
Proteomic Approach to Identify Novel Mitochondrial
Proteins in Arabidopsis1
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An Arabidopsis mitochondrial proteome project was started for a comprehensive investigation of mitochondrial functions
in plants. Mitochondria were prepared from Arabidopsis stems and leaves or from Arabidopsis suspension cell cultures, and
the purity of the generated fractions was tested by the resolution of organellar protein complexes applying two-dimensional
blue-native/N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine (Tricine) sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The Arabidopsis mitochondrial proteome was analyzed by two-dimensional isoelectric focusing/ Tricine
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 650 different proteins in a pI range of pH 3 to 10 were
separated on single gels. Solubilization conditions, pH gradients for isoelectric focusing, and gel staining procedures were
varied, and the number of separable proteins increased to about 800. Fifty-two protein spots were identified by immuno-
blotting, direct protein sequencing, and mass spectrometry. The characterized proteins cooperate in various processes, such
as respiration, citric acid cycle, amino acid and nucleotide metabolism, protection against O2, mitochondrial assembly,
molecular transport, and protein biosynthesis. More than 20% of the identified proteins were not described previously for
plant mitochondria, indicating novel mitochondrial functions. The map of the Arabidopsis mitochondrial proteome should
be useful for the analysis of knockout mutants concerning nuclear-encoded mitochondrial genes. Considerations of the total
complexity of the Arabidopsis mitochondrial proteome are discussed. The data from this investigation will be made
available at http://www.gartenbau.uni-hannover.de/genetik/AMPP.

Mitochondria play a pivotal role in energy metab-
olism of eukaryotic cells. Mitochondria are the loca-
tion of numerous catabolic reactions, many of which
are coupled to the reduction of NAD�, they are the
location of the respiratory chain that reoxidizes
NAD�, transfers electrons to molecular O2, and gen-
erates a proton gradient across the inner mito-
chondrial membrane, and they are the site of ADP
phosphorylation by the ATP synthase complex. Fur-
thermore, mitochondria are involved in several ana-
bolic reactions: Mitochondria can synthesize amino
acids, nucleotides, lipids, and prosthetic groups, such
as heme, biotin, and lipoic acid. Mitochondria have
their own genetic system and protein biosynthesis
machinery. Finally, mitochondria seem to have cen-
tral regulatory functions for the eukaryotic cell, e.g.
in apoptosis (Gottlieb, 2000). To perform all of the
addressed functions, mitochondria need a large num-
ber of different proteins, most of which are nuclear
encoded and post-translationally transported into the
organelle (Lithgow, 2000).

Mitochondria from plants have additional func-
tions (Mackenzie and McIntosh 1999; Rasmusson et
al., 1999). Plant mitochondria indirectly participate in

photosynthesis, because an important step of the
photorespiratory pathway—the decarboxylation of
Gly—takes place in mitochondria (Raghavendra et
al., 1998). Plant mitochondria have special ways for
malate oxidation, which are based on the presence of
an NAD-dependent malic enzyme (Winning et al.,
1994). Plant mitochondria are capable of synthesizing
Met, folate, and thymidylate (Neuburger et al., 1996;
Rébeillé et al., 1997; Ravanel et al., 1998). The respi-
ratory chain of plant mitochondria is much more
branched than in other organisms: There is a cyanide-
insensitive respiration, which is based on the alter-
native oxidase, and there are also alternative NADH
dehydrogenases, which can use internal and external
NADH or NADPH as substrates (Vanlerberghe and
McIntosh, 1997; Rasmusson et al., 1999). The cyto-
chrome c reductase of the respiratory chain of plants
is a bifunctional enzyme because it comprises a pro-
tease activity that is responsible for the removal of
presequences of nuclear-encoded mitochondrial pro-
teins (Braun et al., 1992). The preprotein translocase
of the outer mitochondrial membrane (also called the
TOM complex) contains fewer preprotein receptors
with broader substrate specificity (Jänsch et al., 1998;
Braun and Schmitz, 1999; Werhahn et al., 2001). Fi-
nally, the genetic system of plant mitochondria is
very special (for review, see Brennicke et al., 1999;
Mackenzie and McIntosh, 1999). The plant mitochon-
drial genome is comparatively large, transcripts in
plant mitochondria undergo editing before they are
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translated, and some transcripts are generated by
trans-splicing. The genome of plant mitochondria un-
dergoes rearrangements, which can have important
implications, e.g. in causing cytoplasmic male steril-
ity (Janska et al., 1998). To identify further functions
of plant mitochondria and to better understand their
complex role in plant cells, a comprehensive charac-
terization of the plant mitochondrial proteome is
necessary.

Recently, proteome analyses became a powerful
tool for the investigation of complex cellular pro-
cesses (for review, see Lottspeich, 1999; Görg et al.,
2000) and were also successfully used for genetic and
physiological studies in plants (for review, see Thiel-
lement et al., 1999). Most proteomic studies are based
on the resolution of protein mixtures by two-
dimensional (2D) gel electrophoresis and subsequent
identification of the resolved proteins by protein se-
quencing or mass spectrometry. However, the reso-
lution capacity of 2D gel electrophoresis is still insuf-
ficient to monitor entire protein sets of eukaryotic
cells. Hence, proteome research often is based on a
subset of proteins of eukaryotic cells called “subpro-
teome” (Cordewell et al., 2000; Jung et al., 2000). In
plant biology, very successful subproteomic analyses
were carried out for the cell wall, the plasma mem-
brane, and the thylakoids (Robertson et al., 1997;
Santoni et al., 1998, 2000; Peltier et al., 2000; Prime et
al., 2000; van Wijk, 2000). During these investiga-
tions, hundreds of proteins were separated, several
of which were identified for the first time.

Here, we report the characterization of a new sub-
proteome of Arabidopsis, the mitochondrial pro-
teome. Shortly before the completion of the Arabi-
dopsis genome-sequencing project, we started a
systematic approach to separate and identify the pro-
tein components of plant mitochondria. Optimiza-
tion of mitochondrial preparations from green Ara-
bidopsis tissues and Arabidopsis suspension cell
cultures are reported. More than 50 mitochondrial
proteins could be identified by mass spectrometry,
direct protein sequencing, and immunoblotting, sev-
eral of which were previously not described for plant
mitochondria. 2D resolutions of mitochondrial pro-
teins under varying conditions are used to define the
total complexity of the mitochondrial proteome from
Arabidopsis.

RESULTS

Purification of Mitochondria from Arabidopsis Stems
and Leaves and from Arabidopsis Suspension
Cell Cultures

The separation of mitochondria and chloroplasts
from green plant cells is a difficult task that in the
past often was overcome by the preparation of mito-
chondria from nongreen tissues such as tubers or
etiolated seedlings. However, mitochondria from
green tissue have to be prepared to understand the

functions of mitochondria during photosynthesis.
Some protocols were published that allow the separa-
tion of mitochondria and chloroplasts (Jackson et al.,
1979; Day et al., 1985; Hamasur et al., 1990), but these
protocols work for only specific plants. In an attempt
to establish an efficient procedure for the preparation
of Arabidopsis mitochondria from green tissue, sev-
eral available protocols were tested but turned out to
be of limited suitability. Arabidopsis mitochondria
and chloroplasts are not well resolved on the three-
step Percoll (Amersham Pharmacia Biotech, Piscat-
away, NJ) gradients often used for plant mitochon-
drial preparations. In fact, it proved to be essential to
separate the two classes of organelles by multiple
differential centrifugations before gradient centrifuga-
tion as described in “Materials and Methods.”

The purity of mitochondrial preparations usually is
monitored by milligrams of chlorophyll per milli-
gram of mitochondrial protein or by the activity of
enzymes specific for mitochondria or chloroplast me-
tabolism (Jackson et al., 1979; Day et al., 1985; Hama-
sur et al., 1990). However, monitoring organellar con-
tamination by enzymes that are characteristic of
either mitochondria or chloroplasts is a very predic-
tive method that draws conclusions from looking at a
minor segment of organellar proteins. Furthermore,
contamination of mitochondrial fractions with differ-
ent subcompartments of chloroplasts can vary consid-
erably. We therefore established a novel procedure for
monitoring the purity of mitochondria that is based
on resolution of the characteristic mitochondrial or
chloroplastic protein complexes by 2D blue-native/
N-[tris(hydroxymethyl)methyl]glycine (Tricine) SDS-
PAGE (Fig. 1). The fractions of purified Arabidopsis
mitochondria (Fig. 1, left) contained four dominant
protein complexes: the NADH dehydrogenase, the
HSP60 complex, the F0F1-ATP synthase (partially dis-
sociated into the F1 and F0 parts), and the cytochrome
c reductase, which were identified on the basis of their
subunit compositions as characterized previously
(Jänsch et al., 1996). The fractions of Arabidopsis chlo-
roplasts (Fig. 1, right) contained the two photosystems
and the b6f complex as identified by Kügler et al.
(1997; the photosystem II forms a dimer on our gels,
which was described for other native gel systems be-
fore [Boekema et al., 1995]). Mitochondrial HSP60 and
the two subunits of the mitochondrial processing pep-
tidase (MPP), which form part of the cytochrome c
reductase complex (arrows 3 and 4 on Fig. 1), are very
abundant in the mitochondrial fraction and are hardly
detectable in the chloroplast fraction. A complemen-
tary situation is observed for the large subunits of the
two photosystems (arrows 1 and 2 on Fig. 1). Based on
the 2D gels, the purity of the mitochondrial fraction is
estimated to be significantly �90%. However, slight
contaminations of the mitochondrial fraction by chlo-
roplast proteins were visible under all purification
conditions tested, as exemplified by a light-harvesting
complex I protein (arrow 5 on Fig. 1).
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Because a proteomic characterization of cellular
compartments should be based on extremely pure
fractions, we decided to start our investigations with
mitochondria prepared from suspension cell cultures
grown in the dark. Arabidopsis suspension cultures
were established previously and shown to be a valu-
able tool for the investigation of basic cell functions

(May and Leaver, 1993; Zook, 1998). The mitochon-
dria prepared from suspension cell cultures proved
to be very pure as demonstrated by 2D blue-native/
Tricine SDS-PAGE (Fig. 2). The main mitochondrial
protein complexes are visible, whereas protein com-
plexes from other cellular compartments are absent.
The NADH dehydrogenase from Arabidopsis can be

Figure 1. Documentation of the purity of mitochondria prepared from green tissue (leaves and stems) of Arabidopsis.
Mitochondria were isolated as described in “Materials and Methods” by differential centrifugation and density gradient
centrifugation on Percoll step gradients (18%, 29%, 45% Percoll). A fraction containing mitochondria was isolated from the
29%/45% interphase and a fraction containing thylakoids was isolated from the 18%/29% interphase. The protein
complexes of both fractions were separated by 2D blue-native/Tricine SDS-PAGE and visualized by silver staining. Left,
Mitochondria; right, thylakoids. The designations on the top indicate the identity of the separated protein complexes: I,
NADH dehydrogenase; V, F0F1 ATP synthase complex; III, cytochrome c reductase; F1, F0, F1, and F0 parts of the ATP
synthase complex; FDH, formate dehydrogenase; HSP, heat stress protein 60; PS1, photosystem 1; PS2, photosystem 2;
[PS1], subcomplex of photosystem 1; [PS2], subcomplex of photosystem 2, b6f, cytochrome b6f complex. The numbers on
the gels mark the following proteins: 1, the PsaA/B proteins of photosystem 1 (approximately 80 kD); 2, the CP47/43 proteins
of photosystem 2 (approximately 45 kD); 3, mitochondrial HSP60 (approximately 60 kD); 4, the MPP subunits of the
mitochondrial cytochrome c reductase (approximately 55 kD); 5, light-harvesting chlorophyll protein of photosystem 1
(approximately 22 kD). The identifications are taken from Jänsch et al. (1996 [mitochondrial proteins]) and Kügler et al.
(1997 [chloroplast proteins]).

Figure 2. Resolution of the mitochondrial pro-
tein complexes from Arabidopsis cell suspen-
sion cultures by 2D blue-native/Tricine SDS-
PAGE. The gel was silver stained. A scheme of
the gel is presented on the right. Designations on
top refer to the identity of the resolved protein
complexes (see Fig. 1), and the numbers on the
right refer to the molecular masses of standard
proteins (in kD).
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resolved into �20 subunits, and the ATP synthase
and cytochrome c reductase complexes can be re-
solved into �10 subunits. (For unknown reasons, the
cytochrome c oxidase complex is not visible on the
2D gels, most likely because of insolubility of this
protein complex under the conditions applied.)

Characterization of the Mitochondrial
Proteome from Arabidopsis

The mitochondrial proteome from Arabidopsis
prepared from suspension cell cultures was analyzed
by 2D isoelectric focusing (IEF)/Tricine SDS-PAGE
using immobilized nonlinear pH gradients of pH 3 to
10. Silver staining of the gels reproducibly revealed
650 different spots (Fig. 3). The majority of mitochon-
drial proteins has molecular masses between 30 and
60 kD and isoelectric points (IEPs) between pH 4.5
and 8.0. There are about 40 dominant spots, repre-
senting abundant proteins that are well solubilized
under the conditions applied. The identities of �50
spots, which were selected randomly and which rep-
resent abundant as well as rare proteins, were suc-
cessfully determined by immunoblotting, direct pro-
tein sequencing, and mass spectrometry (identified
spots are marked by arrows in Fig. 3 and listed in
Table I). For unknown reasons, spot identifications of
another 25 proteins gave no interpretable data. Direct
sequence determination by Edman degradation
nearly always revealed sequence information indicat-
ing unmodified N termini, which can be explained by
the fact that the N termini of most mitochondrial

proteins are freshly generated by the mitochondrial
processing peptidase shortly after import of proteins
into the organelle. The determination of peptide
masses of trypsinated spots by matrix-assisted laser-
desorption ionization-mass spectrometry also led to
successful identification of proteins, because �98%
of the genomic sequence of Arabidopsis is now
available in the public sequence databases, allowing
the comprehensive definition of a theoretical Arabi-
dopsis proteome including the trypsin fragments
of all its components. If an identification of pro-
tein spots by matrix-assisted laser-desorption ioniza-
tion-mass spectrometry was uncertain, electrospray
ionization-mass spectrometry was used to generate
partial sequence information by electrospray ioniza-
tion tandem mass spectrometry. Identified proteins
were grouped into 10 functional categories. Thirty
percent of the proteins have a role in respiration and
25% in primary metabolism such as pyruvate decar-
boxylation, citric acid cycle, and amino acid and nu-
cleotide metabolism. Five identified proteins repre-
sent chaperones; others are involved in molecular
transport or protection against O2. Only two identi-
fied proteins form part of the mitochondrial protein
biosynthesis machinery, probably indicating that
proteins of this functional category are of low abun-
dance. More than 20% of the identified proteins were
not described for plant mitochondria previously: Pro-
tein 37 exhibits significant sequence similarity to an
NADH-cytochrome b5 reductase from yeast, which is
localized in the mitochondrial intermembrane space
and transfers electrons from external NADH to the

Figure 3. 2D map of mitochondrial proteins
from Arabidopsis. Mitochondrial proteins (50
�g) were solubilized by lysis solution A (8 M

urea, 4% Triton X-100, and 50 mM DTT) and IEF
was carried out using a nonlinear IPG stripe of
pH 3 to 10. Proteins were detected by silver
staining. The numbers above the gel indicate pI
values, and the numbers on the right indicate
molecular masses of standard proteins. The ar-
rows mark spots identified by direct protein se-
quencing, mass spectrometry, or immunoblot-
ting (spot numbers correspond to the numbers in
Table I).
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respiratory chain (Hahne et al., 1994). Protein 100 is
similar to a chaperone from N. crassa, which was
reported to be bound to a subcomplex of the NADH
dehydrogenase during assembly of this protein com-
plex (Kuffner et al., 1998). Protein 6 seems to repre-
sent an inosine 5-monophosphate dehydrogenase of
the guanine synthesis pathway, protein 16 very much
resembles bacterial peroxiredoxin and possibly has
thioredoxin peroxidase activity, protein 1 resembles
subunit d of the ATP synthase from rat, and protein
96 is similar to a recently discovered 17.2-kD subunit
of complex I from beef (Skehel et al., 1998). Proteins

4, 18, 74, 84, 97, and 98 could not be unambiguously
identified on the basis of sequence comparisons but
clearly represent mitochondrial proteins based on
subcellular localization predictions of computer pro-
grams. Proteins 18 and 74 resemble proteins involved
in the regulation of cell development, protein 84
resembles an integral membrane protein described for
M. musculus, and proteins 97 and 98 are similar to a
putative gene product described for R. prowazekii.
Only two of the identified spots might represent non-
mitochondrial proteins: protein 75 is a 3-ketoacyl-CoA
thiolase involved in the peroxisomal �-oxidation of

Table I. Identified proteins of the mitochondrial proteome from Arabidopsis

No.a Identity
Accession

No.b

Calculated
Molecular

Mass

Calculated
IEPc

P for Mitochondrial
Localizationd

Identi-
ficatione Sequences Determinedf Remarks

kD

Respiratory chain and ATP synthase complex

3 Complex I, 18-kD subunit AV553957 17.9 4.61 0.892 ED N: AKVKQTTGIVGLDVV –
83 Complex I, 75-kD subunit AB025630 – – 0.989 MS I: NPAIIVGAGLFNR –
96 Putative complex I, 17-kD

subunit
AC012328 – – 0.239 MS I: CLPDGNLLQTK Similar to 17.2-kD sub-

unit of complex I from
beef (AJ011400); no
presequence

85 Complex II, subunit � O82663 – – 0.941 MS I: AFGGQSLDFGK Succinate dehydrogenase
flavoprotein

49 Complex III, �-MPP subunit AAF14827 – – 0.991 IgG – –
50 Complex III, �-MPP subunit AC006216 – – 0.955 IgG – Occurrence of two mito

AC001645 0.944 IgG chondrial isoforms

1 Putative ATP synthase, sub-
unit d

AL132972 19.5 5.09 0.530 ED, MS N: XGAXKKIADVXFKAS No presequence, Met
I: EAYDSIEIPK absent; similar to ATPd
I: AFDEVNTQLQTK from rat (P31399)

2 ATP synthase, subunit �� D88376 18.8 5.12 0.985 ED N: STELPSTLDSTFVEA –
13 ATP synthase, subunit � D88375 22.2 8.01 0.811 ED N: ATASAQTTANVKVPI Apparent IEP at pH7
21 ATP synthase, 24-kD sub-

unit
AC007019 24.0 5.30 0.900 ED N: AKEAARPTFKGDEML –

22 ATP synthase, 24-kD sub-
unit

AC007019 24.0 5.30 0.900 ED N: AKEAARPTFKG –

30 ATP synthase, subunit � At5g08670 54.2 5.37 0.996 ED N: ATSXPASXAAPSSAP Three very similar iso-
forms (At5g08670,

At5g08690 54.2 5.37 0.997 At5g08680, and
At5g08690)

32 ATP synthase, subunit � At5g08670 54.2 5.37 0.996 ED N: ATSSPAXXAA Three very similar iso-
forms (At5g08670,

At5g08690 54.2 5.37 0.997 At5g08680, and
At5g08690)

55 ATP synthase, subunit � CAA69802 55.0 6.23 – ED N: MELSPRAAELTNL. . . Mitochondrial encoded
93 ATP synthase, inhibitor

protein
AC005824 – – 0.977 MS I: QGPGEQAAGSASE-

AKV. . .
–

37 Putative cytochrome-b5

reductase
AF296836 27.3 5.58 0.995 ED N: DQAKEETGPKTALN Similar to NADH-

cytochrome-b5 reduc-
tase from yeast Saccha-
romyces cerevisiae
(S37800); bipartite pre-
sequence: localized in
mitochondrial inter-
membrane space; ap-
parent and calculated
IEP differ by �pH 1.0

(Table continues)
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fatty acids, and protein 82 represents a cytosolic acon-
itase. Hence, the analyzed mitochondrial fractions
from Arabidopsis can be assumed to be very pure.

The identified mitochondrial proteins are localized
in all four mitochondrial subcompartments: the outer
mitochondrial membrane (�5 proteins), the inner mi-

Table I. Continued

No.a Identity
Accession

No.b

Calculated
Molecular

Mass

Calculated
IEPc

P for Mitochondrial
Localizationd

Identi-
ficatione Sequences Determinedf Remarks

Pyruvate decarboxylation and citric acid cycle

26 Pyruvate dehydroge-
nase, subunit E1�

U09137 35.2 5.10 0.910 ED N: VRDALNSAIDEEM-
SADP

–

80 Pyruvate dehydroge-
nase, subunit E3

AF228640 – – 0.986 MS I: RTPFTSXXDLEK Lipoamide dehydro-
genase; occur-
rence of two
mitochondrial
isoforms

AC023673 0.984

29 Succinyl-coenzyme
A (CoA)-ligase,
�-subunit

AJ001808 42.4 5.41 0.934 ED N: LNIHEYQGAELMGKY –

35 Succinyl-CoA-ligase,
�-subunit

AJ001807 31.7 6.73 0.971 ED N: AXDPHPPAAVFVDK –

33 NAD-dependent
malate dehydroge-
nase

AJ131205 33.3 6.00 0.998 ED N: SXXVVPERKVAI Apparent and cal-
culated IEP differ
by �pH 0.25

34 NAD-dependent
malate dehydroge-
nase

AJ131205 33.3 6.00 0.998 ED N: SXGSVPERKVAILGA –

Amino acid metabolism, N- and S-metabolism

48 3-mercaptopy-
ruvate sulfurtrans-
ferase

CAB64716 – – 0.987 IgG – –

77 Glutamate dehydro-
genase 2

U37771 – – 0.623 MS I: GAFTLGVNR –
I: IVAVSXXTGALK

78 Cys synthase AB024282 – – 09946 MS I: TPLVFLNK Beta-cyano-Ala syn-
thase

Nucleotide metabolism

9 Nucleoside diphos-
phate kinase

AF044265 17.1 7.07 0.997 ED N: AEMERTFIAIKP-
DGVQRG

Localized in mt in-
termembrane
space; bipartite
presequence; two
mitochondrial
isoforms

AV536236 17.1 8.67

10 Putative inosine
5-monophos-
phate dehydroge-
nase

CAB96841 18.6 7.18 0.855 ED N: ESTQPARMEESGFES Similar to IMPDH
from Methanopy-
rus kandleri
(P50100)

6 Putative inosine
5-monophos-
phate dehydroge-
nase

CAB96841 – – – ED N: ESTQPARMEESGF Fragment of protein
no. 10

7 Nucleoside diphos-
phate kinase

AF044265 – – – ED N: IKVIVPSKD-
FAQKH. . .

Fragment of protein
no. 9

Transport across membranes

40 Mitochondrial porin ATH131391 29.1 7.98 – ED, IgG N: VKGPGLYTEIGKKAR Two mitochondrial
isoforms; pre-
sumably corre-
sponds to iso-
form 1 (IEP:
7.98, Mr: 29.1)

(Table continues)
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tochondrial membrane (�15 proteins), the mitochon-
drial intermembrane space (2 proteins), and the mi-
tochondrial matrix (�20 proteins). Except for the
�-subunit of the mitochondrial ATP synthase com-

plex (protein 55), all identified proteins are nuclear
encoded and imported into the organelle. Some pro-
teins were identified more than once, most likely
because of the presence of isoforms. In one case, the

Table I. Continued

No.a Identity
Accession

No.b

Calculated
Molecular

Mass

Calculated
IEPc

P for Mitochondrial
Localizationd

Identi-
ficatione Sequences Determinedf Remarks

41 Mitochondrial
porin

ATH131391 29.1 7.98 – ED, IgG N: VKGPGLY Two mitochondrial iso-
forms; presumably cor-
responds to isoform 1
(IEP: 7.98, Mr: 29.1)

42 Mitochondrial
porin

AC010676 29.3 8.77 – ED, IgG N: XKGPGLYT Two mitochondrial iso-
forms; presumably cor-
responds to isoform 2
(IEP: 8.77, Mr: 29.3)

43 Mitochondrial
porin

AC010676 29.3 8.77 – ED, IgG N: VKGPGLY. . . Two mitochondrial iso-
forms; presumably cor-
responds to isoform 2
(IEP: 8.77, Mr: 29.3)

46 TOM40 subunit of
the preprotein
translocase

Q9LHE5 34.1 6.36 – MS N: ADLLPPLTAAQVDAK N-terminal Met absent
I: DVTASVGYDYMLR

47 TOM20 subunit of
the preprotein
translocase

AJ296024 – – – IgG – Mitochondrial preprotein
receptor, occurrence of
four mitochondrial iso-
forms

Chaperones

8 CPN10 P34893 10.8 6.74 0.962 MS – No presequence, blocked
N terminus

36 Prohibitin U69155 30.4 6.99 0.501 MS – No presequence; blocked
N terminus; apparent
and calculated IEP dif-
fer by �pH 0.5; one
membrane-spanning
helix

51 HSP70 AF217458 – – 0.988 IgG – –
52 HSP60 P29197 – – 0.989 IgG – –
100 Putative chaper-

one for complex
I assembly

AC007843 – – 0.910 MS I: VLGMSLSVNAEG-
GAVG. . .

Similar to complex I in-
termediate associated
protein from Neuros-
pora crassa (O42636)

DNA replication, transcription, translation, DNA-RNA-binding proteins

5 Gly-rich RNA-
binding protein

AJ002892 11.6 5.19 0.743 ED N: TKLFIG-
GLSXXTDD. . .

Similar to mitochondrial
ribosomal protein S19
(X77989)

79 Elongation factor
TU

T01400 – – 0.874 MS I: VGEEVEILGLR –

Protection against oxygen

14 Superoxide dis-
mutase

AF061518 22.5 6.06 0.960 ED, MS N: IQTFTLPDLPYDYGA –
IgG I: LVVDTTANQDPLVTK

16 Putative peroxyre-
doxin

AAF66133 18.3 6.29 0.985 ED N: SKLAEGT. . . Thioredoxin peroxidase
activity?

Unknown mitochondrial proteins

4 Unknown mito-
chondrial pro-
tein

AC007519 18.4 4.62 0.3842 ED, MS N: SEDVSHMPEMXD Mitochondrial protein as
predicted by TargetP
(score: 0.787; Eman-
uelsson et al. 2000):
abundant protein

I: AAEAVEEFGGILTSIK
I: VTVLGTSGLSG-

SYVEQR

(Table continues)
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occurrence of isoforms could be verified by peptide
sequences (proteins 97/98). For 29 different proteins,
the N-terminal amino acid sequence was determined,
enabling us to calculate theoretical molecular masses
and pI values (Table I). In at least five cases, apparent
and calculated IEPs of proteins differ significantly,
probably reflecting post-translational modifications
(proteins 13, 33, 34, 36, and 37).

Most proteins have a presequence for mitochondrial
targeting, which is removed by the mitochondrial pro-
cessing peptidase. Exceptions are mitochondrial en-
coded proteins, nuclear-encoded proteins destined for
the outer mitochondrial membrane, such as porin or
TOM40 (proteins 40–43, 46), and a few nuclear-
encoded proteins destined for other mitochondrial
subcompartments, such as the 17-kD subunit of com-
plex 1 (protein 96), the subunit d of the ATP synthase
complex (protein 1), or the chaperone CPN10 (pro-
tein 8). Comparisons between N-terminal sequences
of mature mitochondrial proteins and the amino acid

sequences deduced from the corresponding genes
enabled us to newly define presequences (Table II).
The average presequence length is 41.4 amino acids;
the average content of Ser lies at 15.9%, the content of
basic amino acids at 16%, and the content of acidic
amino acids at only 1.3%. These data are in line with
previous calculations, which were carried out on the
basis of a large set of individually defined prese-
quences (Sjöling and Glaser, 1998). In most proteins,
an Arg is located at position �2 or �3 with respect to
the cleavage site (Table II). Proteins 9 and 37 have a
bipartite presequence for targeting to the mitochon-
drial intermembrane space.

IEF is known to be complicated for hydrophobic
proteins. Nevertheless, about 50% of the identified
mitochondrial proteins from Arabidopsis represent
proteins localized in the outer or inner mitochondrial
membrane. However, most of these proteins form
part of large protein complexes and lack hydropho-

Table I. Continued

No.a Identity
Accession

No.b

Calculated
Molecular

Mass

Calculated
IEPc

P for Mitochondrial
Localizationd

Identi-
ficatione Sequences Determinedf Remarks

18 Unknown mito-
chondrial protein

AC055769 19.7 5.84 0.994 ED N: RMDRSGGSYS Two mitochondrial iso-
forms, similar to dal1 pro-
tein [O24657] from Arabi-
dopsis, role in cell
development?

AC004667 19.7 5.83 0.998

74 Unknown mito-
chondrial pro-
tein

AP000370 – – 0.990 MS I: WVLPDSYLDVR Similar to the DAG protein
(CAA65064) from Antir-
rhinum majus, which
plays a role in chloro-
plast differentiation

84 Unknown mito-
chondrial pro-
tein

AB018115
AL035602

– – 0.963 MS I: IVEALNVAAK Similarity to the integral
membrane protein sto-
matin from Mus muscu-
lus (JC5221); two mito-
chondrial isoforms

97 Unknown mito-
chondrial pro-
tein

AB007649 – – 0.998 MS I: SILEAGSVVPPGR Similar to unknown pro-
tein from Rickettsia
prowazekii (gene
RP516)

98 Unknown mito-
chondrial pro-
tein

T46212 – – 0.996 MS I: IPSGELWGGNPAR Similar to unknown pro-
tein from R. prowazekii
(gene RP516)

I: TLTNEETLEIPK
I: VAVATT

Proteins of other cellular compartments

75 3-Ketoacyl-CoA
thiolase

AB008854 – – 0.518 MS I: TSLYGDDVVIVAAH Role in peroxisomal
�-oxidation of fatty acids

82 Aconitase (aconi-
tate hydratase)

Q42560 – – 0.243 MS I: RILLESAIR Cytoplasmic protein?

I: KTSLAPGSGVVTKY

a The nos. refer to the spot numbers as given in Figure 3. b The accession nos. represent protein entries if available (until December 2000); otherwise, entries
for corresponding nucleic acids. c Calculated molecular masses and isoelectric points are given for proteins with known mature N termini. Apparent molecular
masses and isoelectric points for all proteins can be extracted from Figure 3. d Probability for mitochondrial localization was calculated with MitoProt (Claros et
al. 1996) except for mitochondrial-encoded proteins and proteins located in the outer mitochondrial membrane. e Methods of protein identification: ED, Edman
degradation; MS, mass spectrometry; and IgG. f Partial amino acid sequences as determined by Edman degradation or electrospray ionization tandem mass
spectrometry. N, N-terminal amino acid sequence; I, internal amino acid sequence.
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bic membrane-spanning helices. Other membrane
proteins form �-barrels for membrane insertion and
can easily be analyzed by IEF, e.g. mitochondrial
porin or TOM40 (proteins 40–43, 46). Some of the
identified membrane proteins have one membrane-
spanning helix, e.g. TOM20 (protein 47). Indeed, hy-
drophobic proteins with more than one membrane-
spanning helix were not identified in the course of
the Arabidopsis mitochondrial proteome project.
Therefore, different procedures for the solubilization
and resolution of mitochondrial proteins from Ara-
bidopsis were systematically tested.

Analysis of the Arabidopsis Mitochondrial Proteome
under Varying Conditions: How Many Mitochondrial
Proteins from Arabidopsis Can Be Separated by 2D
IEF/SDS-PAGE?

2D resolutions of Arabidopsis mitochondrial pro-
teins under varying conditions were used to obtain
information concerning potentials and limitations of
2D gel systems for the characterization of the Arabi-
dopsis mitochondrial proteome. Solubilization of
proteins with lysis solution B, which contains urea,
thiourea, 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid (CHAPS), sulfobetaine (SB)
3–10, and tributyl phosphine (TBP) and which was
reported to be suitable for the solubilization of hy-
drophobic proteins (Molloy et al., 1998), allowed to

visualize new proteins on the 2D maps (exemplified
for the IEP range pH 4.5–8 and molecular mass range
11–33 kD in Fig. 4). Overall, solubilization with lysis
solution B revealed comparatively few proteins
spots, most of which were also visible after solubili-
zation with lysis solution A (containing urea, Triton
X-100, and dithiothreitol [DTT]). However, about 50
additional proteins became visible in the IEP range of
pH 3 to 10 with respect to solubilization with lysis
solution A (data not shown).

Visualization of proteins after gel electrophoresis
depends on various staining procedures that are
known to give different results with individual pro-
teins. To analyze the effect of protein staining on the
representation of the Arabidopsis mitochondrial pro-
teome two 2D gels were stained in parallel with
either Coomassie Blue or silver (Fig. 5). Most of the
protein spots were visible on both gels. However,
Coomassie Blue stained acidic and very small pro-
teins better (silver-staining intensities of proteins
are directly related to mole percentage of Lys; Dion
and Pomenti, 1983). On the other hand, some spe-
cific proteins strongly reacted with silver but were
hardly detectable on the Coomassie-stained gel.
Overall, Coomassie staining revealed about 20 new
spots not visible by silver staining in the IEP range
pH 3 to 10. Length of silver staining also proved to
be critical for protein visualization. Prolonged stain-
ing causes problems due to spot overlapping in gel

Table II. Presequence properties of identified mitochondrial proteins from Arabidopsis

No.a Protein
Length of

Presequence
Ser Arg/Lys Glu/Asp

Arg at
Cleavage

Site?

P of Mitochondria
(MITOPROT)b

no. of
amino
acids

%

2 ATP synthase, subunit �� 26 23 19 0 �3 0.985
3 Complex I, 18-kD subunit 11 0 18 0 �4 0.892
4 Unknown mitochondrial protein 89 9 13 3 �2 0.384
5 Gly-rich RNA-binding protein 34 15 9 0 �4 0.743
9 Nucleoside diphosphate kinasec 85 19 11 4 – 0.997
10 Inosine 5-monophosphate

dehydrogenase
39 15 10 0 �2 0.855

13 ATP synthase, subunit � 36 19 17 3 �3 0.881
14 Superoxide dismutase 27 12 26 4 �2 0.960
16 Peroxyredoxin 28 21 18 0 �3 0.985
18 Unknown mitochondrial protein 58 19 16 0 �2 0.989
21 ATP synthase, 24-kD subunit 32 9 12 0 �3 0.900
26 Pyruvate dehydrogenase E1� 37 8 19 5 – 0.910
29 Succinyl-CoA-ligase, �-subunit 26 15 23 0 �2 0.934
32 ATP synthase, subunit � 51 20 18 2 �5 0.997
33 NAD-dependent malate

dehydrogenase
22 23 23 0 �2 0.998

35 Succinyl-CoA-ligase, �-subunit 42 26 14 2 �3 0.971
37 Cytochrome b5 reductasec 60 17 8 0 – 0.995

Average 41.4 15.9 16.1 1.35 – 0.904
a The nos. refer to the nos. given in Figure 3. b The probability for mitochondrial targeting was calculated using MITOPROT (Claros and

Vincens, 1996). c These proteins are targeted to the mitochondrial intermembrane space and have a bipartite presequence.
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areas with high spot density. In other gel areas,
prolonged staining allowed us to visualize addi-
tional proteins of very low abundance (Fig. 6). The
increase in spot number due to prolonged silver
staining was estimated in representative gel areas
and found to be 12%.

Finally, the influence of the immobilized pH gra-
dients used for IEF was tested with respect to reso-
lution capacity. Broad-range pH gradients are conve-
nient for proteome analyses because they allow the
parallel visualization of most proteins. However,
narrow-range pH gradients can improve resolutions
significantly, especially in gel regions with very high
spot density. In the case of the mitochondrial pro-
teome from Arabidopsis, the effect of varying pH
gradients is documented in Figure 7. Because the
spot density of separated mitochondrial proteins
from Arabidopsis is moderate after use of broad-
range pH gradients, narrow-range pH gradients only
slightly improve resolution. After evaluation of rep-
resentative gel areas, the resolution improvement of
narrow-range pH gradients was found to be approx-
imately 10%.

Solubilization, resolution, and visualization of all
mitochondrial proteins from Arabidopsis cannot be

achieved on single gels. About 650 protein spots are
visible after electrophoresis under standard condi-
tions (solubilization with lysis solution A, nonlinear
pH gradient pH 3–10, silver staining). Because of
contamination or proteolytic fragmentations, the true
number of distinct mitochondrial proteins might be
10% lower. On the other hand, variation of condi-
tions for solubilization, resolution, and visualization
increases the number of spots by about 30% and,
therefore, the total number of separable mitochon-
drial proteins is estimated to be approximately 800
(Table III). However, several mitochondrial proteins
might not be visible under all conditions applied.

DISCUSSION

Because Arabidopsis became the model organism
for plant biology some years ago, progress in under-
standing the structure of its genomes was fast. In
1997, the sequence of the Arabidopsis mitochondrial
genome was announced (Unseld et al., 1997), 2 years
later, the complete sequence of the Arabidopsis chlo-
roplast genome was published (Sato et al., 1999) and,
by December 2000, the nearly complete sequence of
the nuclear genome was presented (The Arabidopsis
Genome Initiative, 2000). To analyze gene functions,
new approaches have been started, including the
establishment of large Arabidopsis “knock out” pop-

Figure 5. 2D pattern of mitochondrial proteins from Arabidopsis
with IEP values between 4 and 6.3 and molecular masses between 11
and 35 kD after silver staining (A) or Coomassie Blue staining (B).
Proteins were solubilized with lysis solution A (8 M urea, 4% Triton
X-100, 50 mM DTT). Fifty micrograms of mitochondrial protein was
loaded onto the silver-stained gel, and 1,000 �g of protein was
loaded on the Coomassie-stained gel. Arrows mark protein spots not
stained with Coomassie or silver.

Figure 4. 2D pattern of mitochondrial proteins from Arabidopsis
with IEP values between 4.5 and 8 and molecular masses between 11
and 33 kD after solubilization of proteins in lysis solution A (8 M urea,
2% Triton X-100, 20 mM DTT; A) or lysis solution B (5 M urea, 2 M

thiourea, 2% CHAPS, 2% SB 3–10, 2 mM TBP; B). The gels were
silver stained. The arrows mark proteins that are much better solu-
bilized with lysis solution B.
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ulations and the development of DNA chips to mon-
itor gene expression. Meanwhile, proteome projects
were initiated to systematically characterize gene
products of defined subproteomes from Arabidopsis
(Robertson et al., 1997; Santoni et al., 1998, 2000;
Peltier et al., 2000). The present paper reports the
initiation of an Arabidopsis mitochondrial proteome
project.

Purity of Mitochondrial Fractions of Arabidopsis

A critical parameter for every subproteome project
is the purity of the subcellular compartment to be
analyzed. There were previous reports of the isola-
tion of mitochondria from green Arabidopsis tissues

(e.g. Turano et al., 1997; Berkemeyer et al., 1998;
Yasuno and Wada, 1998; Fan et al., 1999). However,
some of the generated mitochondrial fractions were
not tested for chloroplast contamination, some were
tested and found to contain chloroplast proteins, and
some others were tested and found to be pure, but
the results are based on monitoring single enzymes
of single chloroplast subcompartments in the mito-
chondrial fractions. In the present study, the purity
of the prepared mitochondrial fractions from green
Arabidopsis tissue was demonstrated by 2D blue-
native/Tricine SDS-PAGE, which is a very sensitive
procedure that allows one to generate a “fingerprint”
of the subunit compositions of characteristic mito-
chondrial and chloroplast protein complexes that are
involved in photosynthesis or respiration. With this
sensitive procedure, the purity of the mitochondrial
fractions was found to be �90%. Preparation of mi-
tochondrial fractions from green Arabidopsis tissue
with higher purity might not be possible because
some plastids exhibit sizes and densities like typical
mitochondria.

Very pure mitochondrial fractions can be isolated
from Arabidopsis suspension cell cultures as demon-
strated by blue-native/Tricine SDS-PAGE. Indeed,
the identification of protein spots on our 2D gels
revealed only two proteins from other cellular com-
partments. Mitochondria isolated from suspension
cell cultures represent a valuable starting material for
studying all basic functions of mitochondria, such as
respiration, citric acid cycle, amino acid and nucleo-
tide metabolism, protein biosynthesis, molecular
transport, and so on. Nongreen Arabidopsis cells also
occur naturally in roots and flowers. On the other
hand, suspension cell cultures represent an artificial
system that might not reflect physiological condi-
tions. Furthermore, studying mitochondria prepared
from green tissue will be very important to investi-
gate the role of mitochondria during photosynthesis.

Proteomics as a Tool for the Identification of Novel
Mitochondrial Functions

The analysis of proteins in the course of this study
allowed us to identify several proteins not described

Figure 6. 2D pattern of mitochondrial proteins from Arabidopsis
with IEP values between 4.5 and 6.3 and molecular masses between
8 and 33 kD after silver staining for 10 min (A) or for 30 min (B). Both
gels were loaded with 50 �g of protein. Circles indicate protein spots
visible only after prolonged silver staining.

Figure 7. 2D pattern of mitochondrial proteins
from Arabidopsis with IEP values between 5.1
and 5.9 and molecular masses between 15 and
100 kD after separation on IPG stripes with a pH
gradient of 3 to 10 (A), of 4 to 7 (B), or of 5 to 6
(C). Boxes/arrows indicate regions/spots of im-
proved resolution on narrow-range pH gradients.
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previously for plant mitochondria. A plant mitochon-
drial NADH-cytochrome b5 reductase may be an im-
portant enzyme for the oxidation of external NADH
in concert with the rotenone-insensitive alternative
NADH dehydrogenases that were characterized be-
fore (Rasmusson et al., 1999). The protein has a typ-
ical bipartite presequence as described previously for
nuclear-encoded mitochondrial proteins destined to
the mitochondrial intermembrane space. It is inter-
esting that in yeast mitochondria the enzyme exists in
two forms that are encoded by a single gene and
generated by differential processing: a membrane-
bound form on the outer mitochondrial membrane of
the mitochondrion and a soluble form in the inter-
membrane space (Hahne et al., 1994; Hauke et al.,
1997). Nucleotide metabolism in plant mitochondria
is poorly understood, and the identification of a pu-
tative mitochondrial inosine 5-monophosphate dehy-
drogenase represents a starting point for the investi-
gation of mitochondrial guanine biosynthesis. Pero-
xiredoxins play an important role in O2 protection of
various cellular compartments. The newly identified
plant mitochondrial peroxiredoxin might be a coun-
terpart of yeast mitochondrial peroxiredoxin, which
was discovered very recently and which was shown
to exhibit thioredoxin peroxidase activity (Pedrajas et
al., 2000). Another identified protein is presumably
important for mitochondrial development because it
exhibits sequence similarity to the chloroplast DAG
protein of A. majus, which was shown to be impor-
tant for chloroplast differentiation (Chatterjee et al.,
1996). Some of the newly identified proteins seem to
be involved in unknown mitochondrial functions be-
cause they represent abundant proteins on our 2D
gels but exhibit no sequence similarity to any data-
base entry. Hence, proteomics is a powerful tool for

the discovery of novel mitochondrial proteins. Nev-
ertheless, individual experiments have to be carried
out to characterize all newly described proteins to
verify their predicted functions and determine their
biological roles. One promising strategy could be the
comparison of mitochondrial proteomes of knock-out
mutants for unknown mitochondrial proteins with
the mitochondrial proteomes of corresponding wild-
type plants. Proteomics in combination with genome
information also allows one to newly define prese-
quences for mitochondrial targeting and post-
translational modifications.

How Many Proteins Form Part of the Mitochondrial
Proteome from Arabidopsis?

Analyzing the Arabidopsis mitochondrial pro-
teome by 2D gel electrophoresis and silver staining
under standard conditions reveals about 650 differ-
ent protein spots. If different protein lysis and stain-
ing procedures and different pH gradients are com-
bined, about 800 different mitochondrial proteins can
be separated. However, the total number of proteins
forming part of the mitochondrial proteome from
Arabidopsis might be twice as high for the following
reasons: (a) Very hydrophobic proteins are known to
be absent on gels after IEF. Although most mitochon-
drial membrane proteins form part of large protein
complexes and, consequently, are not necessarily hy-
drophobic, there is a remaining class of hydrophobic
membrane proteins that was not detected during this
study including members of the mitochondrial me-
tabolite carrier superfamily. (b) Very basic proteins
(IEP � 10) were not analyzed in this study because of
the pH gradients used for IEF. Studies of the theo-
retical proteomes of completely sequenced bacteria
indicate that about 10% of bacterial proteins have pI
values above pH 10 (Link et al., 1997a, 1997b; van
Bogelen et al., 1997). This also might be true for
mitochondria. (c) The abundance of some mitochon-
drial proteins is extremely low, preventing detection
by silver staining. Examples might be transcription
factors or other proteins with regulatory functions.
(d) Some proteins might have identical molecular
masses and pI values resulting in exactly overlapping
spots. (e) Several mitochondrial proteins have func-
tions related to photosynthesis or to other tissue-
specific processes and might be absent in mitochon-
dria prepared from Arabidopsis suspension cell
cultures.

Based on these considerations, we estimate the to-
tal number of Arabidopsis genes encoding mitochon-
drial proteins to be in the range of 1,500 to 2,000.
Recently, the total number of mitochondrial proteins
of Arabidopsis was calculated by a new version of
TargetP, a subcellular localization prediction soft-
ware (Emanuelsson et al., 2000). According to this
study, about 10% of all Arabidopsis genes would
encode proteins destined to mitochondria. This result

Table III. No. of detectable proteins forming part of the mitochon-
drial proteome from Arabidopsis

No. of protein spots detectable on the 2D gel in
Figure 3 between pH 3 and 10

650

Positive corrections
No. of protein spots only solubilized by lysis

solution B (Fig. 4)
�7%

No. of protein spots only stained by Coomas-
sie Blue (Fig. 5)

�3%

No. of protein spots only detectable after pro-
longed silver staining (Fig. 6)

�12%

No. of protein spots separated only on
narrow-range pH gradients (Fig. 7)

�10%

Negative corrections
No. of identified protein spots representing

fragments (2/52)
�4%

No. of identified protein spots representing
contaminations (2/52)

�4%

Sum of corrections �24%

Total no. of different mitochondrial proteins de-
tectable on 2D gels between pH 3 and 10
under the conditions applied

�800
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implies about 2,500 mitochondrial proteins because
the total number of Arabidopsis genes is approxi-
mately 25,000 (The Arabidopsis Genome Initiative,
2000). The same study predicted about 14% Arabi-
dopsis genes encoding chloroplast proteins (2,800–
3,500 different proteins). Slightly smaller values were
predicted by a different study of the Arabidopsis
chloroplast proteome that was based on evolutionary
considerations (1,900–2,500 different proteins, Abdal-
lah et al., 2000). In yeast, the size of the mitochondrial
proteome is estimated to be in the range of 400 to 500
different proteins (Karlberg et al., 2000; Lithgow et
al., 2000), which represents 6.6% to 8.3% of the 6,000
postulated proteins of this organism. Hence, plants
seem to have significantly more mitochondrial pro-
teins than yeast, which should be due to the presence
of isoforms of several mitochondrial enzymes and to
the occurrence of additional mitochondrial functions
in plants.

This paper reports the characterization of a plant
mitochondrial proteome. Similar investigations were
carried out for the human and rat mitochondrial pro-
teome (Rabilloud et al., 1998; Lopez et al., 2000). In
both projects, mitochondrial proteins were isolated
and separated by 2D gel electrophoresis, and 46/92
proteins were identified. It is interesting that a large
number of mitochondrial proteins were likewise iden-
tified in the two studies of the mammalian mitochon-
drial proteome on one side and the Arabidopsis mito-
chondrial proteome on the other. Often these proteins
even have similar positions on the 2D gels. The mam-
malian mitochondrial proteome projects were initi-
ated to better understand mitochondrial dysfunctions
that have been implicated in numerous diseases. Sim-
ilar promises might become true for the analyses of
plant mitochondrial proteomes (Mihr et al., 2001). Al-
terations of mitochondrial functions were found to
cause cytoplasmic male sterility, an attribute widely
used for the generation of hybrid seeds in plant breed-
ing. Characterizations of plant mitochondrial pro-
teomes also will be a powerful tool for the investiga-
tion of knock-out mutants concerning nuclear-
encoded mitochondrial proteins. Regular updates
on additional identified proteins of the Arabidopsis
mitochondrial proteome will be made available
at http://www.gartenbau.uni-hannover.de/genetik/
AMPP.

MATERIALS AND METHODS

Isolation of Mitochondria/Chloroplasts

Arabidopsis was cultivated in a greenhouse under long-
day conditions for 3 to 4 weeks. Starting material for or-
ganelle preparations were 100 g of green tissue (leaves and
stems). The cells were disrupted using a grinder, and mi-
tochondria were isolated by differential centrifugation and
Percoll density gradient centrifugation as described by
Werhahn et al. (2001) with the following modifications.
Differential centrifugation consisted of five steps: four

steps to purify the mitochondria from particles with higher
sedimentation coefficients (10 min at 3,500g, two times 5
min at 3,500g, 5 min at 6,000g) and a final step to pellet a
fraction enriched in mitochondria (10 min at 17,000g). The
three-step Percoll gradients for density gradient centrifu-
gation contained 18%, 29%, and 45% Percoll in 0.3 m Suc, 10
mm 3-(N-morpholino)propanesulfonic acid (MOPS)/KOH,
pH 7.2. After gradient centrifugation (45 min at 70,000g),
mitochondria were isolated from the 29%/45% interphase,
and chloroplasts/thylakoids were isolated from the 18%/
29% interphase. Purification of mitochondria from Arabi-
dopsis cell lines was carried out as described previously
(Werhahn et al., 2001). To efficiently prevent proteolysis,
single organelle preparations were carried out in the pres-
ence of the protease inhibitor cocktail Complete (Roche
Molecular Biochemicals, Mannheim, Germany).

2D Blue-Native/Tricine SDS-PAGE

The purity of organelle preparations was tested by 2D
blue-native/Tricine SDS-PAGE (Schägger et al., 1994).
About 100 �g of protein was resuspended in 75 �L of ACA
buffer (0.5 mm EDTA, 750 mm aminocaproic acid, 50 mm
Bis-Tris, pH 7.0) supplemented with 15 �L of 10%
n-dodecyl maltoside. After centrifugation for 30 min at
20,000g, the supernatant was combined with 20 �L of a
Coomassie Blue solution (5% Serva Blue G, 750 mm amin-
ocaproic acid) and loaded onto a 4.5% to 16% acrylamide
gradient gel. Electrophoresis was carried out as described
by Jänsch et al. (1996).

2D IEF/Tricine SDS-PAGE

The mitochondrial proteome was analyzed by 2D IEF/
Tricine SDS-PAGE. IEF was carried out with the IPGphor
system Amersham Pharmacia Biotech AB (Uppsala, Swe-
den) using Immobiline DryStrip gels (18 cm) with nonlin-
ear pH gradients (pH 3–10) according to the manufactur-
er’s instructions (Berkelman and Stenstedt, 1998). Proteins
(100 �g) were resuspended either in 10 �L of lysis solution
A (8 m urea, 4% Triton X-100, 40 mm Tris base, 50 mm DTT,
0.1 mm phenylmethylsulfonyl fluoride) or in 10 �L of lysis
solution B (5 m urea, 2 m thiourea, 2% CHAPS, 2% SB 3–10,
2 mm TBP, and 40 mm Tris base), incubated for 1 h at room
temperature, and subsequently supplemented with 340 �L
of the corresponding DryStrip rehydration solution (rehy-
dration solution A: 8 m urea, 2% Triton X-100, 0.5% of a
carrier ampholyte mixture [IPG buffer; Amersham Phar-
macia Biotech, Piscataway, NJ], a trace of bromphenol blue,
20 mm DTT; rehydration solution B: 5 m urea, 2 m thiourea,
2% CHAPS, 2% SB 3–10, 2 mm TBP, and 0.5 m IPG buffer).
In the case of protein identification by mass spectrometry
or Edman degradation, 1,000 �g of mitochondrial protein
was loaded onto the gel strips and Triton X-100 was sub-
stituted with CHAPS in the lysis and rehydration solutions.
Focusing conditions were as described by Werhahn et al.
(2001). For the second gel dimension, the gel strips were
incubated with equilibration buffer 1 (50 mm Tris-HCl, pH
8.8, 6 m urea, 30% glycerol, 2% SDS, 66 mm DTT, a trace of
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bromphenol blue) and equilibration buffer 2 (50 mm Tris-
HCl, pH 8.8, 6 m urea, 30% glycerol, 2% SDS, 135 mm
iodoacetamide, a trace of bromphenol blue) for 15 min and
subsequently placed horizontally onto a Tricine-SDS poly-
acrylamide gel as described by Berkelman and Stenstedt
(1998). Tricine SDS-PAGE was carried out in the Protean II
Xi cell from Bio-Rad (Munich; gel dimensions 20 � 18 � 0.1
cm) according to the protocol given by Schägger and von
Jagow (1987). The 2D gels were silver stained (Heuke-
shoven and Dernick, 1986).

Protein Identification by Immunoblotting and
Edman Degradation

The proteins separated on acrylamide gels were blotted
onto nitrocellulose membranes for antibody stainings or
onto polyvinylidene difluoride membranes for direct pro-
tein sequencing using the Trans-Blot Cell from Bio-Rad.
Blotting onto nitrocellulose membranes was carried out in
transfer buffer A (20 mm Tris base, 20% methanol, 150 mm
Gly) for 6 h at 200 mA, and blotting onto polyvinylidene
difluoride membranes was carried out in transfer buffer B
(20 mm Tris-HCl, pH 8.8, 0.04% SDS, 1 mm DTT, 20%
methanol) for 12 h at 500 mA. Immunostainings were
performed using the Vectastain ABC kit (Vector Laborato-
ries, Burlingame, CA) according to the manufacturer’s in-
structions. For sequencing, blotted proteins were stained
with Ponceau S, cut out, and directly subjected to Edman
degradation on a Procise-HAT protein sequencer (model
ABI 494A, Applied Biosystems, Foster City, CA).

Protein Preparations for Mass Spectrometry

For mass spectrometry, gels were colloidal stained with
Coomassie Blue (Neuhoff et al., 1985, 1990). Single proteins
were cut out, transferred into an Eppendorf vessel, and
incubated once in 250 �L of 25 mm NH4HCO3 and twice in
250 �L of 50% acetonitrile/25 mm NH4HCO3 for 30 min.
Subsequently, the proteins were lyophilized and incubated
with 20 �L of digestion solution (0.5 �g of trypsin [Pro-
mega, Madison, WI] in 20 �L of 50 mm NH4HCO3) for 4 h
at 37°C. Samples were supplemented with 100 �L of 50 mm
NH4HCO3 and incubated for 30 min. Afterward, superna-
tants were taken and stored. The gel pieces were incubated
twice with 100 �L of 60% acetonitrile/0.5% formic acid,
and all supernatants were pooled and lyophilized. Purifi-
cation of the generated peptides was achieved using Zip-
Tips (Millipore, Bedford, MA) according to the manufac-
turer’s instructions.

Matrix-Assisted Laser Desorption Ionization/Time of
Flight Mass Spectrometry

Determination of the molecular masses of Zip Tip-
purified peptides was carried out by positive-ion matrix-
assisted laser desorption ionization/time of flight mass
spectrometry using a reflex instrument equipped with
delayed-extraction and N2 laser (337 nm; Bruker, Newark,
DE). For each sample 1 �L of matrix solution (19 mg of

�-cyano-4-hydroxycinnamic acid in 1 mL of 60% metha-
nol/0.1% formic acid) was placed on the Scout ion source
and crystallized as a thin layer. One to 2 �L of sample was
placed directly on the top of the thin matrix layer, and
cocrystallization was carried out at room temperature.
Spectra were recorded in reflection mode with an acceler-
ation voltage of 20 kV and a reflection voltage of 21.5 kV.
Monoisotopic masses from spectra were selected manually
and used for protein identification with the help of GP-
MAW (Lighthouse Data, Lodbjerg, Denmark).

Electrospray Ionization Tandem Mass Spectrometry

For peptide sequencing, 3 �L of Zip Tip-purified sample
was filled into Au/Pd-coated nanospray glass capillaries
(Protana, Odense, Denmark). The tip of the capillary was
placed orthogonally in front of the entrance hole of a
quadrupole time-of-flight mass spectrometry instrument
(Micromass, Manchester, UK) equipped with a nanospray
ion source. A capillary voltage between 750 and 1,000 V
and a cone voltage of 30 V was applied. Two-fold charged
peptides were chosen for collision-induced dissociation ex-
periments, and the corresponding parent ions were selec-
tively transmitted from the quadrupole mass analyzer into
the collision cell. Ar was used as the collision gas, and the
kinetic energy was set between 20 and 40 eV. The resulting
daughter ions were separated by an orthogonal time-of-
flight mass analyzer. Peptide sequencing and protein iden-
tification was carried out with the programs PeptideSe-
quencing and ProteinProbe of the BioLynx software
package (version 3.4, Micromass).

Bioinformatics

2D gels were compared using the ImageMaster 2D Elite
software (Amersham Pharmacia Biotech). All sequence
comparisons were carried out at The Arabidopsis Informa-
tion Resource (http://www.Arabidopsis.org/). Query se-
quences were compared with GenBank entries for Arabi-
dopsis including expressed sequence tags and bacteria
artificial chromosome ends with the help of TBLASTN and
TFASTX3. Translations of nucleotide sequences were per-
formed with TRANSLATE, and calculations of the molec-
ular mass and the pI of proteins were performed with
COMPUTE pI/Mw (both available at the ExPASy Molecu-
lar Biology Server, Geneva [http://www.expasy.ch/]).
Alignments were calculated using SIM � LALNVIEW
(ExPASy) or CLUSTALW (http://www2.ebi.ac.uk/clust-
alw/). Protein-coding regions of genomic DNA were pre-
dicted with GENEBUILDER (http://www.itba.mi.cnr.it/
webgene/). For predictions of subcellular locations of
proteins, the programs MITOPROT (http://www.mips.
biochem.mpg.de / cgi-bin / proj / medgen / mitofilter / )
and TargetP (http://www.cbs.dtu.dk/services/TargetP/)
were used.
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