Chapter 14
The Proteomes of Chloroplasts
and other Plastids

Paul Jarvis

Abstract The post-genomic era of biology has seen a significant shift in focus,
from the genes themselves to the proteins they encode. Recent large-scale studies
on the proteomes of chloroplasts and others types of plastid have provided signifi-
cant new insights into the biogenesis, evolution, and functions of these organelles,
and have raised some interesting questions. Many of the proteins that define sev-
eral important sub-organellar compartments (including the envelope and thylakoid
membrane systems, the stroma and plastoglobules) have been identified, and this
information has been used to make in silico predictions about the entire complement
of proteins in each case. Proteomics has revealed that a relatively large number of
proteins inside chloroplasts do not possess canonical targeting information (such
proteins lack transit peptides for engagement of the general import machinery), and
this has led to the elucidation of novel and unusual pathways of chloroplast protein
traffic. For example, it is now clear that some Arabidopsis proteins pass through
the endoplasmic reticulum and Golgi en route to the chloroplast, and that these
proteins may become glycosylated along the way. Comparative studies have been
used to characterise organellar proteome changes in response to various environ-
mental cues or genetic perturbations, whilst other approaches have shed light on the
oligomerisation and covalent modification of plastidic proteins.

14.1 Introduction

The evolution of the modern plant cell involved the acquisition of mitochondria
and chloroplasts through endosymbiosis, and it is generally accepted that these
organelles are distant relatives of present-day o-proteobacteria and cyanobac-
teria, respectively (Margulis 1970). Over the course of evolution, the progeni-
tors of mitochondria and chloroplasts relinquished most of their genes to the
nuclear genome, so that now >90% of their constituent proteins are translated
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on cytoplasmic ribosomes, and must engage protein targeting mechanisms that
direct them specifically to either organelle (Leister 2003; Bédard and Jarvis
2005; van der Laan et al. 2006). Typically, several thousand different, nucleus-
encoded proteins are targeted to these organelles, and it is these proteins that
define their distinctive functions.

Chloroplasts are the photosynthetic members of a diverse family of organelles
called plastids, which also includes etioplasts (chloroplast precursors that develop
in dark-grown, or etiolated, plants), amyloplasts (which are specialised for the stor-
age of starch), and chromoplasts (which accumulate carotenoid pigments) (Whatley
1978; Lépez-Juez and Pyke 2005). Plastids are ubiquitous in plants and algae, and
perform numerous essential functions including important steps in the biosynthesis
of amino acids, lipids, nucleotides, hormones, vitamins and secondary metabolites,
the assimilation of nitrogen and sulphur, and oxygenic photosynthesis (Leister
2003; Lopez-Juez and Pyke 2005). In the latter process, chloroplasts convert energy
from sunlight into usable chemical bond energy, and the associated redox reactions
lead to the generation of oxygen from water. Chloroplasts are therefore important
sites for the production of organic matter and oxygen, and so provide the fuels
essential for all higher forms of life (Nelson and Ben-Shem 2004).

Completion of the genome sequencing projects for Arabidopsis, rice and other
species, and the development of efficient methods for routine protein identification
by mass spectrometry (MS), have together precipitated the onset of the proteomic
era; for a discussion of the relevant technologies, see Whitelegge (2003). Due to the
overwhelming complexity of cellular proteomes, and the dynamic range limitations
associated with analyses on such highly complex mixtures (i.e. the tendency of
abundant proteins to mask the presence of less abundant proteins), proteomic stud-
ies have tended to focus on isolated subcellular components. In plants, chloroplasts
have received considerable attention in this regard (Schréder and Kieselbach 2003;
Baginsky and Gruissem 2004; Jarvis 2004; van Wijk 2004; Pan et al. 2005). The
value of such proteomic analysis is several-fold: it can confirm the expression and
structure of genes predicted based on genome sequence analysis in silico; it can
provide information on subcellular and suborganellar protein localisation; it can be
used to estimate the abundances of different proteins; and it can even yield informa-
tion on post-translational modification (PTM) and the composition of multiprotein
complexes. Information of this nature will be vital as we move forward into the era
of systems biology, especially since it has been estimated that up to 50% of the
proteins encoded by the >26,000 genes in the Arabidopsis genome are presently of
unknown function (Haas et al. 2005).

The majority of chloroplast proteins bear a cleavable, amino-terminal extension
called a transit peptide, which acts as a targeting signal. The transit peptide is
recognised by a sophisticated protein import machinery: the so-called TOC and
TIC (translocon at the outer / inner envelope membrane of chloroplasts) complexes
(Bédard and Jarvis 2005). Since all transit peptides share certain characteristics, it
is possible to identify candidate chloroplast proteins through sequence analysis in
silico (the TargetP neural network algorithm is a popular method; Emanuelsson
et al. 2000). However, transit peptides are not well conserved, and are rather similar
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to mitochondrial targeting signals, and so such in silico methods are not completely
reliable (Richly and Leister 2004). While it is generally accepted that between
2,000 and 4,000 different proteins are targeted to Arabidopsis plastids, there are
presently less than 900 Arabidopsis entries in one database of experimentally deter-
mined plastid proteins (Friso et al. 2004; Peltier et al. 2004a). Thus, it is clear that
there is a need for further experimentation, and that the proteomic era of chloroplast
biology is far from over.

14.2 Proteome Catalogues

Cataloguing aims to identify all of the proteins within a particular cellular or
organellar compartment, and so define the functions of that compartment. Although
the proteome of a chloroplast is substantially smaller and more manageable than
that of an entire cell, it nevertheless comprises several thousand different proteins.
Thus, many cataloguing studies have focused on a particular suborganellar com-
partment: e.g. the internal thylakoid membrane system that bears the photosynthetic
complexes, the double-membrane envelope system that surrounds each organelle,
the central aqueous matrix, or stroma, and the lipid-containing, thylakoid-associated
structures called plastoglobules. Nevertheless, some studies on whole organelles
have been done, and these have focused on different plastid types, including chlo-
roplasts, amyloplasts and etioplasts.

14.2.1 The Thylakoid Membrane System

The thylakoids are a complex network of membranous sacks embedded within the
stroma of chloroplasts. The membranes themselves harbour the four multiprotein
complexes of the photosynthetic light reactions (the photosystems, PSI and PSII,
the cytochrome b, f complex, and the ATP synthase), but also function to form a
central aqueous compartment called the thylakoid lumen, which is distinct from the
stroma. Difficulties associated with the extraction and analysis of highly hydropho-
bic membrane proteins have led many thylakoid proteomic studies to focus on
lumenal proteins, or proteins peripherally associated with the membranes, which
can more easily be resolved by two-dimensional gel electrophoresis (2-DE)
(Kieselbach and Schroder 2003). However, the molar ratio between the most abun-
dant and least abundant lumenal proteins has been estimated to be as high as 10°,
which presents a daunting dynamic-range obstacle to comprehensive analysis
(Peltier et al. 2002).

While the existence of some lumenal proteins (e.g. plastocyanin and extrinsic
components of PSII) has been known for many years, proteomic analysis has
revealed an unanticipated level of complexity. Only a relatively small number of
different Arabidopsis lumenal proteins have been identified experimentally, but
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information from these sequences has been used to predict the total lumenal
proteome in silico, with estimates ranging from ~80 proteins to ~400 proteins
(Peltier et al. 2002; Schubert et al. 2002; Kieselbach and Schroder 2003;
Westerlund et al. 2003); the actual size of the proteome likely resides some-
where in between these estimates. The predicted proteome contains many
unknown or unexpected proteins, suggesting that the compartment has a much
broader spectrum of functions than was previously envisaged. In addition to the
expected photosynthetic proteins, and those of unknown function, significant
numbers of others involved in protein folding, processing and proteolysis, anti-
oxidative defence, and non-photosynthetic redox reactions were present. Some
of these proteins likely serve to repair and maintain normal functionality of the
photosynthetic complexes, which experience substantial redox stress. The
results also revealed that a significant proportion of lumenal proteins (up to
50%, according to one estimate) employ the twin-arginine translocation (TAT)
pathway which, unlike the Sec pathway, is able to transport fully folded pro-
teins (Jarvis and Robinson 2004).

The thylakoid membrane itself is dominated by the four photosynthetic com-
plexes, which contain ~100 different proteins in total, and so some early pro-
teomic studies focused on these (Gomez et al. 2002; Whitelegge et al. 2002; Zolla
et al. 2002; Whitelegge 2003; Zolla et al. 2003). However, the membrane is also
believed to contain many other proteins that are important for the assembly,
maintenance and regulation of the photosynthetic apparatus, and which are not
themselves components of the complexes. Because strongly hydrophobic pro-
teins are not easily analysed using 2-DE gels, large-scale studies of the thyla-
koid membrane have employed organic solvent fractionation and other
procedures (Friso et al. 2004; Peltier et al. 2004a). These studies achieved near
complete coverage of the photosynthetic complexes, but also identified low-
abundance components such as those involved in cyclic electron flow around
PSI and chlororespiration.

By combining the protein sets derived from the lumenal and membrane pro-
teomic studies mentioned above, and by also including thylakoid proteins identified
in classical experiments described in the literature, the total number of experimen-
tally determined thylakoid-associated Arabidopsis proteins is currently about 400
(Peltier et al. 2004a; van Wijk 2004). While some of these may be contaminants
from other chloroplast compartments, it is nevertheless interesting to consider the
distribution of biological functions: ~30% are involved in photosynthesis, ~25% are
of unknown function [including proteins with tetratricopeptide (TPR), pentatr-
icopeptide (PPR), DnaJ and rhodanese domains], ~20% mediate protein transloca-
tion, folding, processing and proteolysis, and almost 10% are involved in various
aspects of defence against oxidative stress. With respect to protein translocation, it
is well documented that nucleus- and chloroplast-encoded proteins are targeted to
the thylakoid system through four different targeting pathways, at least three of
which are closely related to bacterial transport systems and employ proteinaceous
import machineries associated with the thylakoid membrane (Jarvis and Robinson
2004).
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14.2.2 The Envelope Membrane System

The envelope is a double-membrane system that forms a semi-permeable barrier
between the cytosol and the chloroplast interior. It contains the protein import appa-
ratus responsible for the translocation of nucleus-encoded chloroplast proteins
(Bédard and Jarvis 2005), as well as many transporters for the exchange of ions and
metabolites (Weber et al. 2005). The envelope also contains a unique biochemical
machinery responsible for several important functions, including the synthesis of
plastid membrane components and other lipids, and participates in the communica-
tion that occurs between the plastid and the nucleus (Jarvis 2003; Lopez-Juez and
Pyke 2005).

Like the thylakoid membrane, the envelope proteome is dominated by highly
hydrophobic integral membrane proteins, and so proteomic studies of this compart-
ment have employed fractionation procedures other than 2-DE, including differential
solvent extraction and multidimensional liquid chromatography (Ferro et al. 2003;
Froehlich et al. 2003; Rolland et al. 2003). Up to 50% of the proteins identified as a
result of these studies were predicted to have at least one transmembrane domain.
Together with the more traditional, single-protein-focused experiments reported in
the literature, these proteomic experiments resulted in the identification of more
than 400 putative envelope-associated Arabidopsis proteins (Peltier et al. 2004a;
van Wijk 2004). Once again, while it is likely that a proportion of these proteins are
contaminants from other compartments, it is nonetheless interesting to consider
their possible roles: almost 30% of the proteins are of unknown function; 13%
mediate protein translocation, folding, processing or degradation; 10% are involved
in lipid or fatty acid metabolism; and 9% are transporters of small molecules. Thus,
while many of these proteins clearly reflect what are known to be the main func-
tions of the envelope system (functions that are clearly different from those of the
thylakoid system discussed earlier), the high proportion of proteins of unknown
function indicates that there is still a great deal to be learnt. Interestingly, proteins
with similarity to components of the mitochondrial protein import machinery were
identified, suggesting the existence of novel, unanticipated protein translocation
pathways in the chloroplast envelope (Ferro et al. 2003).

At this point, it should be noted that the intermembrane space, which exists
between the two envelope membranes, is considered to be an important suborganel-
lar compartment distinct from the membranes themselves. Unfortunately, very little
is known about how proteins are targeted to this space (Kouranov et al. 1999), or
indeed about protein targeting to the envelope membranes themselves (Hofmann and
Theg 2005; Li and Schnell 2006). While inner envelope membrane proteins possess
transit peptides and initially engage the general import machinery (Bédard and
Jarvis 2005), much like nucleus-encoded stromal and thylakoidal proteins, little is
known about how these proteins reach their final destination. By contrast, the majority
of outer envelope membrane proteins do not possess a cleavable targeting signal,
and are instead directed to the membrane by virtue of information held in their
transmembrane domains. The lack of knowledge concerning envelope targeting
mechanisms and signals means that it is presently very difficult to make predictions
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concerning the composition of the three individual proteomes in silico. Nevertheless,
evidence suggests that the outer membrane is characterised by the presence of
beta-barrel proteins, and that the inner membrane is dominated by transporters
with multiple, helical transmembrane domains (Koo and Ohlrogge 2002; Schleiff
et al. 2003).

By analysing carefully collected sets of integral proteins from the inner envelope
and thylakoid membranes (identified on the basis of published information), the
respective proteomes were found to have quite different characteristics (Sun et al.
2004). On average, thylakoid proteins were smaller and more acidic than envelope
proteins, and additionally contained fewer cysteine residues. The larger average
size of the envelope set presumably reflects the presence of numerous transporters
with multiple membrane spans (Weber et al. 2005), whereas the pl differences may
be related to pH differences between the compartments (protons are concentrated
in the thylakoid lumen as part of the photosynthetic mechanism). Cysteine residues
have unique properties, including the ability to engage directly in redox reactions,
and so the reduced cysteine content of thylakoidal proteins might be a consequence
of the redox-associated stresses they experience, and may represent a measure to
reduce oxidative damage (Sun et al. 2004). These different characteristics should
facilitate the formulation of effective methods for the prediction and discrimination
of envelope and thylakoidal proteins in the future.

14.2.3 The Stroma

The chloroplast stroma is the aqueous matrix that surrounds the thylakoid mem-
branes and fills the organellar interior. It is the site of the carbon reactions of pho-
tosynthesis (the Calvin cycle) and other metabolic pathways, and the location for
components of the endogenous genetic system of the plastid. One in silico study
estimated that the stroma has the potential to contain over 3,000 different proteins,
which is equivalent to ~80% of the total theoretical proteome of plastids (Sun et al.
2004). However, it should be noted that many of these proteins may associate per-
manently or transiently with the thylakoids or the inner envelope membrane, via
protein—protein, electrostatic or hydrophobic interactions, or even lipid anchors, all
of which are features that were not screened for in the analysis. Interestingly, evi-
dence suggests that the acetyl-coenzyme A carboxylase complex is envelope-associated,
which would place it very close to the site where chloroplast-synthesised fatty acids
are used or exported to the cytosol (Rolland et al. 2003). The metabolic channelling
advantages of such associations are obvious, and there may be many other similar
examples of membrane association that are not easily detected.

Despite its obvious importance, the stroma had not been subjected to large-scale
proteomic analysis until recently (Peltier et al. 2006). Using a novel form of 2-DE
[involving native gels in the first dimension, instead of isoelectric focusing (IEF) as
is more common] a large number of stromal proteins were resolved prior to identi-
fication. Well over 200 proteins were identified, and these fall into the following
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functional categories: 26% mediate protein synthesis, folding, proteolysis and
sorting; 12% are involved in primary carbon metabolism, including Calvin cycle
and oxidative pentose phosphate pathway enzymes; 11% are of unknown function;
while 7%, 6%, 4% and 4% mediate the biosynthesis of amino acids, tetrapyrroles,
nucleotides and lipids, respectively. Interestingly, the relative concentrations of the
identified proteins were estimated by quantifying spot intensities on the 2-DE gels.
As expected, proteins involved in primary carbon metabolism were found to con-
stitute the majority (~75%) of the total stromal mass. Those dedicated to protein
synthesis, biogenesis and fate represented nearly 10%, whereas those involved in
nitrogen and sulphur assimilation made up ~8%. Proteins involved in other biosyn-
thetic pathways, such as those for fatty acids, amino acids, nucleotides and tetrapyr-
roles, each represented less than 1% of the total mass.

Other, more focused proteomic studies of the stromal compartment have also
been conducted. For example, in a thorough study of the 70S ribosome of spinach
chloroplasts, all of the proteins of the 50S and 30S subunits were mapped by 2-DE
and identified (Yamaguchi and Subramanian 2000; Yamaguchi et al. 2000). The
ribosome was shown to comprise 59 different proteins (33 in the 50S subunit and
25 in the 30S subunit, as well as a ribosome recycling factor found exclusively in
the 70S holocomplex), of which 53 are orthologues of bacterial ribosomal proteins
and 6 are plastid-specific proteins. It was proposed that the latter components
evolved to perform functions unique to plastid translation and its regulation, such
as protein targeting to the thylakoid membrane and the mediation of control by
nuclear factors.

Interestingly, two 30S ribosomal subunit proteins were identified as targets for
regulation by the stromal thioredoxin system (Balmer et al. 2003). This system is
composed of ferredoxin, ferredoxin-thioredoxin reductase, and thioredoxin, and it
links light to the regulation of photosynthetic enzymes and other plastidic processes
such as lipid biosynthesis. Electrons flow from ferredoxin to thioredoxin, which, in
its reduced state, regulates the activity of target proteins through the reduction of
specific disulphide groups. To gain a more complete picture of the targets of the
system, proteomics strategies have been adopted (Motohashi et al. 2001; Balmer
et al. 2003; Hisabori et al. 2005). A key feature of the regulatory mechanism is the
formation of a transient, intermolecular disulphide bridge between thioredoxin and
the target protein. This linkage is then reduced by a second cysteine residue within
thioredoxin, releasing the target protein in its reduced and active form. However, if
the second thioredoxin cysteine residue is mutated (e.g. to serine or alanine), reduc-
tion of the intermolecular linkage is prevented, locking the target in its association
with thioredoxin and providing a convenient method for target identification. Using
such approaches, ~30 potential targets have been identified, including components
acting in established thioredoxin-regulated pathways (e.g. the Calvin cycle, nitro-
gen and sulphur metabolism, protein synthesis, and the oxidative pentose phosphate
pathway) and others not previously recognised as thioredoxin targets (e.g. tetrapyr-
role biosynthesis, protein folding, assembly and degradation, starch degradation,
DNA replication and transcription, and plastid division). More recently, it has been
reported that the reach of this largely stromal regulatory network extends into the
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thylakoid lumen, where it targets components of the photosynthetic electron trans-
port chain (Motohashi and Hisabori 2006). It should be noted, however, that the
biological significance of many of these thioredoxin interactions remains to be
established (Hisabori et al. 2005).

14.2.4 Plastoglobules

Another plastidic compartment that has been subjected to proteome analysis is the
plastoglobule. Plastoglobules are lipid-containing bodies found in different plastid
types, including chloroplasts and chromoplasts. Biochemical analyses of these
structures revealed that they contain a variety of different lipidic compounds,
including galactolipids, fatty acids, carotenoids, tocopherols and plastoquinone,
and so they were thought to perform lipid storage functions. Studies using one-
dimensional electrophoresis revealed that they contain more than a dozen different
proteins, but at the time most were of unknown identity (Kessler et al. 1999).
Recently, proteomic analysis led to the identification of about 30 different plas-
toglobule proteins, and in so doing demonstrated that the role of the plastoglobule
is far more complex than was previously envisaged (Vidi et al. 2006; Ytterberg et al.
2006). In addition to the plastid lipid-associated protein (PAP) / fibrillin family of
plastoglobule-specific proteins, which are thought to perform a structural role by
binding to the surface of the globules and preventing their coalescence, a number
of enzymes were identified. The data indicated that the plastoglobules of
Arabidopsis chloroplasts play an active role in the synthesis of their lipophilic con-
stituents, including alpha-tocopherol (vitamin E), which has an important
anti-oxidative function in the thylakoids. Similarly, the plastoglobules of pepper
chromoplasts (which primarily accumulate carotenoids) were found to contain
enzymes of carotenoid biosynthesis. In chloroplasts, plastoglobules were shown to
be directly and permanently coupled to the thylakoids, which led to the conclusion
that their lipidic contents are in a dynamic equilibrium with thylakoid membranes
(Austin et al. 2006). This suggests that plastoglobules play an important role in the
synthesis of thylakoid constituents.

14.2.5 Whole Organelles

An extensive study of the whole chloroplast proteome of Arabidopsis was recently
reported (Kleffmann et al. 2004). Using a comprehensive series of fractionation
procedures to overcome dynamic range limitations, a total of ~600 different pro-
teins were identified. Interestingly, more than 30% of these proteins are of unknown
function. In a recent, similarly comprehensive study of the Arabidopsis mitochon-
drial proteome, almost 20% of the identified proteins were of unknown function
(Heazlewood et al. 2004; see also Chap. 15 by Millar, this volume), and so it seems
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that we have some way to go before the functions of these two organelles are fully
understood. The chloroplast study achieved nearly complete identification coverage
for major metabolic pathways, such as the Calvin cycle, but only partial coverage
for pathways that are not abundantly expressed (Kleffmann et al. 2004). Parallel
RNA profiling experiments revealed a correlation between transcript level and pro-
tein abundance for some metabolic pathways, but not others, implying the utilisa-
tion of different regulatory mechanisms in different pathways.

Proteome studies have also been conducted on amyloplasts from wheat endosperm
(Andon et al. 2002; Balmer et al. 2006a). Amyloplasts are non-photosynthetic plastids
specialised for the synthesis and long-term storage of starch. In mature wheat seeds,
over 80% of the kernel volume is occupied by starchy endosperm, which is dominated
by amyloplasts. By comparing MS data with sequence information from wheat and related
cereals, particularly rice, a total of ~400 different proteins were identified (Andon et al.
2002; Balmer et al. 2006a). As expected, most of the enzymes of starch biosynthesis
were detected. However, the results revealed a surprisingly broad spectrum of bio-
synthetic capabilities: like chloroplasts, amyloplasts were found to be endowed
with enzymes for the assimilation of nitrogen and sulphur, and for the biosynthesis
of amino acids, fatty acids and tetrapyrroles. Nevertheless, when a profile of the
functions of the identified amyloplast proteins was compared with a corresponding
profile for the chloroplast proteome, some significant differences were observed.
For example, the amyloplast proteome contains a substantially higher proportion
of proteins involved in carbon, nitrogen and sulphur metabolism, and transport
processes. By contrast, the chloroplast proteome contains proportionally more
proteins of unknown function, which presumably reflects the more complex set
of activities mediated by photosynthetic plastids. Interestingly, while several
components of the TOC/TIC import machinery were identified, no proteins of
the plastidic ribosome were detected, suggesting that most proteins needed by
the developing amyloplast are encoded in the nucleus. This makes sense, since the
plastid genome is dominated by genes for components of the photosynthetic
apparatus.

It was recently reported that, as in chloroplasts, a fully functional thioredoxin
regulatory network is operational in amyloplasts (Balmer et al. 2006b). However,
ferredoxin is not reduced by light in this case, but instead by metabolically gener-
ated NADPH (via ferredoxin-NADP reductase). As with the chloroplast system,
potential targets were identified using a proteomics approach, and were found to act
in a range of different processes, including starch metabolism, the biosynthesis of
amino acids and lipids, and transport processes. It was suggested that the thiore-
doxin system might enable amyloplasts to indirectly perceive and respond to light,
through the generation of reducing power (leading to reduced thioredoxin) upon the
arrival of newly synthesised photosynthate in sink tissues. This would enable the
amyloplasts to couple their activities with photosynthesis taking place in leaves.

An analysis of etioplasts in dark-grown rice plants revealed a proteome broadly
consistent with what one would expect of plastids in heterotrophic tissue, along with
some novel functions (von Zychlinski et al. 2005). Interestingly, whereas the data for
amyloplasts and the heterotrophic plastids of tobacco culture cells indicated that
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these organelles import primarily hexose phosphates (Andon et al. 2002;
Baginsky et al. 2004; Balmer et al. 2006a), etioplasts were found to contain triose
phosphate translocators, but no hexose phosphate translocator. Thus, while the
metabolic functions of etioplasts are similar to those of other heterotrophic plas-
tids, it would appear that etioplasts nevertheless share significant similarities with
chloroplasts (the organelles into which they might ultimately develop), since
chloroplasts also transport primarily three-carbon sugars (Weber et al. 2005).
Consistent with this notion, over 70% of the 240 identified rice etioplast proteins
were found to have clear homologues in the Arabidopsis chloroplast proteome
(von Zychlinski et al. 2005).

14.3 Protein Targeting Issues

Surprisingly, when the ~600 proteins identified in the whole chloroplast proteome
study mentioned above were analysed using the TargetP program (Emanuelsson et
al. 2000), only ~60% were predicted to have a chloroplast transit peptide (Kleffmann
et al. 2004). Of the remainder, ~40 were predicted to have a mitochondrial prese-
quence, ~50 were predicted to have a signal peptide for translocation into the endo-
plasmic reticulum (ER), and ~140 were predicted to have no cleavable targeting
signal at all. Many of these “misplaced” chloroplast proteins were shown to be of
cyanobacterial origin, or are encoded by low abundance transcripts, and so it seems
unlikely that they are all simply contaminants from other cellular compartments. In
addition, while it is doubtful that the TargetP predictions are accurate for all of
these proteins (Emanuelsson et al. 2000; Richly and Leister 2004), it seems equally
unlikely that they are wholly incorrect, and so the data suggested that protein target-
ing to chloroplasts may be more complex than was previously envisaged (Jarvis
2004; Bédard and Jarvis 2005). The existence of mitochondrial proteins with non-
canonical targeting signals is well documented (van der Laan et al. 2006), and so it
is much less surprising that TargetP predicted only ~50% of the proteins identified
in Arabidopsis mitochondria (Heazlewood et al. 2004).

Until recently, all nucleus-encoded chloroplast proteins were thought to arrive in
the organelle via one of two post-translational targeting mechanisms: (1) active
transport of transit peptide-bearing proteins through the TOC and TIC import com-
plexes (Bédard and Jarvis 2005); (2) direct insertion into the cytosolically exposed
outer envelope membrane (Hofmann and Theg 2005). The former mechanism
mediates the import of numerous proteins destined for interior locations within
chloroplasts (such as the inner envelope membrane, stroma and thylakoids) whereas
the latter is exclusively associated with integral proteins of the outer membrane.
Thus, it had been assumed that all nucleus-encoded chloroplast interior proteins
must have a cleavable, amino-terminal transit peptide.

The first evidence for a more complicated picture of chloroplast protein biogen-
esis was provided by analyses of the Arabidopsis envelope proteome, which identi-
fied a protein with homology to quinone oxidoreductases from bacteria, yeast and
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animals (Miras et al. 2002; Ferro et al. 2003); the protein was termed ceQORH, for
chloroplast envelope quinone oxidoreductase homologue. Intriguingly, although
alignments of ceQORH with its bacterial, yeast and animal counterparts revealed
no amino-terminal extension, or transit peptide, the protein was nevertheless found
associated with the inner envelope membrane (inner membrane proteins normally
have a transit peptide). Further studies revealed that the extreme amino-terminus of
ceQORH is not required for efficient chloroplast targeting, and instead identified an
internal sequence of ~40 residues that controls localisation (Miras et al. 2002).
Although this internal targeting signal does not bear any obvious resemblance to
standard transit peptides, the protein may nevertheless follow the TOC/TIC-mediated
import route. Mitochondrial proteins with internal targeting signals also exist, and,
while these proteins are recognised by a different primary receptor, they do pass
through the same core translocon complex as proteins with cleavable pre-sequences
(van der Laan et al. 2006). However, in the absence of any relevant experimental
data, it remains to be determined how ceQORH gains access to the chloroplast
interior. More recently, another inner membrane protein, IEP32 (inner envelope
protein of 32kDa), was identified and found to lack a canonical transit peptide
(Nada and Soll 2004). Import of this protein was shown to proceed at low ATP
concentrations and without the assistance of key components of the TOC machinery,
suggesting that it follows an import pathway distinct from that used by precursors
with transit peptides.

The identification of so many proteins with predicted signal peptides (for ER
translocation) in the whole chloroplast proteome was a surprising result (Kleffmann
et al. 2004). While some of these proteins may have been contaminants from other
compartments, or proteins with amino-terminal transmembrane domains that target
them to the outer envelope membrane (such domains are frequently misidentified as
signal peptides; Hofmann and Theg 2005), it seems unlikely that they can all be
explained away in this fashion. Intriguingly, close physical associations between the
ER and the outer envelope membrane have been documented over many years (Crotty
and Ledbetter 1973; Whatley et al. 1991), and recent microscopy studies have shown
that the envelope exhibits profound structural fluidity (Kwok and Hanson 2004).
Furthermore, biochemical interactions between the ER and envelope membrane sys-
tems are an essential part of normal lipid metabolism (Awai et al. 2006). Chloroplast
protein traffic through the endomembrane system is well documented in algae that
have complex plastids; i.e. plastids that are surrounded by three or four membranes,
instead of the usual two, and which were derived from algae with simple plastids
through secondary endosymbioses (van Dooren et al. 2001). Chloroplast proteins in
these species typically have a bipartite targeting signal, comprised of an amino-termi-
nal signal peptide fused to a more-or-less standard chloroplast transit peptide. The
signal peptide directs the chloroplast precursor into the ER, where it is removed, and
the protein then passes through the endomembrane system until it arrives at the plas-
tid, at which point the transit peptide mediates chloroplast import in the usual fashion
(van Dooren et al. 2001). This type of targeting pathway makes sense in these organ-
isms, due to the complex nature of their plastids and the likely autogenous origin of
the outer organellar membrane, but would seem unnecessary in higher plants.
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Nevertheless, indirect evidence suggesting the existence of a protein transport
pathway to chloroplasts through the ER and Golgi in plants has existed for some
time: i.e. glycosylated proteins and proteins with predicted signal peptides have
been found to localise in plastids (Gaikwad et al. 1999; Chen et al. 2004; Asatsuma
et al. 2005). More recently, firm evidence for such a targeting pathway was pre-
sented (Villarejo et al. 2005). The Arabidopsis carbonic anhydrase 1 (CAHI) pro-
tein, which controls hydration of carbon dioxide, was found to localise in the
chloroplast stroma, despite the fact that it was strongly predicted to possess a signal
peptide. Intriguingly, CAH1 could not be imported directly by isolated pea chloro-
plasts, but was instead taken up by pancreatic microsomes and concomitantly
processed to its mature size. The protein was predicted to have several acceptor
sites for N-linked glycosylation, and proteome analysis led to the identification of
glycosylated CAHI1, as well as several other glycoproteins, in the chloroplast
stroma. Because the detected glycans are added only in the Golgi, these data
implied the existence of a chloroplast protein transport pathway through the Golgi.
Indeed, application of brefeldin A, a commonly used fungal agent that interferes
with Golgi-mediated vesicle traffic, was found to obstruct the targeting of CAHI,
causing it to arrest within the endomembrane system. The elucidated pathway was
proposed to represent an ancestral targeting mechanism that predominated during
early evolution (before the development of the now dominant TOC/TIC system),
and which for some reason has been retained for a few proteins (Villarejo et al.
2005); the necessity for dual targeting of some proteins, to both plastids and com-
partments on the secretory pathway, may account for the retention of the ancestral
mechanism in some cases (Chen et al. 2004; Asatsuma et al. 2005). It seems likely
that many of the other chloroplast proteins with predicted signal peptides follow the
same targeting route as CAH1 (Jarvis 2004; Kleffmann et al. 2004).

That some of the proteins identified within the whole chloroplast proteome are
predicted to have mitochondrial presequences is much less surprising (Kleffmann
et al. 2004). Presequences and chloroplast transit peptides share many similarities
and are difficult to distinguish (Bhushan et al. 2006), and it is now becoming
increasingly clear that many proteins are dual-targeted to both chloroplasts and
mitochondria (Peeters and Small 2001; Duchéne et al. 2005). The identification of
chloroplast proteins predicted to have no cleavable targeting signal can be explained
in a number of different ways. Some of these may be outer envelope membrane
proteins that insert directly into the membrane (Hofmann and Theg 2005), whereas
others may have internal targeting signals for chloroplast localisation, like ccQORH
or IEP32 (Miras et al. 2002; Nada and Soll 2004). The remainder are presumably
contaminants, or proteins that have been classified incorrectly by TargetP
(Emanuelsson et al. 2000; Richly and Leister 2004).

The emerging picture of protein targeting to chloroplasts is increasingly com-
plex, demonstrating that transit peptide prediction in silico cannot provide a com-
plete description of the chloroplast proteome. The existence of dual-targeted
proteins adds an additional level of complexity (Levitan et al. 2005), further empha-
sising the need for experimental determination of protein localisation and the value
of proteomic analysis.
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14.4 Comparative Proteomics

As well as studies that simply catalogue the proteins present in a particular subcel-
lular or suborganellar compartment, comparative proteomics has been employed
with considerable success. For example, changes in the organellar proteome were
studied during de-etiolation or greening (Lonosky et al. 2004), and the responses of
the lumenal, stromal and plastoglobular proteomes to low temperature or light
stress have been characterised (Giacomelli et al. 2006; Goulas et al. 2006; Ytterberg
et al. 2006). In another example, chloroplasts isolated from Arabidopsis mutants
lacking different TOC protein import receptor isoforms were compared with wild-
type chloroplasts (Kubis et al. 2003, 2004). Different groups of chloroplast proteins
were found to be selectively deficient in different receptor mutants, indicating that
the different TOC receptor isoforms likely possess a degree of preprotein recogni-
tion specificity (Jarvis and Robinson 2004; Bédard and Jarvis 2005). The data sug-
gested that at least two different import pathways operate in plastids (one for highly
abundant components of the photosynthetic apparatus, and another for much less
abundant housekeeping proteins). The existence of these separate import pathways
may help to prevent deleterious competition effects between preproteins (the house-
keeping proteins might otherwise be out-competed), or play a role in the differenti-
ation of different plastid types.

Another interesting study compared the soluble stromal proteomes of mesophyll cell
and bundle-sheath cell chloroplasts in maize, a plant that utilises the C, photosynthetic
mechanism (Majeran et al. 2005). The data not only revealed differential accumulation
of photosynthetic carbon metabolism enzymes consistent with our understanding of C,
photosynthesis, but also shed light on how other plastidic functions are distributed
between the two cell types. For example, enzymes involved in nitrogen assimilation and
the biosynthesis of lipids and tetrapyrroles were found predominantly in mesophyll cell
chloroplasts, whereas those for starch biosynthesis were more abundant in bundle
sheath chloroplasts. Many of these differences can be explained by consideration of the
fundamental differences that exist between the two types of chloroplast. For instance,
nitrogen assimilation has a high requirement for energy (ATP) and reducing power
(NADPH), both of which are in short supply in the bundle sheath cell chloroplasts due
to the absence of linear photosynthetic electron flow and the high demands of the Calvin
cycle; it therefore makes sense to concentrate this process in mesophyll chloroplasts.
Similarly, it is quite logical that starch biosynthetic enzymes should be located in the
vicinity of the Calvin cycle, which operates exclusively in the bundle sheath cells, since
this is the source of new photosynthate for starch synthesis.

14.5 Multiprotein Complexes and Protein Modification

Many proteins do not function alone, but as a part of multiprotein complexes of
varying complexity. In order to truly understand the functions of the plastidic pro-
teome, these protein—protein interactions must be identified and characterised.
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Furthermore, complexes usually represent functional units, and so hypothetic func-
tions can be assigned to some proteins via their physical association with others of
known function. Thus, experimental procedures that maintain the oligomeric status
of protein complexes are desirable, since they preserve important interaction infor-
mation. Several major protein complexes of chloroplasts have been purified to
homogeneity and analysed individually; examples include the photosystems (Szabo
et al. 2001; Zolla et al. 2002), the cytochrome b f complex (Whitelegge et al.
2002), the 70S ribosomal subunits (see Sect. 14.2.3), and a caseinolytic protease
(Clp) complex (Peltier et al. 2004b). One approach that has recently come to the
fore is native electrophoresis. This provides an effective alternative to IEF as a first
dimension in 2-DE analysis, and has the advantage that it preserves oligomeric
status. This method has been used to study protein complexes in the thylakoids and
the stroma (Granvogl et al. 2006; Peltier et al. 2006).

Protein modification is another important issue that must be taken into consid-
eration. The molecular mass of an intact protein defines its native covalent state,
and so its accurate measurement can reveal modifications mediated either
post-transcriptionally, through processes such as RNA editing, or post-translationally
(Whitelegge 2003; van Wijk 2004). Several studies have revealed covalent
modifications of plastidic proteins, including acetylation, glycosylation, palmi-
toylation, phosphorylation, and N-terminal methionine excision (Yamaguchi
et al. 2000; Gomez et al. 2002; Ferro et al. 2003; Giglione et al. 2003; Villarejo
et al. 2005). Such modifications may influence the activity, interactions or
stability of the protein, or anchor it to a membrane. So far, many proteomic studies
have employed a “bottom-up” approach, in which the proteins are first broken
up into manageable, characteristic fragments (e.g. using the protease trypsin)
prior to MS analysis. The disadvantage of this “peptide mass fingerprinting”
strategy is that much of the information inherent in the intact protein (including
its overall size and covalent status) may be lost. An alternative, attractive
approach is “top-down” proteomics, in which the intact mass of the protein is
determined prior to fragmentation (Whitelegge 2003; Zabrouskov et al. 2003;
van Wijk 2004). This approach can therefore reveal any modifications that the
protein has undergone, as well as its identity.

14.6 Concluding Remarks

The various studies described above have demonstrated the power and utility of
plastid proteome analysis, and it is anticipated that proteomics will continue to
form an essential component of chloroplast research in the future. In light of the
emerging complexity of plastid protein traffic, revealed in part through proteom-
ics, it seems that it will be necessary to develop new prediction tools for the iden-
tification of chloroplast proteins, to revise current estimates of the size of the
Arabidopsis plastid proteome based on in silico analysis, and to reassess the notion
that many plant nuclear genes inherited from the cyanobacterial endosymbiont
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encode proteins that are not actually targeted back to the chloroplast (Martin et al.
2002). The further and more extensive application of proteomics will play a signifi-
cant role in achieving these objectives. In conjunction with complementary tech-
nologies such as transcriptomics and metabolomics, proteomics will enable the
application of unified, systems-based approaches, leading ultimately to a complete
and accurate description of the constitution and functioning of the organelles upon
which we all depend.
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