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Abstract 

Many proteomic approaches have been employed to investigate the complex and 
dynamic proteome of the chloroplast. These range from classical methods like one 
and two dimensional gel electrophoresis to advanced comparative proteomics 
strategies such as ICAT or SILAC. Mass spectrometry for protein identification or 
quantitation plays an important role in most of the methods used and is a fast 
emerging technology in protein biochemistry. Most proteomic studies of the 
chloroplast focus on the single compartments of this plant organelle, which greatly 
reduces the complexity of the sample and thus allows for a more complete and de-
tailed analysis of the complex protein composition. The rapidly developing field 
of comparative proteomics makes it possible to analyze dynamic protein changes 
caused, for example, by different developmental stages of a plant, by various 
stress conditions and distinct genetic backgrounds.  

1 The art of proteomics 

A great challenge of the post genomic era is to understand how genetic informa-
tion results in the concerted and dynamic action of gene products to generate func-
tion. In contrast to a cell’s static genome, the proteome is both complex and dy-
namic. The proteome is defined as the set of all expressed proteins in a cell, tissue 
or organism (Wilkins et al. 1999). Proteomics can be defined as the systematic 
analysis of proteins for their identity, abundance, expression pattern, and function. 
Proteomics permits a global view on dynamics of biological processes by the sys-
tematic analysis of expressed proteins and, in particular, of functional protein 
complexes. The analysis of a proteome is complicated by the fact that the ex-
pressed product of a single gene often represents a protein population that may 
contain a large amount of micro-heterogeneity. Post-translational modifications 
(PTM), like phosphorylation, acetylation, glycosylation, protease cleavage, lipida-
tion, or ubiquitination may contribute to the expression profile of a protein. The 
analysis of such complex protein profiles requires methods that allow high resolu-
tion protein separation combined with very sensitive methods for protein identifi-
cation. Mass spectrometry (MS) has become a powerful tool for peptide and pro-
tein identification since it allows sensitive, fast and specific measurement, and 
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thus allows for recognition of peptides and proteins from complex mixtures 
(Aebersold and Mann 2003; Domon and Aebersold 2006). A typical workflow for 
proteomic experiments is depicted in Figure 1. Besides protein identification, rec-
ognition of post-translational modifications and protein quantitation are important 
tasks that can be investigated by mass spectrometric experiments. Today whole 
suites of potent mass spectrometer (MS) are available to fulfill these tasks 
(Aebersold and Mann 2003; Domon and Aebersold 2006). It is not our aim to dis-
cuss the distinct mass spectrometer options available. In the beginning of this re-
view, we would rather like to address issues that are essential for successful mass 
spectrometric experiments: (i) peptide ionization allowing the entry of peptides 
into the mass spectrometer, (ii) peptide mass finger printing (PMF) and tandem 
mass spectrometry (MS/MS), and (iii) algorithms that permit identification of pep-
tides and in turn proteins from mass spectrometric data.  

1.1 Prerequisite for biomolecular mass spectrometry: MALDI and ESI 
Ionization  

To enable mass spectrometric analysis of peptide-molecules, they have to be ion-
ized before they can enter the mass spectrometer. The most common ionization 
methods for biomolecular mass spectrometry are matrix-assisted laser desorption 
ionization (MALDI) and electrospray ionization (ESI). MALDI is based on the 
bombardment of sample molecules with a laser light to induce ionization. The 
sample is pre-mixed with a highly light-absorbing matrix compound. The matrix 
absorbs the laser energy and transforms it into excitation energy. This leads to the 
sputtering of matrix molecules, which drag along the analyte ions from the surface 
of the mixture, and enables the entry of ionized molecules from an intermediate 
vacuum region into the analyzer of the mass spectrometer, which is under perma-
nent high vacuum. During electrospray ionization, the sample is dissolved in a po-
lar solvent and pumped through a narrow capillary. A high voltage of 3 to 4 kV is 
usually applied in between the tip of the capillary, which is positioned within the 
ionization source of the mass spectrometer and the aperture, which represents the 
entry point to the high vacuum system. In response to this strong electric field, the 
sample emerging from the tip is dispersed into an aerosol of highly charged drop-
lets. Ultimately, charged sample ions, free from solvent, are released from the 
droplets, which pass through a sampling cone into an intermediate vacuum region, 
and from there through a small aperture into the analyzer of the mass spectrome-
ter.  

1.2 Peptide mass finger printing and tandem mass spectrometry 

MALDI coupled to time-of-flight (TOF) mass spectrometer instruments are com-
monly used for large-scale protein identification by the peptide mass mapping 
technique. Peptide masses are determined for specific spots on the analyzer plate 
by MALDI-MS and  these mass maps  are then  compared to predicted  mass maps 
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Fig. 1. Typical workflow of a proteomics experiment. Chloroplasts can for example be ex-
tracted by centrifugation on a Percoll gradient and than fractionated into their compart-
ments by sucrose gradient centrifugation. Protein samples can than be separated by 1- or 2-
dimensional gel electrophoresis and further analyzed with mass spectrometry or tandem 
mass spectrometry in respect to identification, post-translational modification and quantita-
tion. 

in a database to identify the respective protein. MALDI can also be employed to 
ionize peptides for entry into more complex mass spectrometer, enabling tandem 
mass spectrometric analyses, such as ion trap, TOF-TOF or quadrupole-TOF mass 
spectrometer. In contrast to MALDI, ESI allows direct coupling of liquid chroma-
tography (LC) systems to the mass spectrometer. This permits the combination of 
chromatographic separation of peptides (using on average nano flow rates) and di-
rect elution into the mass spectrometer coupled to mass spectrometric and tandem 
mass spectrometric analysis of peptides. Besides mass information of the peptide-
ion, tandem mass spectrometry produces structural information about specifically 
selected peptide ions inside the mass spectrometer. MS/MS experiments are per-
formed by colliding a selected ion with inert gas molecules such as argon or he-
lium and subsequent mass measurement of the fragment ions yielding fragmenta-
tion mass spectra. Importantly, fragmentation occurs preferably at the peptide 
bonds resulting in y- and b-type ions that represent fragment ions harboring either 
C- or N-terminus, respectively. This information can then be assembled to gener-
ate structural information regarding the intact molecule and enable direct amino 
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acid sequencing of peptides. To identify peptides from mass spectrometric and 
tandem mass spectrometric data, algorithms are available that take advantage of 
protein and DNA database information to correlate peptide sequences with mass 
spectrometric data information. In addition de novo amino acid sequencing from 
MS/MS data is feasible. Since today’s mass spectrometer become more and more 
sensitive and faster in data recording, the bottleneck of the mass spectrometric ex-
periment seems to be the evaluation of these data. 

1.3 Database searching 

A set of distinct peptide masses obtained from proteolytic cleavage (mostly tryptic 
cleavage) of a protein and subsequent mass spectrometric mass measurement can 
be used to identify proteins. In this approach such a set of peptide masses is 
mapped against an in silico digest of a protein sequence database. The approach, 
called peptide mass fingerprinting (Mann et al. 1993; Giddings et al. 2003), is 
however vulnerable to the complexity of the mixture. With the increase of peptide 
species in the mixture the possible combinations increase exponentially, thus, 
making a correct protein assignment difficult. In addition peptide masses may not 
be unique in sequence databases. Therefore, identification of a protein via PMF 
depends critically on the mass accuracy and the mass resolution of the mass spec-
trometer.  

The introduction of MS/MS spectra for peptide and protein identification in-
cluded the fragmentation pattern of a peptide as a supplementary constraint in ad-
dition to the peptide mass, thus, rendering the peptide identification and in turn the 
protein identification more reliable. Sequence tags (Mann and Wilm 1994; 
Shevchenko et al. 1996) amend the mass of the peptide, as in PMF, with a short 
partial amino acid sequence, which is determined from the spectrum and its posi-
tion within the peptide. Thus, four parameters define a sequence tag: a) its mass, 
b) its partial amino acid sequence, c) the mass before the start of the partial amino 
acid sequence in the peptide, and d) the remaining mass after the end of the partial 
amino acid sequence within the peptide. Partial sequences can be searched for in 
sequence databases, usually presented as plain text-files in fasta-format (Pearson 
and Lipman 1988). Furthermore, the masses of the resulting fragments of the in 
silico digest of these files are used to filter the results. Another filter is presented 
through the positioning of the partial amino acid sequence. These three filters are 
very restrictive and more discriminating than searching with mere masses alone. 
Therefore, it is in widespread use today, with new developments reported regu-
larly (Bafna and Edwards 2001; Sunyaev et al. 2003; Tabb et al. 2003; Savitski et 
al. 2005). 

Another approach developed around the same time as sequence tagging makes 
use of the complete MS/MS spectrum (Eng et al. 1994). It uses cross correlation to 
compare the acquired mass spectra to theoretically derived spectra from sequences 
in a database. This algorithm, named Sequest, along with Mascot (Perkins et al. 
1999), which employs sequence search, ion search, PMF, and introduces a prob-
abilistic based scoring scheme for the first time, are the so called industry stan-
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dards for software in this area today. Besides Sequest and Mascot, numerous other 
tools that match mass spectrometric data to sequence databases are available (for 
reviews see Kapp et al. 2005; Shadforth et al. 2005). Although database search is 
able to identify peptides from complex mixtures, it obviously fails if there is no 
database available, or if other obstacles hinder the identification. In these cases, de 
novo amino acid sequencing may be of use. 

1.4 De Novo sequencing 

De novo sequencing algorithms seek to determine the underlying peptide sequence 
from the mass spectrometric information alone. The rational behind this approach 
is that peptides dissociate into predictable fragments. Looking at y-ions alone 
clearly shows that the difference in-between two consecutive y-ions in a spectrum 
represents the mass of one or multiple amino acid. Other ion-types may provide 
additional and supporting information in this scenario. The best case occurs when 
a complete fragment ion ladder of at least one ion-type is present. The inherent 
problem in de novo sequencing is, however, that it is not known which peak repre-
sents which ion-type in a given MS/MS spectrum a priori. 

A number of de novo amino acid sequencing programs have been described and 
are in use today (Dancik et al. 1999; Fernandez-de-Cossio et al. 2000; Chen et al. 
2001; Taylor and Johnson 2001; Bafna and Edwards 2003; Ma et al. 2003). These 
programs face other limitations. They are usually computational intensive and de-
pendent on high quality spectra (Spengler 2004; Yan et al. 2005). For these rea-
sons, they are quite limited in practice. De novo amino acid sequencing informa-
tion together with mass information could be used for error-tolerant searching of 
DNA and in particular genomic DNA databases. Therefore, there is a need to con-
nect de novo sequencing approaches with database searching algorithms. 

1.5 Linking database searching and de novo sequencing  

The GenomicPeptideFinder (GPF) connects de novo sequencing with database 
search (Fig. 2) (Allmer et al. 2006). The aim of GPF is to employ mass spectro-
metric data for genomic data mining. It enables detection of intron-split and/or al-
ternatively spliced peptides from MS/MS data when deduced from genomic DNA 
(Allmer et al. 2004). As depicted in Figure 2, prior to GPF search, mass spectra 
are submitted to de novo amino acid sequencing by PEAKS (Ma et al. 2003). The 
predictions are converted to queries for GPF and searched against the six-frame 
translation of a genomic DNA database. For this error tolerant search small sub 
sequences of the de novo prediction are mapped to the six-frame translation of a 
genomic database. The proximity of a match, usually 2100 base pairs upstream 
and downstream, is investigated in more detail. This time shorter sequence frag-
ments are searched in the extended region. All matches are tried out whether they, 
when  they are  joined,  define a tryptic  peptide  that would  explain the  precursor 
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Fig. 2. Computational processing of the MS/MS spectra acquired by mass spectrometry. 
Certain data associated with each process such as processing time is presented in the boxes 
above, each box representing a distinct process. Processing times were calculated for one 
PC if not indicated otherwise. Most triply charged dta-files were not submitted to de novo 
prediction analysis. The GPF core is the same in both PC and UNIX distribution. Most GPF 
processing was done on the LINIAC Cluster (University of Pennsylvania, Philadelphia, 
USA). Figure taken from Allmer et al. (2006). 

mass within the error of the mass spectrometer used. Joining the matched se-
quences allows splicing out of intervening sequences. In order to allow for se-
quencing errors of the de novo algorithm, the intervening sequence is checked 
along the reading frames of the bordering matches whether they can explain the 
precursor mass, if completely removing it, renders the mass too low. All de novo 
sequence predictions are used in this fashion. All resulting peptides are stored in a 
fasta-file and are submitted to database search. The new sequences function as the 
database and they are correlated using Sequest against the original mass spectra 
which gave rise to the de novo predictions. 

This approach was used to study the thylakoid proteome of Chlamydomonas 
reinhardtii (Allmer et al. 2006). The concerted action of Sequest and GPF allowed 
identification of 2622 distinct peptides. In total 448 peptides were identified by 
GPF analysis alone including 98 intron-split peptides, resulting in the identifica-
tion of novel proteins, improved annotation of gene models, and evidence of alter-
native splicing. It is predictable that the combination of de novo sequencing from 
MS/MS spectra in conjunction with error-tolerant GPF performance will be of 
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help to explore nuclear gene structures and identify alternative splicing in eu-
karyotic organism with complex genomes. 

1.6 Strategies for the analysis of proteome dynamics 

Traditionally, a standard technique for proteome analysis combines protein separa-
tion by high-resolution (isoelectric focusing (IEF)/SDS-PAGE) two-dimensional 
gel electrophoresis (2-DE) with mass spectrometry or tandem MS identification of 
selected protein spots. The 2-DE technique has been used for the separation, de-
tection and quantification of individual proteins present in a complex sample in 
combination with mass spectrometry and database searching for the identification 
of the separated proteins (as reviewed in Aebersold and Mann 2003; Gorg et al. 
2004; Wittmann-Liebold et al. 2006).  
In 2-DE, proteins are separated in first and second dimension according to their 
isoelectric point and molecular mass, respectively. In the first dimension proteins 
are fractionated by isoelectric focusing. Hereby separation of proteins is achieved 
through electrophoresis in a pH gradient gel system (using a gel strip with embed-
ded pH gradient). Proteins migrate in the gel according to their charge at the re-
spective pH and will accumulate at their isolelectric point (IP) where the positive 
and negative charges of the peptide are balanced so that they do not display a 
charge to the outside and do not migrate in an electric field anymore. In the second 
dimension proteins from the gel strip are run into a SDS-PAGE and separated ac-
cording to their molecular mass. Before separation, proteins in the gel strip are 
treated with sodium dodecyl sulfate (SDS) along with other reagents to ensure that 
they are denatured and carry an appropriate negative charge. After separation, the 
gel is stained (i.e. Coomassie brilliant blue, silver, fluorescence dyes) and further 
analyzed. Protein spots of interest can be excised and digested with a site-specific 
protease (often trypsin). The resulting peptides are further investigated by mass 
spectrometry. This combination of methods is employed as a tool to detect and 
dissect dynamic changes in the proteome of a cell or tissue in response to changes 
in the physiological environment, the developmental state or internal perturba-
tions, such as mutations. Fluorescence 2-DE Difference Gel Electrophoresis 
(DIGE) (Unlu et al. 1997) represents a new development in 2-DE. The use of mul-
tiple distinct fluorescent dyes to label protein samples prior to 2-DE PAGE allows 
multiple samples to be co-separated and visualized on one 2-DE gel. 

Although, classical two-dimensional gel electrophoresis is a powerful tool, it 
faces a number of limitations especially when it comes to the separation of highly 
hydrophobic membrane proteins and proteins that possess basic isoelectric points. 
Hydrophobic proteins tend to precipitate at their isoelectric point in the non-
detergent isoelectric focusing. In addition, they are often very heterogeneous in 
their physico-chemical properties what makes it difficult to achieve comprehen-
sive, reproducible and comparable protein maps of membrane fractions 
(Ephritikhine et al. 2004). 

New experimental approaches that are independent of 2-DE have been devel-
oped recently to overcome these limitations and allow comparative analysis of a 
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protein between experimental and control samples in “solution”, enabling a quan-
titative overview of the dynamically altered proteome.  

Differential isotopic labeling strategies can also be employed to distinguish 
proteins from control and experimental conditions. Besides crosslinking of pro-
teins isolated from cells grown under different conditions with isotopically labeled 
and unlabeled chemical probes (ICAT, isotope-coded affinity tag) (Gygi et al. 
1999), proteins can be metabolically labeled with stable isotopes by growing cells 
in isotopically enriched media (SILAC, stable isotope-labeling of amino acids in 
cell culture). Experimental and control cell pools are then mixed, digested with 
enzymes and analyzed by LC-MS/MS for protein quantification (Oda et al. 1999; 
Ong et al. 2002). Moreover, mass spectrometry can be used to achieve absolute 
quantitation of proteins. For this purpose, proteotypic peptides that distinctively 
recognize a protein can be chemically synthesized holding stable isotopes (e.g. 
13C, 15N etc.) at a single amino acid so that their masses will differ from the mass 
of the analyte, thereby permitting differentiation by MS and MS/MS methods. The 
absolute concentration of a protein can be calculated from the signal intensities de-
rived from the analyte and from those of the internal standard (Zhu and Desiderio 
1996). Tryptic peptides derived from the analyzed proteins and synthetic isotopi-
cally labeled internal standards were employed in absolute quantification of pro-
teins in solution (Barr et al. 1996; Barnidge et al. 2003) and, recently, in-gel 
(Gerber et al. 2003). 

In recent years alternative approaches have been developed that make use of 
the coupling between liquid chromatography and tandem MS (LC-MS/MS) (as re-
viewed in (Peng and Gygi 2001). The power of such a strategy can for example be 
illustrated by the identification of more than 70 proteins from the yeast ribosome 
in a single analysis. This approach was performed by analyzing tryptic peptides, 
which derived from digestion of the whole complex, by multi-dimensional liquid 
chromatography (mudPIT) coupled to MS/MS (Link et al. 1999).  

Our current understanding of the organization of a proteome-wide interaction 
network points to its enormous complexity. It has become apparent that on aver-
age, every fourth protein in a proteome might be shared between protein com-
plexes of different function. Two rather impressive proteome approaches were de-
scribed for systematic analyses of components of multi-protein complexes from 
baker yeast Saccharomyces cerevisiae (Gavin et al. 2002; Ho et al. 2002). In one 
approach about 10% of predicted yeast proteins were used as baits to discover pro-
tein-protein interactions. Fascinatingly, 3,617 associated proteins were identified 
by mass spectrometry, covering about 25% of the yeast proteome (Ho et al. 2002). 
In the other approach distinct genes were tagged with an expression cassette en-
coding for protein A and the calmodulin binding protein. Protein complexes that 
contain a tagged protein could be isolated by tandem-affinity purification and the 
individual components be analyzed by MS/MS (Gavin et al. 2002).  

The importance and power of proteomics for the exploration of plant proteomes 
and in particular plastid proteomics will be discussed in depth in the following 
section. 
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2 Proteomics of the chloroplast and its compartments 

The chloroplast is a highly dynamic and complex cell organelle and a major part 
of its metabolism is involved in photosynthesis and related energy producing 
processes. However, it also produces amino acids and lipids as well as secondary 
metabolites like isoprenoids. A chloroplast can be divided into several compart-
ments: the double layered envelope membrane, the soluble stroma and the thyla-
koid membrane enclosing the lumen. Despite of its endosymbiotic origin, most of 
the chloroplast proteins are nuclear encoded (about 90%). Plastidic genetic mate-
rial is organized in so-called nucleoids and expressed via the chloroplast’s tran-
scription and translation machinery. Most of the chloroplast proteins synthesized 
in the cytosol are imported via the Toc and Tic (translocon at the outer/inner enve-
lope membrane) translocation machinery. They contain an N-terminal chloroplast 
transit peptide (cTP) that is necessary for recognition at the outer membrane and is 
cleaved off after the passage into the stroma. Proteins targeted to the lumen of the 
thylakoids have to overcome a second barrier: the thylakoid membrane. Therefore, 
they carry a bipartite transit peptide, the more N-terminal region determining the 
chloroplast targeting. Once the initial transit peptide is cleaved, the formerly 
masked second transit peptide can be assessed and determines the next target, for 
example the thylakoid lumen (lTP).  

To cope with the large amount of functions in cell metabolism, chloroplasts re-
quire a large amount of enzymes and other multi protein complexes. Therefore, a 
number of about 3000-4000 predicted chloroplast proteins in Arabidopsis is easily 
imaginable (Peltier et al. 2002; Schubert et al. 2002; Kieselbach and Schroder 
2003; Baginsky and Gruissem 2004; Kleffmann et al. 2004; Richly and Leister 
2004; Sun et al. 2004; van Wijk 2004). Only one proteomic study so far took on 
the difficult task to analyze the complete chloroplast proteome. In a study on 
Arabidopsis thaliana Kleffmann et al. (2004) were able to improve the dynamic 
range by using multi dimensional chromatography and additional enrichment of 
envelope membrane proteins to identify a set of 636 proteins, mostly associated 
with energy production or metabolic processes. But even with advanced proteomic 
strategies, the analysis of the whole chloroplast proteome is a difficult operation 
and therefore the chloroplast proteome is often divided in different subproteomes 
composed of the proteins from its subcompartments. 

2.1 Envelope membranes  

The chloroplast is a closed compartment located in the cytosol of the cell. It is 
completely surrounded by a double membrane, the so-called envelope. Since a 
wide range of different metabolic processes take place in the chloroplast, it is nec-
essary for it to be functionally fully integrated into the plant cell, requiring an un-
problematic exchange of metabolites and signals with the other compartments. 
Therefore, the envelope membrane is the site of many transport systems that fa-
cilitate the transport of not only carbohydrates but also phosphates, amino acids, 
protons and different metal-ions (Joyard et al. 1998; Rolland et al. 2003).  
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About 90% of the chloroplast proteins are synthesized in the cytosol and must 
be transported through the envelope membranes. This is achieved with the Toc/Tic 
protein import machinery. The Toc proteins, located in the outer membrane, are 
able to recognize chloroplast transit peptides and guide the immature proteins 
through the outer envelope. Here the Tic complex takes over and translocates the 
preprotein into the stroma where the TP is cleaved and chaperones fold the pro-
teins into their functional conformation (Bedard and Jarvis 2005). The envelope 
membranes are also involved in the production and metabolism of different lipids 
such as structural membrane constituents, carotenoids and prenylquinones. Lipid 
compounds can also be further metabolized to signal molecules that are active in, 
for example, growth regulation or plant defense (Joyard et al. 1998; Rolland et al. 
2003).  

Predictions of envelope membrane components are difficult to make since a lot 
of these proteins do not contain cTP. Ferro et al. (2002) were able to determine 
typical properties for internal envelope membrane proteins, like a strong hydro-
phobicity based on several transmembrane domains (TMD), a pI larger than 8.8 
and a Res/TM value (amino acid residues/TMD) of less than 100. Their prediction 
with ChloroP (Emanuelsson et al. 1999) and a manual check on these criteria re-
sulted in 136 potential envelope proteins in Arabidopsis. Koo and Ohlrogge 
(2002) used a combination of TargetP (Emanuelsson et al. 2000), the TMD predic-
tor TMHMM and a manual rejection of known thylakoid proteins to predict a 
number of 541 inner envelope candidate proteins. A new prediction approach was 
used by Schleiff et al. (2003) based on the idea that most of the outer envelope 
proteins are embedded in the membrane by a β-barrel structure. Their prediction 
was based on the combination of a computational β-barrel analysis, the determina-
tion of the isoelectric point, a TargetP analysis and a manual selection. This re-
sulted in a pool of 891 putative outer envelope proteins. The candidate proteins 
derived from these predictions can be seen as starting points to design experimen-
tal approaches to characterize the envelope proteome. But experimental proteomic 
analysis of integral membrane proteins has always proven to be difficult because 
of the hydrophobic nature of the proteins and their highly dynamic expression. 
Therefore, a variety of extraction strategies such as the solubilization of proteins 
with organic solvents such as chloroform/methanol mixtures or treatments of 
membranes with alkaline substances or salts but also different fractionation strate-
gies like SCX columns have been used (Ephritikhine et al. 2004; Rolland et al. 
2006). Subsequent protein identification was mostly done by nano/LC coupled 
mass spectrometry (Ferro et al. 2000, 2002, 2003; Froehlich et al. 2003). A wide 
variety of proteins have been identified with these different approaches. A head 
count done by Peltier et al. (2004b) resulted in a number of 429 identified proteins 
located in the chloroplast envelope of Arabidopsis. Many of these proteins have 
no known function yet another big part of them works in protein translocation or 
metabolism. Froehlich et al. (2003) were able to identify many components of the 
Arabidopsis Toc/Tic protein import complex in a large scale proteomic analysis 
also including proteases and chaperones associated with these complexes. A blue 
native PAGE (BN-PAGE) analysis in pea revealed the molecular organization of 
the Toc core complex consistent of Toc159, Toc75 and Toc34 (Kikuchi et al. 
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2006) with an estimated size of about 800-1000 kDa and a stoichiometry of 1:3:3 
(Toc159:Toc75:Toc34). It also became clear that the A-domain of Toc159 is in-
volved in stabilizing the association of Toc34 with the complex. As for the Tic 
complex, the analysis by BN-PAGE uncovered a new subunit, Tic62, and demon-
strated that this subunit together with Tic110 and Tic55 forms a core protein com-
plex in the Tic translocon (Kuchler et al. 2002). As mentioned above, not only 
proteins have to be transported through the envelope membranes. Therefore, it is 
not surprising that all proteome studies of the envelope so far yielded in a large 
number of identified transporters for metabolites, ions or other organic compo-
nents. Very abundant in most studies are, just to mention a few, oxogluta-
rate/malate-, phosphate/triosephosphate-, sugar- or ABC-type transporters 
(Seigneurin-Berny et al. 1999; Ferro et al. 2003; Froehlich et al. 2003). Another 
large group of identified proteins is involved in lipid metabolism. Among these 
are synthases, desaturases and acyltransferases that metabolize fatty acids, glycer-
olipids, pigments or prenylquinones. Noteworthy are also enzymes like the allene 
oxide synthase that is involved in the metabolism of oxylipins, which are signal 
components in plant growth and defense reactions. Other identified proteins were, 
for example, components involved in the response of the plant to oxidative stress 
like superoxide dismutase or ascorbate peroxidase (Seigneurin-Berny et al. 1999; 
Ferro et al. 2003; Froehlich et al. 2003). In conclusion, these findings demonstrate 
that the envelope membranes are not only an important transport machinery, but 
additionally represent a specialized and essential part in chloroplast metabolism. 

2.2 Stroma and chloroplast ribosome 

The chloroplast stroma is enclosed by the envelope membranes. Most importantly, 
this compartment is the site of the light independent photosynthetic reaction, the 
Calvin cycle, but also the oxidative pentose phosphate pathway and glycolysis are 
located here. The stroma contains the chloroplast DNA as well as its complex 
translational machinery in the form of the 70S chloroplast ribosomes. The stromal 
proteome is considered to be quite intricate and a prediction made by Sun et al. 
(2004) resulted in the number of 3387 putative stromal proteins. Due to it’s com-
plexity, most studies of the chloroplast stroma focused on single protein compo-
nents and so far only one large scale proteomics study aimed to investigate the 
complete Arabidopsis stromal proteome (Peltier et al. 2006). A two dimensional 
approach was used combining colorless-native PAGE (CN-PAGE) in the first and 
SDS-PAGE in the second dimension. Gels were subjected to analysis with 
MALDI-TOF or LC-ESI-MS/MS as well as to a semi quantitative approach using 
staining with CyproRuby followed by image analysis. A number of 241 nonre-
dundant proteins was identified and sorted into functional categories. Interest-
ingly, a significant part of the proteins (26%) was involved in protein metabolism 
such as synthesis, folding, sorting, and proteolysis. As expected numerous proteins 
associated with carbon metabolism were also detected (12%). These enzymes 
from the Calvin cycle, the oxidative pentose phosphate pathway and glycolysis 
made up about three quarters of the stromal protein mass. Another 21% of the pro-
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teins had functions in nucleotide synthesis and degradation, amino acid metabo-
lism or tetrapyrrole synthesis. It was not possible to assign a function to 11% of 
the identified proteins. Additionally, the authors extensively searched existing lit-
erature to determine the oligomeric state of the identified proteins in order to 
demonstrate the importance of functional paralogues in complex metabolic path-
ways.  

2.2.1 The chloroplast ribosomes 

The proteome of chloroplast ribosomes has an important role in the expression of 
chloroplast encoded genes and was therefore investigated in great detail. 2-DE-
PAGE coupled with protein sequencing, HPLC, LC/MS and mass spectrometric 
analysis showed that the 70S ribosomes of spinach chloroplasts contain no less 
than 59 proteins; 33 in the 50S and 25 in the 30S subunit as well as a 70S complex 
associated ribosome recycling factor (Yamaguchi and Subramanian 2000; Yama-
guchi et al. 2000). The 30S subunit that is responsible for mRNA binding and ini-
tiation of translation contains 21 E. coli orthologues as well as four plastid specific 
ribosomal proteins. In the 50S subunit, where the peptide synthesis takes place, 31 
E. coli orthologues as well as two plastid specific ribosomal proteins were identi-
fied. These plastid specific ribosomal proteins termed PSRP1-6 are proposed to 
perform functions unique to plastid translation. The subsequent analysis of the 
chloroplast ribosomes of the unicellular green algae Chlamydomonas rheinhardtii 
using SDS-PAGE, LC MS/MS and mudPIT analysis resulted in the identification 
of 21 30S and 28 50S proteins as well as two proteins (RAP 38 and RAP 41) 
solely associated with the 70S complex (Yamaguchi et al. 2002, 2003). As for the 
30S subunit in addition to several E. coli orthologues, the authors identified a 
PSRP3 homologue from spinach as well as a novel S1- domain containing protein 
named PSRP7. They were also able to determine that due to N-terminal extensions 
or other inserted sequences, three of the Chlamydomonas 30S ribosomal proteins 
are unusually large. In contrast to that, the composition of the 50S subunit is more 
conserved (27 E. coli orthologues, one spinach homologue, similar sizes). The au-
thors, therefore, concluded that the differences in the composition of the 30S sub-
unit might be related to unique features of Chlamydomonas chloroplast transla-
tional regulation, especially concerning mRNA discrimination at the 30S complex. 
In contrast to that, the enzymatic function of forming peptidyl bonds between 
amino acids in the 50S subunit is more conserved between organisms.  

2.2.2 Plastoglobuli 

Plastoglobuli (PG) are an additional component of the chloroplast stroma repre-
senting lipid containing structures that are mostly attached to the thylakoid mem-
branes. They are known to accumulate α-tocopherol, plastoquinone, and triacyl-
glycerols. Recently, the plastoglobuli proteome of Arabidopsis chloroplasts from 
WT plants grown under different light conditions and from the clpr2-1 mutant that 
over accumulates PG were analyzed. NanoLC-ESI-MS/MS and a stable isotope 
labeling strategy were used to reveal the protein composition and acquire a func-
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tional model of these structures as well as to characterize their function in chloro-
plast metabolism (Ytterberg et al. 2006). It became clear that plastoglobuli contain 
a specific proteome mostly consisting of proteins from the fibrillin family forming 
the coating of the particles. In addition to these, several proteins involved in lipid 
metabolism, quinone synthesis and regulation as well as a number of aldolases in-
volved in Calvin cycle and/or glycolysis could be identified. The authors, there-
fore, concluded that PG are not only storage facilities, but have a defined function 
in several metabolic pathways. They state that PG represent a connection in-
between the thylakoid and the inner envelope membrane in the context of the me-
tabolism of small molecules essential in thylakoid function and protection such as 
tocopherols and quinones. The important role of PG in tocopherol metabolism was 
also demonstrated in a parallel study in Arabidopsis (Vidi et al. 2006). The authors 
could show the localization of the tocopherol cyclase VTE1 within the PG using 
MS/MS, immunogold, and fluorescence labeling. In addition, they were able to 
identify a number of unclassified proteins and proteins from the plastid lipid asso-
ciated protein/fibrillin-like family. Proteins involved in chloroplast processes like 
sugar and abscisic acid metabolism as well as jasmonic acid biosynthesis were 
also found. 

2.2.3 The ferredoxin/thioredoxin system 

The ferredoxin/thioredoxin system of the chloroplast is a key component of the 
regulation of photosynthetic enzymes in response to light facilitated through a 
number of redox processes. In an approach to find potential thioredoxin targets in 
the chloroplast, Balmer et al. (2003) bound thioredoxin f and m where one of the 
active Lys residues was replaced by Ser to a column in order to trap interacting 
stromal proteins from spinach. Specific proteins eluted from the column by addi-
tion of reducing equivalent (DTT) were then analyzed by 2-DE gels and MS. This 
led to the identification of several known along with a large number of so far un-
known thioredoxin targets. It could be established that thioredoxins are also in-
volved in regulation of so far unrecognized processes like isoprenoid, tetrapyrrole, 
or vitamin biosynthesis, protein assembly, folding, and degradation as well as 
processes involved in carbohydrate metabolism and DNA replication and tran-
scription. In a subsequent study, the same group used a similar strategy including 
an affinity chromatography with WT thioredoxin f to trap proteins forming protein 
complexes based on protein/protein interactions (Balmer et al. 2004). The data re-
vealed 27 so far unrecognized partners for protein/protein interaction with thiore-
doxin and indicated that not all of the thioredoxin targets identified to date that are 
able to form covalent interactions are able to interact electrostatically. The interac-
tion partners cover a wide variety of chloroplast functions like Calvin cycle, trans-
lation, protein assembly and folding or other biosynthetic processes. The authors 
concluded that the formation of electrostatic complexes may help in the efficient 
transfer of electrons from photosystem I over the ferredoxin/thioredoxin system to 
the target proteins that can then be differentially regulated.  
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2.2.4 The Clp protease complex 

An important component of the chloroplast stroma is the Clp protease complex, 
which, for example, degrades misfolded or unassembled proteins in an ATP de-
pendent manner. Peltier et al. (2001; 2004a) identified and characterized a Clp 
protease complex of about 350 kDa in the stroma of Arabidopsis by employing 
BN-PAGE, CN-PAGE and native IEF/SDS-PAGE in combination with MALDI 
and ESI-MS. It could be shown that the complex is partially associated with the 
thylakoid membrane and consists of eleven different Clp proteins, five of which 
are serin-type proteases (ClpP1, 3-6) present in 1-3 copies per complex, four are 
non-proteolytic (ClpR1-4) and two have chaperone functions (ClpS1, 2) (Peltier et 
al. 2001, 2004a). This data, in addition to a detailed analysis of a ClpR2 deficient 
mutant of Arabidopsis with comparative quantitation using iTRAQ (isobaric tags 
for relative and absolute quantitation), and other approaches indicate a central role 
of the Clp protease complex proteins in plastid homeostasis as well as in chloro-
plast biogenesis and plant development (Peltier et al. 2004a; Rudella et al. 2006).  

2.3 Thylakoid membrane 

Oxygenic photosynthesis is the predominant function of the thylakoid membrane 
within the chloroplast. To perform this function and transform light energy into 
chemical energy in the form of ATP and NADPH, the tylakoid membrane con-
tains four large multisubunit complexes involved in photosynthetic electron trans-
fer and ATP synthesis. These are photosystem II (PSII), the cytochrome b6f 
(cytb6f) complex, photosystem I (PSI), and the ATP synthase. These complexes 
are distributed between two distinct membrane types. The stacked grana lamellae 
contain most of the PSII as well as cytb6f complexes, whereas the stroma lamellae 
contain most of the PSI as well as cytb6f and ATP synthase complexes (Timperio 
et al. 2004). In addition, the thylakoid membrane harbors proteins involved in as-
sembly and maintenance of the lipid bilayer and the proteins therein. These in-
clude proteins for folding, incorporation, modification and degradation of the pho-
tosynthetic complexes as well as components of a complex transport machinery 
(Friso et al. 2004). The thylakoid proteome is a highly dynamic system since it re-
quires the ability to adapt to changing environmental conditions such as increasing 
light intensities or changing temperature in order to especially protect the photo-
synthetic machinery from damage (Aro et al. 2005). Analysis of the thylakoid pro-
teome proved to be difficult due to the strong prominence of the photosynthetic 
proteins that enhance the problem of dynamic resolution (van Wijk 2004) and due 
to the strong hydrophobicity of the integral membrane proteins (Whitelegge et al. 
2006). Therefore, a wide range of approaches was employed to identify and ana-
lyze the components of the membrane and its associated proteins. The most com-
prehensive investigations of the thylakoid proteome involved combinations of 
several fractionation strategies to avoid the problems mentioned above. Ultracen-
trifugation, aqueous polymer two phase partitioning and two dimensional SDS-
PAGE combined with MS were applied in a study of the Synechocystis sp. PCC 
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6803 thylakoid proteome (Srivastava et al. 2005). This yielded a pure integral 
membrane fraction where 76 proteins could be identified. Only 14 of these had 
transmembrane domains whereas the other proteins were peripherally located, 
most likely on the cytosolic side of the membrane. With the applied strategies the 
authors were able to not only resolve the abundant photosynthetic proteins, but 
also a multitude of proteins having functions in protein sorting mechanisms, pig-
ment biosynthesis, protein folding or hypothetical proteins with yet unknown 
function. In a literally “in depth analysis” of the thylakoid proteome of Arabidop-
sis salt, detergent, and organic solvent extraction in combination with different 
multidimensional protein separation techniques, enzymatic, and non-enzymatic 
protein cleavages, MALDI and ESI-MS as well as bioinformatic approaches were 
used to generate an overview of peripheral and integral thylakoid proteins (Friso et 
al. 2004). Three distinct subproteomes could be separated: a peripheral, a periph-
eral but tightly associated and an integral membrane proteome. The peripheral 
subproteome was combined with proteins previously identified in a study of the 
lumenal proteome from the same group (Peltier et al. 2002) resulting in a set of 99 
proteins that were dominated by the proteins of the oxygen evolving complex 
from PSII but also contained a number of unique new proteins. The hydrophobic 
fractions included 134 proteins with 76 of them having one or more known or pre-
dicted transmembrane domains. In the complete set of 198 non-redundant pro-
teins, many (42%) photosynthetic proteins could be detected representing 85% of 
the known proteins in the four multisubunit complexes. In addition, a large num-
ber (15%) of new proteins with unknown function was identified such as two ru-
bredoxins, a metallochaperone and a new DnaJ-domain protein. Other proteins 
found were involved in translation, metabolism or protein fate as well as in the 
protection from oxidative stress. The combination of extraction strategies used 
here allowed the detection of low abundant as well as small and very hydrophobic 
proteins that can hardly be resolved with standard 2-DE gel approaches. In a sub-
sequent study, the same group developed a faster fractionation strategy employing 
three phase partitioning (TPP) of salt stripped thylakoids combined with RP-nano-
LC-ESI-MS/MS. The authors again combined the data from the TPP approach 
with the analysis mentioned before (Friso et al. 2004) as well as their results of the 
lumenal and peripheral proteome of the thylakoids (Peltier et al. 2002) to achieve 
a combined dataset of more than 300 proteins. Whereas all other fractionation 
strategies mostly identified photosynthetic or other abundant thylakoid proteins, 
the TPP revealed a whole new level of lower abundant proteins, of which 50% 
were unknown. Others were involved in chlorophyll/prenyl lipid biosynthesis, 
protein sorting or degradation, stress defense or signaling. These studies show the 
significant improvement of dynamic resolution by the improvement of fractiona-
tion strategies and, concomitant with that, an increasing understanding of the thy-
lakoid membrane proteome of higher plants. The combined datasets including 
functional assignments as well as other data from chloroplast proteomic studies 
from the van Wijk group can be accessed via the Plastid Proteome Database at 
Cornell (http://ppdb.tc.cornell.edu/). Still there are other approaches employed to 
characterize the thylakoid proteome. In a recent publication, Allmer et al. (2006) 
were able to create a comprehensive overview on the thylakoid proteome of 
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Chlamydomonas reinhardtii by combining SDS-page and ESI MS/MS of purified 
thylakoid membrane fractions obtained by ultracentrifugation with a high 
throughput genomic data mining strategy. This resulted in the detection of numer-
ous low abundant proteins consisting of, for example, a novel light-harvesting pro-
tein, the STT7 kinase and a DegP-like protease along with numerous proteins with 
unknown function. 

2.3.1 Analysis of the photosynthetic machinery 

Numerous studies of thylakoid proteins focused on the proteins of the photosyn-
thetic machinery to elucidate the composition of the different supercomplexes and 
their response towards changing environmental conditions. BN-PAGE is a method 
that is often employed to investigate the native state and thereby the interaction 
and the composition of the photosynthetic complexes. Combined with a second 
dimension SDS-PAGE and MS, this approach additionally enables the identifica-
tion of subunits of the complexes. Studies in several higher plants gave insights in 
the supramolecular organization of the photosynthetic structures and revealed the 
existence of supercomplexes of PSI and PSII as well as of different forms of the 
photosystemI-light harvesting complexI (PSI-LHCI) and the PSII core complex. 
The employment of native gels also made it possible to resolve dimeric LHCI as 
well as monomeric and trimeric light harvesting complexII (LHCII), thus, support-
ing the results from diverse X-ray crystallographic analyses as well as the subunit 
organization and composition of the cytochrome b6f complex and the ATP syn-
thase (Heinemeyer et al. 2004; Ciambella et al. 2005; Granvogl et al. 2006). Still 
BN-PAGE analysis struggle to detect very small and hydrophobic proteins most 
likely due to the fact that these proteins have less tryptic cleavage sites and there-
fore often escape mass spectrometric detection (Granvogl et al. 2006). Also the 
dynamic resolution is not sufficient enough to detect very low abundant proteins 
making the discovery of unknown proteins very difficult. However, BN-PAGE 
represents a good alternative to the resolution of sucrose gradient for the separa-
tion of protein complexes. Additionally, this method can be used to show altera-
tions in the protein complex structure in response to environmental factors or the 
metabolic state of the cell as was shown for Chlamydomonas cell grown in either 
photoautotrophic or photoheterotrophic conditions (Rexroth et al. 2003).  

PSI-LHCI Complex. High performance liquid chromatography, used after pre-
fractionation of the photosynthetic complexes through solubilisation and either 
differential or ultra centrifugation, can also be employed to analyze the thylakoid 
protein composition on an intact molecule level (Huber et al. 2004; Timperio et al. 
2004). In this context, Zolla and Timperio (2000) were able to resolve most of the 
components of the spinach PSI-LHCI complex and to determine their molecular 
masses. In addition, it was shown on five dicotyledonous and four monocotyle-
donous plants that all species investigated possessed isoforms of the Lhca1 protein 
(Zolla et al. 2002). With classical denaturating one and two dimensional gel elec-
trophoresis and MS/MS Storf et al. (2004) were for the first time able to identify 
the very low expressed Lhca5 gene product on the protein level. The authors 
showed the existence of several isoforms of all Lhca proteins (Lhca1-4) in tomato, 
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demonstrating the presence of different populations of PSI in higher plants. A two 
dimensional SDS-PAGE approach was used to separate even highly hydrophobic 
proteins from the green alga Chlamydomonas when sample preparation was 
adapted towards the specific requirements of membrane proteins and resulted in a 
2-DE map resolving LHCI and LHCII components in addition to other thylakoid 
proteins (Hippler et al. 2001). Using this improved 2-DE technique and mass spec-
trometry in a subsequent publication, Stauber et al. (2003) were able to establish a 
detailed 2-DE map of the Chlamydomonas light harvesting proteins demonstrating 
the expression of nine different Lhca as well as eight Lhcb proteins. In addition, a 
differential modification of Lhcbm3 and Lhcbm6 could be shown. According to 
these studies, it appeared that the LHCI of Chlamydomonas is significantly larger 
than that of higher plants. In an analysis of extracted PSI-LHCI and LHCI com-
plexes by western blotting and 2-DE, Takahashi et al. (2004) additionally demon-
strated that the core of the LHCI complex in Chlamydomonas is different from the 
dimeric structures of that of higher plants and forms a stable oligomeric complex 
that is able to assemble in the absence of the PSI core. It could further be demon-
strated that three of the Lhca proteins (Lhca2, 3, 9) are only able to associate with 
the LHCI when they are stabilized by the presence of the PSI core what might be 
due to a functional role of these subunits in excitation energy transfer.  

PSII-LHCII Complex. The PSII-LHCII complex was also object of detailed 
analysis of its structure and function using a number of different proteomic ap-
proaches. One study used SDS-PAGE in combination with protein sequencing and 
MS to analyze a highly purified PSII-LHCII complex containing a HIS-tag on the 
psbB gene product from Synechocystis (Kashino et al. 2002). This resulted in the 
detection of all known PSII subunits and some novel proteins representing poten-
tial candidates for the functional regulation of PSII. Using RP-HPLC-ESI-MS 
analysis on several different dicotyledonous and monocotyledonous plants, it was 
possible to characterize unique chromatographic patterns for each species. It be-
came clear, that in monocots the LHCII complex appeared as mono- and trimers, 
whereas in dicots the trimeric form seems predominant. In addition, several iso-
forms of Lhcb1, 3, and 6 were detected that were predicted from the sequences of 
the multigene families coding for these proteins, but could not be resolved well 
with traditional gel based approaches (Huber et al. 2001; Zolla et al. 2003). These 
isoforms may have a role in the adaptation of PSII to different light conditions.  

2.3.2 Post-translational modifications 

Post-translational modifications, especially phosphorylation of photosynthetic 
membrane proteins, also play an essential role in the redistribution of excess light 
energy from the LHCII in PSII to the PSI in a process known as state transition 
that includes a migration of LHCII proteins from the grana to the stroma thylakoid 
regions (Vener et al. 2001; Timperio and Zolla 2005). Employing mass spec-
trometry on thylakoid membranes from Arabidopsis that were enriched for phos-
phoproteins using immobilized metal affinity chromatography (IMAC), Vener et 
al. (2001) were able to map phosphorylation sites of the central photosynthetic 
proteins including LHCII, D1, D2, CP43 and PsbH. In a subsequent analysis using 
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this approach, they were able to identify in addition to the previously known 
phosphoproteins three more phosphorylation sites in a peptide from CP29, an ex-
pressed membrane protein, and for the first time in a PSI protein, namely PsaD 
(Hansson and Vener 2003). It became clear that the phosphorylation sites of all 
these Arabidopsis proteins are located at threonine residues near the N-terminus of 
the protein (Vener et al. 2001; Hansson and Vener 2003). In an analysis of the 
trypsin shaved thylakoid membrane of Chlamydomonas, enriched for phosphopro-
teins Turkina et al. (2004) detected a very unusual LHCII protein. It was demon-
strated that the CP29 in its mature form still contained its transit peptide and solely 
showed a N-terminal methionine excision as well as a phosphorylation and acety-
lation site. This might represent an evolutionary compromise to keep the TP and in 
turn its functionally important phosphorylation site (Turkina et al. 2004). It is of 
note that the phosphorylation sites of Chlamydomonas Lhcbm proteins are also 
closer to the N-terminus as expected from predicted cleavage sites of the transit 
peptides (Stauber et al. 2003; Turkina et al. 2006b). Interestingly, N-terminal 
processed forms of Lhcbm proteins in C. reinhardtii exist, which lack these pho-
sophorylation site, suggesting a novel type of regulation for Chlamydomonas 
Lhcbm proteins (Stauber et al. 2003). RP-HPLC can also be used to detect PTMs 
as shown on the PSII-LHCII complexes of pea and spinach where phosphorylation 
of for example D1, D2, CP43, two Lhcbs and PsbH could be resolved (Gomez et 
al. 2002). This approach was also capable of actually showing the migration of 
LHCII proteins like Lhcb2 and several isoforms of Lhcb1 from the grana to the 
stroma regions (Timperio and Zolla 2005). But it became clear that the phosphory-
lation state of the proteins was not the determining factor for the movement of the 
proteins, since some migrated in their unmodified form, but rather structural 
changes in the thylakoid organization due to PTMs as well as the pigment compo-
sition might be the cause for the migration of LHCII proteins to the PSI. Another 
important feature of phosphorylation is the maintenance of PSII by controlling the 
turnover of its reaction center proteins (Vener et al. 2001). This has, for example, 
been demonstrated by employing BN-gels to visualize the photoinhibition repair 
cycle on the basis of different PSII complexes represented in the native gel (Aro et 
al. 2005). With the employment of a wide variety of proteomic approaches includ-
ing diverse fractionation strategies it became possible to rapidly increase the un-
derstanding of the complex organization, function, and regulation of the chloro-
plast thylakoid membrane and the complexes of oxygenic photosynthesis located 
therein. The rapidly evolving field of proteomics makes it possible to slowly over-
come the limitations created by the physico-chemical character of a protein, its 
post-translational modification as well as dynamic resolution problems caused by 
the high abundance of the photosynthetic proteins.  

2.4 Thylakoid lumen 

The thylakoid lumen is the space enclosed by the thylakoid membranes. It is 
known that it contains proteins involved in oxygenic photosynthesis like the ex-
trinsic subunits of PSII PsbO, PsbP, and PsbQ that function in the stabilization of 
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the water oxidizing complex as well as the electron carrier protein plastocyanin. 
With the increased use of 2-DE separation techniques combined with mass spec-
trometry it became clear that the lumen harbors a lot more proteins than the ones 
involved directly in primary aspects of photosynthesis (Kieselbach et al. 1998). 
After the genome of Arabidopsis thaliana was sequenced the efforts to identify 
these proteins increased and yielded in the identification of so far about 40 to 50 
proteins from Arabidopsis, spinach, and pea (Kieselbach and Schroder 2003; Sun 
et al. 2004). A part of these proteins was related to the already known subunits of 
PSII. Isoforms with unknown functions of PsbO and plastocyanin were found as 
well as many proteins with a PsbP domain and the PSII assembly factor Hcf136 
(Kieselbach et al. 2000; Peltier et al. 2000, 2002; Schubert et al. 2002). The xan-
thophyll cycle enzyme violaxanthin deepoxidase as well as different peroxidases 
have an important function in the protection of PSII from oxidative stress and 
were identified in several studies (Peltier et al. 2002; Schubert et al. 2002). The 
lumenal proteome was also shown to be rich in putative immunophilins. They be-
long to the cyclophilin-type peptidy-prolyl cis-trans isomerases (PPIases) or to the 
FKBP-type PPIases that are involved in protein folding and might as well work in 
chaperoning or have regulatory functions (Peltier et al. 2002; Schubert et al. 2002; 
Kieselbach and Schroder 2003). Numerous proteases of different types were iden-
tified in the lumen as well. Their roles include, among others, the processing of 
the D1 protein (Schubert et al. 2002; Kieselbach and Schroder 2003). A surpris-
ingly large group of proteins with a pentapeptide repeat were also found under the 
lumenal proteins, but their sequences did not show any other known functional 
domains (Peltier et al. 2000, 2002; Schubert et al. 2002; Kieselbach and Schroder 
2003). Proteins located on the thylakoid periphery of the lumen were additionally 
investigated by Peltier et al. (2000; 2002) and contained a large number of fi-
brillins, which might function in carotenoid storage and a ClpS1 protease from the 
thylakoid associated Clp protease complex. 

To help in the identification of possible lumenal proteins, efforts were also put 
in the prediction of the complete lumenal proteome. Predictions of proteins with 
plastidal and lumenal transit peptides made with TargetP and SignalP (Nielsen et 
al. 1997) resulted in only 80 putative proteins for Arabidopsis (Schubert et al. 
2002; Kieselbach and Schroder 2003) and at least 200 candidate proteins for 
Arabidopsis and pea (Peltier et al. 2000, 2002). The difficulties with the prediction 
programs used led to the development of LumenP (Westerlund et al. 2003), a neu-
ral network predictor especially designed to identify lumenal target sequences. A 
combined prediction using TargetP and LumenP on the Arabidopsis open reading 
frames resulted in 417 proteins to be potentially located in the thylakoid lumen. 
An independent comparison of predictions from SignalP with predictions from 
LumenP yielded in a number of 285 and 291 lumenal proteins, respectively. Still, 
only 150 proteins were predicted by both algorithms and from the 100 proteins 
that were different between the programs, only 26 overlapped with the 53 experi-
mentally shown lumenal proteins, which the authors collected from literature (Sun 
et al. 2004). In the course of the combined efforts to investigate the proteome of 
the lumen, it became clear that in order to transport proteins from the chloroplast 
stroma through the thylakoid membrane into the lumen, the delta pH dependent 
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TAT pathway (requiring a twin Arginine motive in the transit peptide) plays a 
much more pronounced role than the ATP driven Sec pathway, and additionally 
that the twin arginine motive makes a prediction of a lumenal protein more reli-
able than any other amino acid sequence in the lTP (Westerlund et al. 2003; Sun et 
al. 2004). It is noteworthy that all types of predictions have the tendency to be er-
roneous and have to be verified with experimental data. 

3 Predictions and collections of the chloroplast proteome 

The knowledge of the subcellular localization of so far uncharacterized proteins 
can provide valuable information to elucidate their function in specific metabolic 
processes and to get more insights into cellular functions as a whole (Heazlewood 
et al. 2005). For this reason, efforts were made to develop software tools like Sig-
nalP (Nielsen et al. 1997), ChloroP (Emanuelsson et al. 1999), TargetP 
(Emanuelsson et al. 2000), or Predotar (Small et al. 2004) to predict N-terminal 
transit peptides which determine the subcellular localization of the proteins as well 
as their putative cleavage sites. The major drawback of this strategy is that even 
TargetP, the currently most successful prediction program, has a prediction effi-
ciency of only 70-85% for vascular plant gene products, whereas its prediction ac-
curacy is even less when it comes to green alga (Kleffmann et al. 2006). This high 
number of erroneous predictions has several reasons. One is that transit peptides 
are usually not well conserved and quite diverse in length and amino acid compo-
sition. Some proteins of the outer envelope membrane are also known to have no 
target peptide at all (Jarvis 2004; Richly and Leister 2004; Lunn 2006). Another 
problem is the limited number of proteins that are usually used to train the predic-
tors making it not surprising that results can be inconsistent when using different 
prediction tools (Heazlewood et al. 2005). Even though most of the used training 
sets contain a subset of algae proteins, predictions for these are often especially er-
roneous. The problem here might be based on the fact that algal transit peptides 
are on average 32 amino acids shorter than those of vascular plants and therefore 
more difficult to predict with the current mixed training sets used (Gomez et al. 
2003).  

Nevertheless, in addition to the limitations of computer algorithms, the target-
ing of some proteins will never be recognizable with such tools. The existence of 
proteins without target sequences and the employment of unconventional import 
strategies such as via the secretory pathway and dual targeting, demonstrates the 
need for alternative approaches to elucidate organelle targeting (for reviews see: 
Millar et al. 2006; Radhamony and Theg 2006). Such limitations will result in an 
underestimation of organellar proteomes as, for example, the proteome of the 
chloroplast. Still computer based predictions of the possible localization of a pro-
tein can be very useful since they can give indications on the presence of low 
abundant proteins that would not be detectable in an experimental proteomic ap-
proach due to dynamic range limitations (Newton et al. 2004). Nevertheless, ex-
perimental proof is essential to verify the predicted location for these proteins. 

With the sequencing of the Arabidopsis thaliana genome, this plant became the 
primary subject to predict chloroplast proteins with estimated numbers ranging 
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from about 3000 to 4000 proteins for the complete organelle (Peltier et al. 2002; 
Schubert et al. 2002; Kieselbach and Schroder 2003; Baginsky and Gruissem 
2004; Kleffmann et al. 2004; Richly and Leister 2004; Sun et al. 2004; van Wijk 
2004). These collected sets of protein predictions were then used to predict the lo-
calization of proteins within the different compartments of the chloroplast (see 
chapters in the article). Sun et al. (2004) made a large effort to improve these 
strategies by collecting a set of about 250 proteins with different compartment lo-
cations from published data. The analysis of biochemical properties such as the 
cysteine content, the protein-size or the number of transmembrane domains re-
vealed that, for example, the cysteine content of proteins in the thylakoid mem-
branes or the lumen is much lower than in proteins of the envelope membranes. 
The authors were also able to show differences in the size, pI and number of 
transmembrane domains within proteins from different sub compartments. These 
characterizations can be helpful in determining the location of a protein and to fur-
ther optimize prediction programs. 

Recently, a number of databases were created containing huge collections of 
experimental as well as in silico data to provide information on the proteomes of 
cellular as well as organellar components, especially from Arabidopsis.  

Heazlewood et al. (2006) developed SUBA, a subcellular database that com-
bines information from mass spectrometric and fluorescent protein experiments, as 
well as several other databases, to a total of more than 6700 nonredundant proteins 
that can be assigned to ten distinct locations within the cell. The SUBA database 
gives the user the possibility to build protein sets out of published or newly im-
ported data including the results of different prediction programs and compare 
these with the database entries (http://www.plantenergy.uwa.edu.au/applications 
/suba/index.php). plprot, developed by Kleffmann et al. (2006) is a database that 
contains collected experimental data on different plastid types like chloroplasts, 
etioplasts, and undifferentiated plastids. It contains 2043 partially redundant pro-
tein entries from Arabidopsis, rice, and BY2 cells including a variety of informa-
tion on the single proteins. It also features a plastid type comparison that makes it 
possible to compare proteins within the different datasets 
(http://www.plprot.ethz.ch/). A comprehensive chloroplast specific database, 
PPDB, is available from the lab of KJ van Wijk (Friso et al. 2004) 
(http://ppdb.tc.cornell.edu/). It combines predicted and experimentally identified 
proteins from all suborganellar locations, including also information on fluores-
cent protein experiments from the SUBA database. Protein entries include annota-
tions, predicted and experimentally determined molecular and biophysical proper-
ties, as well as information on protein-protein interactions, results from 
comparative proteomics studies, functional classifications, and schematics on bio-
chemical pathways.  
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4 Comparative proteomics 

With the increasing amount of information about the various subproteomes of cell 
organelles, it became clear that in order to understand complex biological proc-
esses it is not only important to understand gene expression but also to analyze 
complex protein expression patterns that are strongly influenced by post-
transcriptional and post-translational modification processes (Steen and Pandey 
2002). Therefore, much effort was put into the comparison of protein abundance 
in different sets of samples that derived from, for instance, different developmen-
tal stages of the organelle or from cells under diverse biotic or abiotic stress condi-
tions. Several methods used rely on gel systems like the classical two-dimensional 
SDS-PAGE with isoelectric focusing as a first dimension or the difference gel 
electrophoresis. Since these methods cope with the known problems of gel based 
protein separation, like the difficulties in the resolution of strong hydrophobic 
membrane proteins, non-gel-based methods were developed that employ stable 
isotopes like ICAT, SILAC, or iTRAQ (isobaric tags for relative and absolute 
quantitation). Nevertheless, in chloroplast proteomics, most comparative studies 
so far rely on 2-DE and concomitant image analysis and mass spectrometry.  

4.1 Plant and chloroplast development 

Several studies used proteomics to investigate developmental stages of whole 
leaves as done in rice (Zhao et al. 2005) or on senescent leaves of white clover 
(Wilson et al. 2002). This included the analysis of a chloroplast fraction and dem-
onstrated the organized breakdown of organelles and macromolecules and in-
creased levels of proteins involved in remobilization of nutrients that are relocated 
to developing plant parts. 2-DE and a detailed data evaluation were used to char-
acterize chloroplast biogenesis in maize that led to the identification of 26 unique 
spots on gels from 5 different time points. These proteins were mostly from the 
light reaction and the carbon assimilation cycle of photosynthesis but also chaper-
ones and other metabolic enzymes (Lonosky et al. 2004). In a plant cell, a fully 
differentiated chloroplast can, dependent on the tissue it is located in, serve a vari-
ety of functions as for example known from mesophyll and bundle sheath cells in 
C4 plants. This aspect was analyzed in detail using maize chloroplast stroma for 2-
DE and image analysis as well as differential labeling with cleavable ICAT and a 
comparison of unlabeled stroma proteins by LC-ESI-MS (Majeran et al. 2005) 
(Figure 3). The three approaches proved to be complementary and resulted in the 
identification of 400 proteins from a wide variety of pathways and a detailed 
overview of differential protein accumulation in chloroplasts from mesophyll or 
bundle sheath cells that are mainly due to the metabolic differentiation of the two 
cell types. The authors additionally provided evidence for a differential regulation 
of plastid gene expression, protein biogenesis and protein fate and presented a 
number of so far unknown proteins that are specifically expressed in one tissue 
and probably have central functions in the C4 plant metabolism. 
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Fig. 3. Overview of bundle sheath: mesophyll ratios of selected proteins. Values were de-
termined by three complementary methods, 2DE and image analysis, differential labeling 
with cleavable ICAT, and a comparison of unlabeled stroma proteins by LC-ESI-MS. 
Taken with permission from Majeran et al. (2005). 

4.2 Biotic stress 

Comparative proteomics was also used to characterize the answers of plants to bi-
otic or abiotic stress factors. The response of Arabidopsis to a pathogen attack of 
Pseudomonas syringae pv. tomato, for example, was shown to induce phosphory-
lation of leaf proteins whose abundances could be compared using iTRAQ (Jones 
et al. 2006a). The attack also led to the induction of characteristic protein changes 
in the total soluble leaf proteome. In addition, chloroplast and mitochondrial frac-
tions that mainly contained defense related antioxidants and metabolic enzymes 
were analyzed with 2-DE (Jones et al. 2006b). In a study on Nicotiana bentha-
miana, thylakoid membranes 2-DE enabled the identification of the PsbO and 
PsbP proteins as well as at least four different isoforms respectively. When plants 
were inoculated with the Spanish strain of pepper mild mottle virus PsbP proteins 
selectively decreased dramatically in abundance as compared to PsbO proteins, 
which can be seen as a counteraction to the virus infection by regulating photosyn-
thetic activity probably as a basic defense mechanism (Perez-Bueno et al. 2004).  
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4.3 Abiotic stress 

4.3.1 Light and temperature 

Abiotic stress can be caused by several environmental conditions. For plants, light 
is the most important requirement for life but excess light can severely damage the 
cells especially with the accumulation of reactive oxygen species (ROS). As was 
shown for Arabidopsis chloroplasts by 2-DE and image analysis the largest dam-
age can be observed in the protein complexes involved in photosynthesis or in 
protein metabolism whereas proteins with increased abundance under high light 
conditions were mainly defense related like scavengers for ROS or chaperones 
(Phee et al. 2004). In a later study on the effects of high light, Giacomelli et al. 
(2006) analyzed the Arabidopsis thylakoid lumenal and peripheral proteomes as 
well as the thylakoid associated plastoglobuli from wild type and the vtc2-2 mu-
tant, containing only 20-30% of WT level of ascorbate, using proteomics and 
physiological experiments. Seven proteins were found upregulated in both geno-
types under high light conditions: YCF37, four members of the fibrillin protein 
family, Fru-biphosphate aldolase-1 and a flavin reductase-related protein, of 
which the latter three types of proteins were located in the PG. The authors, there-
fore, concluded that the PG are probably involved in the synthesis and accumula-
tion of α-tocopherol and quinones which are major antioxidants and that break-
down of carotenoids and turnover of lipids/fatty acids might also be a 
plastoglobuli associated process. High light response of the soluble proteome led 
to the upregulation of only the Ser type IV thylakoid protease SPPA whereas 
many other proteases showed no significant response. Since ascorbate is an impor-
tant antioxidant, the analysis of the ascorbate-mutant was expected to reveal an 
additional level of specific stress responses to high light, but finally, ascorbate de-
ficiency showed only small effects on the stress reaction since the mutant, com-
pared to the WT, only differentially accumulated proteins that belonged to known 
stress response functions like the superoxide dismutases or some chaperones. In a 
study on whole Chlamydomonas cells, including two very high light resistant mu-
tant strains, Forster et al. (2006) were able to identify new candidate proteins pos-
sibly involved in high light resistance like a DEAD box RNA helicase-like pro-
tein, NAB1 and RB38 where the latter two might be especially involved in the 
stability and function of the LHC and PSII under high light conditions. The effects 
of different light and temperature conditions on thylakoid pigment binding pro-
teins, especially of Lhcb family members, was investigated in maize (Caffarri et 
al. 2005). Physiological analysis showed that plants grown in low temperature had 
an increased photoinhibitory damage, and in combination with high light, also an 
increased non-photochemical quenching. Low temperature and high light addi-
tionally increased the LHCII content whereas PSII core and PSI-LHCI proteins 
decreased in abundance. 2-DE gels also demonstrated a differential accumulation 
of several individual Lhcb1-3 proteins under different growth conditions indicat-
ing that diverse LHCII isoforms corresponding to multiple Lhcb1-3 genes might 
be needed for the acclimation to changing light and temperature conditions. Also 
low temperature alone can lead to significant changes in the chloroplast proteome. 
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Goulas et al. (2006) characterized lumenal and stromal proteins of Arabidopsis 
plants that were grown at low temperatures for different periods of time using a 
DIGE approach (Fig. 4). Most changes in the protein pattern could be observed af-
ter ten days in the cold. Changes in the stromal proteome included the upregula-
tion of Rubisco whereas the other Calvin cycle enzymes decreased. An increase 
was also observed for some proteins from PSI and several enzymes related to oxi-
dative stress. In the lumen only a few proteins like PsbP1 and PsbO2 increased 
abundance in the cold and some immunophilins showed variable responses.  

4.3.2 CO2 and iron 

Another important aspect in plant life is the availability of carbon dioxide in order 
to sustain oxygenic photosynthesis. Under low CO2 conditions, especially algae 
induce CO2 concentrating mechanisms (CCM). However, even before these are 
completely developed, carbon dioxide limitation leads to a specific redox-
dependent phosphorylation of two proteins, Lci5 and UEP (unknown expressed 
protein) that could be characterized in extrinsic thylakoid protein preparations us-
ing IMAC and ESI/TOF in Chlamydomonas chloroplasts (Turkina et al. 2006a). 
The data also indicated that thylakoids might contain a redox-dependent protein 
kinase specifically activated in the early stages of CCM.  

Since plants are carrying out photosynthesis, they are highly dependent on 
metal components like iron or copper that function as cofactors in many enzyme 
complexes. Changes occurring in the thylakoid membrane at the onset of iron de-
ficiency were analyzed in detail in several studies. Moseley et al. (2002) employed 
fluorescence emission analysis, immunoblots and 2-DE gel electrophoresis on thy-
lakoid membranes of the green alga Chlamydomonas. They could demonstrate 
that iron deficiency leads to a functional uncoupling of the LHCI antenna from the 
PSI core leading to an impaired efficiency in the excitation energy transfer. Fur-
thermore, adaptation to iron deficiency leads to a distinct and highly coordinated 
remodeling of the photosynthetic antenna complexes of LHCI and to a pro-
nounced decrease in the abundance of PSI. Importantly, the remodeling of the 
photosynthetic apparatus became evident before a chlorotic phenotype was visible. 

In a following publication Naumann et al. (2005) used a SILAC strategy to fur-
ther characterize the remodeling process of the LHCI in Chlamydomonas and 
showed that, whereas Lhca5, 1, 7, and 8 are reduced in abundance, Lhca4 and 9 
are induced. They also demonstrated that the N-terminal processing of Lhca3 oc-
curs at a functionally assembled PSI-LHCI complex and could therefore be re-
garded as a key regulatory step in the remodeling process (see Fig. 4). Employing 
the SILAC approach, it was shown that the onset of iron deficiency additionally 
leads to alterations in the abundance of a variety of thylakoid proteins not directly 
involved in primary photosynthetic processes (Naumann et al., unpublished data). 
Iron deficiency was also analyzed on thylakoid membranes of sugar beet with 
IEF-SDS-PAGE as well as BN-SDS-PAGE in combination with mass spectrome-
try (Andaluz et al. 2006) (Fig. 4). In this study, it was demonstrated that iron defi-
ciency  leads  to a  pronounced  decrease  in  proteins  involved  in  photosynthetic 
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Fig. 4. Examples of comparative proteomics approaches, DIGE analysis of stromal and lu-
menal proteins of Arabidopsis plants, grown at low temperatures for different periods of 
time (Goulas et al. 2006), BN-SDS-PAGE of thylakoid membranes from Fe-sufficient and 
Fe-deficient samples from sugar beet (Andaluz et al. 2006), and fragmentation spectrum 
and elution profile for abundance calculation of a SILAC labeling experiment with labeled 
arginine on thylakoids from Chlamydomonas cells grown under Fe-limiting or standard 
conditions (Naumann et al. 2005). All figures taken with permission. 

electron transport, whereas Calvin cycle enzymes partially increase in abundance. 
Also increased were proteins from biosynthetic pathways as well as stress related 
proteins. Comparing the two methods employed, it became clear that they are 
complementary since BN-SDS-PAGE is better suited for the resolution of hydro-
phobic membrane proteins, whereas IEF-SDS-PAGE has a higher resolving 
power. The use of proteomics to investigate plastid protein dynamics, adaptation, 
and acclimation to diverse stress conditions demonstrate that it is an emerging key 
technique to tackle these kinds of questions in plastid biology. A short summary of 
methods used in comparative proteomic approaches as well as their field of appli-
cation is presented in Table 1; selected examples are additionally illustrated in 
Figure 4. 
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5 Conclusion 

In the recent years, many proteomic studies of the chloroplast revealed a large 
number of proteins with yet unknown function. This calls for further analysis to 
elucidate the function and role in physiological processes of these gene products 
by reverse genetics experiments. It also became clear that comparative proteomics 
is an important tool to analyze dynamic changes in the chloroplast proteome. It is 
foreseeable that absolute quantitation, especially of individual subunits stemming 
from multiprotein complexes will open new perspectives in analyzing structures 
and functions in response to changing cellular environment. In this context, it will 
also be important to focus on the pronounced dynamic and variability of a pro-
teome specifically due to post-translational modifications. Proteomics will also 
play a role in increasing the understanding of protein/protein interactions, and in 
combination with detailed gene expression studies help to improve our knowledge 
of the biology in complex cell organelles like the chloroplast in a whole systems 
perspective. 
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List of abbreviations 

2-DE: two dimensional gel electrophoresis 
BN-PAGE: blue-native polyacrylamide gel electrophoresis 
CCM: CO2 concentrating mechanism 
CN-PAGE: colorless-native polyacrylamide gel electrophoresis 
cTP: chloroplast transit peptide 
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cytb6f: cytochrome b6f complex 
DIGE: fluorescence two dimensional Difference Gel Electrophoresis 
ESI: electrospray ionization 
GPF: genomic peptide finder 
HPLC: high performance liquid chromatography 
IB: immunoblot 
ICAT: isotope-coded affinity tag 
IEF: isoelectric focusing 
IMAC: immobilized metal affinity chromatography 
IB: immunoblot 
IP: isoelectric point 
LC: liquid chromatography 
LHCI: light harvesting complex I 
LHCII: light harvesting complex II 
lTP: lumenal transit peptide 
MALDI: matrix assisted laser desorption ionisation 
MS/MS: tandem mass spectrometry 
MS: mass spectrometry, mass spectrometer 
mudPIT: multidimensional protein identification technology 
PAGE: polyacrylamide gel electrophoresis 
PG: plastoglobuli 
PMF: peptide mass finger printing 
PSI: photosystem I 
PSII: photosystem II 
PTM: post-translational modification 
ROS: reactive oxygen species 
RP: reversed phase 
SCX: strong cation exchange 
SDS: sodium dodecyl sulfate 
SILAC: stable isotope-labeling of amino acids in cell culture 
TMD: transmembrane domain 
TOF: time of flight 
TPP: three phase partitioning 
WT: wild type 
 




