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Biomass production by plants is often negatively corre-
lated with respiratory rate, but the value of this rate
changes dramatically during diurnal cycles, and hence,
biomass is the cumulative result of complex environment-
dependent metabolic processes. Mitochondria in photo-
synthetic plant tissues undertake substantially different
metabolic roles during light and dark periods that are
dictated by substrate availability and the functional ca-
pacity of mitochondria defined by their protein composi-
tion. We surveyed the heterogeneity of the mitochondrial
proteome and its function during a typical night and day
cycle in Arabidopsis shoots. This used a staged, quanti-
tative analysis of the proteome across 10 time points
covering 24 h of the life of 3-week-old Arabidopsis shoots
grown under 12-h dark and 12-h light conditions. Detailed
analysis of enzyme capacities and substrate-dependent
respiratory processes of isolated mitochondria were also
undertaken during the same time course. Together these
data reveal a range of dynamic changes in mitochondrial
capacity and uncover day- and night-enhanced protein
components. Clear diurnal changes were evident in mito-
chondrial capacities to drive the TCA cycle and to under-
take functions associated with nitrogen and sulfur metab-
olism, redox poise, and mitochondrial antioxidant defense.
These data quantify the nature and nuances of a daily
rhythm in Arabidopsis mitochondrial respiratory capacity.
Molecular & Cellular Proteomics 9:2125–2139, 2010.

Biomass production by plants is by definition the remainder
of the subtraction of the respiratory rate from the photosyn-
thetic rate. The values of these rates change both in diurnal
cycles and across plant development, and hence, biomass is
the cumulative result of these dynamic metabolic processes.
The photosynthetic rate and its underlying determinants, ca-
pacities, and limitations have been extensively investigated,
quantified, and modeled in plants (1, 2). Although there have
been a range of studies analyzing changes in respiratory rates
in response to light, temperature, and CO2 (3–6), there has

been relatively little analysis of the molecular determinants of
respiratory capacity or their potential to fluctuate during the
daily light and dark cycles of plant growth.

Mitochondria in photosynthetic plant tissues are known to
undertake substantially different metabolic roles during light
and dark periods. These changes are thought to be largely
driven by fluxes in metabolism that provide different sub-
strates to mitochondria. During the day, under photorespira-
tory conditions, glycine is a major substrate for mitochondrial
respiration (7–9). On transfer to darkness, organic acids de-
rived from photosynthetically derived triose phosphates are
the first respiratory substrates for several minutes (10, 11);
later, organic acids from the breakdown of transitory leaf
starch provide the majority of respiratory substrates for hours
(11). In situations of extended darkness for days, protein
degradation can provide amino acids as substrates for respi-
ration (12, 13). The need for different carbon skeleton prod-
ucts from mitochondria during light and dark periods is also
recognized, for example as precursors for nitrogen and sulfur
assimilation (14).

Measuring respiration in the light is complicated by the
simultaneous operation of photosynthesis; hence, classical
respiratory assays of oxygen consumption or CO2 evolution
are compromised. Estimates of respiration in the light using
gas exchange measurements at different light intensities or at
different CO2 concentrations (15–19) suggest a lower rate of
TCA cycle-linked respiration in the light than in darkness but
a higher overall rate of mitochondrial activity in the light due to
the glycine-dependent photorespiratory rate (20).

Recently, stable isotope labeling has predicted bidirec-
tional, non-cyclic TCA cycle function in the light, generating
2-oxoglutarate for nitrogen assimilation and fumarate from
oxaloacetate (21). Other studies have attempted to under-
stand the effect of light on mitochondrial carbon assimilation
by analysis of changes in abundance of transcripts for meta-
bolic enzymes. For example, the abundance of mRNA encod-
ing glycine decarboxylase (GDC)1 subunits and serine hy-
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droxymethyltransferase (SHMT) was increased drastically in
pea leaf upon exposure to light, possibly regulated by phyto-
chrome-mediated transcriptional control of photorespiratory
components (22, 23). In contrast, the expression of glutamate
dehydrogenase, branched-chain �-ketoacid dehydrogenase
complex (BCKDH), and electron transfer flavoprotein:ubiqui-
none oxidoreductase (ETFQO) was induced by sugar starva-
tion when Arabidopsis plants were grown in extended dark-
ness (24–26). The expression profile of the majority of genes
encoding mitochondrial respiratory complexes did not show
day/night differences (27), but transcripts for two alternative
pathway components, nda1 and ndb2, were regulated in a
diurnal manner (28). Genes in the mitochondrial genome,
some of which encode respiratory components, were tran-
scribed at a different rate during a light/dark cycle, but the
overall transcript pools were maintained at a steady-state
level (29). Light-induced changes of mitochondrial compo-
nents may also occur at the translational and/or post-trans-
lational level that would not be detected as changes in
transcript abundance. For example, mitochondrial pyruvate
dehydrogenase complex can be inactivated by phosphory-
lation in the light (30).

The capacity of mitochondria to perform metabolism is
defined by the abundance and activation state of its catalytic
protein machinery and the concentration of substrates, prod-
ucts, and inhibitors of each reaction. Analysis of all these
factors and their relative contribution to the control and reg-
ulation of the respiratory process is a daunting task. Proteome
studies of plant mitochondria from various species that reveal
differences in the abundance of mitochondrial proteins be-
tween different organs, for example between leaves, roots,
cell culture, seeds, and storage tubers, are an important start-
ing point (31–37). This is because protein abundance repre-
sents an upper limit constraint to function, and proteome
studies can also reveal evidence for post-translation modifi-
cation or degradation products from proteins. There are major
differences recorded in all these plant mitochondrial studies in
the abundance of GDC and SHMT. These enzymes dominate
the soluble proteome in mitochondria from photosynthetic tis-
sues but can be virtually absent from non-photosynthetic tis-
sues. More subtle differences are noted between tissues in
the abundance of mitochondrial formate dehydrogenase, pro-
teins in amino acid metabolism, and components of the TCA
cycle. From these data, it has been proposed that the mito-
chondrial proteome in plants is modified in different tissues to
suit the prevailing metabolic requirements (31, 32, 37). Similar

suggestions have been made following analysis of the heter-
ogeneity of mitochondrial protein composition in mammalian
tissues (38–40). However, although the heterogeneity in the
mitochondrial proteome between plant organs is clear, it is
not known to what degree short term temporal dynamics are
involved in maintaining or modifying the mitochondrial pro-
teome within photosynthetic tissues.

Here, we consider whether mitochondria from photosyn-
thetic tissue have a static proteome during the day and night
cycle or whether the proteome changes to meet the different
metabolic requirements of the two periods and their transi-
tion. This analysis was undertaken by the staged quantitative
analysis of the mitochondrial proteome over 10 time points
covering a 24-h period in the life of 3-week-old Arabidopsis
leaves. The data are coupled to detailed analysis of enzyme
capacities, substrate-dependent respiratory rates, and West-
ern blots to identify a series of specific proteins during the
same time course. The combination of data reveals day- and
night-enhanced protein sets and clear diurnal changes in
mitochondrial capacities required to drive the TCA cycle and
to undertake functions associated with nitrogen and sulfur
metabolism and with cellular redox poise.

EXPERIMENTAL PROCEDURES

Isolation of Shoot Mitochondria from Arabidopsis Hydroponic
Seedling Culture—Conditions for the hydroponic culture were out-
lined previously (32). Shoot mitochondria were isolated from 21-day-
old hydroponically grown Arabidopsis using a method adapted from
Day et al. (41) with slight modification. Intact plants were removed
from sucrose liquid medium, and shoots were separated away from
roots. All subsequent steps were carried out on ice in a cold room
(4 °C) unless indicated otherwise. Approximately 300 g of shoot ma-
terials were homogenized with a Polytron blender (Kinematica, Kriens,
Switzerland) in 900 ml of cold grinding medium (0.3 M sucrose, 25 mM

tetrasodium pyrophosphate, 1% (w/v) PVP-40, 2 mM EDTA, 10 mM

KH2PO4, 1% (w/v) BSA, 1 mM glycine, 20 mM ascorbic acid, pH 7.5)
for 10 s twice with 5–10-s intervals between bursts. The homogenate
was filtered through four layers of cheesecloth and centrifuged at
1,500 � g for 5 min. The supernatant was carefully decanted into a
new centrifuges tube and centrifuged at 24,000 � g for 15 min. The
organelle pellet was further washed by repeating the 1,500 and
24,000 � g centrifugation steps twice in sucrose wash buffer (0.3 M

sucrose, 0.1% (w/v)) BSA, 1 mM glycine, 10 mM TES, pH 7.5). The
pellet of crude organelles was carefully resuspended in sucrose wash
buffer using a clean paintbrush and gently layered over a 35-ml
continuous 28% (v/v) Percoll density gradient containing a gradient of
0–4.4% PVP-40 in sucrose wash buffer. The gradient was then
centrifuged at 40,000 � g for 45 min. The mitochondrial band was
seen as a band near the bottom of the tube. The upper layers of the
density gradient were removed, and the mitochondrial band was
collected. The mitochondrial fraction was diluted �5-fold with su-
crose wash buffer and centrifuged at 24,000 � g for 10 min. The
washed fraction was further purified with Percoll density centrifuga-
tion as described for the first gradient. The resulting mitochondrial
fraction was diluted with sucrose wash buffer without BSA and cen-
trifuged at 24,000 � g for 10 min. Isolated mitochondria were stored
in sterile Eppendorf tubes at �80 °C as 500-�g protein pellets or used
immediately for respiratory assays.

Gel Electrophoresis and Immunoblotting—For Western blotting
with one-dimensional SDS-PAGE, Bio-Rad Criterion precast gels

ase; MCCA, MCCase �-subunit; MCCase, 3-methylcrotonyl-CoA
carboxylase; MCCB, MCCase �-subunit; mMDH, mitochondrial malate
dehydrogenase; NAD-ME, NAD-dependent malic enzyme; OAS-TL, O-
acetylserine thiol-lyase; PDC, pyruvate dehydrogenase complex; ROS,
reactive oxygen species; SHMT, serine hydroxymethyltransferase; TES,
2-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino}ethanesulfonic acid;
ANOVA, analysis of variance; ETFQO, electron transfer flavoprotein:
ubiquinone oxidoreductase.
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(10-�g samples, 10–20% (w/v) acrylamide, Tris-HCl, 1 mm, 18-well
comb) were used. Gel electrophoresis was performed at 20 mA/gel
for 3 h. Protein transfer onto a HybondTM-C Extra nitrocellulose
membrane (GE Healthcare) was performed using a Hoefer SemiPhor
(GE Healthcare) instrument according to the manufacturer’s instruc-
tions. Transferred proteins were probed with primary antibodies spe-
cifically targeted to NDA1 and NDB2 (42), alternative oxidase (AOX)
and porin (from Dr. Tom Elthon, Lincoln, NE), and biotin (anti-biotin-
FITC antibody produced in goat, Sigma). A chemiluminescence de-
tection linked to horseradish peroxidase was used to show the sec-
ondary antibody, and the immunoreaction was detected using the
ECL Advance Western Blotting Detection kit (GE Healthcare). Images
were captured using an ImageQuantTM RT ECLTM system (GE Health-
care), and the intensities of the chemiluminescence signals were
quantified using ImageQuant TLTM software (version 7.0, GE Health-
care). All Western images are composites of two parts. The dark
phase (0, 1, 2, 4, and 8 h) and the light phase (12, 13, 14, 16, and 20 h)
were originally run on the same gel but in a different order. The
compilation was done simply to order them as dark phase followed by
light phase for consistency with the other data presentations. The
relative signal bar graphs are based on three sets of gel images, each
from a separate biological replicate gel.

Differential (DIGE) two-dimensional IEF/SDS-PAGE was performed
according to Eubel et al. (43). A randomized experimental design was
used to minimize the impact of preferential labeling and gel-
to-gel variation on downstream statistical analysis (see supple-
mental Fig. 1B for experimental design). Fluorescent protein spots
were visualized on a TyphoonTM laser scanner (GE Healthcare), and
image comparison was done using the DeCyderTM software package
(version 6.5, GE Healthcare). Gels were first analyzed using the dif-
ferential in-gel analysis mode of the DeCyder (GE Healthcare) soft-
ware package prior to a comprehensive biological variance analysis.
Gel pictures were electronically overlaid using the ImageQuant TL
software (GE Healthcare). Following scanning for fluorescent signal,
gels were stained and visualized by colloidal Coomassie (G-250) for
mass spectrometry analysis.

Trypsin Digestion and Mass Spectrometry Analysis—In-gel diges-
tion of the selected gel spots was performed according to
Shevchenko et al. (44). Peptides were separated by self-packed
Microsorb (Varian Inc.) C18 (5 �m, 100 Å) reverse phase columns
(0.5 � 50 mm) on an Agilent Technologies 1100 series capillary liquid
chromatography system and analyzed using an XCT Ultra IonTrap
mass spectrometer equipped with an ESI source as described pre-
viously (32). The chromatography system and mass spectrometer
were controlled by Chemstation (Agilent Technologies) and MSD Trap
Control version 6.0 (Build 38.15) software (Bruker Daltonik GmbH).
Peptides were eluted from the column at 10 �l/min using a 9-min
acetonitrile gradient (5–80% (v/v)) in 0.1% (v/v) formic acid) at a
regulated temperature of 50 °C into the mass spectrometer operated
in positive mode. The method used for initial ion detection utilized a
mass range of 200–1400 m/z with scan mode set to standard (8100
m/z per s), ion charge control conditions set at 250,000, and three
averages taken per scan. Smart mode parameter settings were used
with a target of 800 m/z, a compound stability factor of 90%, a trap
drive level of 80%, and “optimize” set to normal. Ions were selected
for MS/MS after reaching an intensity of 80,000 counts/s, and two
precursor ions were selected from the initial MS scan. MS/MS con-
ditions used were as follows: SmartFrag for ion fragmentation, a scan
range of 70–2200 m/z using an average of three scans, the exclusion
of singly charged ions option, and ion charge control conditions set to
200,000 in ultrascan mode (26,000 m/z per s). Resulting MS/MS
spectra were exported from the DataAnalysis for LC/MSD Trap ver-
sion 3.3 (Build 149) software package (Bruker Daltonik GmbH) using
default parameters for autoMS(n) and compound export. All mass

spectra have been submitted to the Proteomics Identifications
(PRIDE) database (http://www.ebi.ac.uk/pride/; accession numbers
10471–10525).

Results were queried against an in-house Arabidopsis database
comprising ATH1.pep (release 7) from The Arabidopsis Information
Resource and the Arabidopsis mitochondrial and plastid protein sets
(the combined database contained a total of 30,700 protein se-
quences with 12,656,682 residues) using the Mascot search engine
version 2.2 and utilizing error tolerances of �1.2 Da for MS and �0.6
Da for MS/MS, “enzyme” set to trypsin, “maximum missed cleav-
ages” set to 1, variable modifications of oxidation (Met) and carbam-
idomethyl (Cys), instrument set to ESI-TRAP, and peptide charge set
at 2� and 3�. ATH1.pep is a non-redundant database with system-
atically named protein sequences based on Arabidopsis genome
sequencing and annotation. Results were filtered using “standard
scoring,” “maximum number of hits” set to “auto,” and “ion score
cutoff” set at 38. In addition, only bold red peptides were considered,
thus removing duplicate homologous proteins from the results. A
protein match was automatically validated only when at least two
unique peptides both showing an ion score higher than 38 (Mascot-
defined significance/identity threshold, p � 0.05) were present. For
proteins identified by a single significant peptide having a score
above the significance threshold, only the spectrum of the significant
peptide was inspected to ensure that each peak corresponding to a
fragmented ion was clearly above base-line background noise and a
series of at least four continuous y or b ions were observed. To
estimate the false-positive rate of our protein identification strategy, a
single concatenated mgf file generated by MASCAT (Agilent Technol-
ogies), which comprised all the MS/MS output data, was then used to
search against a target-decoy database using the above search strat-
egy with decoy option selected. Using the defined search parameters,
the false-positive rate in the target-decoy search was found to be
�4.5%.

When peptides were matched to multiple members of a protein
family encoded by different Arabidopsis genes, each protein match
was manually inspected to identify the peptide(s) that were uniquely
assigned to one gene product but not to the others. Protein isoforms
that were identified by the same set of peptides were both assigned
as protein matches (see supplemental Table 1). When proteins of
different families were identified in a gel spot, a reference map of the
Arabidopsis mitochondrial proteome (data not shown) was used to
identify the match, taking into account the number of peptides with an
ion score �38 and the delta mass for each peptide.

Oxygen Electrode and Spectrophotometric Measurements of Iso-
lated Mitochondria—Oxygen consumption by plant extracts and
crude and purified mitochondria was measured in a computer-con-
trolled Clark-type O2 electrode unit (Hansatech Instruments, Pentney,
UK). Calibration of the electrode was carried out by the addition of
sodium dithionite to remove O2 from the electrode chamber. The
air-saturated O2 concentration was assumed to be 240 �M. All reac-
tions were carried out using 1 ml of mitochondrial reaction medium
(0.3 M sucrose, 5 mM K2H2PO4, 10 mM TES, 10 mM NaCl, 4 mM

MgSO4, 0.1% (w/v) BSA, pH 7.2) and 100 �g of mitochondrial sample
protein. Succinate (5 mM), glutamate (10 mM), malate (10 mM), glycine
(10 mM), formate (10 mM), NADH (1 mM), NAD (2 mM), CoA (12 �M),
thiamine pyrophosphate (0.2 mM), and KCN (0.5 mM) were added as
appropriate to modulate the O2 consumption rates of mitochondria.
Purified mitochondria in sucrose wash buffer were supplemented with
1 mM glycine and 0.5 mM ATP and incubated at 4 °C for 30 min before
glycine-dependent respiration measurements to ensure full activation
of GDC (45). Pyruvate dehydrogenase complex (PDC), 2-oxoglutarate
dehydrogenase complex (2-OGDC), and BCKDH activity was mea-
sured according to Taylor et al. (46). Formate dehydrogenase (FDH)
activity was measured as described by Oliver (47). The activity of

Diurnal Dynamics of Plant Mitochondrial Proteome

Molecular & Cellular Proteomics 9.10 2127

http://www.mcponline.org/cgi/content/full/M110.001214/DC1
http://www.mcponline.org/cgi/content/full/M110.001214/DC1
http://www.ebi.ac.uk/pride/
http://www.mcponline.org/cgi/content/full/M110.001214/DC1


NAD-dependent malic enzyme (NAD-ME) was measured according to
Jenner et al. (48). Fumarase was assayed as described by Hatch (49).
The amination and deamination activity of GDH at A340 was measured
according to Turano et al. (50). Citrate synthase (CS), mitochondrial
malate dehydrogenase (mMDH), and aconitase (ACON) were assayed
as described previously in Lee et al. (32). O-Acetylserine thiol-lyase
(OAS-TL) activity was measured according to the method outlined by
Winger et al. (51). NAD-dependent isocitrate dehydrogenase (IDH)
was assayed by monitoring the rate of change in A340 following the
reduction of NAD in the reaction mixture containing 50 mM Tris
acetate (pH 7.2), 0.05% (v/v) Triton X-100, 2 mM NAD, 20 mM MnCl2,
50–100 �g of mitochondrial proteins, and 20 mM isocitrate.

Statistical Analysis—Unless stated otherwise, all data obtained
from experiments are expressed as means � S.E. to two significant
figures for at least three independent biological replicates. Statistical
significances were evaluated by Student’s t test or one-way ANOVA
and Tukey range analysis using Microsoft Excel XP (2002, SP3) or the
statistical software package R (version 2.6.1).

Supplemental Data—Details of mass spectrometry-based identifi-
cation of protein spots are in supplemental Table 1. Tukey range
analysis of gel spot abundance changes is provided in supple-
mental Table 2. Tukey range analysis of enzyme assays is provided
in supplemental Table 3. One-dimensional gel and two-dimensional
gel DIGE images of diurnal mitochondrial protein samples are in
supplemental Fig. 1. Additional immune reaction blots with selected
antibodies (3-methylcrotonyl-CoA carboxylase (MCCase) �-subunit
(MCCA) and porin) are included in supplemental Fig. 2. A spectrum of
spot 51 (which was identified by a single peptide; supplemen-
tal Table 1) is available for reanalysis in supplemental Fig. 3 (the
spectrum was extracted using MascotDatfile library (52) and manually
edited to include peak masses detected).

RESULTS

Quantitative Analysis of Changes in Mitochondrial Proteome
during Diurnal Cycle—Mitochondria were isolated (in tripli-
cate) from plant shoot tissues from 21-day-old Arabidopsis
shoots harvested after 0, 1, 2, 4, and 8 h of darkness and after
0, 1, 2, 4, and 8 h of illumination. To achieve this, timed
mitochondrial preparations were performed on 30 different
days from staggered plantings of hydroponically grown plants
to generate the 30-sample time series across day 21 of Ara-
bidopsis shoot development (supplemental Fig. 1A). We then
performed a detailed differential two-dimensional (DIGE) IEF/
SDS-PAGE experiment using a randomized experimental de-
sign incorporating all samples and replicates across 15 gels
labeled with Cy3 or Cy5 (supplemental Fig. 1B). Cy2 was
bound to a mixture of all 30 samples as an internal standard
on each gel. The set of 15 gels was analyzed using the
DeCyder software package, and protein spots that reproduc-
ibly changed in abundance across the time course according
to a one-way ANOVA (p � 0.05) were selected for further
analysis (supplemental Table 2). In total, 55 protein spots
changed in abundance based on the ANOVA, and their iden-
tities were revealed using LC-MS/MS (supplemental Table 1);
45 were known mitochondrial proteins.

Hierarchical clustering of the abundances of the 45 mito-
chondrial protein spots was then performed, showing the
simultaneous accumulation of protein components engaging
in the same or related metabolic pathways at different times in

the diurnal cycle (Fig. 1). TCA cycle enzymes peaked early in
the night (cluster 1), and leucine catabolism enzymes and
photorespiration enzymes peaked at or around the transition
to light (clusters 2 and 4), whereas malate dehydrogenase and
succinyl-CoA ligase increased during the day (cluster 3).

The protein data were compared against the corresponding
averaged transcript abundance data for each corresponding
gene extracted from publicly available microarray data for
diurnal changes in Arabidopsis leaves (27, 53) (Fig. 1). When
comparing these profiles, although some protein abundance
changes followed transcript abundance (e.g. spots 15–17,
MCCase), the majority did not show clear positive correlation,
suggesting that translational and post-translational responses
are significantly responsible for the diurnal changes in the
mitochondrial proteome. Differences in the temporal lag be-
tween transcription and translation of proteins may also be a
factor in altering the correlations observed in these compari-
sons (e.g. GDC, spots 54 and 55). To explore the functional
meaning of the differences noted from the proteome analysis,
data from substrate-dependent respiratory assays, activity
measurements, and Western blot analysis were integrated
with the changes in protein spot abundances. Differences
were explored using ANOVA and the Tukey range test
(supplemental Tables 2 and 3) to justify the differences noted
below. The analysis of these results is outlined below in
themed sections related to mitochondrial metabolism.

Diurnal Changes in Photorespiratory Enzymes and Related
Pathways—To examine the photorespiratory capacity of
mitochondria during a day/night cycle, glycine-dependent oxy-
gen consumption was measured in the freshly isolated mito-
chondria, which were later used for the DIGE analysis. Gly-
cine-dependent respiratory capacity slowly declined to a
minimal level at the end of the night (Fig. 2A). This was
followed by an increase to the maximal rate in mitochondria
isolated after the first 4 h of illumination. This correlates well
with the total glycine and serine levels observed in Arabidop-
sis leaves (54). To our knowledge, this dramatic change in
isolated mitochondrial glycine-dependent respiratory capac-
ity across the diurnal cycle has not been reported previously.

In the DIGE analysis, we identified one isoform of SHMT
(At4g37930) and several subunits of the GDC (H-protein
(At1g32470 and At2g35370), L-protein (At1g48030), and P-
protein (At4g26970 and At4g33010)) that were altered in
abundance across the diurnal cycle. The SHMT isoform found
in the major leaf form of this protein and the H, L, and P
subunits are three of the four subunits of GDC. Analysis
showed that these proteins clustered into two distinct groups
(Fig. 1). Protein spots in cluster 4 were generally more highly
abundant at the end of the night followed by a decline to the
minimal levels 2–4 h after the onset of light before recovering
midday (Fig. 1). The SHMT in wild-type potato leaves exhib-
ited a similar change in abundance in the diurnal cycle (55).
The pI of SHMT identified in cluster 4 (spot 25) was lower than
the same protein in cluster 2 (spot 23). In comparison, cluster
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2 contained protein spots that are generally more abundant in
the light than in the dark with an increase of up to 3-fold
detected from 4 to 12 h (Fig. 1). The GDC P-proteins identified
in cluster 2 did not match to their predicted molecular weight
and pI (supplemental Table 1, spots 9–12). These are both
likely to be degradation products that could form in the pres-
ence of inhibitory compounds when the rate of glycine decar-
boxylation by the mitochondria is elevated in the light (Fig.
2A). One such compound known to damage GDC/SHMT is
formaldehyde (37, 56, 57). We did not detect changes in the
degradation products from other GDC subunits, but these
may be too small to be identified on two-dimensional gels. At
20–24 h, the abundance of these GDC degradation products
was at their lowest. Notably, this pattern inversely correlated
with the level of the antioxidant protein peroxiredoxin (spot 52)
toward the end of the day (Fig. 1); peroxiredoxin may help to
protect proteins from damage by lowering ROS levels in
mitochondria.

A number of FDH protein spots varied in abundance during
the diurnal cycle, namely the accumulation of FDH proteins
with different pI values (spots 39, 40, 43, and 44). It is possible
that these represent isoforms of FDH with different phosphor-
ylation status (58). However, no significant changes were

observed in formate-dependent oxygen consumption or the
maximal catalytic FDH activity across the time points exam-
ined (Fig. 2B). Interestingly, the changing abundance of the
major FDH protein spot identified (spot 43) tightly clustered
over the diurnal period with the abundance of the cysteine-
synthesizing enzyme OAS-TL (Fig. 1). The abundance of this
OAS-TL protein spot across the cycle was significantly differ-
ent from random based on the ANOVA of the DIGE data. The
OAS-TL spot abundance peaked significantly at 2 h (when
compared with all other time points except 8 h) and 16 h
(when compared with 13 h, the lowest protein abundance in
the day) based on the Tukey range analysis (Fig. 1 and
supplemental Table 2). The activity of OAS-TL measured by
enzymatic assay in mitochondrial samples also changed sig-
nificantly and was apparently the inverse of the spot abun-
dance change, showing a decrease in cysteine synthesis rate
during the night period followed by a �40% increase 8 h after
light illumination (Fig. 2B and supplemental Table 3).

Changes in Entry Steps of TCA Cycle during Diurnal Cy-
cle—The PDC is often considered the gatekeeper controlling
the entry of carbon into the TCA cycle. We identified PDC E1�

(At1g59900), E2 (At1g54220), and E3 (At1g48030) protein
spots to be generally higher in abundance, peaking at 2–8 h

FIG. 1. Changes in abundance of mitochondrial proteins and transcripts during diurnal cycle. Using The Institute for Genomic Research
MultiExperiment Viewer, hierarchical clustering was performed on the normalized protein abundances for 45 mitochondrial proteins that were
altered in abundance during the diurnal cycle (with one-way ANOVA p � 0.05). Hierarchical clustering was performed using average linkage
and euclidean distance. On the right, the corresponding averaged and normalized (using algorithm in The Institute for Genomic Research
MultiExperiment Viewer) transcript abundance data extracted from Smith et al. (53) and Bläsing et al. (27) are shown. The four major clusters
observed are marked 1–4 on the far left. The heat map color gradient range is shown at the top for both transcript and protein data. The
day/night cycle is indicated at the bottom of the panels by a white (day) and a black (night) bar. Mass spectrometry evidence for these
identifications is shown in supplemental Table 1. A Tukey analysis of the significance of spot abundance changes over time is reported in
supplemental Table 2.
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into the dark phase. No significant differences were detected
in the total enzyme activity of dephosphorylated/activated
PDC during the diurnal cycle (Fig. 3A). However, previous

analysis of PDC activity in other plant species showed that the
enzyme complex was inactivated by phosphorylation of E1�

in the light and reactivated by dephosphorylation in the dark

FIG. 2. Changes in activity of photo-
respiration and its related pathways in
mitochondria during diurnal cycle in
Arabidopsis shoot. A, oxygen con-
sumption dependent on glycine as sub-
strate and supplemented with appropri-
ate cofactors was measured. B, the
catalytic activity of FDH and OAS-TL and
the formate-dependent oxygen con-
sumption rate were measured. Enzyme
activity profiles are plotted with respect
to 0 h (100%), and glycine- and formate-
dependent oxygen consumption mea-
surements are presented as nmol min�1

mg�1 of protein. Data were compared
using a one-way ANOVA cutoff of p �
0.05 with an asterisk (*) indicating sig-
nificant differences between 10 data
points. A Tukey analysis is shown in
supplemental Table 3. The results are
shown as means of biological replicates
and error bars are S.E. (n � 3). The day/
night cycle is indicated at the top of the
plot by a white (day) and a black (night)
bar.
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(30, 59). Therefore, the observed PDC spot abundance
changes in acidic pI versions of E1� may be a consequence
of such phosphorylation(s) but were not sufficient under our
growth conditions to significantly change the more basic,
dephosphorylated E1� spots abundances that define the ac-
tivity of the enzyme.

The changes in abundance of the PDC subunits were clus-
tered with two distinct groups of proteins during the diurnal
cycle: the E2 subunit clustered with a group of photorespira-
tory proteins in cluster 4, whereas the E1� subunit was clus-
tered with two other TCA cycle enzymes in cluster 1, CS

(spots 37 and 38) and ACON (spots 1 and 2). The protein
spots identified as CS were minor isoforms on preparative
two-dimensional gels, and there was no significant change in
the abundance of the major CS protein spot (supple-
mental Fig. S1B). No significant change was observed in
enzymatic activity of CS in mitochondrial extracts from across
the dark and light cycles (Fig. 3A). In contrast, ACON activity
showed significant differences in the diurnal cycle (Fig. 3A)
with the lowest activity at 1–2 h after illumination. Two protein
spots containing ACON2 with different pI values were altered
in abundance at distinct times of the diurnal cycle and were

FIG. 3. Changes in enzyme activities focused on TCA cycle, glutamate metabolism/catabolism, and branched-chain amino acid
degradation in mitochondria during diurnal cycle in Arabidopsis shoot. A, changes in the activity of entry steps of the TCA cycle in the
mitochondria. Enzyme activity was measured for PDC, CS, and ACON. B, changes in the activity of decarboxylating dehydrogenases in the
TCA cycle and branched-chain amino acid degradation in the mitochondria. Enzyme activity was measured for IDH and 2-oxoglutarate
dehydrogenase (2-OGDH). The intensity of the band containing a biotin-containing protein, MCCA, on immunoblot over a 24-h period was also
plotted (also see supplemental Fig. 2A). C, changes in the activity of aminating and deaminating activity of glutamate dehydrogenase in the
mitochondria. D, analysis of the TCA cycle enzymes in the mitochondria focused on malate formation and utilization. Oxygen consumption in
the presence of malate � glutamate supplemented with appropriate cofactors was measured. Enzyme activity was measured for mMDH,
NAD-ME, and fumarase (FUM). All data are plotted with respect to 0 h (100% activity or band intensity) with the exception of substrate-de-
pendent oxygen consumption measurements. The catalytic activity profiles of enzymes found to be significantly changed between data points
(one-way ANOVA p � 0.05) are indicated with an asterisk (*). A Tukey analysis is shown in supplemental Table 3. The results are shown as
means from three biological replicates with error bar representing relative S.E. The day/night cycle is indicated at the top of the plot by a white
(day) and a black (night) bar.
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separated within cluster 1 (Fig. 1), indicating some differences
between them. Analysis of the MS/MS spectra of the two
protein spots has not yet identified a post-translational mod-
ification that could be responsible; however, peptides cover-
ing only �20% of the ACON2 protein sequence have so far
been identified from these gels (supplemental Table 1).

Regulation of Exit and Entry of Non-decarboxylating Side of
TCA Cycle via 2-Oxoglutarate—The abundance of protein
spot 45, which contained IDH3 (At3g09810), declined by
2-fold at the end of the dark period (12 h) and then increased
gradually to reach equilibrium during the light period (Fig. 1).
A similar expression profile was observed at the transcrip-
tional level for IDH3 (Fig. 1). Measurement of the total IDH
activity showed no observable differences over the time
course (Fig. 3B), possibly due to the compensation of other
catalytic IDH isoforms in Arabidopsis mitochondria. Protein
spot 42, containing GDH, changed in abundance in a manner
resembling the change in the IDH3 protein spot (Fig. 1). Mea-
surement of the maximal catalytic amination activity of GDH
(generating glutamate) showed no significant changes during
the dark/light phases (Fig. 3C). In contrast, the GDH deami-
nation activity (generating 2-oxoglutarate) decreased by 25%
during 8–12 h of the dark phase and increased rapidly in the
2 h after the dark to light transition (Fig. 3C), closely following
the protein spot 42 abundance across the diurnal cycle.

2-Oxoglutarate generated from the TCA cycle or glutamate
catabolism can be utilized to facilitate the degradation of
branched-chain amino acids (BCAA). Seven protein spots of
the BCAA degradation pathway, ETFQO, MCCA, MCCB, and
BCKDH were altered in abundance during the diurnal cycle
(Fig. 1). This BCAA pathway in plants contains 12 enzymes,
seven of which are known to be located in mitochondria; in
Arabidopsis, 14 genes encode subunits for these seven en-
zymes (46). The abundance of the MCCase subunits all
peaked at �12 h in the dark or 1 h into the light (13 h), and
BCKDH abundance increased gradually during the dark
phase and then reached a maximum at 8–12 h of darkness,
whereas ETFQO abundance peaked at around 8 h in the dark.
The changing level of MCCA was independently determined
by immune detection using antibodies against biotin (sup-
plemental Fig. 2A) as it is the only known major biotin-con-
taining plant mitochondrial protein. A 75-kDa band was de-
tected in each mitochondrial fraction, and the intensity of all
immunosignals resembled the expression profile of MCCA
observed in the DIGE experiment (Figs. 1 and 3B). These
results are also in concordance with elevated MCCase tran-
script levels detected in dark-treated plants (60) and the
MCCase transcripts that peaked at the end of the night in two
diurnal studies (27, 53).

If the regulation of 2-oxoglutarate generation by mitochon-
drial GDH and IDH affects the non-decarboxylating part of the
TCA cycle, we might expect a similar or compensatory
change in activity and/or abundance of 2-OGDC. The catalytic
activity of 2-OGDC rose in the early night phase, peaked at 1 h

after illumination, and then decreased slowly over the course
of the light phase, inversely matching the deaminating reac-
tion of GDH (Fig. 3C). The protein/activity profile of 2-OGDC
shown here is similar to the metabolite profile of glutamate
and GABA in young Arabidopsis leaves where both show
elevated levels at night, a decline during the day, and a rise in
the evening (61). Interestingly, the abundance of GABA trans-
aminase (Fig. 1, spot 46) was higher during the day (14–24 h)
than in the early morning (8–14 h), suggesting the 2-OGDC
may be a preferred pathway in the morning and that GABA
shunt activity is maximized later in the day. As the production
of 2-oxoglutarate is also vital for metabolic processes in other
cellular compartments (62), these data also suggest that
2-oxoglutarate may be used in the mitochondria for the TCA
cycle or exported to the glutamine synthase/glutamine:2-oxo-
glutarate aminotransferase pathway at different rates during
the diurnal cycle.

Diurnal Response and Fate of Malate in Mitochondria—
Mitochondria freshly isolated at different time points have
similar rates of malate � glutamate-dependent O2 consump-
tion on a protein basis, and total mMDH activity in mitochon-
dria did not change significantly during the diurnal cycle (Fig.
3D). We noted that mMDH-2 was higher in abundance during
the day, reaching a maximum at 14 h (Fig. 1, spot 36, and
supplemental Table 2). However, no significant diurnal change
could be found in abundance of protein spots containing
mMDH-1, which is the major form of mMDH in Arabidopsis
shoot (supplemental Fig. 1B). The relative contributions of
mMDH-2 and mMDH-1 to malate production and/or metab-
olism in the light remain to be resolved. The NAD-ME activity
rose in the dark and peaked 2–4 h into the dark phase, fell
through the night, and again increased during the transition to
the day period (Fig. 3D). A role for NAD-ME in differentially
contributing to nocturnal metabolism is consistent with met-
abolic profiling of NAD-ME knock-out plants in Arabidopsis
(63). Although we did not identify fumarase as a protein spot
changing in abundance in the DIGE analysis, ANOVA of fu-
marase activity showed significant changes (Fig. 3D and
supplemental Table 3), notably a marked decrease in the 1st
h of darkness, an increase over the first few hours of dark-
ness, and a further increase at the end of the day. These data
on malate synthesis and utilization enzymes indicate in-
creased capacity for malate metabolism during the light pe-
riod in contrast to the observed decreases in the capacity of
the first half of the TCA cycle.

Differences in Capacity of Alternative Respiratory Chain
Pathways—Although succinate-dependent respiration was
unchanged across the time course (one-way ANOVA p �

0.05), the maximum rate of external NADH-dependent oxygen
consumption of freshly isolated mitochondria showed a grad-
ual decrease over the course of the dark period and then
increased over the course of the light period (Fig. 4A and
supplemental Table 3). Transcript abundance for AOX and
NAD(P)H-dependent dehydrogenases in plant mitochondria
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FIG. 4. Changes in alternative dehy-
drogenases and oxidases in respira-
tory chain during diurnal cycle. A, ox-
ygen consumption in the presence of
succinate and NADH supplemented with
appropriate cofactors was measured.
B–D, immunoreactivity analysis of inter-
nal NADH dehydrogenase 1 (NDA1) pro-
tein abundance (B), alternative oxidase
protein abundance (C), and external
NADH dehydrogenase 2 (NDB2) protein
abundance (D) using specific antibodies.
Equal amounts of protein were loaded in
each lane (15 �g). The intensity of the
protein bands was quantified by Image-
Quant 7 (GE Healthcare), calculated as a
percentage relative to 0 h (100%), and
plotted with means and the error bars
are S.E. from three biological replicates.
Data were compared using a one-way
ANOVA cutoff of p � 0.05 with an aster-
isk (*) indicating significant differences
between 10 data points. The day/night
cycle is indicated at the top of the plot by
a white (day) and a black (night) bar.
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has been shown to be responsive to light signals (64). To
detect the abundance of these components, antibodies raised
against AOX and the major internal and external NADH dehy-
drogenases, NDA1 and NDB2, respectively, were used (42).
The protein abundance of the internal NDA1 dehydrogenase
showed a marked increase at 13 h followed by progressive
loss during the course of the day (Fig. 4B). This is consistent
with the initial transcriptional response of NDA1 to light in
Arabidopsis leaves (28, 53) and maturing potato leaves (64). In
contrast, only minor changes were observed in the abun-
dance of the AOX (Fig. 4C). Also, the intensities of the NDB2
band (Fig. 4D) were not clearly consistent with the changes in
the external NADH-dependent respiration rate (Fig. 4A).
Hence, the diurnal changes in NADH oxidation are either due
to changes in external NADH dehydrogenase(s) other than
NDB2 or are due to post-translational modification or activa-
tion of NADH dehydrogenase(s) that respond to light, photo-
synthetic metabolism or cytosolic redox poise.

DISCUSSION

In the present study, we identified and quantified 55 protein
spots from mitochondrial extracts that were dynamically al-
tered in abundance during a 12-h dark, 12-h light cycle (Fig. 1
and supplemental Table 1). Although the composition of the
plant mitochondria proteome has been established in both
dicots and monocots (65–69), in different plant tissues (31–
37), and during oxidative or environmental stress (70, 71), very
little is known about the temporal dynamic behavior of the
mitochondrial proteome in plants. This study shows that a
small but a significant set of mitochondrial proteins was al-
tered over a daily cycle of dark and light periods, indicating
that a constant rhythmic change of the organelle proteome
occurs each day in plant tissues. The protein abundance
changes observed in a day/night cycle were relatively subtle,
likely because a high turnover rate of mitochondrial proteins
would be energetically costly. The changes could reflect more
minor adjustments in all mitochondria or major changes that
occur in only a proportion of the cells used in the bulk tissue
mitochondrial isolations. Future studies could be directed to
localize these changes within the leaf architecture to address
this issue. We should also note that as two-dimensional PAGE
is biased toward visualization of soluble proteins and relatively
higher abundance components there are likely to be other
undetected changes in mitochondrial proteins during the di-
urnal cycle that await future identification.

It has been well established that starch synthesis and deg-
radation follows diurnal rhythms (27, 53) and that sugar prod-
ucts of starch are important in controlling many diurnally
regulated genes (27). ATP is required for the synthesis of
sugar variants, and total ATP levels change between day and
night conditions due to the operation of photosynthesis (72,
73). Given the differences in the photosynthetic rates during
the diurnal cycle, adjustments of key enzymes involving in
energy metabolism, amino acid metabolism, and the interac-

tion with other organelles will be necessary to balance meta-
bolic flow to meet the specific energetic needs of the cell. In
this context, we explore below the underlying mechanisms
and potential consequences of the changes in capacities of
pathways observed in the mitochondria during the diurnal
cycle.

Protein Inactivation and Fate in Mitochondria during Diurnal
Cycle—Any rhythmic change in protein abundance or function
implies mechanisms for both protein synthesis and/or activa-
tion as well as degradation and/or inactivation. The most
notable response to the diurnal cycle by plant mitochondria
was the change in the capacity to oxidize glycine as a respi-
ratory substrate (Fig. 2A). At the protein level, it was not clear
what was responsible for this more than 5-fold change in
glycine-dependent respiratory capacity. The major protein
spots of SHMT and GDC (Fig. 1, cluster 4) were slightly lower
in abundance during the day, whereas the modified forms of
SHMT and the GDC degradation products (Fig. 1, cluster 2)
peaked during the early light phase (Fig. 1). It can be specu-
lated that the rate of degradation and resynthesis of GDC and
SHMT is accelerated in the light period to replace damaged
proteins with functionally active proteins. This is consistent
with the demand for photorespiration to dissipate excess
redox equivalents from chloroplasts in the light (74), the light
responsiveness of the GDC gene promoters (22, 23), and the
light-enhanced transcription profile for GDC and SHMT during
the diurnal cycle (Fig. 1). GDC is known to be susceptible to
oxidative damage by ROS in mitochondria and is known to
produce formaldehyde (which contains a highly reactive oxy-
gen group that encourages peroxide generation) when meth-
ylamine is degraded in the absence of tetrahydrofolate (57,
75). It is also possible that the macromolecular organization of
GDC has a diurnal rhythm and is responsible for the changes
in maximal activity in isolated mitochondria, but more data
would be required to evaluate such possibilities.

Aconitase activity also varied across the diurnal cycle, and
ACON2 protein spots may have been modified in abundance
by some sort of post-translational modification. In mammals,
cytosolic SHMT has been shown to be post-translationally
modified by deamidation accompanied by an overall reduced
activity of the modified protein (76). A transglutaminase has
also been reported in rat mitochondria to reduce ACON1
activity (77), and its activity has been shown to be affected by
the ATP/GTP level and disruption of mitochondrial function in
humans (78). In chloroplasts, post-translational modifications,
such as phosphorylation of the damaged D1 component of
the photosystem II (79, 80) and polyubiquitination of phyto-
chrome (81), are a requirement for initiating enzymatic protein
degradation. We have not uncovered the mechanism here,
but we do show several targets in plant mitochondria of
diurnally regulated changes in protein function.

Oxidative Damage and Antioxidant Defense Changes during
Diurnal Cycle—ROS can lead to oxidative damage and sub-
sequent degradation of mitochondrial proteins. Key TCA cy-
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cle enzymes are particularly sensitive to such damage (70,
82). ROS are produced during mitochondrial respiration
throughout the diurnal cycle (83, 84); however, ROS produc-
tion from plastids and peroxisomes is enhanced in the light
due to photosynthesis and photorespiration (83, 85), and this
is likely to have an impact on mitochondria during the day.
From our data, several distinct responses in the light may
reflect increased ROS load in mitochondria. In the first 1–2 h
after illumination (13–14 h), the internal alternative NADH de-
hydrogenase (NDA1) was induced (Fig. 4B). The induction of
NDA1 could help to redistribute electron transport to prevent
over-reduction of complex I, one of the major ROS producers
in the electron transport chain (86), especially at a time when
NADH generation from photorespiratory glycine oxidation is
increasing. Increases were also observed in the abundance
and/or activity of FDH, peroxiredoxin, and OAS-TL. Cysteine
produced from serine (from photorespiration) via OAS-TL can
be exported to the cytosol and used for synthesizing gluta-
thione (87) or used for detoxifying cyanide, an inhibitor of
complex IV. Mitochondrial peroxiredoxin serves as an elec-
tron donor for the reduction of H2O2 (88). Glutathione has
been shown to be the preferred electron donor for peroxire-
doxin (88) and is generated during the ascorbate/glutathione
cycle in mitochondria (89). The capacity of ascorbate synthe-
sis by mitochondria has been shown to be higher in the light
than in the dark (90), indicating an enhanced capacity for
ascorbate/GSH-linked mitochondrial reactions in the light.
FDH is also known to be induced by oxidative stress in plants
(91). Formate derived from the detoxification of formaldehyde
generated by GDC in the light (57) can be oxidized to generate

NADH in the matrix. Each of these proteins has already been
highlighted in ROS-induced stress responses observed in
previous mitochondrial studies (for a review, see Refs. 92 and
93).

Impact of Sudden Light Changes on Diurnal Pattern—In this
study, as is the case in most laboratory-based studies of
plants, day and night were near instantaneous transitions
through light cycles in growth cabinets. Some rapid changes
observed may therefore be a response to the sudden change
and not part of a diurnal pattern per se. Notable examples are
the response of NAD-ME and aconitase activity (Fig. 3, A and
C) and branched-chain amino acid metabolism components
to dark-light and light-dark transitions (Fig. 1). A number of
studies have demonstrated a sudden increase in CO2 release
when a plant is rapidly darkened in a very short period of time
in a phenomenon known as the postillumination burst (16, 94).
This is then followed by a brief period of increased respiration
before a steady-state level is achieved that is termed light-
enhanced dark respiration (10). It has been proposed that the
rate of respiration in darkness after a period of illumination
reflects the amount of metabolites, especially malate and
pyruvate, available to the TCA cycle in mitochondria (10, 11).
So although these transitions may not reflect diurnal events
per se, they do show that the abundance and activity of key
mitochondrial enzymes can rapidly change in response to
perturbations in metabolite concentrations and thus that the
proteome is responding to the environment and is not on a
prescribed 24-h rhythm.

Metabolic Phases of TCA Cycle and Related Metabolism
during Night and Day—By combining the protein abundance

FIG. 5. Metabolism scheme illustrat-
ing enzymes in mitochondrial primary
metabolism with altered abundance or
activity during diurnal cycle. A dark-en-
hanced phase (1–8 h; red), a midnight to
early morning phase (10–14 h; orange), a
day-enhanced phase (14–20 h; green),
and a late-day phase (18–24 h; purple) are
shown. One enzyme changed in dark-to-
light and light-to-dark transitions (blue).
BCAT, branched-chain amino acid amin-
otransferase; E-CoAH, enoyl-CoA hy-
dratase; FUM, fumarase; GABA-T, GABA
transaminase; S-CoA-L, succinyl-CoA li-
gase; IVD, isovaleryl-CoA dehydrogen-
ase; SSA, succinic semialdehyde; ETF,
electron transfer flavoprotein; MDH,
malate dehydrogenase; SDH, succinate
dehydrogenase; 2-OGDH, 2-oxoglutarate
dehydrogenase.
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data and activity assays presented here, we propose that
there are four phases of the TCA cycle and related reactions
governed by variation in the capacity of respiratory metabo-
lism: a dark-enhanced phase (1–8 h), a midnight to early
morning phase (10–14 h), a day-enhanced phase (14–20 h),
and a late day phase (18–24 h) (Fig. 5). This is also supported
with other literature evidence as noted below.

In the dark (1–8 h), the enzymes of the first half of the TCA
cycle (PDC, CS, ACON, and IDH) had a higher capacity. In
darkened leaves, citrate is known to be catabolized through
the TCA cycle, but in illuminated leaves, citrate is understood
to be exported to the cytosol, bypassing the mitochondrial
ACON and IDH steps, to produce 2-oxoglutarate via cytosolic
reactions (95). Reduced expression of ACON has also been
shown to elevate the rate of photosynthesis and increase the
rate of sucrose synthesis in illuminated tomato leaves (96).
Thus, lowering the ACON level in the light (Fig. 3A) could be an
adaptive response to facilitate the accumulation of starch and
sucrose for use in subsequent darkness.

At midnight and early morning, there was a higher capacity
of the BCAA pathway and 2-OGDC, both of which use 2-oxo-
glutarate. The induction of Leu, Val, and Ile degradation ca-
pacity is likely linked to a decreased availability of sucrose/
starch toward the end the night. A number of studies have
shown that the expression of genes encoding enzymes of the
BCAA catabolism are transcriptionally suppressed in the light
(25, 60) and by sucrose (97). The elevated levels of Leu/Ile/Val
catabolism enzymes only last a few hours after illumination
(Fig. 1), presumably reflecting rapid turnover levels of these
proteins when sucrose content and glycolytic intermediates
begin to accumulate in the leaf.

Notably, there were differential responses of malate-form-
ing (fumarase and mMDH) and malate-degrading (mMDH and
NAD-ME) pathways across the day. Fumarase activity and
mMDH-2 protein abundance is elevated during the day,
whereas NAD-ME activity responds most significantly to dark-
to-light transitions. These malate-linked changes could reflect
alterations in the net flux of malate and oxaloacetate across
the mitochondrial membrane and its use as a redox shuttle to
balance the photorespiratory pathway requirements for oxi-
dants and reductants in different cellular organelles (74).

Later in the day there was a higher abundance of GABA
transaminase (Fig. 1), indicating an enhanced capacity of the
GABA shunt (Fig. 5). This represents an alternative utilization
of 2-oxoglutarate at the same time as 2-OGDC and BCAA
metabolism pathways have reduced activity. A role for the
GABA shunt in the light is consistent with the light sensitivity
of Arabidopsis mutants in GABA shunt components (98). In
addition, there was a change in the deaminating reactions of
GDH in the latter part of the day (Fig. 3C) that could increase
the 2-oxoglutarate:glutamate ratio, providing substrate for the
GABA shunt and supplementing the reduced 2-oxoglutarate
formation by the TCA cycle. The cysteine biosynthetic en-
zyme, OAS-TL, also increased later in the day, which could

enhance utilization of serine from glycine oxidation and use
the acetyl-CoA not incorporated into citrate due to the slower
TCA cycle function during the day (Fig. 5).

Determining how all these different phases can be modeled
to explain the molecular basis of modulation in respiratory
CO2 release and related respiratory metabolism over the day
and night will be very complex. However, these data do
provide an initial systematic foundation for understanding
the considerable daily rhythms in mitochondrial proteome
composition and the changing capacity of plant leaf respi-
ratory pathways that will be vital for building a complete
metabolic picture of the molecular regulation of CO2 con-
sumption in plants.
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72. Krömer, S., and Heldt, H. W. (1991) On the role of mitochondrial oxidative
phosphorylation in photosynthesis metabolism as studied by the effect
of oligomycin on photosynthesis in protoplasts and leaves of barley
(Hordeum vulgare). Plant Physiol. 95, 1270–1276

73. Kromer, S. (1995) Respiration during photosynthesis. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 46, 45–70

74. Raghavendra, A. S., and Padmasree, K. (2003) Beneficial interactions of
mitochondrial metabolism with photosynthetic carbon assimilation.
Trends Plant Sci. 8, 546–553

75. Taylor, N. L., Day, D. A., and Millar, A. H. (2002) Environmental stress
causes oxidative damage to plant mitochondria leading to inhibition of
glycine decarboxylase. J. Biol. Chem. 277, 42663–42668

76. di Salvo, M. L., Delle Fratte, S., Maras, B., Bossa, F., Wright, H. T., and
Schirch, V. (1999) Deamidation of asparagine residues in a recombinant
serine hydroxymethyltransferase. Arch. Biochem. Biophys. 372, 271–279

77. Kim, S. Y., Marekov, L., Bubber, P., Browne, S. E., Stavrovskaya, I., Lee, J.,
Steinert, P. M., Blass, J. P., Beal, M. F., Gibson, G. E., and Cooper, A. J.
(2005) Mitochondrial aconitase is a transglutaminase 2 substrate: trans-
glutamination is a probable mechanism contributing to high-molecular-
weight aggregates of aconitase and loss of aconitase activity in Hunting-
ton disease brain. Neurochem. Res. 30, 1245–1255

78. Lesort, M., Tucholski, J., Zhang, J., and Johnson, G. V. (2000) Impaired
mitochondrial function results in increased tissue transglutaminase ac-
tivity in situ. J. Neurochem. 75, 1951–1961

79. Koivuniemi, A., Aro, E. M., and Andersson, B. (1995) Degradation of the D1-
and D2-proteins of photosystem II in higher plants is regulated by re-
versible phosphorylation. Biochemistry 34, 16022–16029

80. Tikkanen, M., Nurmi, M., Kangasjärvi, S., and Aro, E. M. (2008) Core protein
phosphorylation facilitates the repair of photodamaged photosystem II at
high light. Biochim. Biophys. Acta 1777, 1432–1437

81. Jabben, M., Shanklin, J., and Vierstra, R. D. (1989) Red light-induced
accumulation of ubiquitin-phytochrome conjugates in both monocots
and dicots. Plant Physiol. 90, 380–384

82. Kristensen, B. K., Askerlund, P., Bykova, N. V., Egsgaard, H., and Møller,
I. M. (2004) Identification of oxidised proteins in the matrix of rice leaf
mitochondria by immunoprecipitation and two-dimensional liquid
chromatography-tandem mass spectrometry. Phytochemistry 65,
1839–1851

83. Foyer, C. H., and Noctor, G. (2003) Redox sensing and signalling associ-
ated with reactive oxygen in chloroplasts, peroxisomes and mitochon-
dria. Physiol. Plant. 119, 355–364

84. Dutilleul, C., Garmier, M., Noctor, G., Mathieu, C., Chétrit, P., Foyer, C. H.,
and de Paepe, R. (2003) Leaf mitochondria modulate whole cell redox
homeostasis, set antioxidant capacity, and determine stress resistance
through altered signaling and diurnal regulation. Plant Cell 15,
1212–1226

85. Kim, C., Meskauskiene, R., Apel, K., and Laloi, C. (2008) No single way
to understand singlet oxygen signalling in plants. EMBO Rep. 9,
435–439

86. Moller, I. M. (2001) Plant mitochondria and oxidative stress: electron trans-
port, NADPH turnover, metabolism of reactive oxygen species. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 52, 569–591

87. Heeg, C., Kruse, C., Jost, R., Gutensohn, M., Ruppert, T., Wirtz, M., and
Hell, R. (2008) Analysis of the Arabidopsis O-acetylserine(thiol)lyase gene
family demonstrates compartment-specific differences in the regulation
of cysteine synthesis. Plant Cell 20, 168–185

88. Finkemeier, I., Goodman, M., Lamkemeyer, P., Kandlbinder, A., Sweetlove,
L. J., and Dietz, K. J. (2005) The mitochondrial type II peroxiredoxin F is
essential for redox homeostasis and root growth of Arabidopsis thaliana
under stress. J. Biol. Chem. 280, 12168–12180

89. Chew, O., Whelan, J., and Millar, A. H. (2003) Molecular definition of the
ascorbate-glutathione cycle in Arabidopsis mitochondria reveals dual
targeting of antioxidant defenses in plants. J. Biol. Chem. 278,
46869–46877
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