 PKC-6 PKC-15
e e e N S — 37 kD2

Figure 7. Quantification of AOX and COX protein levels in wild-type
and PKc transgenic tubers. Protein from isolated tuber mitochondria
was electrophoresed under reducing conditions and western blots were
probed with antibodies against AOX (A) or COX (B). The graphs show
the mean protein levels obtained from quantification of the western
blots (n = three tuber mitochondrial isolations per line, representing
three independent tuber harvests. Representative western blot results
are shown beneath graph bars (bands taken from the same western blot
are shown for each antibody). Error bars represent ses. *, Significant
difference from wild-type levels (P < 0.05).

sured. This protein band may represent either another
isozyme or a posttranslationally cleaved product of
one of the larger isozymes, similar to that described by
Tang et al. (2003).

Decreased PKc expression led to an increased PEP to
pyruvate ratio in growing tubers, indicating that PEP
to pyruvate conversion was indeed inhibited in the
transgenic lines (Fig. 3N). This was mainly due to a
decrease in pyruvate levels, while PEP levels remained
rather unchanged. The fact that the levels of PEP and
3-phosphoglycerate were not substantially increased
could be due to a coordinated inhibition of additional
regulation sites upstream in glycolysis and Suc degra-
dation. The decrease in pyruvate level was accompa-
nied by a decrease in the levels of some other organic
acids involved in the TCA cycle and decreases in the
level of Asp (Table II). There was also a decrease in the
level of total protein in the tubers. Labeling experiments

1649



Oliver et al.

using [*C]Glc showed a slight decrease in the parti-
tioning of carbon toward protein and organic acid
synthesis upon reduction of PKc levels. These results
indicate that PKc plays an important role in the regu-
lation of the levels of organic acids in tubers, as well as
preferentially partitioning carbon toward the TCA cy-
cle. This contention is strongly supported by the find-
ing that PKc is part of a functional association of
glycolytic enzymes with the mitochondrial membrane
in potato as well as Arabidopsis and that cyanide treat-
ment reduces the association of these enzymes while
increasing the demand on the alternative pathway of
respiration (Graham et al., 2007).

Surprisingly, the strong decrease in PKc levels did
not lead to substantial changes in overall respiration
rates and TCA cycle flux in tubers (Figs. 3F and 5A),
confirming previous studies with transgenic tobacco
plants lacking PKc in leaves (Grodzinski et al., 1999),
This is in contrast to the proposed role of PKc as
primary control site of respiration, which can be found
in many textbooks (see Kruger, 1997). There are two
possible explanations. First, the remaining activity of
PKc might still be high enough to maintain overall
respiration rates in the tissue. Secondly, plants have
alternative enzymes to PKc that may be able to con-
tinue to supply the mitochondria with pyruvate or
other carbon sources even when PKc is severely re-
duced, including PKp, PEPC, or PEP phosphatase. The
contribution of these enzymes to the rate of pyruvate
formation in vivo is difficult to determine. However,
we can exclude that the expression of PKp, the activity
and activation state of PEPC, and the activity of PEP
phosphatase were increased in compensation to the
decrease in PKc. Moreover, pyruvate levels were sig-
nificantly decreased by almost 50% in the strongest
PKc lines, compared to wild type, which indicates that
if compensation occurred, it was only of a partial
nature. Clearly, a moderate decrease in pyruvate and
other organic acids did not affect overall respiration
rates. This is supported by previous studies where
activities of enzymes of the TCA cycle were severely
decreased without displaying a massive effect on over-
all respiration rates (Carrari et al., 2003; Nunes-Nesi
et al., 2005, 2007; Studart-Guimardes, 2007). When
taken together, these observations indicate that levels
of TCA cycle intermediates are not strictly limiting
overall flux into respiration.

While a decrease in PKc did not affect the overall rate
of oxygen consumption (Fig. 3F), there was a clear effect
on the capacity of the AOX-mediated alternative path-
way of mitochondrial electron transport (Fig. 6). AOX
capacity was measured as the level of KCN-insensitive,
SHAM-sensitive respiration, which has previously
been used to assess AOX capacity in Arabidopsis and
potato (Hiser et al., 1996, Umbach et al., 2005). In
comparison to wild type, the PKc transgenics had
substantially lower rates of KCN-insensitive, SHAM-
sensitive respiration, both in whole tuber tissue and
isolated mitochondria, even after external pyruvate
addition. Direct feeding of pyruvate to tuber tissue led
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to activation of the AOX-dependent pathway in both
the wild type and the transgenics, providing direct
evidence for a regulation of AOX by pyruvate in vivo.
The pyruvate-induced stimulation of the alternative
pathway of respiration was evident in both wild-type
and transgenic tubers, which suggests that the lower
AOX capacity in the transgenic lines could be due to a
reduction in the amount of AOX protein, but a modi-
fication of regulatory properties of the AOX cannot be
discarded. Indeed, quantification of the levels of both
the AOX transcript and protein demonstrated a large
decrease of AOX protein in the transgenics compared to
wild type (Fig. 7).

Our results are consistent with previous studies
showing that AOX activity is increased after addition
of pyruvate or other organic acids in vitro (Millar et al.,
1993; Day et al., 1994). In short-term experiments, it
has been shown that exogenous addition of pyruvate
can act rapidly by stabilizing the active monomer-
ization state of AOX (Vanlerberghe et al., 1999). More-
over, long-term additions of citrate for 1 d have been
reported to lead to induction of AOX protein levels in
Poa annua roots and tobacco cell cultures (Vanlerberghe
et al., 1995; Millenaar et al., 2002). This study confirms
and extends this work. To our knowledge, it is the first
report demonstrating that pyruvate and AOX levels
are correlated in planta. This study shows that alter-
ations in glycolytic metabolism in the cytosol lead to
changes in AOX protein levels in mitochondria that
are probably due to changes in pyruvate levels. This
may have consequences for redox-signaling, because
previous studies have shown that loss of AOX protein
in plant tissues or cell cultures results in an elevated
level of mitochondrial reactive oxygen species and
programmed cell death (Robson and Vanlerberghe,
2002; Umbach et al., 2005). However, measurement of
thiobarbituric acid-reactive substances as an indicator
of reactive oxygen species in the transgenic tubers re-
vealed no major changes in cellular redox parameters
(data not shown). This result together with the recent
observation that the ucpl knockout of Arabidopsis
UNCOUPLING PROTEIN1, another element of the
alternative respiratory pathway, was in no way com-
promised in its response to oxidative stress (Sweetlove
et al., 2006), casts some doubts on previous sugges-
tions of the importance of this pathway in protection of
cellular components against oxidative damage. Sup-
pression of the alternative pathway may even be
beneficial in the context of the growing tuber, which
is characterized by low internal oxygen concentrations
and low adenylate energy states (Geigenberger et al.,
2000; Geigenberger, 2003). Despite the fact that the
exact physiological role of the AOX-mediated alterna-
tive pathway remains somewhat enigmatic, results
presented here provide strong evidence of the ability
of PKc to regulate its capacity via modulating pyru-
vate levels.

The results presented provide evidence for a role of
PKc to regulate both the level and the subsequent use of
pyruvate via the AOX-mediated alternative pathway
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of respiration. Moderate in vivo changes in pyruvate
levels were shown to have a strong impact on the
alternative pathway of respiration, while the COX-
dependent pathway was hardly affected. Obviously,
plants have to regulate cytosolic pyruvate levels very
carefully to keep alternative respiration to a minimum.
The role of PKc thus clearly contrasts with that of the
plastidial PK isozyme, which is crucial for provision of
pyruvate for fatty acid synthesis in the plastid (Andre
and Benning, 2007; Andre et al., 2007; Baud et al., 2007),
although it is interesting to note that both the potato
PKc transgenics and the Arabidopsis PKp mutants had
lower protein content. The main reason for the differ-
ences between these plants is likely to be the different
subcellular location of the isozymes, because the pri-
mary effect of the genetic manipulation, an alteration of
the overall PEP to pyruvate ratio, is similar in both
instances (contrast Andre and Benning [2007] with this
study). Nevertheless, we must be cautious when com-
paring potato and Arabidopsis because of the morpho-
logical and physiological differences between these
two species. For example, potato tubers are nonphoto-
synthetic, starch-storing organs, whereas Arabidopsis
seeds store oil and have some photosynthetic capacity
during part of their development.

In conclusion, the study presented here provides
new insights into the specific role of a major PKc iso-
zyme in plants and complements previous detailed ana-
lyses of the plastidial isozymes in Arabidopsis. However,
further studies will be required to fully understand the
function of the other plant PK isozymes revealed by our
phylogenetic analysis.

MATERIALS AND METHODS
Database Searching and Phylogenetic Analysis

PK cDNA or EST sequences were obtained from publicly available data
from the Joint Genome Institute (http://www.phytozome.net) and the Na-
tional Center for Biotechnology Information (http:/ /www.ncbi.nml.nih.gov).
A basic alignment of the deduced protein sequences was created using the
ClustalW program (Chenna et al., 2003) and then manually edited using the
GeneDoc program (Nicholas and Nicholas, 1997). Maximum likelihood trees
were created using the PHYML program with the JTT or DCMut evolutionary
model of amino acid substitution (Guindon et al., 2005) according to Lunn
(2007) and displayed using TreeView (Page, 1996).

Plant Material

Potato (Solanum tuberosum) cv Desiree was obtained from Saatzucht Lange
AG. Plants were maintained in tissue culture and then transferred to green-
house conditions as described by Fernie et al. (2002). Developing tubers (<10 g
FW) were harvested from healthy 10-week-old plants. For respiration analyses
and mitochondrial isolations, tubers were used immediately. For enzyme,
metabolite, and RNA analyses, tuber cores were immediately frozen in liquid
nitrogen, ground into a fine powder using a ball-mill (Retsch), and stored at
—80°C until further analysis.

Generation of PKc Transgenic Plants

A 650-bp fragment of the tomato (Solanum lycopersicum) cDNA clone
(TC172280) showing 97% nucleotide identity to the potato PKCYT1 gene was
amplified by PCR (5’ primer, CACCCGTGCTGAGGCTAC; 3’ primer,
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CAGGTGTGGGGGAGTTCA) and cloned via the GATEWAY method into a
modified GATEWAY binary vector (based on pK7GWIWG2(I)0; Karimi et al.,
2002) between the B33 patatin promoter and the OCS terminator using
kanamycin selection. The construct was introduced into plants (cv Desiree)
via Agrobacterium-mediated transformation, and plants were selected and
maintained as described previously (Tauberger et al., 2000).

Enzyme Activity and Protein Measurements

Proteins were extracted and desalted according to Trethewey et al. (1998)
using an extraction buffer containing 50 mm HEPES-KOH, pH 7.4, 5 mm
MgCl,, 1 mm EDTA, 1 mm EGTA, 5 mm dithiothreitol, 2 mm benzamidine,
2 mM g-amino-n-caproic acid, 0.5 mM phenylmethylsulfonyl fluoride, 0.1%
(w/v) fatty-acid-free bovine serum albumin, 10% (v/v) glycerol, and 0.1%
(v/v) Triton X-100, as in Geigenberger and Stitt (1993). Enzyme activities were
measured according to the following: hexokinase (Renz et al., 1993), phos-
phoglucomutase, ATP-dependent phosphofructokinase and fructokinase
(Sweetlove et al., 1996), PK (using an assay at pH 6.9) and PEP phosphatase
(Plaxton, 1990), and NAD malic enzyme and malate dehydrogenase (Hatch
et al.,, 1982). Total PEPC activity was measured as in Merlo et al. (1993) and
activation state as in Schuller et al. (1990). Protein was quantified using the Bio-
Rad Protein Assay Reagent (Bio-Rad Laboratories) according to the manufac-
turer’s instructions using bovine serum albumin as a quantification standard.

Metabolite Measurements

For measurement of PEP, pyruvate, nucleotides, and hexose phosphates,
200 mg tuber material was extracted with trichloroacetic acid according to
Trethewey et al. (1998). PEP and pyruvate were measured in fresh extracts
according to Merlo etal. (1993). For nucleotide measurements, the TCA extracts
were subjected to HPLC according to Geigenberger et al. (1997). Hexose phos-
phates were measured according to Merlo et al. (1993). Glc, Fru, Suc, and starch
were measured after ethanol extraction according to Geigenberger et al. (1996).
Extraction and measurement of all other metabolites (organic acids, amino
acids, and sugars) was performed by GC-MS analysis of methanol extracts as
described in Roessner et al. (2000). Recovery experiments were performed for
the various metabolites and are documented in Merlo et al. (1993) for hexose-
phosphates, pyruvate, and PEP, in Geigenberger et al. (1997) for nucleotides,
and in Roessner et al. (2000) for metabolites analyzed by GC-MS.

[**CIGIc Feeding with [U-*C]Glc

Tuber discs were prepared from growing plants and [U-"*C]Glc labeling
experiments were performed as described by Geigenberger et al. (1997). Tuber
discs were incubated with 2 mm Glc in 10 mm MES-KOH buffer, pH 6.5,
containing [U-*C]Glc (Amersham-Buchler; 10 discs per 4 mL in 100-mL
Erlenmeyer flasks; specific activity, 11.54 kBq umol ') for 2 h with shaking at
90 rpm, then briefly rinsed with 10 mm MES-KOH buffer, pH 6.5, and frozen in
liquid nitrogen. Tissue extractions and fractionation of soluble components
were carried out according to Geigenberger et al. (1997) and fractionation of
insolubles into starch, protein, and cell wall was carried out according to
Merlo et al. (1993).

[**CIGlc Feeding with Positionally Labeled
Glc Isotopomers

TCA cycle flux analysis was performed based on Nunes-Nesi et al. (2005).
Tuber discs were prepared from growing plants and incubated with 0.2 mm
Glc in 10 mm MES-KOH buffer, pH 6.5, containing [1-"*C]Glc, [3,4-*C]Glc, or
[6-"*C]Glc (Amersham-Buchler; 10 discs per 4 mL in 100-mL Erlenmeyer
flasks; specific activity 1.85 kBq mL ") with shaking at 90 rpm for 6 h. Released
CO, was captured in 10% KOH sampled every 2 h and quantified by liquid
scintillation counting.

Tuber Disc Respiration Measurements

Tuber discs (8 mm X 2 mm) were prepared from freshly harvested, 10-
week-old tubers and briefly rinsed in buffer (10 mm MES-KOH, pH 6.5) to
remove broken cells, then two discs were immediately transferred to the
temperature-controlled chamber of a Clark-type electrode (Hansatech) con-
taining 1 mL buffer at 25°C. AOX capacity was calculated as the KCN-

1651



Oliver et al.

insensitive, SHAM-sensitive respiration rates according to Umbach et al.
(2005) and Millar et al. (1993) by measuring oxygen consumption rates after
the sequential addition of KCN (1 mm), pyruvate (4 mm), and SHAM (10 mm).

To investigate whether there is a possible wound-induced respiration
during the time course of our tuber-disc experiments (<3 h; see above), we
measured the rates of oxygen consumption at different time points after slicing
the tubers (Supplemental Fig. S2). The data show that there is no increase in
respiration rates within the first 3 h of incubation. Previous studies on res-
piration rates in tuber slices are consistent with this (Hajirezaei and Stitt, 1991).

Mitochondrial Isolation and Respiratory Analysis

Mitochondria were isolated from freshly-harvested, 10-week-old tubers
according to Jenner et al. (2001) but with at least 100 g tuber material ground in
200 mL buffer in a Waring blender, and thereafter according the published
protocol (Jenner et al., 2001). Protein was quantified as described above.
Oxygen consumption was measured with a temperature-controlled, Clark-
type electrode (Hansatech) using 300 mg protein in 1 mL reaction buffer
(Sweetlove et al., 2002) with the sequential addition of NADH (1 mm), ADP
(0.2 mm), KCN (1 mm), pyruvate (4 mm), and SHAM (10 mm) at 25°C to
determine mitochondrial respiration rates according to Millar et al. (1993).

Analysis of Internal Oxygen Concentration

Pots were removed from plants and tubers were freed from soil and
immediately fixed in a micromanipulator (Saur Laborbedarf) while remaining
attached to the plant without previous washing with water. Without delay, a
230-um diameter, minimally invasive oxygen micro-optode (Lohmannsrében
et al., 2006) was phased into a depth of 4 mm under the tuber skin and the
oxygen concentration recorded. The optical measurement of molecular oxy-
gen was based on phosphorescent dyes with decay times dependent on the
ambient oxygen content.

RNA Isolation and Quantitative Real-Time
RT-PCR Analysis

Total RNA was isolated from 100 mg ground tuber material using the
Qiagen RNeasy Plant Minikit (Qiagen). RNA quality was assessed by agarose
gel electrophoresis prior to DNasel digestion (Promega) and cDNA synthesis
using the Superscript III RT-PCR kit (Invitrogen). Quantitative real-time RT-
PCR was performed as described by Czechowski et al. (2004). The quality of
cDNA synthesis was assessed using primer pairs for the 5" and 3’ ends of
glyceraldehyde-3-P dehydrogenase (GAPDH) according to Czechowski et al.
(2005). A set of control housekeeping genes was assessed using primers for
GAPDH and ELONGATION FACTOR 1« as described in Czechowski et al.
(2004) and for UBIQUITIN and B-TUBULIN as described by Diretto etal. (2006).
From these, UBIQUITIN and GAPDH were selected as the best housekeeping
genes used for normalization in this study, because their expression was
identical (variation less than one cycle), and expression was also constant across
the different cDNA samples (variation less than 1.5 cycles). Primers for the PK
and AOX1 (GenBank accession no. AB176953) genes were designed across
exon-intron boundaries; when genomic sequence was unavailable, a series of
primers was designed based on the cDNA sequence and tested to identify those
that would amplify across introns. All primer pairs used for quantification
produced a single band of the expected size as assessed by agarose gel
electrophoresis, and sequencing confirmed that the primers amplified the
expected product. Furthermore, only one product for each primer pair was
detected by melt curve analysis in all amplifications; this was distinguishable
from the product of genomic DNA control amplifications. No genomic DNA
contamination was detected in the cDNA samples used for quantification.
The primers used for quantification analyses were: UBIQUITIN (Diretto et al.,
2006),5'-ACAATGTCAAAGCCAAGATCCA, 3'-CGGAGACGGAGCACGAGA;
GAPDH, 5'-TTCAACATCATCCCTAGCAGCACT, 3'-TAAGGTCGACAAC-
AGAAACATCAG; PKCYT1, 5'-CATTGATATGATAGCGCTTTCG, 3'-GAG-
ATCACCTCGAGCAACC; PKCYT2, 5-GGAGTTCCAAATCATATCGAC,
3'-CCATAAATGCATCAGAGTTGGC; PKCYT3, 5'-GGCAATCTCTAATTGT-
CCGAG, 3'-AACGACAACACGATCGTGTG; PKPal, 5'-TGAATTGCCATC-
CATAGCATC, 3'-GTGACAACAGAGATGCCATGTG; PKPB2, 5'-GGAGT
CGGGTGACACACTAC, 3'-CCGTCTTGATTTCAGTTC; and AOX1, 5'-CCA-
TGGGAGACTTATGAAGC, 3'-CATACCTCCCACCATTCC.
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Western Blots

A total of 25 ug of protein from mitochondria isolated from tubers (for
AOX and COX) or from tuber tissue (for PKc) in Laemmli buffer (Laemmli,
1970) were subjected to 10% SDS-PAGE under reducing conditions, then
transferred to nitrocellulose membranes. Blots were briefly stained with
Ponceau Red (0.1% Ponceau S [Sigma-Aldrich], 5% acetic acid) to confirm
even loading and transfer, and then probed with primary antibodies raised
against Brassica napus PKc (Smith et al., 2000), Sauromatum gutarum AOX
(Elthon and McIntosh, 1987), or COX subunit II (Agrisera). The secondary
antibody for PKc was alkaline phosphatase-conjugated anti-mouse IgG (Bio-
Rad Laboratories), which was detected using the CDP-Star reagent (Roche)
followed by exposure to BioMax XAR film (Kodak, Sigma-Aldrich). The
secondary antibodies for AOX and COX were affinity-purified IRDye800-
conjugated goat antibodies (anti-rabbit IgG for COX, anti-mouse IgG for AOX,
Rockland Immunochemicals), and detection was performed using the Odys-
sey Infrared Imager system (LI-COR Biosciences). The AOX and COX western
blots gave a specific band of the expected size in isolated mitochondria (35 kD
for AOX, 37 kD for COX subunit II). Bands were quantified using the Scion
Image Software (Scion Corporation), band sizes were estimated by compar-
ison with size markers, and band intensity was proportional to the amount of
extract loaded.

Statistical Analysis

Data were analyzed using the Student’s ¢ test and deemed significant if
P < 0.05.

Sequence data from this article can be found in the GenBank/EMBL or
TIGR transcript contig data libraries under accession numbers S53332 (potato
PKCYT1), TC134535 (potato PKCYT2), TC141201 (potato PKCYT3), TC118783
(potato PKCYT4), TC135950 (potato PKCYT5), TC135043 (potato PKPal),
TC159621 (potato PKP«a2), TC149988 (potato PKPB1), and TC134739 (potato
PKPB2).

Supplemental Data

The following materials are available in the on-line version of this article.

Supplemental Figure S1. Phylogenetic alignment of PK and PK-like
proteins.

Supplemental Figure S2. Respiration rates at different time points after
tuber slicing.
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