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Abstract

Role of the plastid envelope membrane in integrating the plastid into cellular metabolic

networks

by Andrea Brautigam

Plastids are the defining organelle of the Archaeplastida which include all land

plants. They can differentiate into several subtypes in a tissue dependent manner, for

example, brightly colored chromoplasts in bell pepper fruits, green chloroplasts in leaves,

or colorless proplastids in meristems, and each subtype is adapted to the cell it resides in.

All plastid types of land plants are separated from the cytosol by two membranes, the

inner envelope and the outer envelope membrane, and metabolites and signals have to

cross these envelope membranes to connect to the remainder of the cell. This work is

focused on integrating the plastids into the metabolic network of their respective cells;

the adaptations of envelope membranes of different plastid subtypes were analyzed by

comparative proteomics.

Initially, envelope proteomics of plants without a sequenced genome or

transcriptome was established with the garden pea Pisum sativum as the new model. A

novel sequencing technology, pyrosequencing, was used to create a transcriptome

database which is suitable for proteomics applications. Data generated with pea leaf

chloroplasts served as the template to which other differentiated plastid types were

compared both qualitatively and semi-quantitatively.



The qualitative comparison of chloroplast and proplastid envelopes revealed

specific adaptations of the proplastid envelope to its role in meristematic cells:

Proplastids serve as cellular factories for amino acids, fatty acids and nucleotides for the

proliferating cells. The transport protein complement is geared to import precursor

metabolites and export products from the heterotrophic plastid. Chloroplast envelopes of

pea were also compared to those of maize mesophyll cells in a semi-quantitative manner.

Maize plants employ a specific subtype of photosynthesis called C4 photosynthesis

which causes immense metabolite fluxes across the chloroplast envelope. The

comparison revealed quantitative changes in the envelope protein composition indicating

that the flux is accommodated by increased amounts of transport protein. It also revealed

new candidate transport proteins for metabolite fluxes of C4 chloroplasts. One of these

candidate transport proteins was characterized in more detail in the model plant

Arabidopsis thaliana and it likely is a monocarboxylate transporter employed in

photorespiration in C3 plants. Finally, proteome samples of the plastid associated

membranes, the inner and the outer envelope of chloroplast and endomembrane system

were investigated. GFP fiision protein analyses of candidate outer envelope residents

demonstrated that the outer envelope is a dynamic system capable of producing

extensions of the envelope membrane as well as vesicles. Plastid associated membranes

are hypothesized to be part of the autophagy system for chloroplasts since they contain

stromal proteins in addition to envelope and endomembrane system residents. The

hypothesis is supported by GFP fusion protein analysis.
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Chapter 1

Introduction and literature review



 

Plants are the primary source of food for humankind and are increasingly

considered for biofuel production. Since the arable land area is decreasing due to

destruction of arable land for example by salt accumulation, climate change, or

urbanization, supplying the human population with food is one of the challenges of the

let century. Understanding the fundamental processes in plant cells will aid the

development of crops with higher yields or altered nutrient composition as well as

engineering of more efficient crops both for biofuel and food production. I focus my

attention on plastids since they are involved in either synthesis, storage, or both, of all

major agricultural products which are derived from assimilated carbon, carbohydrates,

fatty acids, or amino acids.

Plastid differentiation

A plant contains several different types of plastids which can be classified

according to their morphology and physiological role. In each plant, plastid

differentiation starts from undifferentiated proplastids of embryonic and meristematic

tissues (Hoober, 2006). The proplastids of meristematic tissues differentiate into

chloroplasts, the best studied plastid type, upon exposure to light. Chloroplasts are the

most abundant plastid type in most photosynthesizing plants and harness the energy of

light to fix inorganic carbon. If light is withheld experimentally or by soil cover in the

field, a developmental program causes proplastid differentiation into etioplasts defined by

their developmental state and particular ultrastructure which subsequently develop into

chloroplasts if light exposure eventually occurs (Holm and Deng 1999). Chloroplasts are

the only plastid type which is autotrophic for organic carbon, energy and reducing



equivalents whereas all other plastid types depend on the import of precursor metabolites,

energy, and reducing power. Chloroplast themselves can differentiate even further into

two subtypes in plant species which employ C4 photosynthesis to fix inorganic carbon

(Hall et al. 1998; Cribb et a1. 2001). Both proplastids and chloroplasts can differentiate

into chromoplasts. Chromoplasts are defined based on their color as yellow or reddish

plastids which contain enhanced carotenoid levels (Kirk and Tilney-Bassett 1978). The

differentiation of proplastids into chromoplasts has been studied in the natural

cauliflower mutant Orange (Crisp et al. 1975) which is caused by a mutation in a DnaJ

cysteine rich domain protein targeted to colorless plastids (Lu et al. 2006). Although the

exact mechanism of chromoplast differentiation remains unresolved it likely involves a

protein identified as promoting chromoplast development in bell pepper (Hugueney et al.

1995) which is upregulated in the Orange mutant of cauliflower (Lu et al. 2006). Upon

differentiation of chloroplasts into chromoplasts extensive vesiculation of the envelope

occurs (Hugueney et al. 1995). Leucoplasts are defined as colorless mature plastids and

include amyloplasts in roots. These plastids have the capability to green upon light

exposure which induces the formation of thylakoids (Ljubicic et al. 1998). Plastids in

storage organs are generally white heterotrophic plastids which either store starch (in

plants which rely on starch as the reserve material in the developing seedling) or produce

fatty acids for triglyceride production (e.g. in Brassica napus seeds) or amino acids (for

plants which mainly store reserves as proteins). Aside from any specific roles depending

on the plastid subtype, e. g. color production and display in chromoplasts or providing

rapidly dividing small plastids ready to differentiate in proplastids (Kirk and Tilney-

Bassett 1978), all functional plastids can provide their cells with essential metabolites.



 

 

Biosynthetic pathways of plastids

All plastids are semiautonomous organelles and cannot be generated de novo but

only by division of plastids. They entered the plant lineage in a single endosymbiosis

event and have since lost most of their gene content to the nucleus. However most of the

anabolic pathways remain localized in the plastids of plant cells. A possible reason for

retaining a large number of pathways inside the plastid may be that plastids provide a

subcompartment with different reductant and ATP concentrations compared to the

remainder of the cell (Heineke et al. 1991).

Chloroplasts are the only autotrophic plastid type as they can transform light

energy into chemical energy. The electron transfer chain located within an internal

membrane system, the thylakoids, generates energy in the form of ATP and reducing

power in the form of NADPH. Both are used to fix inorganic carbon and nitrogen into

organic molecules. Energy and reducing power generated and stored in organic molecules

is the basis for the anabolic reactions of plants.

Most of the amino acids produced in plants are produced in the plastids. Branched

chain amino acids are synthesized in plastids whereas turnover and breakdown is

restricted to the mitochondria and the peroxisomes (Binder et al. 2007). Aromatic amino

acids are also exclusively synthesized in the plastid via a common intermediate

chorismate (Herrmann and Weaver 1999). Chorismate and the aromatic amino acids are

precursors for many products of the secondary metabolism such as phylloquinones

(Shimada et al. 2005) and— via phenylalanine - salicylic acid, flavonoids and lignins

(Weaver and Herrmann 1997). Arginine synthesis is also considered to be a plastidic

pathway (Slocum 2005) as is lysine synthesis (Hudson et al. 2005). A number of essential



plant metabolites synthesized in the plastid are derived from 5-ribosyl l-pyrophosphate.

The amino acids tryptophan (Zhao and Last 1995) and histidine (Stepansky and Leustek

2006) are synthesized in the plastid as are purines and pyrimidines with the exception of

one reduction step in pyrimidine biosynthesis (Zrenner et al. 2006). Fatty acids are also

mainly synthesized in the plastids (Rawsthorne 2002) and serve as precursors for the

synthesis of a number of membrane lipids (Benning et al. 2006). The production of a

large range of very different metabolites in plastids raises the question how the plastids

efficiently import the necessary precursors and export the products. For many

agriculturally important products, the elucidation of their biosynthetic pathways has

initially been focused on studying the soluble components rather than the transport

processes connecting the metabolic network.

Plastid architecture

Plastids are derived from an ancient endosymbiotic event. They can only multiply

by division of existing plastids and contain a rudimentary genome as well as transcription

and translation machinery. Most of the plastidic proteins are synthesized on cytosolic

ribosomes and imported posttranslationally (Leister, 2003). Plastids contain an aqueous

phase, the stroma, which is separated from the cytosol by two membranes, the outer

envelope membrane which faces the cytosol and the inner envelope membrane which

faces the stroma. The stroma contains an additional membrane system, which is well

developed in chloroplasts and called thylakoids or a set of vesicles in most other plastid

types. The outer envelope is believed to be relatively permeable for solutes smaller than

IOkDa (Weber et al. 2005; Weber and Fischer 2007) by way of a number of porins with

broad substrate specificity (Pohlmeyer et al. 1997; Pohlmeyer et al. 1998; Bolter et al.



1999; Goetze et al. 2006). Proteins targeted to the plastids posttranslationally pass the

outer envelope through an elaborate protein translocation system called Translocon outer

envelope of chloroplast or Toc complex and pass the inner envelope through the

Translocon inner envelope of chloroplasts or Tic complex (Schnell 2000; Jarvis and

Robinson 2004; 8011 and Schleiff 2004). Small solutes pass the inner envelope by way of

a number of specific metabolite transport proteins (Weber 2004; Weber et al. 2005). The

only plastid envelope which has been analyzed comprehensively is the chloroplast

envelope of dicot plants such as spinach and Arabidopsis (Ferro et al. 2002; Miras et al.

2002; Ferro et al. 2003; Froehlich et al. 2003). Studies of other differentiated plastid

types have been focused on the soluble proteome although occasionally envelope proteins

have also been identified (Baginsky et al. 2004; Kleffmann et al. 2004; von Zychlinski et

al. 2005; Siddique et al. 2006; Kleffmann et al. 2007).

Project summary and rationale

The long term goal of studying plastid envelopes is to tie the plastid into the

different regulatory and metabolic networks of the cell since the ultimate barrier of both

metabolites and signaling molecules which originate in the stroma or at the thylakoids are

the inner and outer envelope membranes. Evidence based on proteome projects focused

on either the thylakoid proteome of chloroplasts, the soluble proteome of chloroplasts or

the entire plastid has indicated that, in addition to housekeeping proteins, the plastid

carries a protein complement adapted to its specific role (Baginsky et al. 2004;

Kleffmann et al. 2004; von Zychlinski et al. 2005; Siddique et al. 2006; Kleffmann et al.

2007). Proteome analysis has mostly been focused on the soluble or thylakoid proteome

of different plastid types (Majeran et a1. 2005; Majeran et al. 2008) since both are easier



to access and analyze than the envelope proteome. Envelope proteomes have only been

analyzed in chloroplasts of C3 plants. In this work, I report about dynamic envelope

membranes with respect to both protein content and protein localization. A new reference

chloroplast envelope of Pisum sativum chloroplasts is introduced and compared

qualitatively to a proplastid envelope yielding new insights in proplastid metabolism. The

reference chloroplast proteome is also compared semi-quantitatively to the envelope of

C4 chloroplasts which reveals that protein amount is adjusted depending on the metabolic

fluxes required for each plastid type (for a detailed description of C4 photosynthesis,

please see chapter 2). The characterization of accumulation patterns for known metabolite

transport proteins of the chloroplast envelope allows the determination of several

candidate transport proteins for known metabolite fluxes. One of these candidate

transport proteins named Mepl was characterized in more detail. Finally, Pisum sativum

chloroplast envelopes and associated membrane as well as a light microsome fraction are

used to gain insight in the dynamics of protein localization in the membrane systems

surrounding chloroplasts.

Chapter 2 reviews the current status of knowledge about transport processes in C4

photosynthesis. C4 photosynthesis requires two different chloroplast types to achieve a

more efficient photosynthesis compared to that of C3 plants and has been targeted in

bioengineering efforts to achieve higher yields, for example in rice plants. The review

identifies the transport proteins of one of the understudied fields in C4 research which

may hamper engineering efforts.

Chapter 3 reports the establishment of a novel model for plastid envelope

proteomics, Pisum sativum. Prior to this study, chloroplast proteomics was mainly



performed with species that already had a sequenced genome (e.g. Arabidopsis or rice) or

transcriptome (e.g. maize) available. Pea as a model for plastid proteomics has several

advantages over the models used previously, because large quantities of high quality

isolation material can be grown in a short time. There are isolation protocols not only for

leaf chloroplasts but also for root leucoplasts available. Moreover, the outer and the inner

envelope of pea chloroplasts can be separated efficiently. Although it has been generally

assumed that cross species identification is sufficient for organellar proteomics (Baginsky

et al. 2004; Siddique et al. 2006), I identify cross species comparisons as a major obstacle

to proteome analysis and analyze the parameters limiting it. In addition, I determine that a

species-specific transcriptome database suitable for organellar proteome analysis can be

generated by pyrosequencing.

In chapter 4, I report the first envelope proteome analysis of proplastids and

determine the metabolic role of proplastids based on their envelope protein content.

Proplastid envelopes have never been studied since material of meristems is limited in

model organism such as Arabidopsis or rice. Electron micrographs of proplastids show

that they contain a rudimentary internal membrane system of unknown composition and

frequently a small starch granule (Kirk and Tilney-Bassett 1978; Journet and Douce

1985). Proteome analysis of BY-2 plastids which represent a meristem-like system with

undifferentiated plastids indicates that these plastids are enriched in enzymes for amino

acid biosynthesis (Baginsky et al. 2004). To address proplastid biology, I analyze

proplastid envelopes by proteomics and compare them to chloroplast envelopes. The

proteins identified are different from those in pea envelopes and point towards the

proplastid as an active cellular factory which produces amino acids, fatty acids and



nucleotide precursors for the remainder of the proliferating cell. They contain not only a

specific subset of transport proteins but different subsets of thylakoid proteins and

components of the protein import complex compared to leaf chloroplast envelopes. The

surprising identification of the triosephosphate phosphate translocator at least partially

redefines the role of the glucose-6-phoshate phosphate translocator and the oxidative

branch of the pentosephosphate pathway in heterotrophic plastids.

Chapter 5 reports the identification of transport protein amount as one of the ways

to control metabolite traffic across the inner and outer envelope. C4 photosynthesis is a

highly compartmented process which involves chloroplasts in two different cell types. It

causes high volumes of metabolite traffic in excess of those observed in C3 plants. When

this work was started, the adaptations of the chloroplast envelopes to the increased

volume of traffic were unknown. To address this question, the first detailed semi-

quantitative picture of a C3 chloroplast envelope was produced and compared to the

chloroplast envelope of a C4 plant. The comparison indicated major changes in quantity

of membrane transport proteins of both the inner and the outer envelope and provided the

first indication that membrane flux is regulated at least in part by the amount of available

transport protein. It also yielded a number of candidate transport proteins for metabolite

flux across the envelope ofC4 chloroplasts.

Chapter 6 describes the analysis of a membrane protein identified as one of the

candidate proteins in chapter 5. At the onset of the work nothing was known about the

function of the protein and I hypothesized that a detailed analysis of the Arabidopsis

homologue with the tools of molecular biology and reverse genetics may have the power

to gain insights into the function of the protein in vivo. To this end, I characterized the



expression pattern and confirmed the localization. 1 isolated an insertion mutant and

characterized it as a null mutant which can be complemented. The null mutant displayed

a visible phenotype which is predated by a unique biochemical phenotype indicating the

Arabidopsis mutant has limited capacity to transport glycerate and glycolate. All attempts

to characterize the protein biochemically failed.

Chapter 7 reports the study of the proteomes of not only mixed envelope

membranes but also of inner and outer envelope membranes and chloroplast associated

membranes in comparison with an ER enriched microsome fraction. The protein

composition of outer envelopes has only been studied by electrophoretic methods (Cline

et al. 1981) and by a limited proteome analysis without a dedicated sequence database

(Schleiff et al. 2003). Recently, a new class of membrane associated with chloroplasts

and labeled by a ER OFP marker protein has been identified (Andersson et al. 2007). The

comparative proteome analysis was designed to both identify new residents of chloroplast

envelopes and localize them to one of the membrane systems. To address this question, I

collaborated with Henrik Tjellstroem and Anna Stina Sandelius. The comparative

proteome analysis reveals unexpected fluidity of the membrane systems and defines the

proteins content of a novel organelle, the plastid associated membranes. GFP fusion

proteins support the new hypothesis that the protein localization in the membrane systems

of chloroplasts is more dynamic than previously assumed.
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3-PGA
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MDH

NAD-ME

NADP-ME

0AA

PCA

2-oxoglutarate
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ATP ADP carrier

dihydroxyacetone phosphate

dicarboxylate carrier

dicarboxylate translocator
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malate dehydrogenase
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photosynthetic carbon assimilation

photosynthetic carbon reduction

phosphoenolpyruvate

phosphoenolpyruvate carboxylase

phosphoenolpyruvate phosphate translocator

PEP phosphate dikinase

PEP carboxykinase

ribulosebisphosphate carboxylase oxygenase

triosephosphate phosphate translocator
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Abstract

The C4 cycle requires immense metabolite fluxes. The spatial separation of initial

carbon fixation by phosphoenolpyruvate carboxylase and entry in the photosynthetic

carbon reduction cycle through Rubisco requires metabolites to shuttle not only between

_
.
—
—
\

cells but also across intracellular membranes. C4 photosynthesis is a highly

compartmentalized process. Atmospheric C02 is fixed into C4 acids (photosynthetic

carbon assimilation, PCA) in one domain and C4 acids donate CO2 to Rubisco in another

domain (photosynthetic carbon reduction, PCR). PCA occurs in chloroplasts and cytosol;

PCR occurs in chloroplasts, and depending on the subtype of C4 photosynthesis may

involve the mitochondria and cytosol. Intercellular transport likely occurs symplastically

but the intracellular transport processes across the organellar membranes are at least in

l part mediated by specific transport proteins. These transport processes are of particular

interest because metabolites have to be transported at the rate of carbon assimilation;

each carbon which is shuttled as a C4 acid necessitates distinct transport processes as

does the C3 acid which returns to recycle the initial carbon acceptor. Currently, it is not

fillly understood how the organellar membranes accommodate the high volume and

Velocity of the necessary flux.

This chapter will review the different types of C4 cycle reactions and the transport

Drecesses required for each sub-type based on the localization of the enzymes involved in

the C4 cycle. For each transport process the current knowledge about the transport

l31‘Qteins involved is stated in detail including discussion of candidate transport proteins

=1:7-laracterized in C3 systems. Finally, novel strategies for identifying and characterizing
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molecular candidates for transport proteins and their importance for engineering a C4

cycle in C3 crop plants are described.
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Introduction

One of the highest steady state fluxes of metabolites across organellar membranes

known to date originates from the process of C4 photosynthesis. In C4 photosynthesis,

the production of the primary carbon acceptor phosphoenolpyruvate (PEP) and fixation

of atmospheric C02 by phosphoenolpyruvate carboxylase (PEPC) occurs in the

photosynthetic carbon assimilation (PCA) compartment. In the photosynthetic carbon

reduction (PCR) compartment CO2 is released from C4 acids and enters the Calvin Cycle

(reviewed in Hatch (1987) and Edwards et al. (20013)). In most C4 species, the PCA and

PCR compartments are located in two distinct cell types, with PCA cells being leaf

mesophyll tissue and PCR cells surrounding the veins as a bundle sheath. This

arrangement is called Kranz anatomy. Metabolite transport between the cells is not

completely understood but it likely involves symplastic connections (Craig and

Goodchild 1977; Hattersley and Browning 1981; Sowinski et al. 2008). In contrast,

intracellular transport requires specific transport proteins in the membranes surrounding

the organelles since the reactions of the C4 cycle occur in three subcellular

e()mpartments, the cytosol, the chloroplasts, and the mitochondria (Hatch 1987). Both

cl‘lloroplasts and mitochondria are separated from the cytosol by two membranes. In

cl'Illoroplasts, the outer envelope membrane which faces the cytosol is relatively

Ibgl'meable to small metabolites because it contains a number of porins with broad

S"‘~llostrate specificities (Pohlmeyer et al. 1997; Pohlmeyer et a1. 1998; Bolter et al. 1999;

QQetze et al. 2006; Murcha et al. 2007). The inner envelope membrane between the

it‘termembrane space and the stroma is the diffusion barrier and contains specific

transport proteins (Weber 2004; Weber et al. 2005; Weber and Fischer 2007). In
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mitochondria, the outer membrane is also relatively permeable because of a number of

porins (Benz 1994) and the inner membrane represents the selectivity filter. Most specific

transport proteins residing in the inner envelopes catalyze the movement of two

molecules, operating either in counter-exchange or co-transport mode (Weber et al.

2005). When the transport of a solute is coupled to that of another ion or solute it is not

only possible to avoid creating electrochemical gradients but the solute can even be

transported against its concentration gradient at the expense of the gradient of the second

molecule.

For each carbon atom that is assimilated and reduced in C4 species, the C4 cycle

performs at least one full turn, and the metabolites involved in C4 photosynthesis are

transported across different organellar membranes at the rate of carbon assimilation

(Figure 2-1). Overcycling to enrich C02 within the PCR tissue, which has been estimated

at 10% to 40% of the apparent rate of CO2 assimilation (Henderson et al. 1992; Laisk

and Edwards 2000; Kubasek et al. 2007), firrther increases the load on the metabolite

transport systems. Compared to the most abundant transport protein in C3 chloroplasts,

tlie triosephosphate phosphate translocator (TPT), each metabolite transport protein

i Ilvolved in the C4 cycle has to carry at least three times more cargo per unit of time. In

Zea mays, a NADP malic enzyme (NADP-ME) type C4 plant, for each carbon

assimilated, at least four transport processes across the PCA chloroplast envelope and at

l $ast three transport processes across the PCR chloroplast envelope are required (for a

Q1etailed description of transport processes in all C4 photosynthesis subtypes see below).

FOr the three carbon atoms contained in one molecule of triosephosphate, this adds up to

at least 21 transport processes. In a C3 plant, however, for three carbon atoms
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assimilated, at most one transport process across the chloroplast envelope, (i.e., the

export of one molecule of triosephosphate from the chloroplast) is required. It is currently

not fully understood how the at least twentyfold higher metabolite flux across the

organellar membranes of C4 plants is mastered, especially since a number of transport

proteins that carry only minor fluxes in C3 plants are likely playing a more prominent

role in C4 photosynthesis because they have to carry a major flux in these plants. In

addition to the metabolites which are shuttled to support CO2 assimilation, other pathway

intermediates also have to be shuttled between PCR and PCA chloroplasts. Chloroplasts

in PCR tissues of C4 plants frequently have reduced water splitting activity to minimize

the oxygen concentration around Rubisco (reviewed in Walker and Edwards (1983);

Meierhoff and Westhoff 1993). In consequence, reactions such as the reduction of Calvin

Cycle intermediates, fatty acid synthesis, and nitrogen or sulfur reduction depend on the

reducing power generated in chloroplasts of the PCA tissue. Since pyridine or pyrimidine

nucleotides cannot be directly exported or imported into chloroplasts, reduction power

can be either shuttled in the form of oxidized and reduced metabolite pairs, such as 3-

phosphoglycerate (3-PGA) and triosephosphate, or the intermediates of the pathways

themselves will have to be shuttled between PCR and PCA type tissues. To our

knowledge, the C4 cycle causes one of the highest steady state fluxes of metabolites

occurring across any organellar envelope.

Despite the high load of transported metabolites, C4 photosynthesis likely did not

require the invention of novel transport proteins. C4 photosynthesis independently

evolved at least 50 times (Sage 2004; Muhaidat et al. 2007), making it highly unlikely

that the invention of metabolite transport proteins occurred each time in a convergent
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manner. Rather, as is the case for the soluble enzymes involved in C4 photosynthesis

(Matsuoka et al. 2001; Sage 2004) pre-existing transport proteins may have been

recruited for C4 photosynthesis by increasing their abundance and/or changing their

expression patterns. Possibly, minor transport substrates of C3 plant transporters have

become major transport substrates of the corresponding C4 plant transporter. Therefore,

whenever possible, evidence from C3 plants is considered when transport proteins for C4

species are discussed.

Intercellular fluxes

All C4 plants that rely on two different cell types to enrich C02 in the vicinity of

RubisCO need to transport the metabolites of the C4cycle between these cells types. The

two photosynthetic cell types involved are connected by an unusually high number of

plasmodesmata (Craig and Goodchild 1977; Evert et al. 1977; Hattersley and Browning

1981). Based on the frequency of plasmodesmata and the diffusion surface area it was

calculated that concentration gradients of 10 mM are necessary to drive efficient transport

of metabolites by diffusion (Hatch 1987). Indeed, concentration gradients of 5-10 mM for

many metabolites involved in the C4 cycle appear to be present in C4 species (Leegood

1985; Stitt and Heldt 1985; Furbank and Hatch 1987). The transport of metabolites

between cells is thus dependent on Brownian motion which is limited by cytoplasmic

viscosity and temperature (Leegood and Edwards 1996). The concentration gradient for

pyruvate, however, which was experimentally determined between whole mesophyll and

bundle sheath cells in Zea mays, is not steep enough to drive efficient diffusion (Flfigge et

a1. 1985; Stitt and Heldt 1985). It was concluded that the sequestration of metabolites into

subcellular compartments such as chloroplasts may provide the driving force for
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intercellular transport (Fliigge et al. 1985). Studies of plasmodesmatal architecture

(Overall et al. 1982; Ding et al. 1992; Roberts and Oparka 2003) have also questioned the

assumptions of the simple diffusion model (Sowinski et al. 2008). In particular, the

plasmodesmata contain internal structures, most notably the desmotubule, which

connects the endoplasmatic reticulum of the adjacent cells and limits the cross section

available for diffusion. Plasmodesmata themselves have different size exclusion limits for

molecules that can traverse them depending on the cells they connect (Erwee and

Goodwin 1985). Recent estimates for the concentration gradients needed to drive

metabolite transport are three orders of magnitude higher than previously assumed

(Sowinski et al. 2008). Sowinski et al. (2008) propose alternative transport mechanisms

such as diffusion through the desmotubule or vesicle transport of metabolites but the

membrane continuity between the endoplasmatic reticulum and chloroplasts or

mitochondria required for either of the alternatives proposed has never been conclusively

demonstrated. Although symplastic transport by diffusion remains the accepted model for

intercellular transport (Sowinski et al. 2008), it is currently not known how the steep

metabolite gradients needed to drive diffusion are generated.
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Transport processes in the NADP malic enzyme type
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Figure 2-1: Scheme outlining the reactions of C4 photosynthesis and the connecting

transport processes for the NADP malic enzyme type of C4 photosynthesis in both the PCA

(left) and the PCR (right) compartment; the cell wall is represented by a grey bar; intracellular

transport by arrows; intercellular transport by dashed arrows; metabolic reactions by broad

arrows; C chloroplast, for additional abbreviations see text;

Operation of the C4 cycle in the NADP-ME type involves the cytosol and

chloroplasts of the PCA tissue and the chloroplasts of PCR tissue (Figure 2-1). This type

of the C4cycle necessitates at least seven metabolite transport steps for each molecule of

C02 assimilated (Figure 2-1). The CO2 acceptor PEP is first generated within

chloroplasts of the PCA tissue and then exported to the cytosol by a

phosphoenolpyruvate/phosphate translocator (PPT). Oxaloacetate (OAA) is produced

from PEP and C02 in the carboxylation reaction in the cytosol of PCA cells and then

imported into the chloroplasts of these cells. There it is reduced to malate and then

exported to cytosol again. The import and export of these C4 acids are assumed to occur

through a single transport protein, the OAA/malate exchanger (Hatch et al. 1984b;
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Taniguchi et al. 2004). The reduction of OAA to malate enables the C4 acid to carry not

only C02 but also one reducing equivalent to the PCR tissue. After import into the PCR

type chloroplasts, malate is oxidatively decarboxylated to yield pyruvate, NADPH, and

CO2, the latter two entering the photosynthetic carbon reduction (or Calvin) cycle.

Pyruvate is exported back out of the PCR chloroplasts and returns to the PCA tissue

where it is imported back into the chloroplasts to regenerate the C02 acceptor PEP

(reviewed in Hatch (1987)). The transport processes are summarized in Table 2-1. The

best studied C4 species are of the NADP—ME subtype and they include species from the

genera Zea, Sorghum, and Flaveria.

Table 2-1: Summary of transport processes necessary in NADP-ME plants, for abbreviations

 

see text

domain substrate co- name evidence references

substrate

biochemica'and 9.21.11? 238.1333?
PCA PEP Pi PPT moltecular, supported Brantigam et al. (2008);

Y Pmte‘m“cs Majeran et al. (2008)

OAT biochemical Hatch et al. (1984a)

- - Weber et al. (1995);

PCA OAA malate D'T bllocqemlcal an: d Taniguchi et al. (2002,

' "‘0 5°" 8” sum.” 8 2004); Renne et al.
y proteomics (2003)

inferred from

PCR malate ? ? localization of soluble -

proteins

inferred from

PCR pyruvate ? ? localization of soluble -

proteins

+ . . Flilgge et al. (1995);

H ? biochemical .
PCA pyruvate + Aokr et al. (1992)

Na ? biochemical Aoki et al. (1992)

- - Day and Hatch (1981);

PCA mSEChlgmcal anged Rumpho und Edwards

b “ rotesdiiii); (1985); Brautigam et al.

3-PGA DHAP TPT y p (2008)

inferred from

PCR localization of soluble Majeran et al. (2008)

proteins
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PEP export from PCA type chloroplasts

The primary C02 acceptor PEP is regenerated from pyruvate by pyruvate phosphate

dikinase (PPDK). This enzyme is localized in PCA type chloroplasts, both in single-cell

and Kranz-type C4 photosynthesis, necessitating the export of PEP across the chloroplast

envelope (Figure 2-1) (Hatch 1987; Voznesenskaya et al. 2001; Voznesenskaya et a1.

2002). It was initially characterized biochemically using isolated PCA chloroplasts ofZea

mays and Digitaria sanguinalis (Huber and Edwards 1977b; Day and Hatch 1981). Both

inorganic phosphate (Pi) and 3-PGA but not pyruvate applied externally lead to export of

PEP from chloroplasts in vitro in D. sanguinalis (Huber and Edwards 1977b). The

transport protein has high affinity for Pi with an apparent KM of 200uM and an equally

high affinity for PEP, determined as the apparent Ki=450rrM for inhibition of Pi transport

by PEP. Likewise, PEP formation of intact chloroplasts in the light could be stimulated

by external application of Pi but not pyruvate, and presumably Pi serves both for export

of PEP and as a substrate for ATP formation needed as a substrate for PPDK (Huber and

Edwards 1977b). In Zea mays, the exchange of PEP and 3-PGA with PEP, 3-PGA, and Pi

but not pyruvate or malate and the exchange of 3-PGA for dihydroxyacetonephosphate

(DHAP) across intact chloroplast envelopes was demonstrated (Day and Hatch 1981). 3-

PGA could exchange with DHAP and the exchange of PEP for DHAP was not tested.

From the biochemical data it was concluded that all substrates are exchanged by the same

phosphate translocator protein. The first transporter capable of exchanging

phosphorylated sugars for phosphate was identified at the molecular level as a

triosephosphate phosphate translocator (TPT) in C3 chloroplasts of spinach (Flugge and

Heldt 1984). It accepts triosephosphates, 3-PGA, and P; but not PEP as substrates. Based
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on earlier biochemical evidence with intact chloroplasts (Day and Hatch 1981; Rumpho

and Edwards 1984; Rumpho and Edwards 1985), tests were performed to determine

whether the TPTs of C4 plants, unlike those of the C3 plant spinach, were capable of

mediating PEP transport. The TPT from the C4 species Flaveria trinervia and Zea mays

both also accepted PEP in contrast to the spinach phosphate translocator, which has a low

affinity for PEP (Fischer et al. 1994). However, the comparison of transport rates of PEP

by intact chloroplasts of C4 species revealed substantial differences between the transport

capabilities of intact chloroplasts compared to the transport characteristics of C4TPTs

(Fischer et a1. 1994). A phosphate translocator specific to PEP transport in exchange for

Pi, the phosphoenolpyruvate phosphate translocator (PPT), was identified on the

molecular level from several tissues and species, including maize endosperm, and was

characterized in detail from cauliflower bud envelopes (Fischer et al. 1997). When

heterologously expressed, this protein has a high affinity for PEP (Ki=300uM for

inhibition of Pi transport) whereas 3-PGA and triosephosphates are only poorly bound

and transported (Ki=8,000 and K1=4,600uM, respectively). RNA gel blot analysis showed

that the PPT identified in maize endosperm is expressed at high levels only in non-green

tissues (Fischer et al. 1997). Phosphate translocators are evolutionary ancient proteins,

and the split into the PPT and TPT subfamilies of transporters occurred already in the

common ancestor of the red and the green lineage (Weber et al. 2006). Consequentially,

PPTs are present in all plant and algal genomes sequenced to date. The genome of the C3

plant Arabidopsis thaliana harbors two PPT genes. The AtPPTl, like the protein from

spinach, accepts both PEP and 2-phosphoglycerate whereas AtPPT2 accepts PEP rather

than 2-phosphoglycerate (Knappe et al. 2003). In C3 plants, the PPT imports PEP into
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chloroplasts as a substrate for the shikimate pathway since chloroplasts lack the activities

of enolase and phosphoglyceromutase that are required to produce PEP from 3-

phosphoglycerate; therefore PPT provides the substrate for aromatic amino acid

biosynthesis (Knappe et al. 2003; Voll et al. 2003). The import of PEP into chloroplasts is

a minor flux in C3 plants compared with the export of assimilates, for example, mediated

by TPT. PPT activity is also required in bundle sheath chloroplasts of C3 plants to

generate a signal that is required for proper mesophyll development (Streatfield et al.

1999; Voll et al. 2003). Recently, a PPT protein abundant in mesophyll chloroplast

envelopes and expressed leaf specifically was identified in maize (Bréiutigam et al.

2008a) and shown to be mesophyll specific (Majeran et al. 2008) but its activity has not

been tested biochemically. Compared to C3 chloroplasts envelopes, this PPT is vastly

increased in abundance indicating that the high PEP export rates are maintained at least in

part by increasing the amount of transport protein present at the envelope (Brautigam et

al. 2008a). Possibly, based on the results by Huber and Edwards (1977) outlined above,

the C4 PPT from Zea mays can also exchange 3-PGA for PEP, which is not the case for

any of the C3 PPTs characterized to date.

Oxaloacetate and Malate exchange in PCA type chloroplasts

After PEP is exported from the PCA chloroplast, it is carboxylated to OAA by PEP

carboxylase in the cytosol. Since carbon is shuttled to PCR cells in the form of malate in

NADP-ME type C4 plants, OAA and malate need to be exchanged across the chloroplast

envelope. Isolated chloroplasts from both C3 and C4 plants produce malate and evolve

oxygen when externally supplied with OAA (Heber 1974; Anderson and House 1979;

Day and Hatch 1981). In maize and spinach chloroplasts a high velocity OAA transporter
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was characterized biochemically both by OAA-dependent oxygen evolution and

radiolabeled precursor uptake studies (Hatch et al. 1984a). In Zea mays PCA

chloroplasts, this transport protein binds OAA with an apparent KM between 53 and

71uM, depending on the method used for measuring, and the corresponding apparent

inhibitory binding constants for malate are K1=7,300uM and Kr=7,500uM. In spinach

chloroplasts, the KM(OAA) is 9uM and Ki(malate) is 1,400uM. The high affinity for

OAA compared to malate is crucial if, like in Zea mays, the malate pools are 10-100

times greater than those of OAA (Hatch et al. 1984a). The reaction equilibrium constant

of malate dehydrogenase favors the reaction in the direction of malate, rather than OAA

(Hatch et al. 1984a). Finally, the velocity of OAA transport in Zea mays is sufficiently

high to supply the C4 cycle metabolites and orders of magnitude higher than the velocity

of transport in C3 chloroplasts of spinach (Hatch et al. 1984a). In C3 plants, the

OAA/malate exchanger is hypothesized to be involved in a reducing equivalent shuttle

(Scheibe 2004; Scheibe et al. 2005). An OAA/malate exchanger working in concert with

malate dehydrogenases in the chloroplasts, the cytosol and the peroxisomes can balance

reducing power throughout the cell. The molecular identity of the OAA malate transport

protein has not been unequivocally established in either C3 plants or C4 plants. A small

family of transport proteins capable of transporting dicarboxylates (dicarboxylate

translocators, DiTs) was biochemically identified in spinach chloroplasts (Woo et al.

1987) and later identified at the molecular level (Weber et a1. 1995). The protein initially

characterized transports malate, fumarate, succinate, and 2-oxoglutarate (2-OG), but not

glutamate and was named DiTl (Weber et al. 1995). Its transport characteristics fit well

with the model of two translocators which, working in concert, import 2-OG into the
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chloroplast and export glutamate while the counter-substrate malate only cycles (Woo et

al. 1987). A second translocator, called DiT2, was also identified at the molecular level

and characterized (Taniguchi et al. 2002; Weber and Flugge 2002; Renne et al. 2003).

Proteins of the DiT2 family of transporters have a high affinity for glutamate and

aspartate in addition to 2-OG (Taniguchi et al. 2002; Renne et al. 2003). In C3 plants, a

knock down and a knock out for one member of each family have been analyzed. In

tobacco, a knockdown of the sole representative of the DiTl family of transport proteins

causes a photorespiratory phenotype with dramatic metabolic changes in precursors and

products of ammonia fixation as well as decreases in photosynthesis rate and sugar pools

(Schneidereit et al. 2006). In Arabidopsis, the knockout of one of the two members of the

DiT2 family results in a photorespiratory phenotype (Somerville and Ogren 1983; Renne

et al. 2003). Changes in OAA and malate pools or redox status have not been reported

(Renne et al. 2003; Schneidereit et al. 2006). All DiTs also transport OAA in vitro. The

affinity for OAA of both, C3 DiTl and C4 DiTl, is similar (Taniguchi et al. 2002;

Taniguchi et al. 2004). For the Arabidopsis protein the apparent KM for malate is 700uM

and the corresponding apparent Ki for OAA is 70uM (Taniguchi et al. 2002). For the

maize protein the KM for malate is 610uM and the corresponding Ki for OAA is 90 uM

(Taniguchi et al. 2004). It was proposed that DiTl is capable of exchanging OAA and

malate in vivo (Taniguchi et al. 2004), although the kinetic constants of recombinant

reconstituted DiTs are different from those determined with transport experiments with

intact isolated chloroplasts (Hatch et al. 1984a). The discrepancies between transport

experiments with intact chloroplasts and isolated proteins have yet to be resolved.

Proteorrric analysis of mesophyll and bundle sheath chloroplast membranes also indicates

30



DiTl may indeed be the OAA/malate exchanger. A DiTl homologue (called OMT in

maize) was enriched in mesophyll compared to bundle sheath chloroplast membranes

(Supplemental material (Majeran et al. 2008)).The proteome analysis resolves

controversial evidence for the expression pattern of this DiTl family protein which is

reported with different expression patterns in Zea mays and Sorghum bicolor (Renne et

al. 2003; Taniguchi et al. 2004; Sawers et al. 2007). Despite mounting evidence, the

differences between in vitro and in vivo data are unresolved and therefore it remains to be

determined whether DiTl exchanges OAA and malate in either C3 or C4 chloroplasts in

vivo (Table 2-1).

Malate import into PCR chloroplasts

Malate is produced in PCA cells from OAA, and it moves to PCR cells by diffusion

through plasmodesmata. The decarboxylation enzyme, NADP-ME, is localized in

chloroplasts and malate is imported into PCR chloroplasts (Figure 2-1). The transport

capacities of chloroplasts in PCR tissues are less well understood compared to

chloroplasts in PCA tissues. Most species with Kranz-type C4 photosynthesis have re-

enforced cell walls around the PCR cells, likely to prevent CO2 from leaking. These cells

are therefore less amenable to isolation and characterization in comparison to PCA cells.

In Zea mays, malate import was studied as a function of CO2 fixation and as a function of

pyruvate generation (Boag and Jenkins 1985). Malate import was shown to be affected by

application of aspartate (Boag and Jenkins 1985) or aspartate and glutamate (Boag and

Jenkins 1986). Application of aspartate lowered the binding constant and increased the

maximal velocity of transport. The only candidate transport proteins currently known of

being capable of transporting malate into chloroplasts are the DiTs. DiT2 family proteins
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from Zea mays (Taniguchi et al. 2004) and Sorghum bicolor (Renne et al. 2003) are

expressed at a higher level in the bundle sheath. A recent proteomic analysis identified a

DiT2 family member, ZmDCT2/3, as bundle sheath specific (Majeran et al. 2008).

However, DiTs are antiporters that exchange a dicarboxylic acid for malate (Weber et al.

1995; Taniguchi et al. 2002; Renne et al. 2003; Taniguchi et al. 2004). Therefore DiTs

cannot catalyze the net import of a C4acid in a uniport mode. The decarboxylation of

malate produces the three carbon monocarboxylate pyruvate. Pyruvate has been tested as

a counter-substrate for malate transport for a DiT2 protein from FIaveria bidentis, a

NADP-ME species. It was shown that exchange of pyruvate with malate was negligible

in vitro (Renne et a1. 2003). It is therefore unlikely that DiT2 proteins catalyze the

exchange of malate and pyruvate across PCR chloroplast envelopes (Renne et al. 2003).

It thus remains currently unknown how the net transport of C4acids across the chloroplast

envelopes ofPCR cells is achieved.

Pyruvate Export from PCR chloroplasts

After import and decarboxylation of malate in PCR chloroplasts of NADP—ME

species, the resulting pyruvate is exported to allow the recycling of the initial carbon

acceptor in the PCA compartment. Pyruvate export (Figure 2-1) from PCR type

chloroplasts has only been studied in a NAD malic enzyme species, Panicum miliaceum,

in which the majority of pyruvate is generated in mitochondria. Pyruvate uptake into

those PCR chloroplasts was markedly different from pyruvate uptake into PCA

chloroplasts both in speed and binding affinity, and was not affected by light (Ohnishi

and Kanai 1987b). In NADP-ME species, pyruvate transport across the PCR type

chlorOplast envelope has not been studied (Flugge et al. 1985; Ohnishi and Kanai 1987a;
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Aoki et al. 1992). Possibly, the high concentration of pyruvate that is generated by malate

decarboxylation drives the export of pyruvate out of the PCR chloroplasts. It remains to

be determined whether the export of pyruvate from the PCR chloroplasts is mediated by

the same or by a different transport protein than the one which imports pyruvate into

PCA chloroplasts.

Pyruvate import into PCA type chloroplasts

Finally, the pyruvate produced in the PCR compartment needs to be recycled to the

CO2 acceptor PEP in the PCA compartment (Figure 2-1). The overall gradient for

pyruvate between PCA and PCR tissue opposes the actual direction of transport (Stitt and

Heldt 1985), thus leading to the hypothesis that pyruvate is actively transported to

sequester it in PCA chloroplasts, hence displacing it from the equilibrium (Flugge et al.

1985). In C4 plants pyruvate import was characterized as a slow process in the dark as a

pyruvate anion symport in Digitaria sanguinalis (Huber and Edwards 1977a). Later,

light-driven active pyruvate transport was characterized in Zea mays (Fliigge et al. 1985)

and Panicum miliaceum (Ohnishi and Kanai 1987b). In Zea mays, light driven pyruvate

transport is dependent on proteins, and it is inhibited by protonophores (Flfigge et al.

1985). Transport can be initiated in the dark by applying a pH gradient between the

stroma of isolated chloroplasts and the external medium in vitro (Aoki et al. 1992). A

second, sodium-dependent mode of active pyruvate import into PCA chloroplasts was

discovered in Panicum miliaceum (Ohnishi and Kanai 1987a). Several other species, such

as Urochloa panicoides and Panicum maximum, but not Zea mays, also exhibit sodium-

dependent pyruvate transport (Ohnishi et a1. 1990). A systematic evaluation of more than

forty C4species revealed no correlation between the mode of pyruvate transport (i.e.
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sodium- or proton-dependent) and biochemical C4 subtype (Aoki et al. 1992). In all

species tested, light driven pyruvate uptake into PCA type chloroplasts could be

mimicked either by a sodium or by a proton gradient in vitro but not by both for any

given species (Aoki et al. 1992).

In C3 plants, pyruvate transport was analyzed biochemically with isolated pea

chloroplasts. Pyruvate uptake followed saturation kinetics at low external concentrations

and linear kinetics at higher pyruvate concentrations. Based on these results carrier

mediated transport was proposed at low substrate concentrations and transport by

diffusion at high concentrations (Proudlove and Thurman 1981). Pyruvate transport into

the chloroplast of C3 species may be relevant when serving as a substrate for branched

chain amino acid biosynthesis or isoprenoid production (Singh and Shaner 1995;

Schwender et al. 1996) or for fatty acid production in certain tissues but not in seeds

(Andre and Benning 2007; Andre et al. 2007). At the molecular level, the protein or

proteins which catalyze pyruvate import remain unknown both in C3 and in C4 species.

Possibly, independent evolution of C4 photosynthesis recruited two different types of

pyruvate transport proteins, using either a sodium or a proton gradient as the driving

force. Passive diffusion of pyruvate across the chloroplast envelope appears unlikely

since the metabolite gradient for pyruvate between PCA and PCR tissue requires active

pyruvate import into PCA chloroplasts for C4 photosynthesis, and pyruvate transport is

dependent on intact proteins in the chloroplast envelope (Flugge et al. 1985). Establishing

either sodium or proton gradients to drive pyruvate transport across the chloroplast

envelope membrane of PCA cells requires the input of energy. To date, energy

requirements for driving metabolite transport have not been included in the overall ATP
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balance required for driving the C4 biochemical C02 pump. Molecular identification and

biochemical characterization of the respective transporters will be required to address this

question.

The knowledge about transport proteins involved in the C4cycle of NADP-ME

plants is summarized in Table 2-1.

Auxiliary transport processes

In addition to the C4cycle metabolites, pyruvate, PEP, OAA, and malate, several

other metabolites are also moved between PCA and PCR cells and compartments. The

C4cycle serves to enrich the PCR tissue in CO2 and creates an environment that

minimizes photorespiration at the site of Rubisco. To further reduce photorespiration, in

some species of the NADP malic enzyme subtype, the partial pressure of O2 is

minimized. PCR tissue chloroplasts have minimal photosystem II activity (Leegood et a1.

1983; Walker and Edwards 1983; Rumpho et al. 1987; Meierhoff and Westhoff 1993)

and consequentially minimal production of reducing equivalents through linear electron

transport. To supply the reactions in PCR tissue with reducing power, a reducing

equivalent shuttle is hypothesized to operate. This shuttle transports 3-PGA from PCR

chloroplasts (Figure 2-1) to PCA chloroplasts where 3-PGA is reduced to triosephosphate

and moved back to the PCR tissue. It has been proposed that in Zea mays, the PCR cycle

is compartmented between PCA and PCR chloroplasts with part of the Calvin cycle

relegated to the PCA chloroplasts (Majeran et al. 2005). The shuttling of 3-PGA across

two chloroplast envelopes into the PCA chloroplasts and the return of triosephosphate to

the PCR chloroplasts requires the concerted action of two triosephosphate phosphate

translocators. High activity of a transport protein exchanging 3-PGA, triosephosphates,
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and P, has been demonstrated in PCA chloroplasts of Zea mays (Day and Hatch 1981;

Rumpho and Edwards 1985; Rumpho et al. 1987). In C3 plants the TPT is the most

abundant transport protein of the chloroplast envelope and it serves to export

triosephosphate from the chloroplast while inorganic phosphate is imported (Fli‘rgge and

Heldt 1984; Flfigge and Heldt 1991). A knock out in TPT causes massive accumulation

of transitory starch but no dramatic visible phenotype since the chloroplasts are able to

export assimilated carbon during the night in the form of glucose and maltose (Schneider

et al. 2002). The transport characteristics determined in vitro reveal that the TPT of

higher plants is also capable of exchanging 3-PGA for triosephosphates. It has been

proposed that TPT functions both as a reducing equivalent shuttle and as the exporter of

carbon in C4PCR chloroplasts (Flugge and Heldt 1991). It is unknown whether the

inverse direction of 3-PGA transport in comparison to C3 plants (i.e., export of 3-PGA

and import of DHAP) requires specific adaptations of the TPT protein, especially since

the stromal pH likely causes 3-PGA to have three negative charges.

Both enriching C02 and minimizing 02 in the vicinity of Rubisco reduces

photorespiration in C4 plants, yet it is not absent. Moreover, the separation of the

photorespiratory pathway into different tissues has been hypothesized to predate a true

C4cycle and indeed be an evolutionary intermediate of true C4 photosynthesis (reviewed

in Bauwe, 2009). It has been demonstrated that the final step of the photorespiratory

pathway, the phosphorylation of glycerate to 3-PGA by glycerate kinase, is localized

exclusively in PCA chloroplasts of different C4 plants belonging to all three subtypes

(Usuda and Edwards 1980a). For maize, the localization was independently confirmed by

proteomics (Majeran et al. 2005). In Panicum cappilare, it was demonstrated that the
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PCR tissue photosynthetically produces glycerate which is metabolized in PCA tissue

(Usuda and Edwards 1980b). Photorespiration itself is a highly compartmentalized

process involving not only the chloroplasts but also peroxisomes and mitochondria

(Bauwe, 2008). Even in C3 plants, the transport proteins involved are unknown at the

molecular level although biochemical evidence for glycolate and glycerate transport

through the same transport protein (Howitz and McCarty 1986; Howitz and McCarty

1991; Young and McCarty 1993). as well as glycine and serine import into mitochondria

(Yu et al. 1983)exists. It is currently unknown whether the transport of photorespiratory

intermediates in C4 plants occurs through the same transport proteins as in C3 plants

especially since in C4 plants the export of glycolate from the chloroplast and the import

of glycerate into chloroplasts are located in different tissues.

Enzymes involved in lipid biosynthesis, nitrogen fixation, tetrapyrrol and

isoprenoid biosynthesis accumulate preferentially in mesophyll chloroplasts of Z. mays

whereas enzymes for sulfirr import accumulate preferentially in bundle sheath

chloroplasts (Majeran et al. 2005). Presumably, the preferential localization of pathways

necessitates transport of the pathway products to the other compartment but specific

adaptations of transport proteins are not known to date.

Finally, all metabolites entering the chloroplasts do not only need to cross the

specificity barrier, the inner envelope, but also the outer envelope. It has recently been

demonstrated that specific outer envelope porins are increased in abundance in Z. mays

chloroplast envelopes compared to Pisum sativum chloroplast envelopes (Brautigam et al.

2008a). The outer envelope porins OEP37 and OEP24 were increased in abundance and

OEP21 was decreased. Apparently, the increased amount of metabolite exchange across
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the outer envelope is mastered by an increase in specific outer envelope porins

demonstrating the importance of the outer envelope for total metabolite traffic to the

chloroplast (Brautigarn et al. 2008a).

Transport processes in the NAD malic enzyme type
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Figure 2-2: Scheme outlining the reactions of C4 photosynthesis and the connecting

transport processes for the NAD malic enzyme type of C4 photosynthesis in both the PCA

(left) and the PCR (right) compartment; the cell wall is represented by a grey bar; intracellular

transport by arrows; intercellular transport by dashed arrows; metabolic reactions by broad

arrows; C chloroplast, M mitochondrion; reactions processes which are not resolved are

represented by open arrows; for additional abbreviations see text;

The operation of the C4cycle in the NAD malic enzyme (NAD-ME) subtype of

C4photosynthesis is compartmentalized between the PCA chloroplasts and cytosol and

the PCR mitochondria (Figure 2-2). As is the case in the NADP—ME subtype, the initial

carbon acceptor PEP is exported from the chloroplasts and carboxylated in the cytosol.

The carboxylation product is OAA, which is subsequently transaminated in the cytosol to

yield aspartate. The C4amino acid aspartate then moves to the PCR tissue. The

compartmentation of the subsequent transamination to OAA is unresolved (Figure 2-2).
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Aspartate may either be imported into the mitochondria and transaminated in the

mitochondrial matrix. Alternatively, it may be transaminated to OAA in the cytosol

before it is imported. OAA is reduced to malate, probably within the mitochondria (Hatch

1987; Edwards et al. 2001a), although the localization of the corresponding malate

dehydrogenase activity has not been demonstrated. Malate is subsequently

decarboxylated to yield pyruvate, C02, and NADH. The resulting CO2 enters the PCR

cycle where it is fixed by Rubisco. There are no specific transport proteins for either C02

or HCO3‘ at either the mitochondrial or the chloroplast envelopes known to date.

Pyruvate is exported from mitochondria and transaminated to alanine in the cytosol. If the

transamination of aspartate to OAA is localized in the mitochondria (Figure 2-2), a 2-

oxoglutarate (2-OG) glutamate shuttle is required to connect the transamination of

alanine in the cytosol with the one of aspartate in the mitochondria via the amino-donor/ -

acceptor pair, glutamate and 2-OG. If the transaminations of aspartate to OAA and

pyruvate to alanine both occur in the cytosol (Figure 2-2), they can either be directly

coupled or connected by the amino-donor/ -acceptor pair 2-OG and glutamate. Alanine

moves back to the PCA cytosol where it is converted to pyruvate in a transamination

reaction, and pyruvate is imported back into PCA chloroplasts where the carbon acceptor

PEP is regenerated by the action of pyruvate phosphate dikinase (reviewed in Hatch

( 1987)). In addition to this major route, there is a minor pathway in which malate is

formed in and exported from PCA chloroplasts and decarboxylated in PCR mitochondria

but this pathway accounts for less than 10% of the total C4 acids moved (Kagawa and

Hatch 1975; Hatch et al. 1988). This C4 subtype has also evolved multiple times
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independently and includes species from the genera Amaranthus, Cleome, Digitaria, and

Atriplex (Sage 2004; Muhaidat et al. 2007).

Table 2-2: Summary of transport processes necessary in NAD-ME plants, for abbreviations

 

see text

domain substrate co- name evidence references

substrate

. - Huber and Edwards

PCA PEP p- PPT biochemical and (1977b); Fischer et al.

1 molecular (1997)

inferred from

aspartate ? ? presumed

localization of

PCR .

soluble proteins

OAA p- DIC mOIeCUIa’ '" C3 Palmieri et al. (2008)
I plants

inferred from

PCR pyruvate ? ? localization of -

soluble proteins

H+ ? biochemical Aoki et al. (1992)

PCA pyruvate

Na+ ? biochemical Aoki et al. (1992)

 

PEP export from PCA chloroplasts

Like in NADP-ME plants the primary carbon acceptor PEP is recycled in PCA

chloroplasts by PPDK (Hatch 1987). PEP export is thought to be catalyzed by a member

of the same transport protein class, the PPTs, in NAD-ME plants. A detailed description

can be found in IIIA.

Dicarboxylate transport in PCR mitochondria

PEP is carboxylated and the resulting OAA transaminated to aspartate in the cytosol of

PCA cells. Aspartate diffuses into the PCR domain. Unlike in NADP-ME plants, in

NAD-ME plants CO2 is liberated from malate in the mitochondria (Figure 2-2). It

remains unclear whether aspartate or OAA is the C4acid imported into mitochondria

(Figure 2-2) but like in chloroplasts of NADP-ME plants a net import and not exchange

40



of C4 acids is necessary. Generally, it is assumed that aspartate is the imported C4 acid in

NAD-ME plants (Hatch 1987; Hatch et al. 1988; Edwards et al. 2001b; Hatch 2002)

although the metabolite fluxes across the mitochondrial membrane have not been

established for any NAD-ME species. In C3 plants, metabolite transport of malate, OAA,

aspartate, 2-OG, and glutamate across the mitochondrial membrane has been

demonstrated (Desantis et al. 1976; Zoglowek et al. 1988; Hanning et al. 1999) and

several proteins catalyzing di- and tricarboxylate exchange have been characterized

biochemically and at the molecular level in C3 plants (Laloi 1999; Picault et al. 2002;

Picault et al. 2004; Palmieri et al. 2008). The di- and tricarboxylate carrier (DTC)

transports a broad spectrum of organic acids. While 2-OG, malate, succinate, OAA,

citrate, isocitrate, and sulfate are transported at high levels by DTC from both tobacco

and Arabidopsis, both transport proteins do not accept pyruvate or glutamate as a

substrate (Picault et al. 2002). DTC depends on a strict counter exchange of two

molecules with each other (Picault et al. 2002).The malate transport protein initially

identified as the malate transporter from Panicum miliaceum (Taniguchi and Sugiyama

1996) is an ortholog of the DTCs characterized from the C3 plants Arabidopsis and

tobacco (Picault et al. 2002). Although the spatial and temporal expression pattern of this

transporter agrees well with a role in C4photosynthesis (Taniguchi and Sugiyama 1997),

the substrate specificity of DTC makes it an unlikely candidate for a major role in

C4photosynthesis. The dicarboxylate carrier (DIC) transports a similar spectrum of

dicarboxylic acids. DICs from the C3 plant Arabidopsis transport 2-OG, OAA, succinate,

malate, phosphate, and sulfate (Palmieri et al. 2008). Like DTCs, DICs do not accept

three carbon organic acids such as PEP and pyruvate, or amino acids such as glutamate or
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aspartate (Palmieri et al. 2008). In contrast to DTC, the DIC is capable of transporting

inorganic anions such as phosphate and DIC can therefore catalyze the net import of a C4

acid into the mitochondrial matrix by exchanging phosphate for a dicarboxylic acid

(Palmieri et al. 2008). The transport creates a phosphate imbalance which could be

compensated by a phosphate/proton transporter in the mitochondrial inner membrane

(McIntosh and Oliver 1994). Neither DTC nor DIC accepts glutamate or aspartate as a

substrate. Based on the transport specificities of the proteins known to transport

dicarboxylates, we posit that OAA is the main metabolite imported into mitochondria in

NAD-ME plants.

Pyruvate Export from PCR mitochondria

Like the import of the C4 acid into mitochondria for decarboxylation, the export of the

resulting C3 acid, pyruvate, has not been characterized biochemically in C4 plants of the

NAD-ME type (Figure 2-2). In C3 plants, pyruvate is imported into rather than exported

from mitochondria since it is one of the substrates for mitochondrial respiration. Isolated

mitochondria of the C3 plant pea import pyruvate with saturation kinetics (Proudlove and

Moore 1982) and the transport depends on a pH gradient, as protonophores efficiently

inhibit transport (Proudlove and Moore 1982). The molecular identity of the

mitochondrial pyruvate carrier from plants and other eukaryotes is unknown. Free

diffusion of protonated pyruvic acid is an alternative to carrier mediated transport. Small

organic acids including pyruvic acid can diffuse through biomembranes (Baker and

Vandam 1974; Proudlove and Thurman 1981; Benning 1986). Possibly, the irreversible

decarboxylation of malate creates sufficient amounts of pyruvate within C4 PCR

mitochondria to drive export by free diffusion of pyruvate, which is further promoted by
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active uptake of pyruvate into C4PCA chloroplasts (Fliigge et al. 1985). Alternatively,

pyruvate might be transaminated to alanine in the mitochondria already and the neutral

amino acid may be exported since neutral amino acids are known to permeate the

mitochondrial membrane without specific transport mechanisms (Halling et al. 1973;

Wiskich 1977).

Pyruvate import into PCA chloroplasts

After pyruvate is exported from PCR mitochondria and has moved to the PCA

compartment, it reenters the PCA chloroplasts to serve as the substrate for PEP

regeneration. For a detailed discussion of the transport protein involved, see earlier.

In addition to the metabolites involved in the C4 cycle of NAD-ME plants

(summarized in Table 2-2) several additional metabolites likely have to be moved. The

liberation of CO2 in the mitochondria and the localization of Rubisco in the chloroplasts

possibly results in the need for an inorganic carbon transport protein at either or both

organellar membranes. Unlike in NADP-ME plants (Majeran et al. 2008), knowledge

about the spatial distribution of reactions like nitrogen and sulfur fixation or isoprenoid

biosynthesis in NAD-ME species is limited and consequently, no specific hypothesis

about additional transport proteins can be put forward.
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Transport processes in the PEP carboxykinase (PEP-CK) type
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Figure 2-3: Scheme outlining the reactions of C4 photosynthesis and the connecting

transport processes for the PEP-CK type of C4 photosynthesis in both the PCA (left) and the

PCR (right) compartment; bold print represents the C4 cycle of PEP-CK, normal print represents

the C4 cycle of NAD-ME; the cell wall is represented by a grey bar; intracellular transport is

represent by arrows; intercellular transport by dashed arrows; metabolic reactions by broad

arrows; C chloroplast, M mitochondrion, for additional abbreviations see text;

The core reactions of the C4 cycle involving PEP-CK as the decarboxylation

enzyme require the least amount of transport processes (Figure 2-3, black part) (Hatch

1987). In this C4 cycle, the initial carbon acceptor PEP is in part recycled in the cytosol

of the PCR tissue. In the PCA cytosol, PEP is carboxylated to OAA, which is

subsequently transaminated to aspartate. This C4amino acid moves to the PCR tissue

where another transamination takes place and the resulting OAA is decarboxylated by

PEP-CK in the cytosol. The CO2 produced enters the PCR cycle of the chloroplasts

possibly by free diffusion; whereas PEP moves back to the PCA tissue where it can again

serve as the primary carbon acceptor. The cycling metabolites aspartate and PEP

transport one aminogroup to PCR cells during each turn of the cycle. The activity of PEP-
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CK in the cytosol requires ATP, which is produced in the mitochondria through NADH

oxidation and exported from the mitochondria in counter-exchange with ADP (Hatch

1987; Hatch et al. 1988) (Figure 2-3). It has been demonstrated that PEP-CK is not the

sole decarboxylation enzyme in PEP-CK type plants. NAD malic enzyme is proposed to

contribute about equally to C4 photosynthesis (Figure 2-3, grey part) (Bumell and Hatch

1988a; Bumell and Hatch 1988b; Hatch et al. 1988). Malate is probably the C4acid for

this part of the cycle. It is probably produced in PCA chloroplasts and exported in a

manner similar to that in NADP-ME plants (Figure 2-2and 2-3). After diffusing to the

PCR compartment, malate enters the mitochondria for decarboxylation. The C3 acid

produced through NAD malic enzyme in the mitochondria is exported, either as pyruvate

or possibly after being transaminated to alanine, and re-imported as pyruvate into PCA

chloroplasts to serve as the substrate for recycling the primary carbon acceptor PEP. The

cycling metabolites malate and alanine transport one amino group to the PCA tissue in

each cycle and therefore balance the amino group moved by aspartate and PEP if both

pathways contribute about 50% of the total decarboxylation reactions. The C4 cycle

involving PEP-CK does not rely on intracellular transport except for the provision of

ATP, but the C4 cycle involving the NAD-ME in mitochondria relies heavily on

intracellular transport.
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Table 2-3: Summary of transport processes necessary in PEP-CK plants, for abbreviations

see text

domain

PCA

PCA

PCR

PCR

PCR

PCR

PCA

substrate

PEP

OAA

malate

pyruvate

ATP

ATP

pyruvate

CO-

substrate

Pi

malate

ADP

ADP

Na

name

PPT

OAT

DiT

DIC

NTT

(chloroplasts)

AAC

(mitochondria)

PEP export from PCA chloroplasts

evidence

inferred from

NADP-ME and

NAD-ME plants

inferred from

NADP-ME and

NAD-ME plants

inferred from

NADP-ME and

NAD-ME plants

molecular in C3

plants

inferred from

localization of

soluble proteins

molecular in C3

plants

molecular in C3

plants

inferred from

NADP-ME and

NAD-ME plants

inferred from

NADP-ME and

NAD-ME plants

references

Palmieri et al. (2008)

Neuhaus et al. (1997)

Emmermann et al.

(1991); Winning et al.

(1991)

PEP export is reduced in PEP-CK plants by at least half (Bumell and Hatch 1988b;

Bumell and Hatch 1988a; Hatch et al. 1988) compared to other C4 species since part of

the PEP is recycled from the cytosol of PCR tissue where it is generated by PEP-CK.

PEP recycled in the PCA chloroplasts by PPDK is likely exported through the PPT

described earlier.
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Oxaloacetate malate exchange in PCA chloroplasts

Up to 50% of the fixed carbon is transported to the PCR tissue as malate (Bumell

and Hatch 1988b; Bumell and Hatch 1988a; Hatch et al. 1988) which is probably

produced in PCA chloroplast from OAA. The candidate transport protein is described in

detail earlier.

Malate import into PCR mitochondria

Like in NAD-ME plants part of the C02 liberated in PCR cells is produced in the

mitochondria by NAD dependent malic enzyme (Bumell and Hatch 1988b; Bumell and

Hatch 1988a; Hatch et al. 1988). Since malate is the C4 acid transported to PCR cells no

transamination reactions are required and malate can directly be imported in counter-

exchange with an inorganic anion such as phosphate or sulfate. For a detailed analysis of

the transport process, see earlier.

ATP/ADP translocation to supply PEP-CK with ATP

The import of malate may not only serve to supply NAD-ME with its substrate but

also to drive the tricarboxylic acid cycle which produces ATP for the cell. The ATP

demand of PCR cells in PEP-CK plants is high since PEP-CK uses one molecule of ATP

to liberate CO2 and thus uses ATP at the rate of carbon fixation. The mitochondrial

ATP/ADP carrier mediates the exchange of ATP and ADP across the mitochondrial

membrane (Emmermann et al. 1991; Winning et al. 1991). Alternatively, ATP may be

derived from cyclic electron flow and transported by the plastidic ATP/ADP carrier to the

cytosol (Neuhaus et al. 1997; Weber 2004).

The transport processes in PEP-CK plants are summarized in Table 2-3.
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Transport processes in single cell C4metabolism

Plants which operate the C4 cycle within one cell do not require intercellular

transport through plasmodesmata. In these plants, the initial carbon fixation by PEPC and

the subsequent decarboxylation and refixation by Rubisco are spatially separated within

one cell, which underscores the importance of intracellular transport processes necessary

for enriching C02 at the site of Rubisco. Examples include Bienertia cycloptera, Suada

aralocaspica (formerly Borszczowia aralocaspica) and Hydrilla verticillata (Magnin et

al. 1997; Voznesenskaya et al. 2001; Voznesenskaya et al. 2002). In B. cycloptera, the

PCA compartment consists of grana-deficient chloroplasts in the cytoplasm around the

periphery of the cell which is devoid of mitochondria. This PCA compartment is

separated by the vacuole from the central PCR compartment, which contains

mitochondria and typical granal chloroplasts. Both compartments are connected by

cytoplasmic channels, which cross the vacuole. B. cycloptera is a NAD malic enzyme

type plant (Voznesenskaya et al. 2002) and requires all intracellular transport steps

described for typical NAD malic enzyme type plants with Kranz anatomy. In S.

aralocaspica, the PCA and PCR compartments localize to the proximal and distal ends of

the same cell, respectively, and are separated by a large vacuole. Again, mitochondria are

localized to the PCR compartment only and, like B. cycloptera, S. aralocaspica is a NAD

malic enzyme species (Voznesenskaya et al. 2001). H. verticillata is a facultative C4

species in which C4 photosynthesis of the NADP malic enzyme type is induced under

CO2 limiting conditions (Magnin et al. 1997). Although single cell C4 plants do not need

to transfer metabolites symplastically between different cells, they have to move

metabolites efficiently from the PCA domain to the PCR domain and back. It is currently
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not known whether metabolite flow is assisted by specialized structures within the cell.

The intracellular transport requirements are the same as in C4 plants with Kranz anatomy.

Future prospects

Discovering the molecular identity of C4adapted transport proteins

For virtually all transport proteins the molecular identity in C4 species is unknown

although there are a ntunber of good candidates which can be inferred from proteins

characterized in C3 systems. For example, ever since it was discovered in Zea mays

endosperm tissue and characterized from cauliflower, PPT has been assumed to be the

exporter of the primary carbon acceptor PEP. A PPT isoforrn expressed at moderate to

high levels in C4 leaves was recently discovered by proteomic analysis of maize

mesophyll chloroplast envelope membranes (Bréiutigam et al., 2008). Where candidate

transport proteins have been identified it is far from clear how the high metabolite flow

across the envelope is sustained by the transport protein. Possibly, the C4 isoforms of

transport proteins have altered kinetic characteristics compared to C3 homologues or the

increased flow is simply accomplished by increased amounts of transport proteins,

thereby increasing the Vmax of transport.

Most of the biochemical characterizations of organelle transport proteins have been

limited to one C4 species, Zea mays. New tools relying on collecting data from non-

model species in a high throughput manner may allow studies with the goal of

discovering and characterizing the remaining transport proteins. Transcriptomics

approaches, if they involve de novo sequencing of cDNAs, show great promise in both

generating sequence information for downstream applications (Brautigam et al. 2008b) as

well as generating quantitative information on transcript abundance (Weber et al. 2007).
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After sequence information has been generated, proteomics of organellar membranes and

the soluble proteomes can reveal specific adaptations of C4 organelles to sustain transport

capacity (Majeran et al. 2005; Brautigam et al. 2008a; Majeran et al. 2008). The

comparison of data from different C4 species should provide information on differences

and similarities in transport properties of specific subtypes of C4 photosynthesis. Since

the different C4subtypes employ different enzymes as well as different transport proteins,

the identification and characterization of molecular candidate proteins for many of the

metabolite fluxes is likely possible. In this sense, maybe the question of which model

system best serves to study the C4 syndrome, maize, Flaveria, or Cleome (Brown et al.

2005), could be best answered with Zea mays, Flaveria species and Cleome, possibly also

including in addition a PEP-CK C4photosynthesis plant and one or several single-cell C4

species. Detailed knowledge about the transport proteins and their specific adaptations

will assist in engineering C4 photosynthesis-like metabolism in crop plants, irrespective

as to whether the engineering aims to generate single-cell or multiple cell

C4photosynthesis. The discovery and characterization of novel metabolite transport

proteins may also inform studies of metabolite transport in C3 species. For example, the

identification of a pyruvate transporter may help to understand the contributions of

pyruvate to fatty acid synthesis during seed filling and to branched chain amino acid

biosynthesis, fatty acid biosynthesis, and isoprenoid biosynthesis in leaf tissues.

Prospects for engineering C4photosynthesis into C3 crop species

Metabolite flow across the membrane has been shown to be limiting for metabolic

pathways (Hausler et al. 2000; Zhang et al. 2008).For example, antisense repression of

TPT in tobacco leads to over-accumulation of transitory starch in chloroplasts during the
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day since the export of triosephosphate is compromised (Hausler et al. 2000). A

simultaneous increase of glucose-6-phosphate and ATP import into potato tuber

amyloplasts by overexpression of both, the glucose-6-phosphate and ATP translocators

increases sink strength and yield in potatoes because carbon can be relocated to the

amyloplasts with greater efficiency (Zhang et al. 2008). Both examples illustrate how

metabolite flow through a pathway can be restricted or increased by decreasing and

increasing metabolite flow across membranes. Numerous studies aiming to engineer or

alter metabolic pathways have uncovered substrate availability as one of the major

limitations of pathway engineering (reviewed in Kunze et al. (2002)). Since metabolite

flow across membranes during C4 photosynthesis exceeds all metabolite flows across

membranes known in C3 plants, increasing membrane transport capacity will play a key

role in engineering C4photosynthesis in C3 crops. The over-expression of PPDK alone in

C3 species such as Arabidopsis, potato, and rice has minimal physiological impacts

despite over-expression levels of up to 40-fold have been achieved in rice (Fukayama et

al. 2001; reviewed in Matsuoka et al. (2001) and in Miyao (2003)). It has been discussed

that the limited impact of PPDK overexpression is due to free reversibility of the reaction

(Bumell and Hatch 1985) in combination with low activities of inorganic

pyrophosphatase and adenylate kinase in C3 plants (Matsuoka et al. 2001).However, the

limitation may well be both the lack of pyruvate import as well as PEP export from the

chloroplast, which limit substrate availability and cause product accumulation. To

substantially increase the metabolite flow through PPDK both pyruvate import and PEP

export need to be increased since both pyruvate and PEP transport are minor activities in

C3 plants and the chloroplast envelope is not adapted to allow major changes without
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genetic modifications. Recently, single cell C4 metabolism has been considered an

alternative model system for engineering C3 plants to perform C4 photosynthesis since

its creation would avoid major alterations to leaf architecture and cell-to-cell

connectivity. Intracellular transport, however, is as crucial to single cell C4

photosynthesis as it is to C4 photosynthesis in species with Kranz anatomy.
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Chapter 3

Comparison of the use of a species-specific database generated by pyrosequencing

with databases from related species for proteome analysis of pea chloroplast

envelopes
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Abstract

Proteomics is a valuable tool for establishing and comparing the protein content

of defined tissues, cell types, or subcellular structures. Its use in non-model species is

currently limited because the identification of peptides critically depends on sequence

databases. In this study, a low-quality preliminary cDNA database for the non-model

species Pisum sativum created by a small number of massive parallel pyrosequencing

(MPSS) runs was compared to comprehensive cDNA databases from Medicago

truncatula and Arabidopsis thaliana created by Sanger sequencing. Each database was

used to identify proteins from a pea leaf chloroplast envelope preparation. It is shown that

the pea database identified more proteins with higher accuracy, although the sequence

quality was low and the sequence contigs were short compared to databases from model

species. Although the number of identified proteins in non-species specific databases

could potentially be increased by lowering the threshold for successful protein

identifications, this strategy markedly increases the number of wrongly identified

proteins. The identification rate with non-species specific databases correlated with

spectral abundance but not with the predicted membrane helix content, and strong

conservation is necessary but not sufficient for protein identification with a non-species

specific database. It is concluded that massively-parallel sequencing of cDNAs

substantially increases the power of proteomics in non-model species.
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Introduction

The first sequenced plant model species, Arabidopsis thaliana (thale cress), was

chosen not only for its relatively small genome, but also for its small size and rapid life

cycle that make it amenable to genetics (Meinke et al., 1998; Somerville and Somerville,

1999; TAGI, 2000). In addition, a large collection of mutants is available, including

sequence-indexed insertion mutants that facilitate both forward and reverse genetics

approaches (Jander et al., 2002; Parinov and Sundaresan, 2000). However, due to its

small size, the presence of a range of secondary metabolites, and the lack of established

protocols for isolation of subcellular organelles, Arabidopsis does not always represent

the ideal model system for, e.g., organellar proteomics. Proteomics is as a valuable tool

for establishing the protein complement of cells and subcellular structures (Baginsky and

Gruissem, 2006; Baginsky et al., 2004; Dunkley et al., 2006; Heazlewood et al., 2004; Ito

et al., 2007; Kleffmann et al., 2006; Lilley and Dupree, 2006; Peltier et al., 2004; von

Zychlinski et al., 2005; Ytterberg et al., 2006), especially since the prediction capability

of bioinformatics approaches proved insufficient for large scale annotation of organelle

proteomes (Jarvis, 2004; Millar et al., 2006; Reyes-Prieto et al., 2007). In addition,

multiple targeting of proteins has been documented frequently (Duchene et al., 2005;

Millar et al., 2006; Taira et al., 2004) and recently also non-canonical targeting of

proteins to, e.g., chloroplast via the secretory system (Miras et al., 2002; Miras et al.,

2007; Radhamony and Theg, 2006; Villarejo et al., 2005). In contrast to Arabidopsis, the

garden pea (Pisum sativum), is excellently suited for organelle isolation and biochemical

studies of enzymes and established protocols for organelle isolation are available in the

literature (e.g., Corpas et al., 1999; Miflin and Beevers, 1974; Tobin, 1996).
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Unfortunately, little is known about the power of proteomics in non-model species for

which no extensive sequence database is available. Current peptide identification

technology relies on the generation of ideal mass spectra from theoretical libraries. A

sequence database is translated in six frames and the resulting protein sequences are in

silico digested with trypsin. The resulting peptides are used to calculate an ideal mass

spectrum. If an observed spectrum matches a theoretically predicted spectrum with a

certain probability the corresponding peptide is called “identified”. This method of

identification demands a perfect sequence match between the sample peptide and the

database peptide, although some programs, such as implementations of the Xl-Tandem

software (Craig and Beavis, 2004), allow the inclusion of single amino acid mismatches.

Allowing more than one mismatch increases the error rate and the time required for the

search. With increasing evolutionary distance, perfect matches become less likely even

between highly conserved proteins, in particular since conservative changes, such as

aspartate to glutamate will already cause a spectral mismatch. In contrast, low quality

databases, such as the one discussed in this communication, limit the identification of

peptides either by sequencing and assembling errors causing amino acid changes in

predicted peptides or by not providing enough peptide coverage for correct identifications

due to short contigs. De novo sequencing of peptides is considered too slow and limited

by computing time for high throughput applications (Baginsky and Gruissem, 2006;

Pevtsov et al., 2006). Currently, the identification of proteins from non-model species

with limited sequence coverage frequently relies on databases generated from closely

related species (Schmidt et al., 2007) or indeed all sequences that are available in public
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databases (Taylor et al., 2005) although this method will especially limit the

identification of less conserved proteins.

It is has been recently proposed to use massively-parallel pyrosequencing to fully

explore the potential of proteomics in non-model species such as pea (Weber et al.,

2007). In this study, we systematically assessed the potential and limitations of

massively-parallel pyrosequencing to support proteomics applications. To this end, we

compared proteomics based on a low-coverage transcriptome sequence database of the

garden pea consisting of many short sequence contigs with frequent frame shift errors

with a conventionally created and fairly comprehensive cDNA database of a closely

related model species (Medicago truncatula), and with a high-quality, virtually error-free

database generated from a completely sequenced model species (Arabidopsis thaliana).

We established the limitations of each database and we tested how the degree of

conservation, the abundance of mass spectra generated from a particular protein, and the

number of transmembrane domains influences the odds for successful protein

identification using a non-species specific database. Finally we discuss the consequences

of interpreting the proteomics sample based on the different database results.

Material and Methods

Massively-parallel pyrosequencing and generation of sequence databases

Three different databases were generated for proteome analyses. For the

generation of the pea transcriptome database, one non-normalized and several normalized

libraries were generated and sequenced using massively-parallel pyrosequencing

technology (Margulies et al., 2005). The preparation of cDNA libraries was conducted as
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described previously (Weber et al., 2007), with the exception that some libraries were

normalized to decrease the proportion of highly abundant transcripts. To this end, 1 pg of

double-stranded cDNA was normalized using a commercial kit (Trimmer-kit, Evrogen,

Moscow, Russia) that is based on Kamchatka crab duplex-specific nuclease (Zhulidov et

al., 2004). Following normalization, the cDNA populations were amplified by PCR and 3

pg of the resulting PCR-amplified cDNA was used per sequencing reaction. One cDNA

library was generated from leaves and one from hypocotyls. Five preparations generated

from the leaf library (four normalized, one non-normalized) and one preparation from the

hypocotyl library (normalized) were sequenced using a Roche/454 G820 instrument. This

technology delivered an average read length of 100 nucleotides. Two additional libraries

from etiolated and de-etiolated (4h light) leaves were sequenced on a half plate each,

using a GS FLX instrument, which allowed for average read lengths of 250 nucleotides.

The preliminary pea database used in the reported work was assembled from

approximately 2 million pyrosequencing reads with a total of about 230 million

nucleotides. The pyrosequencing reads were combined with publicly available pea cDNA

sequences from Genbank and the IPK Gatersleben EST database. All sequences, except

the full-length and partial mRNA sequences from GenBank, were subjected to QA using

the Sequean EST trimming and validation tool cDNAs and ESTs were clustered and

assembled using the TGI Clustering Tools (TGICL) in a multi stage pipeline. The

sequence reads were loosely clustered with a modified version of megablast (Zhang et al.,

2000) and subsequently the clusters were submitted to the CAP3 sequence assembling

program (Huang and Madan, 1999). All programs are available at

http://compbiodfci.harvard.edu/tgi/software. 1,570,251 reads (80% of the total) were 
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assembled into 135,250 contigs. For the proteome analysis, only contigs longer than 100

base pairs were used. The pea cDNA database is currently undergoing further

development and a detailed description of the pea cDNA sequence database and its

assembly will be reported in an upcoming manuscript (R.P. Shrestha et al., in

preparation). The Medicago database was based on the M truncatula gene index of

tentative consensus sequences assembled by TIGR, currently maintained at the Dana-

Faber Cancer Institute and Harvard Medical School of Health

(http://compbiodfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl‘.’gudb=medicago). For the

Arabidopsis database the latest Arabidopsis proteome annotation from the TAIR7

(www.mabidopsisorg) genome release was used.

Processing of proteomics samples

As a proteome sample, chloroplast envelope membranes were isolated from 10-14

days old pea plants as described previously (Douce and Joyard, 1979; Keegstra and

Yousif, 1986). Envelope membrane samples (approx. 100 ug of protein) were mixed with

SDS—PAGE loading buffer, incubated for 20 minutes on a reaction tube shaker at 15° C,

and subsequently separated by 12.5% SDS-PAGE. After staining with Coomassie

Brilliant Blue, each gel lane was cut into ten equally-sized slices. Proteins contained in

the gel slices were subjected to tryptic cleavage as described by Shevchenko et al.

(Shevchenko et al., 1996). Extracted peptides were automatically loaded onto a Waters

Symmetry C18 peptide trap (5 um, 180 um x 20mm) at a flow rate of 4 uL/min in 2%

Acetonitrile/0.1%Formic Acid for 5 minutes by a Waters nanoAcquity Sample Manager.

The peptides were eluted onto a Waters BEH C18 nanoAcquity column (1.7 um, 100 um

x 100mm) and eluted over 90 minutes using a Waters nanoAcquity UPLC into a
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ThermoElectron LTQ-FTICR mass spectrometer with a flow rate of 300 nL/min (Buffer

A = 99.9% Water/0.1% Formic Acid, Buffer B = 99.9% Acetonitrile/0.1% Formic Acid:

gradient of 5% B to 40% B from 0 to 63 minutes, 40% B to 90% B from 63 to 71 minutes

and 5% B from 71 to 90 minutes). The top ten ions of each survey scan, which were

taken at a resolution of 50,000, were subjected to automated low energy collision induced

dissociation. The resulting MS/MS spectra were converted to a peak list using BioWorks

Browser v 3.2. This empirical mass spectra library of 27,443 queries was compared to

three databases with sequences from Arabidopsis thaliana, Medicago truncatula and

Pisum sativum, respectively, using the Mascot searching algorithm, v 2.2

(www.matrixscience.com). Carbarnidomethyl cysteine was set as a fixed peptide

modification and oxidation of methionine was allowed. Up to two missed tryptic sites

were allowed. The peptide tolerance was set to +/-10ppm and the MS/MS tolerance to

0.8kDa.

Analysis of proteomics data

The Mascot output was loaded into the program Scaffold

(wwwprotcomesoftware.com) which calculates protein identification probabilities based 

on PeptideProphet and ProteinProphet (Keller et al., 2002; Nesvizhskii et al., 2003). The

protein identification threshold was set to 99% probability for all databases and at least

two unique peptides for each protein (“stringent criteria”) or to 99% probability for at

least one database with lesser probabilities allowed for the other databases on the same

protein and one unique peptide for each protein (“relaxed criteria”). For further analysis

the data was exported to MS Excel. For each protein identified, the sequences in both the

pea database as well as the Medicago database were mapped to the Arabidopsis proteome
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using BlastX (Altschul et al., 1997) and the Arabidopsis gene identifier (AG1) of the

closest homologue was noted. Based on its closest Arabidopsis homologue, the protein

was annotated and the predicted number of membrane spanning helices was retrieved

from TAIR. In cases where the AGIs obtained from the three different identification

strategies did not match, the identifications were manually inspected and priority was

given to the identification with the highest probability score. For identical probability

scores the highest number of unique peptides mapped to a protein was declared the

correct identification. When multiple sequences were matched to the same spectra,

identifications were either called “mistaken” if none of the matches were identical to the

protein identified correctly in the other databases or “multiple” if one of the proteins was

identical to the correct match determined as outlined earlier. The complete list of proteins

was collapsed into a non-redundant list based on the AGIs with sequences yielding the

same hit in the BlastX hit being summed as the same protein.
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Results

Properties of the cDNA sequence databases
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Figure 3-1. The length distribution of contigs (assembled transcripts) in databases used for

proteome analyses.

The characteristics of a low-coverage pea cDNA database generated by limited

pyrosequencing was compared to two databases generated with conventional sequencing

technology. The pea cDNA sequence database contained more than 31,000 relatively

short contigs. About 29,000 contigs were between 300 and 1,000 nucleotides in length,

about twice as many in this length category as in the Medicago

(http://compbiodl‘ci.harvardcdu/tgi/cui-bin/tgi/gimain.pl‘?gudb=mcdicago) and an

Arabidopsis transcriptome databases (httpz/l’compbiodfci.harvardedu/Lgi/cgi-

bin/tgi/gimain.pl‘?gudb=arab) (Figure 3-1). In contrast, contigs between one and two kb
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were massively underrepresented (1697 contigs) in the pea database in comparison to the

Medicago database (6,224 long contigs) and the Arabidopsis database (13,033 long

contigs) and contigs longer than 2000 nucleotides were almost absent from the pea

database (Figure 3-1). In addition to having shorter contigs, many pea contigs, when

translated in all six frames, apparently contained frame shifts that are likely due to

assembly or base calling errors (see Supplementary File of pea contigs).

The Medicago database consisted of the tentative consensus sequences (TCs)

assembled from EST projects from M truncatula. Medicago is being developed as a

model legume species and is hypothesized to serve as a research template for the garden

pea. The Medicago TCs were comprised of about 36,000 unique sequences. About one

half of these sequences were tentative consensus sequences that represent contigs

consisting of several ESTs and the other half were singletons. The length distribution of

the Medicagos TCs was more similar to that of the Arabidopsis transcriptome database

and the sequence quality judged from open reading frame annotation software was high

(http://compbiodfci.harvard.edu/tgi/cgi-bin/tgi/gimainpl?gudb=mcdicago). While both
 

the Arabidopsis and Medicago databases contain similar numbers of cDNA sequences

that are shorter than lkb, the Medicago database contains only half as many sequences

between one and two kb, and only one tenth for transcripts longer than two kb (Figure 3-

1). The Arabidopsis proteome derived from the TAIR7 build of the completely sequenced

genome served as an example for a completely sequenced genome. The capability of the

new pea database to reliably identify proteins despite its obvious shortcomings was

compared with the capabilities of the databases of M. truncatula and A. thaliana.
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Performance of the databases in proteomics

Table 3-1: Summary of protein identifications with different databases

 

 

 

stringent criteria relaxed criteria

Database

total avg. total avg.

number of number of number of number number

identifications number 0f spectra identifications of of spectra

spectra
per 10 spectra per ID

combined 255 8222 32 283 8892 31

Pisum 221 5012 23 255 5139 20

sativum

Medicago 125 1977 16 203 2198 1 1

truncatula

Arabidopsis 82 1233 15 165 1555 9

thaliana
 

A pea chloroplast envelope membrane proteome sample was analyzed using the

sequence databases described above. To identify the most advantageous database and

program parameters for protein identification, we employed a factorial approach. An

empirical library of uninterpreted mass spectra was generated from a single proteomics

experiment of pea chloroplast envelope membranes. This particular sample was chosen

because it represents a relatively minor share of the total cellular proteome and because it

contains a large number of highly hydrophobic membrane proteins and thus represents a

challenging target for protein identification. In addition, several proteomic studies of

chloroplast envelope membranes from a range of plant species have been published, thus

providing good references for comparison. All three databases described above were

matched to the empirical spectra library using either stringent or relaxed criteria. For both

criteria, the largest number of proteins could be identified with the pea database, followed
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by Medicago and Arabidopsis. Applying stringent criteria, a total of 8,222 spectra were

matched to 255 non-redundant proteins using a combination of all three databases. A list

of all identifications can be found in Supplementary Table 3-1 and a non-redundant list of

identified proteins in Supplementary Table 3-2. Under stringent conditions the pea

database allowed matches of 5,012 spectra against 221 non-redundant proteins (86% of

the total). On average each protein was identified by 23 spectra with up to 362 spectra per

protein (Table 3-1). The Medicago database yielded 1,977 matched spectra on 125

proteins (49% of the total). With only 32% or 82 proteins the Arabidopsis database

allowed the fewest matches. With relaxed criteria the total number of proteins identified

using a combination of all three databases increased to 283 and 8,892 spectra were

matched. In the pea database, the relaxed criteria allowed for 5,139 matching spectra, but

a large number of proteins that were identified with only a few spectra caused the average

number of spectra per protein to drop to 20. The Medicago TC database yielded 2,198

spectra mapping to 203 proteins, almost 72% of the total. The A. thaliana database

yielded the lowest number of identified proteins, with only 165 proteins or 58% of the

total (Table 3-1).

There were 36 proteins which could not be identified with the pea database but

yielded significant identifications with at least one of the other databases. Eight of these

proteins are encoded on an organelle genome (Supplemental Table 3-2). Six proteins

were very similar to closely related proteins, which were present in the pea database and

were identified. For nine of these proteins corresponding sequences were absent from the

pea database. The remaining twelve proteins remained unidentified with the pea database
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although corresponding sequences were contained in the database, as indicated by Blast

searches against the database.

Abundance of mass spectra is positively correlated with correct protein

identification in non-species specific databases
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Figure 3-2. The number of spectral counts detected for a protein is correlated with the rate

of identification. Proteins in the pea database were grouped by spectral abundance and the

percentage of proteins also identified with the non-species specific databases was plotted. The

following absolute numbers equal 100%: >100 spectral counts eight proteins, 50-99 spectral

counts 14 proteins, 20-49 spectral counts 44 proteins, 10-19 spectral counts 43 proteins and <10

spectral counts 111 proteins.

With both non-species specific databases 51% or 68% of the proteins could not be

identified when stringent criteria were applied. We next investigated whether there are
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protein characteristics that might serve as predictors of identification probability in the

non-species specific databases. Although the correlation between the spectral count and

the abundance of a protein in not absolute, the spectral count has been used successfully

to estimate protein abundance (Liu et al., 2004; Lu et al., 2007; Zybailov et al., 2005).

The proteins in the pea database were arranged into five groups based on the abundance

of their matching mass spectra. More than half of the protein identifications using the pea

database were based on two to ten spectra, whereas only 3.6% of the proteins were

identified with more than one hundred spectra each. For each abundance class, the

percentage of proteins that could also be identified with the Medicago and the

Arabidopsis databases were plotted (Figure 3-2). The abundance of spectra as determined

by the spectral count obtained with the pea database correlated with the identification rate

with non-species specific databases (R(squared)>0.95). With the Medicago database

almost all of the proteins represented by more than 100 mass spectra could be identified

whereas only 38% of the proteins with a spectral count below 10 were identified. With

the Arabidopsis database about two thirds of the proteins with a high spectral count were

identified and the identification rate dropped to 17% for proteins that had spectral counts

of less than 10 (Figure 3-2).
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Protein hydrophobicity is a poor predictor for correct protein identification
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Figure 3-3. The number of predicted membrane spanning helices for a protein is not

correlated with the rate of identification. Proteins in the pea database were grouped by

predicted membrane spanning helices and the percentage of proteins also identified with the non-

species specific databases was plotted. The following absolute numbers equal 100%: no predicted

transmembrane helices lll proteins, one predicted transmembrane helix 37 proteins, two

predicted transmembrane helices 24 proteins, three predicted transmembrane helices seven

proteins, four to six predicted transmembrane helices 26 proteins, seven to thirteen predicted

transmembrane helices ten proteins, predicted beta sheets five proteins

We also tested whether the presence of transmembrane helices adversely affected

the probability that a protein was identified using a non-species specific database as has

been proposed by (Eichacker et al., 2004). Proteins that were identified using the pea

database were grouped according to the number of predicted membrane spanning helices

(none, one, two, three, four to six, more than seven) and the presence of beta sheets. More

than half of the proteins identified with the pea database were not predicted to contain
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transmembrane helices and the other groups contained 2.3-16.8% of the proteins. For

each group the percentage of proteins that could also be identified with the non-species

specific databases was plotted (Figure 3-3). Unlike protein abundance as deduced from

spectral counts, the number of predicted transmembrane helices is of less predictive value

for identification rate since no correlation was observed between the number of

transmembrane domains and the probability for identification using a non-species

specific database. However, among the proteins with more than seven predicted

membrane spanning helices only one (Medicago database) or none (Arabidopsis

database) was identified out of ten proteins identified with the pea database.

Analysis of abundant non-identified and ofwrongly identified proteins

Although proteins with more matching spectra in the pea database had a higher

probability to be also identified with the non-species specific databases, many of the

fifteen proteins with the highest number of spectra could only be identified with the

species-specific database (Table 3-2). The Medicago database did not allow the

identification of the small subunit of RubisCO and a chaperonin, and a hydroperoxide

lyase and the triosephosphate phosphate translocator (TPT) did not pass the stringent

threshold for identification probability (p<0.01). With the Arabidopsis database both the

hydroperoxide lyase and the small subunit of RubisCO remained unidentified whereas

the TPT, two components of the protein import complex, Toc159 and ToC34, a carbonic

anhydrase and an unknown protein did not pass the probability threshold (Table 3-2). The

sequences of TPT, which was not identified with the Medicago and the Arabidopsis

databases, and of malate dehydrogenase (NAD-MDH), which was identified with all

three databases, were aligned and the tryptic fragments were determined. PsTPT is highly
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similar to both AtTPT (77.5% identity and 14.5% similarity) and MtTPT (92.8% identity

and 14.5% similarity). The same is true for PsNAD-MDH and AtNAD-MDH (73%

identity and 18.6% similarity) and PsNAD-MDH and MtNAD-MDH (91.7% identity and

3.9% similarity). Despite the high degree of sequence identity AtTPT shares only one and

MtTPT only six tryptic peptides with the pea protein. The TPT peptides from the

empirical spectra library were mapped onto the aligned sequences. All but one of the TPT

peptides that generated mass spectra contained at least one amino acid exchange with

respect to Medicago or Arabidopsis. In contrast, 16 peptides of the Medicago NAD-MDH

exactly matched the pea peptides. For thirteen of those 16 theoretically predicted peptides

mass spectra were detected experimentally, thus permitting reliable identification of the

protein using the Medicago database. Only four tryptic peptides of the Arabidopsis NAD-

MDH matched the pea protein sequence, but since for two of them mass spectra were

experimentally detected the protein could still be reliably identified.

80



 

Arabidopsis, relaxed

 

Medlcago ' relaxed - correct identification

- mis-ldentification

Pea, relaxed - multipleidentlficatlons

 

Arabidopsis, stringent

Medicago , stringent

Pea, stringent

 

 
l I I T I

0 20 40 60 80 100

Percentage of all proteins identified in a database

Figure 3-5. The non-species specific databases yield a significant amount of mis-

identifications and multiple identifications

When the successful protein identifications were compared between the three

databases, several non-matching identifications were revealed (Figure 3-5). Manual

inspection of the peptide sequences, the peptide probability scores, and the protein

coverage indicated that one of the identifications is likely correct. With stringent criteria

none of the identifications with the pea database appeared to be invalid compared to the

non-species specific databases. Using relaxed criteria, two proteins were erroneously

identified. Peptides for the large subunit of RubisCO were mistakenly annotated as part

of a RubisCO-like protein of unknown function encoded on the mitochondrial genome. A

second misidentification is of the root glutamate synthase (GLU2) instead of the leaf

glutamate synthase (GLUl). Using the Medicago database, 24 proteins were erroneously

identified with relaxed criteria and in three cases the peptide with matching spectra is part
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of more than one protein and therefore yields multiple identifications of proteins only one

of which is correct. Sixteen of the misidentified proteins are closely related to the correct

protein and eight identifications corresponded to completely different protein. Unlike

with the pea database, even under stringent conditions, fifteen misidentifications

persisted. With the Arabidopsis database 29 proteins were mistakenly identified when

relaxed criteria were used and eight multiple identifications existed. More stringent

criteria still resulted in five misidentifications and in one peptide, which identified

multiple proteins, but all persisting misidentifications identify closely related proteins

(for details see Supplementary Table 3-2).

Discussion

The results presented in this paper indicate that the prospects for identifying

proteins from a species with limited sequence resources by proteomics can be massively

increased by generating a species-specific transcriptome database by MPSS, even if the

resulting database is of low quality, compared to sequence databases generated by

conventional sequencing. When non-species specific databases are used, the odds for

protein discovery are limited, and the probability to identify a protein can be predicted by

its abundance but not by its content of membrane spanning helices. Strong sequence

conservation is necessary but not sufficient to identify a protein with a non-species

specific database. Especially when the identification criteria are relaxed to allow

imperfect matches and therefore more protein identifications with non-species specific

databases, the identifications are more prone to erroneous identifications.
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Our initial expectation was that both short contig length and the relatively high

rate of sequencing errors that are characteristic to low-coverage MPSS projects would

severely limit the prospects for successful protein identification. Unexpectedly, however,

the pea database developed in this study was superior to the tested non-species specific

databases with regard to the rate of protein discovery and the quality of identifications

despite being of low quality and low coverage, as compared to conventional databases.

Not only more proteins were identified but also the average number of spectra mapping

to each protein was higher (Table 3-1). The advantage of species specificity clearly

outweighs the quality issues of the database. Only 10-14% of the total proteins identified

remained unidentified with this database. Detailed analysis of these non-identified

proteins revealed that organelle-encoded proteins are overrepresented (22%) among those

not identified with the pea database, as compared to the overall proportion of identified

proteins that are encoded in organelles (4%) (Supplemental Table 3-2). Since the mRNA-

isolation protocol used in this study included two consecutive rounds of poly-A+

purification and because reverse translation of mRNA into first strand cDNA was primed

by oligo-dT, it is likely that transcripts from organellar genomes are underrepresented in

the sample, as reported previously (Weber et al., 2007). For nuclear encoded proteins,

sequences could not be identified for nine proteins in the pea transcriptome database and

for seven additional proteins the corresponding nucleotide sequences were either short or

fragmented into multiple unassembled short contigs, thus demonstrating how an

unfinished MPSS-generated sequence database limits proteomic identification technology

if the sequence contigs are too short. Incidentally, most of the contigs in the pea database

are shorter than one kb with the majority being shorter than 400 nucleotides (Figure 3-1).
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This translates into a stretch of approximately 140 amino acids, given no 5’ or 3’-UTRs

are contained in the sequence. Depending on how the tryptic fragments map onto the

short sequence, the identification probability can probably be too low to identify proteins

reliably. This problem is currently being addressed by generating additional sequence

coverage and new assembling methods for the short and midrange sequence reads

obtained by the MPPS technology. The recently released GS FLX instrument produces

sequence reads that are 2.5-times longer as the sequence reads of the GS 20. In addition,

preliminary tests showed that including a second, less stringent clustering step in the

assembly pipeline might serve to produce longer contigs that are more suitable for

proteomics applications although this may aggravate the problem of frame shift errors

during assembly. In conclusion, the analysis of the proteome sample with several

databases served to determine the quality of the sequence database for proteomics. Since

it was less likely for proteins to be identified with non-species specific databases the

presence of such identifications indicated that the species-specific database could still be

improved.

Considering the multitude of short contigs (Figure 3-1) and the presence of

sequencing errors that resulted in frame shifts (Supplementary File) it was surprising that,

with both databases from model species, fewer proteins were identified than with the

novel pea database (Table 3-1). The Arabidopsis database represents a completely

sequenced genome that is well annotated and presumably complete. Although the

evolutionary split between the genome of P. sativum and A. thaliana occurred about 100

million years ago (Wikstrom et al., 2001), we hypothesized that the degree of

conservation might be sufficient to identify most proteins, albeit with a lower peptide
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count, especially given that the database is complete. Surprisingly, the Arabidopsis

database only allowed the identification of 32% of the proteins relative to all databases

combined. Notably, in a previous chloroplast envelope proteomics study that used

spinach chloroplasts and mostly non-species specific sequences for identification only 50

proteins (25% compared to this study and 15% compared to (Froehlich et al., 2003)) were

identified in total, amongst them 21 membrane proteins with more than 4 membrane

helices (Ferro et al., 2002). The phosphate translocators that were identified in this

previous study were limited to those for which species-specific sequences were available

in public databases at that time. In addition to the Arabidopsis database a more closely

related model species database was tested for its performance in a proteomics application.

M truncatula and P. sativum are close relatives in the subfamily Papilionoideae which

separated about 25 million years ago (Lavin et al., 2005), which is equivalent to the

evolutionary distance between Arabidopsis and the Brassica species (Yang et al., 1999),

and both microsynteny and macrosynteny between the genomes have been demonstrated

(Gualtieri et al., 2002; Kalo et al., 2004). Medicago is being developed as the model

legume species, also serving as a research template for pea. Since the evolutionary

distance between Medicago and pea is smaller than between Arabidopsis and pea, we

hypothesized that the Medicago database would allow for the identification of more

proteins. Indeed, the Medicago database allowed the detection of half of the proteins

under stringent conditions, although the average number of spectra detected for each

protein was only 50% of those obtained with the pea database. Although the number of

sequence contigs longer than lkb is significantly lower in the Medicago database than in

the Arabidopsis database (Figure 3-1), indicating that a large portion of the available
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sequences do not represent full length cDNAs, the Medicago database is more successful

than the Arabidopsis database in identifying chloroplast envelope proteins (compare to

Table 3-1). Based on the quality of the databases and the number of proteins that could be

identified, we conclude that evolutionary distance imposes a higher penalty for protein

identification than does the quality of the sequence database. This underscores the

inability of current peptide identification software for proteomics applications to tolerate

amino acid mismatches between the theoretically and experimentally generated spectra

especially when stringent identification criteria are applied.

We hypothesized that relaxed identification criteria may allow imperfect matches

for peptides and might thus enhance the identification rate for both the Medicago and the

Arabidopsis database. Relative to the total number of proteins identified, 58% of proteins

could be identified with relaxed criteria compared to 32% with stringent criteria with the

Arabidopsis database and 72% compared to 49% with the Medicago database.

Unfortunately, the relaxed identification criteria also lead to a high number of mistakenly

identified proteins and the identification of multiple family members that shared a single

conserved peptide. In conclusion, although allowing protein identifications with a single

peptide match and low scoring peptides could increase the coverage, the high number of

mistaken and multiple identifications make this strategy inadvisable for increasing the

number ofprotein identifications.

The experiment clearly established the value of a species-specific database, even

if it was of low quality (Figure 3-1), for proteomics identification technologies. Since

many projects will have to rely on sequence databases of related species, we tested

several parameters to determine what limits the identification. Theoretically, for any
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successful identification under stringent criteria, a protein must yield at the least two

fragmented peptides whose spectra match theoretical spectra from the library. Frequently

a higher number of unique peptides are identified for more abundant proteins and the

likelihood, that a least two completely conserved peptides are present among them,

increases. Accordingly, the abundance of spectra and the identification rate were indeed

closely correlated (Figure 3-2). The correlation was not absolute though; we found that

extremely abundant proteins, such as the TPT, were only identified with the pea database

(Table 3-2) whereas about one third (Medicago database) to one fifth (Arabidopsis

database) of low abundance proteins could still be identified with a non-species specific

database (Figure 3-2). Conserved structural features of proteins may also limit

identification. Proteins with comparatively high numbers of membrane spanning helices

and underrepresented recognition sites for trypsin are harder to identify than soluble

proteins since there are frequently less spectra available for matching to the respective

database (Eichacker et al., 2004). When the proteins identified in this study were grouped

according to their predicted membrane helix content and the ratio of proteins identified

with the non-species specific databases relative to the pea database was plotted, however,

no correlation was observed (Figure 3-3). Possibly, the sample size with two databases

and a limited number of membrane proteins was too small to reveal a correlation. Since

highly hydrophobic proteins with more than 7 transmembrane helices, such as the TPT

(Weber et al., 2005), could not be identified with the non-species specific databases, any

analysis of a membrane proteome will likely critically depend on the availability of a

species-specific sequence database.
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Finally, we studied several of the abundant proteins that were identified in all

three databases and the proteins that remained unidentified in the Medicago and the

Arabidopsis database. As an example for an abundant membrane protein, TPT, which

remained unidentified in the non-species specific databases, was compared with the

soluble protein NAD-MDH that was identified with all three databases. Although the

TPT orthologues are slightly more conserved than the NAD-MDH orthologues, the mass

spectra generated from TPT could not be mapped onto the sequences provided by the

Medicago and Arabidopsis databases. For Arabidopsis, only a single tryptic peptide is

completely conserved between the corresponding pea and Arabidopsis proteins; hence the

protein could not be identified with confidence. Although the Medicago sequence shares

six tryptic peptides with the pea sequence, only one of these peptides was matched to the

empirical spectra library, which is not sufficient for a significant identification with

stringent criteria. Two of the conserved peptides are longer than 23 amino acids and two

are very short, which might be the reason why spectra corresponding to these peptides

were not experimentally detected. NAD-MDH could be identified with all databases

since matching spectra were generated from the protein. A high degree of conservation is

necessary but not sufficient for a successful identification of a protein with a non-species

specific database since a single amino acid exchange will preclude a peptide match.
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The reduced information caused by using a non-species specific database hampers

the interpretation of the data. To visualize this fact, proteins identified with each database

were drawn in identical positions onto a schematic representation of a chloroplast. The

likely mitochondrial and endomembrane system contaminants were also drawn on the

corresponding structures (Figure 3-6). As expected from the reduced number of proteins

identified with the Arabidopsis and Medicago databases, the total number of membrane

proteins and contaminating proteins is also lower. The Arabidopsis database identified no

protein likely to reside in the endomembrane system. Hence one would conclude that

there is no contamination from this source, although both the Medicago and the pea

database reveal that there is at least one protein present that is believed to reside in the

endomembrane system. In the extreme case of the Arabidopsis database used to analyze

the pea chloroplast envelope proteome, none of the transport proteins catalyzing the

major metabolite fluxes across the envelope (see Weber, 2004; Weber and Fischer, 2007,

for recent reviews) could be identified. With the pea database all transporters for

phosphorylated sugars that are predicted to reside in the inner envelope of chloroplasts

were identified: the triosephosphate, the phosphoenolpyruvate, and the

pentosephosphate/phosphate translocators (Flugge et al., 2003; Weber et al., 2004)

whereas only the pentose phosphate translocator could be identified with the Medicago

database. The two translocator system for importing 2-oxoglutarate and exporting

glutamate could also be identified only with the pea database (Renne' et al., 2003;

Reumann and Weber, 2006; Schneidereit et al., 2006; Weber and Flugge, 2002; Weber et

al., 1995). A plastidic ADP/ATP translocator (Mohlmann et al., 1998; Neuhaus et al.,

1997; Reiser et al., 2004) could be identified with all three databases as well as several
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members of the mitochondrial carrier family that have previously been shown to be

targeted to chloroplasts (Bedhomme et al., 2005; Bouvier et al., 2006; Picault et al.,

2004). At least one member of the potassium proton exchanger family (Maser et al.,

2001) was identified with all databases but a magnesium transporter (Li et al., 2001) and

a putative mechanosensitive channel (Haswell and Meyerowitz, 2006) were only seen in

the pea database. Two ABC transporters, PAAl (Shikanai et al., 2003) and HMAl

(Seigneurin-Bemy et al., 2006), which import copper and possibly other metal ions into

the chloroplast, could be identified with the pea database but not with either of the non-

species specific databases. Three other ABC type transporters were sufficiently

conserved for identification with all three databases. For the import apparatus, all

canonical components that are known to date (Gutensohn et al., 2006) were identified

with the pea database except for Tic21 (Teng et al., 2006), which was recently assigned

the function of an iron transporter (Duy et al., 2007). With the Medicago database the

majority of import complex components could be identified but with the Arabidopsis

database only four components were identified. Of the plastid division machinery, PDV2

and MinE were found with the pea database (Glynn et al., 2007; Miyagishima et al.,

2006), whereas another component, Are 6 that has been identified previously (Froehlich

et al., 2003), was not identified, but was also only present as a highly fragmented

sequence in the pea database. Several likely membrane associated proteins involved in

fatty acid and membrane lipid metabolism were identified. For fatty acid synthesis and

modification, acetyl co-enzyme A carboxylase, a fatty acid desaturase (McConn et al.,

1994) and a long chain fatty acid coenzyme A ligase (Schnurr et al., 2002) were

identified as well as proteins involved in lipid metabolism such as 1,2-diacylglycerol 3-
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beta-galactosyltransferase for the synthesis of galacto- and UDP-sulfoquinovosezDAG

sulfoquinovosyltransferase for synthesis of sulfolipids (SQD2) (Jarvis et al., 2000; Yu et

al., 2002). Most proteins were identified with the pea database but SQD2 was only

identified with the non-species specific databases. SQD2 was likely not identified

because its sequence is fragmented into several short contigs in the pea database (for a

complete list of identified proteins and the capabilities of each database please refer to

Supplementary Table 3-1). Based on the analysis we conclude that any proteome analysis

relying on protein identifications based on a non-species specific database is limited in its

conclusions about the presence of proteins and that generating a species specific database

even if it is of low quality can massively enhance protein discovery.
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Abstract

Proplastids are undifferentiated plastids of meristematic tissues. Although

undifferentiated, they provide the meristematic cells with plastid synthesized amino acids

for protein synthesis, with fatty acids for membrane lipid production and purines and

pyrimidines for DNA and RNA synthesis, and. Both the precursor metabolites as well as

the products need to cross the plastid envelope. While proplastids are metabolically

highly active, they do depend on supply with reductants and energy from the remainder

of the cell. They only contain a rudimentary internal membrane system. Little is known

about proplastid membrane composition since meristematic tissues are generally limited

to the shoot apex and the root tip and therefore do not provide sufficient material for

organellar proteome analysis. To overcome this difficulty, cauliflower curd tissue was

chosen as a source for isolation of proplastid envelope membranes. The proplastid

envelope has a specific membrane protein composition different from those of

chloroplasts which is geared to importing precursor metabolites and exporting product

metabolites for the rapidly dividing cell. Moreover, the protein import complex has a

different composition and the internal membrane system is remarkably different from

chloroplast thylakoids. Cauliflower curd tissue is an excellent model system for the study

of plastid differentiation since not only white proplastidic cauliflower but also varieties

producing chromoplasts as well as green plastids are known.
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Introduction

The apical and lateral meristems of plants serve as reservoirs for undifferentiated

stem cells that permit indeterminate plant growth. In all meristems only very few cells are

actual stem cells while the remainder of the meristem consists of cells which will

continue to divide for a finite number of divisions. Meristematic cells are usually

surrounded by a thin primary cell wall and they lack a central vacuole and differentiated

features. Since meristems do not contain photosynthetically active chloroplasts but

undifferentiated proplastids, they are sink tissues which rely on the source tissues for

supply with reduced carbon. Although undifferentiated, proplastids support cell growth

and division by providing building blocks for the cells, branched chain and aromatic

amino acids, fatty acids and lipids as well as nucleotide precursors. Proplastids can

differentiate into all plastid subtypes, such as chloroplasts, chromoplasts, and leukoplasts.

Since meristematic tissues are usually small, they have not been amenable to analysis by

methods requiring large amounts of tissue such as proteomics. In contrast, cauliflower

(Brassica oleracea ssp. botrytis) is an excellent model for proteomics of meristematic

tissues. The head of cauliflower, named the ‘curd’, represents a highly branched

abnormally proliferated meristem before floral transition (Kieffer et al., 1998). The

branch primordia only grow for a short time until they themselves become apical

meristems and produce additional branch primordia (Kieffer et al., 1998). This phenotype

has been genetically at least partially tied to floral identity gene mutations (Smith and

King, 2000) although most of the phenotypic variability of B. oleracea remains

unexplained (Labate et al., 2006). Only much later in development do these abnormally

proliferating meristems initiate floral development (Kieffer et al., 1998). Before initiation
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of floral development, the curd remains an excellent source of meristematic or near

meristematic tissues and organelles. The plastids of cauliflower curd tissue (Joumet and

Douce, 1985) resemble proplastids of other meristematic tissues (summarized in (Kirk

and Tilney-Bassett, 1978). These plastids within the meristematic tissue appear to be

functional proplastids as they are able to undergo differentiation into chloroplasts as

demonstrated by ‘greening’ of the curds if the cauliflower is not properly covered either

by its own leaves or foil (commercial vegetable production guide, Oregon State

University, 2004). Cauliflower curd proplastids can also differentiate into chromoplasts

(Crisp et al., 1975; Lu et al., 2006).

Like the differentiated plastid types, proplastids are surrounded by two envelope

membranes, an outer and an inner envelope. Within these boundaries a protein-rich

matrix, the stroma, and a rudimentary internal membrane system are contained (Joumet

and Douce, 1985). The internal membrane system will differentiate into a prolamellar

body in etioplasts or into a thylakoid system in chloroplasts. Although the phloem stream

is capable of supplying a number of metabolites to the meristem, the only model for

proplastids, plastids of BY-2 cells, are enriched in enzymes for amino acid biosynthesis

indicating a metabolically active plastid (Baginsky et al., 2004). Biochemical analysis of

cauliflower curd proplastids have revealed that they rely on import of carbon as glucose-

6-phosphate and that store carbon as starch (Joumet and Douce, 1985; Emes and

Neuhaus, 1997; Neuhaus and Emes, 2000). A large supply of carbon is needed not only

to prepare the proplastid for differentiation but also for anabolic reactions such as fatty

acid or amino acid biosyntheses. Organic nitrogen is also delivered to the meristem by

the phloem but it is unknown how proplastids take up organic nitrogen (Emes and
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Neuhaus, 1997; Neuhaus and Emes, 2000). Since plastids and proplastids are the site of

biosynthesis for branched chain and aromatic amino acids as well as lysine, arginine and

histidine, a high rate of nitrogen uptake into the proplastids is necessary to provide the

dividing and growing cell with sufficient amounts of amino acids. Since the proplastid is

the source for a number of essential metabolites for the dividing and growing

meristematic cells, efficient exchange of metabolites across the envelope necessitates the

presence of metabolite transport proteins. Whole tobacco BY-2 plastids have been

analyzed as a model system for undifferentiated heterotrophic plastids (Baginsky et al.,

2004)

In this work the focus is on the envelope proteome of cauliflower curd proplastids

to understand the adaptations of the envelope to proplastid-specific metabolism. The

transport protein complement indicates that proplastids are active cell factories which

imports precursor metabolites and exports products such as amino acids, fatty acids and

nucleotides. The proplastids not only contain a distinct set of transport proteins but also a

subset of protein import complex components as well as a distinct subset of thylakoid

resident proteins very unlike the thylakoid contamination found in chloroplast envelope

proteomics. The RNA accumulation pattern of proteins identified in this work is shifted

towards shoot apex expressed genes compared to proteins identified in leaf chloroplast

envelope proteomics. In summary, the proplastid envelope is specifically adapted to both

produce building blocks for the cell as well as differentiate upon external cues.
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Material and Methods

Isolation and treatment of membranes

Cauliflower curd plastids were isolated according to (Joumet and Douce, 1985).

The plastids were lysed and plastid envelopes were prepared as described in (Douce and

Joyard, 1979; Keegstra and Yousif, 1986). The envelope membranes were separated into

chloroform/methanol (1:1, v/v) soluble and insoluble fiactions by diluting a resuspended

pellet of envelope membranes with ten volumes of solvent. After incubation on ice for

twenty minutes, phases were separated by centrifugation (20,000g; 20 min). The

chloroform-soluble fraction was then transferred to a fresh tube whereas the insoluble

fraction was recovered as a pellet after removal of the supernatant. Both fractions were

dried, washed with hexane to remove lipids, carefully dried again at room temperature

and redissolved in SDS-PAGE loading buffer. All fractions were separated by 12.5%

SDS-PAGE

Protein identification

Gels were briefly stained with Coomassie Brilliant Blue and then cut into ten

equally sized slices. Proteins within each slice were modified and digested with trypsin as

described by (Shevchenko et al., 1996). After extraction, the peptides were loaded by a

Waters nanoAcquity Sample Manager onto a Waters Symmetry C18 peptide trap (5 um,

180 um x 20mm) at a flow rate of 4 uL/min in 2% Acetonitrile/0.1%Formic Acid for 5

minutes. Separation of peptides occurred on a Waters BEH C18 nanoAcquity column

(1.7 um, 100 mm x 100mm) for 90 minutes and the peptides were injected into a

ThermoElectron LTQ-FTICR mass spectrometer with a flow rate of 300 nL/min (Buffer

A = 99.9% Water/0.1% Formic Acid, Buffer B = 99.9% Acetonitrile/0.1% Formic Acid:
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gradient of 5% B to 40% B from 0 to 63 minutes, 40% B to 90% B from 63 to 71 minutes

and 5% B from 71 to 90 minutes). The top ten ions of each survey scan (resolution

50,000) were automatically dissociated by low energy collision. The resulting MS/MS

spectra were converted to a peak list by the BioWorks Browser version v3.2. Peptides

were identified by comparing all mass spectra libraries to a sequence database from

Arabidopsis thaliana, TAIR 8, (Swarbreck et al., 2008) using the Mascot search

algorithm v 2.2 (www.matrixsciencecom). Oxidation of methionine was permitted and 

carbamidomethylcysteine was set as fixed peptide modifications. Two missed tryptic

sites were allowed and the MS/MS tolerance was set to 0.8kDa and the peptide tolerance

to +/- 10ppm. The results of the Mascot search algorithm were loaded into Scaffold® and

analyzed with peptide and protein prophet algorithms (Keller et al., 2002). Parameters

were set to 99% confidence for protein identification, 95% confidence for peptide

identification and at least two peptides identified for each protein. When multiple

matches were reported, the matches were analyzed manually and lower scoring matches

were discarded. For proteins discussed in detail, multiple matches to different members

of protein families were excluded by protein alignment and for plastid transport proteins

as well as import complex components, no identical tryptic peptides were identified in the

alignment and the experiment. Results were exported to MS Excel for further analysis.

Protein analysis

Annotation and classification of proteins was assigned based on information in

TAIR (Swarbreck et al., 2008), ARAMEMNON (Schwacke et al., 2003), and manual

curation of the literature. The predicted location, the number of transmembrane helices

and the prediction of betafold structures was retrieved from TAIR. Comparison to data
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from other proteome projects was conducted using plprot (Kleffmann et al., 2006). For

comparison, data from pea chloroplast envelopes described in (Briiutigam et al., 20083),

which were produced exactly as described for cauliflower proplastid envelopes, was

extracted from the public repository PRIDE and reanalyzed according to the same

specifications (Supplemental Table 2)

Gene Expression Analysis

For each protein, the RNA expression data was extracted from the AtGenExpress

Developmental series (Schmid et al., 2005). The shoot apex expression level was

calculated as the arithmetic mean from experiments ATGE_6, ATGE_8, ATGE_29 and

ATGE_46 to ATGE_52. The leaf expression level was calculated as the average

expression from experiments ATGE_IO to ATGE_21. The ratio of expression was

calculated as the log(2) of the quotient expression(apex) divided by expression(shoot)

and compared to data from pea chloroplast envelope proteins (Supplemental Table 2).

Results and Discussion

Overall membrane proteome analysis

Table 4-1: Comparison of membrane protein identifications in proplastid and chloroplast

envelope; data for chloroplast envelopes extracted from (Brautigam et al., 2008b) and reanalyzed

 

known putative

membrane

total . transport transport

proteins . .

proteins proteins

pmp'asnd 174 56 16 7
envelope

chloroplast 321 110 16 21

envelope
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Proteomic analysis of cauliflower curd plastid envelope membranes identified 174

distinct proteins (Table 4-S1). This number is significantly lower in comparison to what

has been reported for maize or pea chloroplast envelope membranes (Brautigam et al.,

2008a) (Table 4-1). Using a non-species specific database significantly lowers the

identification probability especially for proteins expressed at a low level (Brautigam et

al., 2008b) but the drawback of lower identification probability is superseded by superior

tissue availability. The proplastid envelope sample allowed the identification of sixteen

known and seven putative membrane proteins, 9.2% and 4% of the total proteins

identified, whereas the chloroplast envelope proteome sample allowed only the detection

of 5% and 6.5% respectively. The overall proportion one third of proteins with predicted

transmembrane helices is similar between both proteome samples. It was concluded that

the proplastid envelope proteome sample is suitable for transport protein analysis.
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Transport proteins

Compared to the membrane transport proteins identified in chloroplast envelope

proteome samples (Ferro et al. 2003; Froehlich et al. 2003) different membrane transport

proteins are identified in the proplastid envelope proteome sample (Tables 4-Sl and 4-

S2). Generally, one can divide the transport proteins in the proplastid envelope proteome

sample in those that import precursor metabolites for synthesis as well as those that

provide reduction power and energy and those which export products to the cytosol

(Table 4-2).

Transport proteinsfor carbon skeleton import

The phosphate translocators act as importers in proplastids (Table 4-2). Among

the phosphate translocators, two isoforms of the g1ucose-6-phosphate phosphate

translocator (GPT), the phosphoenolpyruvate phosphate translocator (PPT) and the

triosephosphate phosphate translocator (TPT) were identified in the proteome sample

(Table 4-Sl). Multiple matches of the same peptide to different family family members

were excluded by aligning the proteins and checking for identical tryptic peptides. The

phosphate translocator proteins are distinct from each other. The GPTs are not present in

sufficient quantities in leaves of either Arabidopsis (Ferro et al., 2003; Froehlich et al.,

2003), Pisum sativum (Brautigam et al., 2008a; Brautigam et al., 2008b) or Zea mays

(Bréiutigam et al., 2008a) to be detected by chloroplast envelope proteomics but at least

one isoform can be detected in tobacco BY-2 cell plastids (Baginsky et al., 2004). In

heterotrophic plastids, this transporter can supply the plastid with G6P for starch

biosynthesis as well as reduction power (Emes and Neuhaus, 1997; Kammerer et al.,

1998; Neuhaus and Emes, 2000) and carbon skeletons through the oxidative pentose
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phosphate pathway. The GPT exchanges glucose-6-phosphate for either phosphate or

triosephosphate in a strict counter-exchange mode (Kammerer et al., 1998). Since two

GPT isoforms are identified (Table 4-Sl), it is possible that, in vivo, GPT isoforms may

have higher affinity for one of the counter substrates. Reduction power is generated in the

oxidative branch of the pentosephosphate pathway (OPPP) by oxidizing G6P to

gluconolactone which subsequently is converted into triosephosphate by a series of

reactions. The intermediates of this pathway serve as carbon skeletons for anabolic

reactions or the final product can serve as the counter-exchange substrate for the import

of G6P.

Transport proteinsfor amino acidproduction

amino

 

  

 

OEP16-Iik

.. 3
i V amIno groups

...........pcarbon
skeletons

       

 

 
  

   
, enemy amino acid

‘7 syntheslsli airline

7’ ....................... GAP-DH .......................... reduclng power acids

Figure 4-1: The proplastid envelope enables efficient exchange of metabolites needed for

amino acid biosynthesis; the transport proteins are printed italic, TPT triosephosphate phosphate

translocator, PHT phosphate transporter, NTT ATP ADP exchanger, GPT glucose-6-phosphate

phosphate translocator, PPT phosphoenolpyruvate phosphate translocator, DiT dicarboxylate

transporter, OEP outer envelope porin; enzymatic reactions are printed in boxes, Per pyruvate

kinase PPP pentosephosphate pathway, GAP-DH glyceraldehyde dehydrogenase complex;
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The phosphoenolpyruvate phosphate translocator (PPT) is also present in the

proplastid envelope proteome sample (Table 4-2, Figure 4-1). The proplastid is the sole

cellular source of aromatic amino acids for the rapidly growing and dividing cells

(Neuhaus and Emes, 2000; Baginsky et al., 2004). Phosphoenolpyruvate transported by

PPT is a direct precursor of aromatic amino acids (Knappe et al., 2003; Voll et al., 2003)

together with erythrose-4-phosphate produced in the pentosephosphate pathway. PEP is

also the source for pyruvate needed for branched chain anrino acid biosynthesis as the

plastids contain substantial pyruvate kinase activity (Andre and Benning, 2007; Andre et

al., 2007). In addition to branched chain and aromatic amino acids the plastids are also

the sole source for arginine and lysine as well as histidine and threonine. The amino acids

not only require carbon, but also amino groups for their production. The dicarboxylate

carriers DiTl and DiT2 are both identified (Table 4-S1, Figure 4-1). Ditl can exchange

2-oxoglutarate for malate whereas DiT2 is more specific for glutamate malate exchange

(Weber et al., 1995; Taniguchi et al., 2002; Renne et al., 2003; Schneidereit et al., 2006;

Weber and Fischer, 2007). Working in concert these proteins are suited to import

glutamate as a source for organic nitrogen and to export 2-oxoglutarate for further

metabolic reactions, for example in mitochondria (Figure 4-1). Glutamate is the major

amino acid transported in the phloem (Weibull and Melin, 1990; Lohaus and Moellers,

2000). The identification of both dicarboxylate carriers solves the question how nitrogen

is imported into heterotrophic proplastids (Figure 4-1) (Neuhaus and Emes, 2000).
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Transport proteinsfor energy, reducingpower and anabolic precursors

TPT has also been identified with a high spectral count (Table 4-2, Table 4-S1).

This protein has been considered the hallmark transport protein of chloroplasts (Flugge

and Heldt, 1984; Schneider et al., 2002; Flugge et al., 2003; Weber et al., 2005) and has

been assumed to be absent from heterotrophic plastids (Flugge et al., 2003). In

chloroplasts, TPT exports the main product of the reductive pentosephosphate pathway,

triosephosphate, into the cytosol in exchange for inorganic phosphate. In vitro

characteristics indicate that TPT can also exchange 3-PGA for triosephosphate

(Loddenkotter et al., 1993). Since cauliflower proplastids lack a functional photosynthetic

thylakoid membrane system (Table 4-S1) (Joumet and Douce, 1985), they are unlikely to

produce large amounts of triosephosphate for export through photosynthetic carbon

assimilation. Possibly, the TPT acts as a reduction equivalent shuttle, as has been

proposed for TPT in chloroplasts of C4plants (Bréiutigam et al., 2008a) and for C3 leaves

(Heineke et al., 1991). In this case, a GAP-DH in the chloroplast produces NADPH by

oxidizing triosephosphate to 3-PGA which can be exported to the cytosol again (Figure

4-1). The resulting reducing power can be used for anabolic reactions such as amino acid

synthesis (Figure 4-1).

Many if not all of the anabolic reactions of starch, amino acid and nucleotide

synthesis require energy in form of ATP. Since cauliflower curd proplastids lack

chlorophyll (Joumet and Douce, 1985) they are unlikely to produce substantial amounts

of ATP by photophosphorylation. Two ATP ADP exchangers (NTTs) are detected with

high absolute spectral counts among the transport proteins (Table 4-Sl, Figure 4-1).

These proteins provide the proplastids with energy by importing ATP in counter-
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exchange for ADP. The consumption of ATP produces inorganic phosphate which is not

transported by NTTs. This phosphate imbalance may be countered by the putative

phosphate transport protein PHT3.1 of proplastids (Figure 4-1). This putative phosphate

transport protein is also present in BY2 cell plastids as well as chloroplast envelopes

(Baginsky et al., 2004; Kleffmann et al., 2004; Bréiutigam et al., 2008a).

The proplastid envelope also harbors a S-adenosylmethionine (SAM) carrier

which provides the plastid with SAM for a multitude of methylation reactions (Bouvier et

al., 2006).The main biochemical effect of loss of SAM in the plastids is decreased leaf

chlorophyll content leading to stunted growth (Bouvier et al., 2006) but it likely also

effects meristematic tissues directly since it is present on proplastid envelopes.

Transport proteinsfor export ofproducts

Although the plastids are the sole source of a number of amino acids, the amino

acid exporter at the inner envelope has not been characterized at the molecular level.

However, the transport pore through the outer envelope is known, the outer envelope

porin OEP16 (Pohlmeyer et al., 1997). OEP 16 can transport a broad spectrum of amino

acids but excludes sugars and sugar phosphates (Pohlmeyer et al., 1997) and it is one of

the proteins with the highest spectral count in the proteome sample (Table 4-S1). Two

OEP16 homologues, AGIl and AG12 (Murcha et al., 2007), are also identified with a

high spectral count (Table 4-Sl). At least one of these proteins is localized in the inner

envelope (Brautigam et al. submitted) and is considered a candidate protein for amino

acid transport at the inner envelope (Figure 4-1).

Apart from amino acids for protein biosynthesis, the cytosol also depends on

purins as well as pyrimidins for DNA synthesis since, for both pathways, the majority of
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the enzymes is localized in the plastids (Zrenner et al., 2006). Purin derivatives, more

specifically, adenylates can be exported through an adenylate uniporter, Brittlel , in dicots

(Kirchberger et al., 2008). Brittlel of Arabidopsis is mainly expressed in the roots with

the most intense expression being in the root tip in the region of the meristem. GUS

activity was not readily visible in the shoot meristem (Kirchberger et al., 2008) although

publicly available expression data (Schmid et al., 2005) visualized in the eFP browser

(Winter et al., 2007) indicates strong expression in the shoot apex confirming the

proplastid envelope proteome results (Table 4-Sl). For pyrimidine biosynthesis, dihydro-

orotate has to be exported to be reduced to orotic acid at the mitochondrial membrane;

the transport protein is no known (Zrenner et al., 2006). The exporter for the pyrimidine

pathway intermediates is also unknown. Possibly, one of the membrane proteins of

unknown function (Table 4-1) is either of the unknown transport proteins involved in

pyrimidine metabolism. None of the proteins is similar to the characterized

purine/pyrimidine transport proteins residing outside of the plastid (Gillissen et al., 2000).

In addition to nucleotide precursors for DNA and RNA synthesis and amino acids for

protein biosynthesis, fatty acids and membrane lipids are needed to sustain rapid cell

proliferation. Fatty acids and membrane lipids are produced in a complex metabolic

network localized in multiple compartments (Benning et al., 2006). Within the proteome

sample, one of three components of the TGD transporter which imports phosphatidic acid

from the ER (Awai et al., 2006) was identified as well as a long acyl chain CoA synthase

implicated in fatty acid transport (Schnurr et al., 2002) (Table 4-2).
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The protein import complex
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Figure 4-2: Expression of the protein import complex components varies between leaves

and the shoot apex; white bars, identified in proplastids only, black bars, identified in

chloroplasts only, hatched bars, identified in both samples; for each protein, the gene expression

of the corresponding Arabidopsis gene was extracted fi'om the AtGenExpress database; the

expression values were calculated as log10 of the ratio between expression in the shoot apex and

expression in the leaves, i.e. positive values indicate a higher expression in the shoot apex;

The protein import complex components identified in proplastid envelopes

include all three import receptors, Toc120, Toc132 and Toc159, two smaller GTPases

ToC33 and ToC34 and the main channel through the outer envelope Toc75-III as well as

Toc75-V (Figure 4-2). Ofthe inner envelope complex, Tie] 10, Tic20, Tic40 and Tic22 as
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well as the import chaperone Hsp93 (also called ClpC) were found (Figure 4-2). In

contrast, in chloroplast envelope proteomics, Toc120 and Toc132 have not been

identified so far (Ferro et al., 2003; Froehlich et al., 2003; Kleffmann et al., 2004;

Kleffmann et al., 2007; Brautigam et al., 2008a; Brautigam et al., 2008b). For the inner

envelope complex, additional components, Tic32, Tic55 and Tic62, can be identified in

chloroplast proteomics (Table 4-82) e.g.(Bréiutigam et al., 2008b). The expression pattern

of the protein import complex components was analyzed in detail and compared to the

identification of components in chloroplast and proplastid proteomics. Expression values

for the genes were extracted from publicly available microarray data in Arabidopsis and

the ratio of shoot apex to leaf expression was calculated and normalized by logarithmic

transformation. The proteins with the highest shoot apex/leaf expression ratio, the

alternative import receptors Toc120 and Tocl32, are both identified only in the envelope

proteome sample of cauliflower (Figure 4-2). In contrast, the proteins with the lowest

ratio, i.e. the proteins expressed more highly in the leaf, are the import complex

components Tic55 and Tic62, which both could only be identified in pea leaf envelopes

(Figure 4-2, Table 4-82). Toc33 identified in proplastids only and Tic32, which was only

identified in chloroplast envelopes, is of approximately equal expression between both

tissues. Tocl20 and Toc132 are alternative import receptors to Toc159 (Jackson-Constan

and Keegstra, 2001; Ivanova et al., 2004; Kubis et al., 2004). If both are knocked out,

plants are severely compromised in their ability to establish growth, contain almost no

chlorophyll and have damaged chloroplasts (Kubis et al., 2004). It has been proposed that

Toc132 and Toc120 are essential for the of import housekeeping proteins into plastids

whereas Toc159 is specialized for the import of proteins involved in photosynthesis
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(Ivanova et al., 2004; Kubis et al., 2004; Kessler and Schnell, 2006), although the

distinction of imported products is not absolute (Kubis et al., 2004). Since to date neither

Toc132 nor Toc120 have been identified by proteomics in either chloroplast or

chloroplast envelope studies, it may be concluded that the protein levels of both proteins

are rather low in leaves, precluding identification by proteomics, whereas their higher

expression in meristematic tissue (Figure 4-2) allows identification. Indeed based on their

spectral abundance, Toc159, Tocl32 and Tocl20 appear to be equally expressed (Table

4-Sl). Toc75, TicllO, Tic20, Tic22 and Tic40 are identified in proplastids as well as

chloroplast envelopes in line with their housekeeping function (Figure 4-2). The members

of the redox sensing complex however, Tic32, Tic62 and Tic55 cannot be identified in

proplastid envelope proteomics. This may either be due to a lower expression level for

example of Tic55 and Tic62 (Figure 4-2) or to a lack of membrane association of any of

the components. Possibly, the undifferentiated proplastid without a completely developed

thylakoid system is not yet poised to sense and relay the redox status mostly generated by

photosynthesis.
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Overall proteome analysis
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Figure 4-3: Overall proteome contents in plastid envelopes; all proteins were annotated and

classified (Tables4- S1 and 4-S2), (A) proplastid envelope proteome, (B) chloroplast envelope

proteome
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Figure 4-3 (cont’d)
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After establishing patterns of the transport proteins for metabolites and protein

import complex in the proplastid envelope, we compared the remaining proteins

identified in proplastid envelopes (Table 4-Sl) with those identified in chloroplast

envelopes (Table 4-S2).

117



The annotation and classification of proteins identified revealed approximately

similar proportions of enzymes in both proplastid and chloroplast envelopes (Figure 4-3A

and 4-3B). However, the types of enzymes are different. The proplastid envelope sample

does not contain sufficient amounts of enzymes of the PPP including Rubisco to be

identified by proteomics (Table 4-Sl) in contrast to the chloroplast envelope sample

which contains Rubisco as a dominant protein and seven enzymes of the PPP (Table 4-

82). Both envelope samples contain enzymes for pigment biosynthesis but enzymes for

tocopherol biosynthesis can only be identified in chloroplast envelopes. The proplastid

sample does contain two peroxiredoxins (Dietz et al., 2002; Horling et al., 2003) and

sixteen proteins known to reside in thylakoids in chloroplasts (Peltier et al., 2000; Peltier

et al., 2002; Friso et al., 2004; Peltier et al., 2004) (Figure 4-3A). The thylakoid resident

proteins identified represent only a subset of known thylakoid proteins (Table 4-S3). In

the cauliflower proteome, all soluble subunits of the ATP synthase are identified, alpha,

beta, gamma, delta, epsilon and F. In addition only very few others were found, PsbP and

PsbS, two photosystem II subunits, two FtsH proteases, FtsHl and FtsH8, a CAAX type

protease and a cytochrome b6f complex subunit, cyt6 (Table 4-S3). In contrast, in other

envelope projects the spectrum of thylakoid proteins identified with the envelope is much

broader and also includes many subunits of the photosystems and light harvesting

complex proteins (Table 4-S2) (see for example (Brautigam et al., 2008a)). Proteins of

the thylakoid membrane system always appear in envelope proteome analysis (Ferro et

al., 2003; Froehlich et al., 2003; Bréiutigam et al., 2008a; Brautigam et al., 2008b). The

only proteins abundant enough to be identified by proteomics in cauliflower proplastid

envelopes are components of the ATPase, two PS 11 components and no PS I
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components. One of the two PSII components that can be detected are involved in redox

protection. PsbS plays a key role in non-photochemical quenching (Li et al., 2000)

whereas PsbP is involved in PS 11 assembly and stability (Ishihara et al., 2007). Both

proteins accumulate in etioplasts compared to chloroplasts (Kanervo et al., 2008). The

absence of enzymes of the PPP and the limitation of thylakoid resident proteins confirm

the absence of carbon fixation in proplastids already indicated by the absence of a

developed thylakoid system and the absence of chlorophyll (Joumet and Douce, 1985).

On the other hand, the proplastids appear poised to differentiate; they are equipped to

both dissipate the proton gradient and handle the redox stress generated during

photosynthetic electron transfer.

The annotation and classification of all identified proteins (Figure 4-3A) also

revealed that about 20% of the proteins can be assigned to a location other than the

plastid, such as the mitochondria, the endomembrane system, the cytosol or the nucleus.

Hence, the proportion of putative contaminants in cauliflower curd envelope membranes

is approximately tvvo-fold higher as compared to pea envelope proteome samples (Figure

4-3B). It has been noted earlier that cauliflower curd plastids carry a substantial

mitochondrial contamination, as determined by marker enzyme assays (Joumet and

Douce, 1985), which is confirmed by our proteomics study. Putative contaminants

identified in cauliflower bud plastids differ from those that are routinely found in leaf

chloroplasts preparations, such as glycine decarboxylase complex subunits (Brautigam et

al., 2008a), which is absent from the proplastid preparation. In addition to the proteins

typically encountered in plastid isolations, such as histones and abundant proteins of the

mitochondrial respiratory chain and ATPases, the cauliflower proteome sample contained
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unusual contaminants, e. g. a prohibitin and a Mcm4-like protein (Table 4-Sl) not

identified in other plastid envelope proteome. Both of these are highly expressed in the

shoot apex (Table 4-S1), which may explain their presence in this sample. The total

expression analysis of the proteins identified in proplastid and chloroplast envelopes also

showed a shift towards shoot apex expressed genes (Figure 4-Sl).
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genes in Arabidopsis visualized by a whisker plot; for each orthologue of both proplastid and

chloroplast identified proteins, the logo of the expression ratio between shoot apex and leaf was

calculated, i.e. higher values indicate a shift of expression towards the shoot apex

Conclusion

Proteomics of the proplastid membrane system identified proplastid-specific

patterns: The transport proteins of the envelopes are specifically adapted to supply the

proliferating cells of the meristems with the necessary building blocks and the proteins

import complex is geared to import proteins involved in metabolism rather than

photosynthesis. Overall proteome analysis indicates proplastids are not only equipped to

support cellular growth but also adapted to differentiate upon light exposure. Cauliflower
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curd will be well suited to study plastid differentiation. Untreated cauliflower curd

contains proplastids, differentiation into chloroplasts can be induced by exposure to light

and differentiation into chromoplasts can be studied in the orange variety of cauliflower

allowing the study of three different plastid types in the same system.

Supplementary material

Supplementary table 4-1: Proteins identified in proplastid envelopes from cauliflower

curd tissue

Supplementary table 4-2: Proteins identified in chloroplast envelopes from pea leaves

(Brautigam et al., 2008a) were extracted from PRIDE and reanalyzed

Supplementary table 4-3: Thylakoid proteins identified in envelopes of proplastids and

chloroplasts
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Chapter 5

Comparative proteomics of chloroplasts envelopes from C3 and C4 plants reveals

specific adaptations of the plastid envelope to C4 photosynthesis and candidate

proteins required for maintaining C4 metabolite fluxes

This chapter has been previously published in Plant Physiology: Brautigam A, Hofrnann-

Benning S and Weber APM (2008) Comparative Proteomics of Chloroplast Envelopes

from C3 and C4 Plants Reveals Specific Adaptations of the Plastid Envelope to C4

Photosynthesis and Candidate Proteins Required for Maintaining C4 Metabolite Fluxes

Plant Physiol 148, 568-579
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Abstract

C4 plants have up to ten-fold higher apparent C02 assimilation rates than the

most productive C3 plants. This requires higher fluxes of metabolic intermediates across

the chloroplast envelope membranes of C4 plants in comparison to that of C3 plants. In

particular, the fluxes of metabolites involved in the biochemical inorganic carbon pump

of C4 plants, such as malate, pyruvate, oxaloacetate, and phosphoenolpyruvate must be

considerably higher in C4 plants because they exceed the apparent rate of photosynthetic

CO2 assimilation whereas they represent relatively minor fluxes in C3 plants. While the

enzymatic steps involved in the C4 biochemical inorganic carbon pump have been

studied in much detail, little is known about the metabolite transporters in the envelope

membranes of C4 chloroplasts. In this study, we have used comparative proteomics of

chloroplast envelope membranes from the C3 plant Pisum sativum and mesophyll cell

chloroplast envelopes from the C4 plant Zea mays to analyze the adaptation of the

mesophyll cell chloroplast envelope proteome to the requirements of C4 photosynthesis.

We show that C3 and C4-type chloroplasts have qualitatively similar but quantitatively

very different chloroplast envelope membrane proteomes. In particular, translocators

involved in the transport of triose phosphate and phosphoenolpyruvate as well as two

outer envelope porins are much more abundant in C4 plants. Several putative transport

proteins have been identified that are highly abundant in C4 plants, but relatively minor

in C3 envelopes. These represent prime candidates for the transport of C4 photosynthetic

intermediates, such as pyruvate, oxaloacetate, and malate.
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Introduction

C4 photosynthesis allows fast biomass accumulation with high nitrogen and water

use efficiency (Leegood and Edwards, 1996; Sage, 2004) and is a desired trait to increase

productivity of crop plants (Matsuoka et al., 1998). To facilitate C4 photosynthesis, in

maize, a C4 plant of the NADP-malic enzyme type, the primary fixation and the

reduction of carbon are spatially separated between two different cell types. Primary

carbon fixation occurs in the mesophyll cells (Hatch, 1987). The mesophyll surrounds the

bundle sheath cells (BSC) where CO2 is enriched around Rubisco and the reduction of

carbon takes place. The chloroplasts of mesophyll and bundle sheath tissues are adapted

to their respective roles (Slack et al., 1969; Edwards et al., 2001; Majeran et al., 2005). In

addition to carbon fixation and reduction several other pathways, such as nitrogen

reduction and assimilation, are partitioned between mesophyll and bundle sheath

chloroplasts (Renne, 2003; Majeran et al., 2005) and the adaptation of the soluble

chloroplast proteome to C4 photosynthesis has been studied in considerable detail

(Majeran et al., 2005). In maize, initial carbon assimilation in the mesophyll cell

cytoplasm is accomplished by PEP carboxylase (PEPC), yielding oxaloacetate (OAA).

OAA is then imported into the chloroplasts where it is reduced to malate, and

subsequently exported to the cytosol again. After diffusion into BSC, malate is

decarboxylated in the chloroplasts, yielding CO2, NADPH, and pyruvate. While CO2

and NADPH enter the Calvin cycle in BSC, pyruvate is returned to the mesophyll, where

it is imported into the chloroplasts and converted to PEP by phosphoenolpyruvate

phosphate dikinase (PPDK), thus regenerating the primary CO2 acceptor, which is

exported to the cytosol to enter a new round of C02 assimilation (Figure 5-1). In maize,
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carbon fixation is optimized beyond simply concentrating C02 in the vicinity of Rubisco.

The bundle sheath chloroplasts have limited photosystem II activity (Meierhoff and

Westhoff, 1993) and produce less 02, which further reduces the oxygenation reaction of

Rubisco. However, absence of PSII activity prevents operation of linear electron

transport, limiting the production of reduction equivalents in the bundle sheath. Since

CO2 assimilation in the Calvin cycle requires NADPH, this necessitates shuttling of

reduction equivalents between mesophyll and bundle sheath by a 3-phosphoglycerate (3-

PGA)/triosephosphate (TrioseP) shuttle (Figure 5-1). Despite the detailed knowledge

about the soluble proteins involved in and necessary for C4 photosynthesis, the

adaptation of integral and associated membrane proteins remains largely unknown. In this

work, we focus on analyzing the quantitative and qualitative differences between

chloroplast envelope membranes of C3 and C4 plants.
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Figure 5-1: Schematic representation of central carbon metabolism and associated

transport processes in C3 chloroplasts and C4 PCA type chloroplasts: in C3 chloroplasts, for

three carbons fixed, at most one transport process is required; in C4 PCA type chloroplasts, for

three carbons fixed, at least twelve transport processes are required, for abbreviations see text
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The plastids of green plants are separated from the cytosol by two membranes.

Metabolite transport across the outer envelope is controlled by substrate-specific pore-

forrning proteins (Pohlmeyer et al., 1997; Pohlmeyer et al., 1998; Bolter et al., 1999;

Goetze et al., 2006). Solute transport across the inner envelope membrane is catalyzed by

a large range of specific metabolite transporters (Weber, 2004; Weber et al., 2005; Weber

and Fischer, 2007), some of which are capable of transporting metabolites against a

concentration gradient. The spatial separation of initial carbon fixation and subsequent

reduction in C4 plants requires a very high metabolite flow across the chloroplast

envelope of both mesophyll and bundle sheath chloroplasts that exceeds the apparent rate

of carbon assimilation (Laisk and Edwards, 2000). Pea fixes about 17 micromole carbon

per square meter leaf area and second (Grodzinski et al., 1998) and requires at most one

transport process for three carbons fixed. Maize fixes about 27 micromoles carbon per

square meter and second (Grodzinski et al., 1998) and requires at least four transport

processes (Figure 5-1) for each carbon fixed. Consequently, the total metabolite transport

rate across the chloroplast envelopes in C4 plants exceeds the one in C3 plants by a factor

of at least eighteen. High velocity transport of all four metabolites involved in core C4

photosynthesis across the mesophyll chloroplast envelope has been demonstrated using

isolated chloroplasts (Huber and Edwards, 1977; Hatch et al., 1984; Flugge et al., 1985;

Aoki et al., 1992). While most transport proteins involved in core C4 photosynthesis in

mesophyll chloroplasts have not yet been unequivocally identified at the molecular level,

good candidates exist for PEP export, triose phosphate shuttling, and for

oxaloacetate/malate transport. The molecular nature of the pyruvate transporter, however,

is unknown. Likewise, it is unknown whether pyruvate transport across the mesophyll
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and the bundle sheath chloroplast envelope is mediated by the same transport protein or

different transport proteins. Adaptations of additional membrane proteins as a

consequence of the spatial separation of photosynthesis, similar to what has been

demonstrated for soluble proteins, are unknown. Since increasing the capacity for

metabolite transport across the chloroplast envelope membrane is likely a key adaptation

to C4 photosynthesis (Edwards et al., 2001), engineering efforts for introducing C4

photosynthesis in a C3 crop plant will likely critically depend on engineering not only the

C4 pathway but also metabolite flux. 7

In this work, the protein complements of envelopes membranes of C3 chloroplasts

and C4 mesophyll chloroplasts are analyzed qualitatively and semi-quantitatively. We

hypothesized that analyzing chloroplasts with different modes of photosynthesis, such as

the C3 and C4-types of carbon dioxide assimilation, will reveal the adaptations of the

chloroplast envelope proteome to increased metabolite flow. Unfortunately, routine

methods are not available to compare membrane proteins of different species

quantitatively or even semi-quantitatively. Membrane proteins are not amenable to two

dimensional gel electrophoresis since extremely hydrophobic proteins, such as metabolite

transporters, do not focus in the first dimension (Choe et al., 2005) and quantitative

comparison relying on identical peptides such as affinity tagging are also not applicable

since there is considerable evolutionary distance between the C3 model pea and the C4

model maize. A direct quantification method, the total spectral count of proteins (the

number of mass spectra which map to one protein) has been used to compare and even

quantify proteins on a large scale (Liu et al., 2004; Lu et al., 2007) (Majeran et al., 2008).

This method has recently also been applied to yeast membrane proteins, with. results
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comparable to SILAC (Zybailov et al., 2005). We applied this strategy to compare the

relative abundance of proteins in the chloroplast envelopes of C3 and C4 plants. We

demonstrate that the massive metabolite fluxes across the chloroplast envelope required

for maintaining the high photosynthetic rates of C4 plants are associated with significant

increases of the relative abundance of several metabolite transporters, thus pinpointing

apparent bottlenecks in metabolite flux across the chloroplast envelope membrane.

Material and Methods

Preparation of chloroplast envelope protein samples

Chloroplast envelope membranes were isolated from pea (Pisum sativum var.

Little Marvel) plants as described previously (Douce and Joyard, 1979; Keegstra and

Yousif, 1986) and from maize (Zea mays) plants grown on field sites. Briefly, fully

expanded maize leaves were harvested, stored on ice, and cut into small pieces using

razor blades. The leaves were homogenized in a Waring Blender and the resulting slurry

was filtered through several layers of miracloth to remove the bundle sheath strands.

Chloroplasts and chloroplast envelopes were isolated as described in (Douce and Joyard,

1979; Keegstra and Yousif, 1986). Envelope membranes were diluted in ten volumes of

ice cold 1:1 (v/v) chloroform/methanol and stored on ice for twenty minutes. Insoluble

proteins were sedimented by centrifugation at 20,000 g for 20 minutes (“pellet fraction”)

and both the protein pellet and the soluble fraction were dried and washed with hexane to

remove residual membrane lipids. Envelope membrane samples and fractionated samples

were mixed with SDS—PAGE loading buffer, incubated for 20 minutes on a reaction tube

shaker at 15° C, and subsequently separated by 12.5% SDS-PAGE.
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Protein identification

After staining with Coomassie Brilliant Blue, each gel lane was cut into ten

equally-sized slices. Proteins contained in the gel slices were subjected to tryptic

cleavage as described by Shevchenko (Shevchenko et al., 1996). Peptides were extracted

and loaded onto a Waters Symmetry C18 peptide trap (5 pm, 180 um x 20mm) at a flow

rate of 4 uL/min in 2% Acetonitrile/O.1%Formic Acid for 5 minutes, using a Waters

nanoAcquity Sample Manager. Using a Waters nanoAcquity UPLC system, the peptides

were separated on a Waters BEH C18 nanoAcquity column (1.7 pm, 100 um x 100mm)

over 90 minutes and fed into a ThermoElectron LTQ-FTICR mass spectrometer with a

flow rate of 300 nL/min (Buffer A = 99.9% Water/0.1% Formic Acid, Buffer B = 99.9%

Acetonitrile/0.l% Forrnic Acid: gradient of 5% B to 40% B from 0 to 63 minutes, 40% B

to 90% B from 63 to 71 minutes and 5% B from 71 to 90 minutes). Survey scans were

taken at a resolution of 50,000 and the top ten ions were dissociated by automated low

energy collision. The BioWorks Browser version v3.2 was used for converting the

resulting MS/MS spectra to a peak list.

All mass spectra libraries were compared to sequence databases from Pisum sativum

(Brautigam et al., 2008) and Zea mays

(ftp://occams.dfci.harvard.edu/pub/bio/tgi/data/Zea_mays), respectively, using the

Mascot search algorithm, v 2.2 (\xl'wwmatrixscicncecom). Carbarnidomethyl cysteine

was set as a fixed peptide modification and oxidation of methionine was permitted. Up to

two missed tryptic sites were allowed. The peptide tolerance was set to +/-10ppm and the

MS/MS tolerance to 0.8kDa.
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Protein annotation and bioinformatics

Mascot Results were analyzed with using an implementation of the peptide and

protein prophet algorithms (Keller et al., 2002) (Scaffold®) with parameters set to 99%

confidence for protein identification, requiring at least two unique peptides for each

protein and 95% confidence for all peptides counted. Where Scaffold reported multiple

proteins identified for the same peptides, each match was manually inspected and low

scoring matches were discarded. The results were then exported to MS Excel for further

analysis. Cross-identifications in previous chloroplast proteomics projects was

determined using BlastX against the plprot database (Kleffmann et al., 2006) and the

corresponding Arabidopsis proteins were identified by BlastX (Altschul et al., 1997) in

TAIR. Functional annotation and classification presented in this manuscript was deduced

from information in TAIR (Swarbreck et al., 2008), ARAMEMNON (Schwacke et al.,

2003), membranetransport.org (Ren et al., 2007), and manual curation of the pertinent

literature. The predicted location and the number of transmembrane helices were

retrieved from ARAMEMNON. Tentative consensus sequences that identified the same

Arabidopsis protein were aligned. If the sequences were identical, one of the

identifications was discarded. If the sequences overlapped only partially, the annotations

were unified and the number of peptides summed up to generate a list of non-redundant

identifications (Tables 5-Sl and 5-S2). Before semi-quantitative analysis the spectral

counts in each fraction were corrected for loading. The original data can be downloaded

from PRIDE (http://wwwebi.ac.uk/pride/) (Martens et al., 2005).
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Semi-quantitative analysis of protein abundance

The semi-quantitative analysis of protein abundance was based on the spectral

count, i.e., the number of mass spectra mapping to a given protein in a single experiment.

In the first experiment for each envelope preparation all proteins in the sample were

separated by SDS-PAGE and identified by LC-ESI-MS/MS without prior fractionation

(“whole envelopes”). In a second experiment, the proteins were first fractionated into a

chloroform/methanol soluble and an insoluble fraction. Proteins from both fractions were

then separated by SDS-PAGE and subsequently identified by LC-ESI-MS/MS. The

spectral counts for each protein in both fractions were summed up to yield the “sum”

fraction. For all four experiments the spectral count for each protein was normalized to

the total number of spectra within the experiment (“percentage of the total spectral

count”) (Table 5-Sl and 5-S2). The robustness of the semi-quantitative analysis was

tested by introducing a number of disturbances into the experiment: omitting all proteins

with a spectral count lower than 10 spectra identified, and by including and excluding

putative extraplastidial contaminations. The results were robust.

Accession numbers: All proteomics data reported in this manuscript have been

submitted to the PRIDE data repository (htgx/Avwwebi.ac.uk/_pride/) (Martens et al., 

2005) and can be downloaded from PRIDE using the following PRIDE experiment

accession numbers:

Maize C4 PCA type chloroplast envelopes - pellet fraction' (PRIDE Experiment Accession #

3370)

Maize C4 PCA type chloroplast envelopes - soluble fraction' (PRIDE Experiment Accession #

3371)

Maize C4 PCA type chloroplast envelopes - whole' (PRIDE Experiment Accession # 3372)

Pea C3 type chloroplast envelopes - pellet fraction' (PRIDE Experiment Accession # 3376)

Pea C3 type chloroplast envelopes - soluble fraction' (PRIDE Experiment Accession # 3377)

Pea C3 type chloroplast envelopes - whole' (PRIDE Experiment Accession # 3378)
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Results

Envelope proteome coverage and purity

The pea chloroplast envelope proteome was chosen to represent the envelope

proteome of a C3 chloroplast. The proteins of the protein import complex found in our

study were compared to those identified in earlier efforts (Froehlich et al., 2001; Ferro et

al., 2003; Froehlich et al., 2003). We were able to identify all import complex

components found by Froehlich et al. (2003) with the exception of Toc33 and we

identified three additional import complex components that were not previously found. In

comparison to Ferro et al. (2003) we also identified two additional components while

Toc33 was again missing. With regard to a major metabolite transport protein family, the

phosphate translocators (Knappe et al., 2003), we identified all members predicted to be

present in the inner envelope of C3 chloroplasts (Eicks et al., 2002; Fliigge et al., 2003).

Based on this data and further analysis (not shown), we conclude that the proteome of pea

chloroplast envelope has similar qualitative composition as the proteomes from other C3

plants analyzed previously.

The maize chloroplast isolation protocol applied in this study was optimized for

isolation of maize mesophyll chloroplasts and thus C4 mesophyll chloroplast envelope

membranes. Based on the virtual absence of Rubisco and complete absence of malic

enzyme, two markers for bundle sheath chloroplasts, and the relative abundance of

mesophyll marker enzymes, such as PPDK and PEPC, the maize chloroplast envelope

samples indeed represents a highly mesophyll enriched preparation (Table 5-Sl).

For each of the envelope proteome samples, the relative spectral abundance likely

resulting from extraplastidial sources such as mitochondria, endomembrane system,
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cytosol, and nucleus were determined. The level of contamination based on this measure

was low; for the samples from maize it was below 2.2% and for the samples from pea

below 5.2%. In maize, no mitochondrial contamination was detected and extraplastidial

proteins were mostly residents of the cytosol and the endomembrane system. In pea, the

main contaminant was mitochondrial proteins. The complete list of extraplastidial

proteins can be extracted from Tables 5-Sl and 5-S2. Relative abundance comparisons

were performed with and without removing the contaminations from the samples and the

results were robust and therefore independent of the level and source of the

contamination. We concluded that the samples are suitable for comparing a C3 type with

a C4 mesophyll chloroplast envelope.
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The envelope proteomes of C3 and C4 chloroplasts are qualitatively similar
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Figure 5-2: The envelope proteomes are similar when analyzed qualitatively. The percentage

of proteins within one proteome is plotted. They are similar with regard to their physico-chemical

properties (solubility in organic solvents and presence of membrane attachment structures) (A)

and with regard to their predicted targeting and percentage of novel proteins (B).
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In the C4 mesophyll chloroplast envelope proteome, 231 non-redundant proteins

were identified and, in the pea chloroplast envelope proteome, 322 non-redundant

proteins were identified. Taken together, 420 unique proteins were identified of which

368 (87.6%) are traditional chloroplast residents. In both samples a similar percentage of

proteins are soluble or insoluble in chloroform/methanol, respectively, with about one

third of all proteins being soluble in organic solvents to at least some degree (Figure 5-

2A). Likewise, a similar share of proteins could be detected in both fractions (Figure 5-

2A). The fraction soluble in organic solvents contains a number of proteins with high

membrane helix content but neither the hydrophobicity index nor the number of predicted

membrane helices were strongly correlated with the solubility in organic solvent (data not

shown).

Little more than one half of the proteins in both samples contain recognizable

structures for membrane attachment (Figure 5-2A). Most of these proteins have predicted

alpha helices which can span a membrane, some have demonstrated or predicted beta

sheets, and very few are predicted to be anchored to the lipid bilayer by prenylation. The

other half of the proteins has no obvious domains for membrane attachment or insertion.

The proteins in both envelope preparations are also very similar when their

bioinforrnatically generated targeting predictions are compared. Most of the proteins

identified in both the C4 mesophyll and the C3 envelope proteome sample possess a

canonical target peptide for the protein import complex of chloroplasts (Figure 5-2B)

(Emanuelsson et al., 1999; Emanuelsson et al., 2000; Schwacke et al., 2003). Less than

ten percent are predicted being targeted to the mitochondria (Figure 5-2B). For a

surprisingly large group, no targeting signal can be identified within the N-terrninus of
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the protein sequence and a number of proteins have strong bioinformatics support for

targeting to the secretory pathway (Figure 5-2B). These proteins include well-known

residents of the chloroplast envelope such as Toc64 and ToclS9 as well as two outer

envelope porins, OEP21 and OEP24.

Both envelope proteome samples yielded a comparable proportion of proteins not

previously identified by proteomics, with 58 novel proteins from the C4 maize mesophyll

envelope proteome samples and 69 novel proteins from the C3 type pea envelope

proteome sample.

Proteins with similar relative abundance between samples
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Figure 5-3: Quantitatively the envelope proteomes differ in selected proteins. The relative

abundance in C3-type envelopes was subtracted from the relative abundance in C4 PCA-type

envelopes and the difference was plotted for each protein; dotted lines represent differences of +/-

0.5%
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To visualize the compositional differences between C3 and C4 envelope

membrane proteomes, the differences between the percentages of the total spectral count

for each protein (spectral count percentage in pea was subtracted from the spectral count

percentage in maize) were plotted. Proteins that were identified in only a subset of the

experiments were set to zero in the remaining experiments. Plotting the difference

between the relative spectral abundance in C4 mesophyll and C3 chloroplast envelopes

revealed that the majority of proteins do not differ more than 0.5% in their relative

spectral abundance (Figure 5-3). This large group can be broken down into smaller

groups of proteins. Each group differs for the reason it belongs to the proteins which are

similar and selected examples are shown in Figure 5-4A. In a first group, both relative

spectral counts are high or intermediate, as is the case for proteins of the protein import

complex components (Figure 5-4A). As examples, part of the inner envelope pore,

Tie] 10, and two outer envelope components, T0034 and Toc64, are shown (Figure 5-4A).

A long acyl chain CoA synthase and a protein of unknown function also belong to this

group of proteins with high relative spectral abundance in all samples. A fourth import

complex component, Toc159, inexplicably was reduced in one of two replicate

experiments for C4 PCA type envelopes (Figure 5-4A). Proteins that showed large

variance between replicate experiments were considered unreliable and were therefore

not further considered. The putative glucose transporter pGlcT, a putative ATP-

dependent transporter, and an enzyme of chlorophyll biosynthesis are of intermediate

relative abundance in both samples. There are also proteins, which have a low absolute

spectral count in one or both samples and therefore do not generate large differences,

such as the transcription factor CIL or two proteins of unknown function (Figure 5-4A
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and Tables 5-Sl and 5-S2). A complete list of proteins with similar relative spectral

abundance can be found in Supplementary Table 5-S3.
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Figure 5-4: For the extremes and selected unchanged proteins out of Figure 5-3 detailed

results were plotted; selected proteins that do not change significantly in relative abundance

(A); the twelve proteins which are lowest in relative abundance in C4-PCA type envelopes

compared to C3-type envelopes (B); the twelve proteins which are highest in relative abundance

in C4-PCA type envelopes compared to C3-type envelopes(C);

144



Figure 5-4 (cont’d)
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Proteins with different relative spectral abundance in C4 mesophyll envelopes

compared to C3 type envelopes

Among the proteins with markedly decreased relative spectral abundance, only

four out of twelve contained membrane-spanning helices, whereas of the proteins with

increased abundance all but one were integral membrane proteins. Most of the proteins

that were underrepresented in C4 mesophyll envelopes could not be detected at all in

either of the replicate C4 experiments. The twelve proteins with the highest relative

decreases are plotted in Figure 5-4B. There are four proteins involved in carbon fixation

for PCR cycle, Rubisco large and small subunits, the Rubisco activase, and a carbonic

anhydrase, with Rubisco large subunit showing the highest relative decrease. In addition

there are three protein associated with the protein import complex, Tic55, the

ferredoxinzNADP reductase, and the import chaperone Hsp93/ClpC (8011 and Schleiff,

2004). There are also three enzymes, VTE3, a methyltransferase involved in vitamin E

and plastoquinone biosynthesis (Cheng et al., 2003), protochlorophyllide reductase

(Beale, 1999), and a NAD-dependent malate dehydrogenase. Finally, there are two

proteins of unknown function one of which is a putative ATP-dependent transporter.

The proteins that occupy a larger percentage of the spectral count in maize have

high amplitudes of up to 9%, whereas proteins that occupy a larger percentage in the pea

envelope have a lower amplitude of up to 3% (Figure 5-3). Most of the following proteins

which show major relative increases in maize belong to the classes of known and putative

transport proteins, except for PPDK, the enzyme required for regenerating the C02

acceptor PEP (Figure 5-4C). The known transport proteins are two phosphate

translocators, phosphoenolpyruvate phosphate translocator (PPT) (Fischer et al., 1997)
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and triosephosphate phosphate translocator (TPT) (Flugge and Heldt, 1984), two

dicarboxylate translocators (DiTs), DCTl and DCT2/3, and the ATP/ADP translocator

(NTTl) (Neuhaus et al., 1997). There are also two outer envelope proteins (OEPs),

OEP24 and OEP37 (Pohlmeyer et al., 1998; Goetze et al., 2006),. Finally, we identified

four proteins of unknown function in this group (Mesophyll gnvelope protein 1-4). Mepl

is predicted to have twelve membrane spanning helices and Mep2 is predicted to have a

single membrane spanning helix. Mep3 and Mep4 are paralogues, which map to the same

Arabidopsis ortholog and both are predicted to have four membrane spanning helices. Of

the twelve proteins with the highest difference in spectral count compared to C3

envelopes, ten have differential protein accumulation patterns between mesophyll and

bundle sheath (Majeran et al., 2008). Eight accumulate to a higher level in mesophyll

membranes and two accumulate to a higher level in bundle sheath membranes (Table 5-

S4).

Discussion

Pea was chosen to represent C3 plants because it has served as a model for C3

chloroplasts for a long time and high purity chloroplast envelopes can be isolated with

relative ease. Maize was chosen to represent C4 plants since most of the biochemical

work on transport proteins has been published for maize chloroplasts compared to other

C4 models (Huber and Edwards, 1977a, 1977b; Hatch et al., 1984; Ohnishi et al., 1990;

Aoki et al., 1992).We established that the C3 envelope proteome from pea is comparable

to earlier envelope proteomes prepared from the C3 plant Arabidopsis and confirmed the

presence and absence, respectively, of marker proteins of C4 photosynthesis for the C4

mesophyll envelope sample such as PPDK, PEPC, and Rubisco. The level of
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contamination was at most 5.2%. In the samples isolated from pea, the biggest

contributors were mitochondrial outer envelope proteins such as porins. It is well known

that, to foster metabolite exchange for photorespiration, chloroplasts of C3 plants are

closely associated with mitochondria and peroxisomes (Schumann et al., 2007), thus

explaining mitochondria being the major source of contaminating proteins. In the maize

sample mitochondrial contaminants were virtually absent. The contaminant with the

highest relative spectral count was PEPC, a cytosolic enzyme that is required for initial

CO2 fixation. Considering that the isolation protocols for pea and maize are almost

identical, the marked difference in extraplastidial contaminants may result from the

altered requirements in organelle association. Mesophyll chloroplasts do not photorespire

since Rubisco is virtually absent and these chloroplasts therefore do not require a close

association of chloroplasts, mitochondria and peroxisomes. Both envelope preparations

also contain a nLunber of proteins identified in previous thylakoid proteome studies

(Tables 5-Sl and 5-82) (Peltier et al., 2000; Peltier et al., 2002; Peltier et al.,

2004).Currently it remains unknown whether these proteins are trapped en route to the

internal membrane system or whether they are a contamination introduced during the

envelope isolation (Ferro et al., 2002; Froehlich et al., 2003).Relative abundance

comparisons were performed with and without removing the contaminations from the

samples and the results were robust and therefore independent of the level and source of

the contamination.

We analyzed whether detailed qualitative comparisons were possible. Solid

judgments about the significance of presence or absence of proteins require proteomics to

be saturated to avoid false negative calls. To determine whether the proteome
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identifications in either sample were saturated or whether a substantial number of

proteins remained unidentified, the well understood pathways of glycolipid biosynthesis

were analyzed. They provide a number of housekeeping proteins that are expected to be

identified in envelope proteomics studies if saturation was reached, such as two enzymes

necessary for sulfolipid biosynthesis and two known enzymes and a three-partite

transport protein involved in galactolipid biosynthesis (Benning et al., 2006). As in

earlier efforts, the envelope proteomes in this study only identify a subset of proteins in

each pathway indicating that saturating coverage of the chloroplast envelope proteome

remains to be achieved. It remains to be determined whether enzymes of glycolipid

biosynthesis are difficult to detect with mass spectrometry or whether they are of too low

absolute abundance. When additional replicates of the pea envelope proteome were

tested, we also observed that enzymes with a low absolute spectral count disappeared and

the enzyme catalyzing the next step appeared from replicate samples (data not shown).

This may indicate that when proteins with a low number of spectra are analyzed, small

variations during peptide separation, ionization, and detection may have determined

whether or not they are present in any given sample. As a consequence, the envelope

proteomes and not single proteins were the basis for the qualitative comparison.

We identified 231 and 322 non-redundant proteins in the C4 and C3 chloroplast

envelopes, respectively. The higher number of proteins identified in the pea sample likely

results from two reasons: (i) the total envelope sample from C4 mesophyll envelopes

yielded a lower total spectral count with fewer proteins identified (Table S-Sl) although

the relative abundances for each protein remained similar (Figure 5-4). Many proteins

with a low absolute spectral count in the other experiments might have escaped detection.
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(ii) The C4 mesophyll envelope sample contains some proteins with a high relative

spectral count compared to the C3 envelope sample, with up to 9% difference in relative

abundance (Figure 5-3). The peptides belonging to these proteins may have suppressed

peptides of lesser abundance during ionization or detection in the mass spectrometer. The

pre-fractionation by organic solvent extraction permitted the detection of additional

proteins that could not be detected in a whole envelope preparation as many of the

proteins yielding high relative spectral counts fractionated into the organic solvent

soluble fraction, thus removing the main source for ion suppression. Yet total coverage

did not reach the level obtained with C3 envelopes.

The analysis of the physico-chemical properties revealed that the C4 mesophyll

and the C3 envelope proteome are remarkably similar. The fractionation pattern into

soluble and insoluble in organic solvent was reproducible, as was the proportion of

integral membrane proteins (Figure 5-2A). Little more than one half of the proteins in

both samples contain recognizable structures for membrane attachment. In both envelope

proteomes this group of proteins included a number of proteins for which a close

association with the membrane has previously been demonstrated, such as the membrane

lipid synthesizing and modifying enzymes (Jarvis et al., 2000; Froehlich et al., 2001;

Sanda et al., 2001; Yu et al., 2002). It cannot be excluded that the remaining seemingly

soluble proteins also are closely associated with the chloroplast envelope, similar to what

has been demonstrated for glycolytic enzymes at the mitochondrial membranes (Graham

etaL,2007)

The proteins in both envelope preparations are also very similar when their

bioinforrnatically generated targeting predictions are compared. About half of the
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proteins identified in both envelope proteome sample possess a chloroplast target peptide

for the protein import complex (Figure 5-2B) (Emanuelsson et al., 1999; Emanuelsson et

al., 2000; Schwacke et al., 2003), as was expected based on earlier results (Ferro et al.,

2002; Froehlich et al., 2003). Some of the proteins that are predicted possessing a

mitochondrial target peptide might be erroneously annotated as mitochondrial proteins by

the prediction algorithm; a well documented case in point is the most abundant

metabolite transport protein on the C3 envelope, the TPT, which is predicted to be

targeted to the mitochondria. Alternatively, it may be due to contamination of the

envelope preparation with true mitochondrial proteins. This, however, is unlikely at least

for the C4 mesophyll envelope sample since no bonafide mitochondrial proteins could be

identified in this preparation. For a surprisingly large group, no targeting signal can be

identified within the N-terminus of the protein sequence and a number of proteins have

strong bioinformatics support for targeting to the secretory pathway (Figure 5-2B),

including well established plastid residents. Especially for proteins of the import complex

it has been established that not all of them require the canonical import machinery. Many

of the proteins without classical chloroplast targeting peptides have been identified in

multiple independent plastid proteomics studies (Tables 5-S1 and 5-S2). The proteins

identified in this and other studies might represent candidates for novel protein import

pathways, as have recently been reported for a carbonic anhydrase (Villarejo et al., 2005)

and outer envelope proteins (Bae et al., 2008).

Both envelope proteome samples yielded a comparable proportion of proteins not

previously identified in plastid proteome projects. Some of the novel identifications may

be due to the instrumentation used in our study, since the ultra high pressure HPLC
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coupled to the FT-ICR is capable of protein identification with very high resolution.

Some proteins may have been identified since the sample was fractionated prior to

proteome analysis and some proteins, especially from the maize envelope sample, may

have been identified since the chloroplast envelope is adapted to C4 photosynthesis and

C4 chloroplast envelopes have not yet been analyzed by proteomics.

A semi-quantitative view of the envelope proteomes

For several reasons a semi-quantitative approach was needed to understand the

differences between a C4 mesophyll and a C3 type chloroplast envelope. As pointed out

earlier, qualitative analysis is hampered by unsaturated proteome identification and hence

some uncertainty is associated with the identification of proteins with low absolute

spectral counts. The proteome sample from maize was compared to previous proteome

samples and more than 70% of the proteins identified in maize have been previously

found in the plastid proteomes from other species (Figure 5-2B), indicating a large

portion of the plastid envelope proteome is shared between different plastid species.

Based on these results and on the adaptations of soluble proteins to C4 photosynthesis,

we hypothesized that the differences between the C3 and the C4 chloroplast envelope are

quantitative rather than qualitative. Unfortunately, no quantitative tools for comparing

proteomes of different species are available. To overcome this limitation, we introduced

percentage of the total spectral count as a measure for quantitative composition of the

envelope proteome. This percentage is normalized to the total number of spectra

identified within one single experiment, similar to the normalization procedures used for

interpretation of RNA hybridization experiments. This method enables comparisons

between evolutionary distant species. It is based on the assumption that orthologous
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proteins from different species have similar physico-chemical properties and thus behave

similarly throughout separation and identification when contained in similar samples,

such as chloroplast envelopes. Although the percentage of total spectral counts is not an

absolute measure of protein abundance, it is capable of capturing the relative contribution

of a protein to the total, which enables comparison of non-related samples. The

compositional differences between C3 and C4 envelope membrane proteomes were

visualized by plotting the differences between the percentages of the total spectral count

for each protein (spectral count percentage in pea was subtracted from the spectral count

percentage in maize). We chose to compare the difference in relative abundance over the

fold-change between the samples. Fold changes are likely a good measure if the proteins

to be compared have high absolute spectral counts, which would allow a wide range of

comparable values. In contrast, the envelope samples mainly consist of proteins of up to

ten absolute spectral counts each (Tables 5-S1 and 5-82) similar to results reported earlier

(Brautigam et al., 2008). A comparison based on fold-changes would lead to many

proteins of low absolute spectral count to be erroneously identified as differentially

expressed between C3 and C4 mesophyll envelopes and would fail to identify the protein

with the second highest difference in relative spectral count, the TPT (data not shown).

We thus restricted analysis to the proteins with the highest relative change in expression,

which yielded comparable results in both experiments in each sample.

Marker Enzymes

A number of the proteins that were reduced or absent in the C4 sample are

associated with functions that are expected to be absent from C4 mesophyll chloroplasts,

such as the Rubisco large and small subunits, Rubisco activase, and carbonic anhydrase
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for photosynthetic carbon reduction (Figure 5-4B). Since C4 mesophyll tissue has

strongly reduced or absent Rubisco activity, the enzyme itself and its activase are also

reduced. In mesophyll cells, a carbonic anhydrase, which quickly equilibrates C02 and

hydrogen carbonate, is needed in the cytosol for PEPC rather than in the chloroplast. The

only soluble protein, which is massively increased in the C4 mesophyll envelope

samples, is PPDK (Figure 5-4C). The detection of this soluble enzyme, which occupies a

large percentage of the spectral count within the C4 mesophyll envelope proteome

sample, may result from its high abundance resulting from its involvement in C4

photosynthesis and/or a close association with the membranes. Likely, it is absent from

the pea sample because in contrast to C4 plants it represents a minor plastidic and

cytosolic protein (Parsley and Hibberd, 2006) in C3 plants.

Proteins of the Protein Import Complex

At least two of the proteins which form the protein import complex seem to be

housekeeping proteins, Ticl 10 and Toc75, which have a high relative spectral abundance

in both samples. They form the pore in the inner and the outer envelope (8011 and

Schleiff, 2004). The import receptor Toc159 was excluded from analysis since its relative

abundance varied considerably between the biological replicates conducted on the C3

envelope. Two protein import complex components, Tic55 and ClpC/Hsp93, the import

chaperone or protease subunit, were found among the proteins with a lower relative

spectra abundance in C4 mesophyll envelopes. The remaining proteins, which are

believed to be involved in redox regulation of protein import, Tic32 and Tic62 (Kuchler

et al., 2002), were identified in the C3 envelope sample and could not be identified from

the C4 mesophyll envelope. Taken together with the results of import complex
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components, the two proteins involved in reduction equivalent synthesis and balancing,

the FNR (ferredoxin:NADP+ reductase) and a NAD-dependent malate dehydrogenase

may indicate a different mode of redox-dependent import in C3 as suggested by (Kuchler

et al., 2002) compared to C4 mesophyll envelopes. This difference may be explained by

the spatial separation of reduction equivalent production between mesophyll and bundle

sheath chloroplasts, which may result in a change of redox status regulation.

Transport proteins
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Figure S-Sl: For selected proteins, mRNA accumulation patterns in different tissues were

analyzed

At the beginning of the light period tissue from roots, leaves, male and female flowers (dehusked)

was harvested from maize stage 65. Total RNA was prepared and 0.5ug total RNA was reverse

transcribed with Superscript III (lnvitrogen) according to the manufacturer’s instructions. The

cDNA for each gene was amplified with GoTaq (Promega) according to the manufacturer’s

instructions. Primers were chosen to span 300bp (actin fwdzaagtacccgattgagcatgg

rev:acctgaccatcaggcatctc, PPT_low fwdzCTTCCAGTCAAGGAATGTGCT

rev:A"l'TGCCCACTGAATGTGTGA, PPT_high fwdeGCCTCTGGTACCTGTTCAA

rev:CAGAAAAGAAAGGCTCCATAGC, Mepl fwdzTCGGCATG'ITCTGTGTCTTC

rev:GATGGTGCAAGAAGCTCTGTC and Mep3 fwdzTGCAGAGGATTGGAGCT'ITI‘

rev:AAGCACATTGCACTCAGCAG) with the resulting PCR product spanning an intron.

Amplifications were carried out with 22, 25 and 30 cycles respectively and an extension time of

30 seconds. PPT_l (TC327380) is highly expressed in roots as demonstrated by Fischer et al.

(1997) and female flowers and expressed more intensively in etiolated tissue compared to green

leaves. In contrast PPT_h (TC349162) is mainly expressed in leaves as are the candidate genes

Mepl (TC319539) and Mep3 (TC343640) and their expression is very low in etiolated tissue.
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Phosphate translocators The transport protein TPT is one of the proteins

with the highest relative spectral abundance in both envelope samples but it is two-fold

more abundant in C4 mesophyll than in C3 type envelopes (Figure 5-4C). TPT is the

most abundant envelope transport protein in C3 chloroplast envelopes because it carries

the major flux of carbon out of the C3 chloroplast during the day. In C4 mesophyll

chloroplasts, the carbon fixation by Rubisco occurs in the bundle sheath plastids and

carbon export can therefore not be the reason for the high relative abundance of TPT.

However, since the bundle sheath chloroplasts are deficient in reduction equivalents due

to limited photosystem II activity (Meierhoff and Westhoff, 1993), the reduction of 3-

phosphoglycerate to triosephosphate occurs in mesophyll chloroplasts (Majeran et al.,

2005). Since one exchange of the reduced for the oxidized form is necessary for each

carbon fixed by Rubisco, the flux through the C4 TPT is at least threefold as compared to

the C3 TPT, where only one exchange is required for three fixed carbon units for export

(Figure 5-1). Compared to the C3 TPT, the C4 TPT exchanges 3-PGA rather than

phosphate for triosephosphate (Figure 5-1) and may thus be specifically adapted to its

new role. Interestingly, this protein is reported to be more abundant in C4 mesophyll

chloroplast membranes compared to bundle sheath chloroplast membranes (Majeran et

al., 2008) although TPT has to also export carbon from bundle sheath chloroplasts. In C4

PCA-type chloroplasts, phosphoenolpyruvate (PEP) has to be exported from the

chloroplast with a rate slightly exceeding the rate of carbon fixation (Laisk and Edwards,

2000). In C3 chloroplasts, PEP transport is a minor flux and the PEP phosphate

translocator (PPT) was initially identified in maize endosperm and characterized from
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cauliflower buds (Fischer et al., 1997). This PPT identified in maize is highly expressed

in roots and the female flower and not higher expressed in green leaves compared to

etiolated tissue (Figure 5-Sl). Orthologues of this PPT are expressed in leaf tissue of the

C3 plant Arabidopsis thaliana (Knappe et al., 2003; Vol] et al., 2003), albeit at low

levels. The maize mesophyll chloroplast envelope samples contain an isoform of PPT

that is among the three most abundant proteins in this sample (Tables 5-Sl and Figure 5-

4C), while in pea PPT belongs to the low-abundance group of proteins. In contrast to the

PPT identified earlier this PPT is expressed highly in leaves, barely detectable in roots

and higher expressed in green than in etiolated leaves (Figure 5-Sl).The massive flux of

PEP required for C02 fixation is mediated by a specific PPT in the C4 leaf and it can

only be maintained by increasing the amount of PPT in the envelopes, as compared to the

envelope of the C3 species pea. This PPT protein is reported to be mesophyll specific

(Majeran et al., 2008) in accordance with a role in C4 photosynthesis.

The demands for two of the four high volume fluxes necessary for C4

photosynthesis (triosephosphate vs. 3-phosphoglycerate and PEP vs. Pi) are thus

accommodated by increased amounts of the respective transport proteins and hence

increased Vmax. The pentose phosphate translocator XPT could only be identified in the

C3 envelope sample and a GPT was not detected in either experiment.

Dicarboxylate translocators The envelope proteome of C4 mesophyll

chloroplasts contains a higher percentage of proteins from the dicarboxylate translocator

(DiT) family (Weber et al., 1995). Proteins of both the glutamate/malate exchanger type,

DiT2 (Taniguchi et al., 2002; Renne et al., 2003), called DCTl and DCT2/3 in maize

(Taniguchi et al., 2004), and of the 2-oxoglutarate/malate exchanger family, DiTl
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(Weber et al., 1995), called OMT in maize (Taniguchi et al., 2004), are enriched. These

transport proteins connect cytosolic and plastidic nitrogen metabolism through a two-

translocator mechanism in C3 plants (Woo et al., 1987; Weber and Fltigge, 2002; Renne

et al., 2003) with DiTl and DiT2 also playing a major role in photorespiration (Taniguchi

et al., 2002; Renne et al., 2003; Schneidereit et al., 2006). Their function in C4

chloroplasts, such as those of maize mesophyll cells, is less well understood. There is

controversial evidence with respect to their mRNA accumulation patterns in mesophyll

cells (Renne et al., 2003; Taniguchi et al., 2004; Sawers et al., 2007). The protein

accumulation pattern indicates higher expression of OMT and DCTl in mesophyll

chloroplast membranes and higher expression of DCT2/3 in bundle sheath chloroplast

membranes (Majeran et al., 2008) (Table 5-S4) The DiT family members have been

proposed to play a role in central nitrogen metabolism (Renne et al., 2003) and, for OMT

of the DiTl family, to be the oxaloacetate/malate shuttle that is needed for core C4

photosynthesis (Figure 5-1) (Taniguchi et al., 2004). Currently, the in viva function of

DiTs in C4 plants remains unclear, although their higher abundance in C4 compared to

C3 may suggest C4 photosynthesis causes higher fluxes of their cargo metabolites.

Especially the role of the additional DiT2 family member DCT2/3 present in the bundle

sheath of maize has not been elucidated as the connection of nitrogen metabolism only

requires two translocators and the function as an oxaloacetate/malate shuttle has only

been proposed for OMT of the DiTl family. In both samples, all members of the

respective DiT families were identified.

Outer envelope porins The higher metabolite flux across the inner

envelope of C4 chloroplast necessitates a comparably high flow through the outer
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envelope. Two outer envelope porins, OEP24 and OEP37, both occupy a larger

percentage of the spectral count in C4 mesophyll envelopes. In vitro, OEP24 transports

triosephosphates and dicarboxylates and is thus perfectly suited to accommodate the

metabolite fluxes needed for core C4 photosynthesis (Pohlmeyer et al., 1998). OEP37 has

been shown to transport inorganic cations in vitro but in vivo substrates have not yet been

established since the corresponding knockout mutant in the C3 plant Arabidopsis does

not display an apparent phenotype (Goetze et al., 2006). In contrast, the regulated outer

envelope porin, OEP21 (Bolter et al., 1999), is reduced in relative abundance (Table 5-

S3), although not among the top twelve reduced proteins. It may be reduced since the

regulation, which allows fine-tuning of the metabolite flow across the C3 envelope by the

supply of ATP, 3-phosphoglycerate, and triosephosphate, may hinder metabolite

exchange under C4 conditions. OEP16, an outer envelope protein which also forms a

channel through the membrane, likely transports amino acids (Pohlmeyer et al., 1997). In

contrast to the other outer envelope porins identified, this protein does not differ in

relative spectral abundance between C3 and C4 PCA-type chloroplasts. The adaptations

of the outer envelope proteins apparently reflect the changes in metabolite flux,

indicating that the flux across the outer envelope might be limited and regulated by its

proteins.

Other transport proteins Although metabolite transport proteins appeared to

be generally increased in C4 mesophyll chloroplast envelope over C3-type envelopes,

two proteins with unknown function, such as a putative ABC type transport protein and a

protein of unknown function predicted being anchored to the membrane were absent from

the C4 sample. In addition to the phosphate and dicarboxylate translocators, the C4
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mesophyll envelopes contain more ATP/ADP translocator protein as compared to C3

envelopes from pea. Mesophyll chloroplasts have a high demand for ATP since the

regeneration of the primary C02 acceptor, PEP, from pyruvate requires two ATP for

each reaction. Since mesophyll chloroplasts are the source of reduction equivalents for

both mesophyll and bundle sheath chloroplasts, cyclic electron transport may be limited

in favor of linear electron transport, thus reducing the availability of ATP in the

chloroplast stroma. This limitation could be overcome by importing ATP from other

sources into PCA-type chloroplasts. Within the group of proteins that are more abundant

in maize mesophyll compared to pea C3 chloroplast envelopes are also four proteins of

unknown function. Of these proteins one has one, three have four, and one has twelve

predicted transmembrane helices. This study, complemented by data from (Majeran et al.,

2008) allows us to posit hypothesis about proteins catalyzing additional C4 metabolite

fluxes. Mepl, a protein with twelve predicted transmembrane helices, is enriched in C4

mesophyll compared to C3 envelopes and its protein accumulates evenly between

mesophyll and bundle sheath. Moreover, its mRNA accumulates mainly in green leaves

(Figure 5-Sl). This pattern of expression fits to the pyruvate transport protein which

carries a higher load in C4 plants compared to C3 plants and is needed in both mesophyll

and bundle sheath chloroplasts. Mep3 and Mep4, a pair of closely related proteins with

four predicted transmembrane helices of which one accumulated predominantly in the

bundle sheath and the other in mesophyll tissue, are also candidates for the pyruvate

transporter since they are both elevated in C4 compared to C3. In contrast, Mep2

accumulates mainly in the mesophyll and hence is a candidate for an oxaloacetate/malate

shuttle if that function is not fulfilled by a member of the DiT family. The protein

160



sequence and predicted structure of all candidate proteins is unrelated to any

characterized proteins.

Apart from being strong candidates for catalyzing metabolite fluxes across the

maize mesophyll chloroplast envelope, which are increased to transfer core C4

photosynthesis metabolites, proteins of unknown function may carry fluxes which are

increased as a byproduct of the C4 syndrome. For example, sulfur metabolism seems to

be differentially localized in C4 chloroplasts between mesophyll and bundle sheath

(Majeran et al., 2005) and therefore may require abundant transfer proteins. A

comparison of bundle sheath with C3 chloroplast envelope membranes may be necessary

to identify a candidate for the malate importer of bundle sheath chloroplasts.

Conclusions

The comparison of the C4 mesophyll and C3 chloroplast envelopes proteomes has

revealed differences beyond the expected changes in metabolite transport proteins needed

to support core C4 photosynthesis including major changes in the outer envelope. The

molecular nature of the phosphate translocators involved in C4 photosynthesis was

established and a number of candidate proteins for the additional fluxes were identified.

Similar to what is observed during the transition from C3 to CAM metabolism in

Mesembryanthemum crystallinum (Hausler et al., 2000), the abundance of chloroplast

envelope membrane transporters is adjusted to meet the high metabolic flux rates

demanded by C4 photosynthesis. To date, metabolite transport proteins have not been

included in efforts to reengineer C4 photosynthesis. This analysis points to a greater role

of the chloroplast outer and inner envelope membranes at least in mesophyll tissue for

establishing the C4 carbon concentrating mechanism than previously assumed.
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Limitations in metabolite exchange across the chloroplast envelope may well have

hampered efforts to establish C4 photosynthesis in C3 crop plants.

Supplemental Material

Supplemental Data Table S-Sl. Proteins identified in C4 PCA-type maize chloroplast

envelope membranes. The table lists proteins identified, number of spectra mapping to

each maize accession number, annotation, classification, number of membrane spanning

domains, targeting prediction, and previous identifications in other proteomics studies.

Supplemental Data Table S-SZ. Proteins identified in C3-type pea chloroplast envelope

membranes. The table lists proteins identified, number of spectra mapping to each maize

accession number, annotation, classification, number of membrane spanning domains,

targeting prediction, and previous identifications in other proteomics studies.

Supplemental Data Table 5-S3. Percentage of total spectral counts for each protein

identified in C4 PCA-type and C3-type chloroplasts of maize and pea, respectively.
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Identification and characterization of a metabolite transport protein involved in

photorespiration: the chloroplastidic glycerate glycolate carrier Mepl
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Introduction

The photorespiratory pathway is the refixation of phosphoglycolate produced by

the oxygenation reaction of Rubisco (Ogren, 1984). The active center of Rubisco enables

not only the carboxylation of ribulose-l,5-bisphosphate to form two molecules of 3-

phosphoglycerate (3-PGA) but also an oxygenation reaction with 02 which produces one

molecule of 3-PGA and one of phosphoglycolate (Schneider et al., 1992; Kellogg and

Juliano 1997). The side reaction is caused by the stereochemistry of the active center

(Wingler et al., 2000). Therefore a recycling process for carbon lost to phosphoglycolate

has evolved which is called the photorespiratory pathway. This pathway is a highly

compartmented process and uses enzymes located in chloroplasts, peroxisomes and

mitochondria (Ogren, 1984). Phosphoglycolate is dephosphorylated in the chloroplasts

(Somerville and Ogren, 1979b) and glycolate leaves the chloroplasts and enters the

peroxisomes (Ogren, 1984). A candidate transport protein was characterized

biochemically (Young and McCarty 1993). The glycolate glycerate carrier transports

glycolate and glycerate depending on a pH gradient across the membrane (Young and

McCarty, 1993). The transport is not a strict counter-exchange but the presence of the

second substrate on the opposite side of the membrane stimulates transport (Howitz and

McCarty, 1986; Howitz and McCarty, 1991). After glycolate is imported into

peroxisomes it is oxidized to glyoxylate and transaminated to glycine with either serine

or glutamate as the donor of the amino group (Somerville and Ogren, 1980; Ogren,

1984). Glycine is moved to the mitochondria where it is decarboxylated by a multi-

subunit complex to finally form serine (Somerville and Ogren, 1981; Somerville and

Ogren, 1982). At this point photorespiration is coupled to one-carbon metabolism since
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the decarboxylation produces methyl-THF (Collakova et al., 2008). Serine is exported

from the mitochondria and reenters the peroxisomes where it is deaminated to

hydroxypyruvate (Somerville and Ogren, 1980). Photorespiration is coupled to ammonia

fixation in the chloroplasts (Weber, 2004; Linka and Weber, 2005). The exchange of 2-

oxoglutarate and glutamate across the chloroplast envelope is necessary for efficient

photorespiration probably to balance the amount of amino donors and —acceptors as well

as free ammonia (Weber, 2004; Linka and Weber, 2005). Hydroxypyruvate is reduced to

glycerate and has to be re-imported into chloroplasts where it can be phosphorylated to 3-

PGA and reenter photosynthetic carbon reduction (Ogren, 1984). The reentry may be

catalyzed by the same protein which mediates glycolate export and is also driven by a pH

gradient (Howitz and McCarty, 1986; Howitz and McCarty, 1991; Young and McCarty,

1993). The compartmentation of the enzymes in different compartments as well as the

connection to ammonia fixation necessitates a large number of transport steps. Although

the last enzyme involved in photorespiration has been identified recently (Boldt et al.

2005) only the transport proteins for 2-oxoglutarate and glutamate which are only

peripherally associated with photorespiration have been identified at the molecular level

(Somerville and Ogren 1983; Weber et a1. 1995; Renne et al. 2003). No transport protein

for core photorespiratory metabolites has been identified at the molecular level.

Co-expression of proteins involved in the same pathway is a well known concept

in bacterial operons which recently has been applied to eukaryotes (e.g. (Reumann and

Weber, 2006)). The operon structure of many genes in procaryotes which leads to

coordinated gene expression has enabled researches to identify additional genes is a

pathway once the first member of an operon was characterized (Overbeek et al., 2005).
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Although eukaryotic genes are generally not spatially arranged into clusters according to

metabolic pathways, the expression of genes involved in one pathway is frequently

regulated coordinately (Horan et al., 2008).

In this work a transport protein for photorespiratory metabolites at the chloroplast

envelope was identified. We describe the identification of a candidate transport protein

for photorespiratory metabolites based on publicly available microarray data. The

intracellular localization of the candidate transporter was determined and both mutant

analysis as well as localization allowed us to pinpoint the molecular function. It was

attempted to demonstrate biochemical function.

Materials and Methods

Co-expression analysis

The photorespiratory genes were extracted from TAIR based on the predicted or

annotated function and confirmed through literature review whenever possible. For each

gene, publicly available microarray data was queried through the CSB.DB (Steinhauser et

al. 2004). The lists of genes were manually screened for membrane proteins by

comparing Arabidopsis genome identification codes with ARAMEMNON (Schwacke et

al. 2003). The membrane proteins were compiled into lists and retested when additional

databases became available. Finally, Pearson and Spearman correlation coefficients were

extracted from the plant expression database (Horan et al. 2008) for photorespiratory

genes and Mepl. In parallel, microarray datasets were assembled and clustered

hierarchically according to (Reumann and Weber 2006) to determine how

photorespiratory genes cluster compared to the complete genome.
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Molecular Biology

The -1.5kb upstream gene region of Mepl (Atlg32080) was amplified and cloned

directionally into pENTR-SD-TOPO. The insert was mobilized into pMDCl63 with LR

clonase (Invitrogen) and the resulting construct was transferred to Arabidopsis by

Agrobacterium tumefaciens mediated transformation with the floral dip method (Bent,

2000). Transformed plants were selected; the T3 generation was rescreened on

hygromycin and subjected to staining at suitable developmental stages. Staining was

carried out as described in (Knappe et al. 2003). Plant were fixed with 3.7%

formaldehyde in 80% ethanol, destained, and maintained in 80% ethanol.

A C-terminal GFP fusion was created by amplifying the coding region of Mepl

and cloning the product into pDONR221. The insert was mobilized into pMDC83 and

transiently expressed in tobacco leaves according to (Waadt and Kudla 2007).

The insertion line was isolated and verified according to the recommendations

from the SALK center. Total RNA was prepared according to (Knappe et al. 2003),

cDNA synthesis and PCR amplification of targets with the S8111 Polymerase (NEB) was

carried out according to the manufacturer’s instructions with 35 amplification cycles. The

insertion mutant line was maintained at elevated C02 concentrations for improved

growth and seed set.

Metabolite analysis

Plants were grown with a 12h light, 12 hour dark cycle at 3000ppm CO2 with

100uE light intensity for four to six weeks and watered as needed with half strength

Hoagland’s solution. For metabolite analysis, the complete rosette was harvested, shock

frozen in liquid nitrogen and ground to a fine powder before being aliquoted under liquid
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nitrogen. For metabolite analysis, approximately 100mg of tissue (fresh weight) was

extracted with 700ul methanol and 700ul chloroform. The chloroform fraction was

discarded. For LC-MS/MS analysis, the methanolic extract was analyzed according to

(Lu et al., 2008) except that standards were also prepared in methanol. For GC-MS

analysis, the methanolic extract was dried and derivatized according to (Fiehn et al.,

2001). Derivatized metabolites were separated for 30 minutes on HP5 columns.

Metabolites were identified by co-elution with standards and by fractionation pattern and

quantified with external standard curves of complex standards.

Results

Identification of candidate transport proteins for photorespiratory metabolite flux

Co-expression of genes has been used successfully to identify genes involved in

the same pathway (Reumann and Weber, 2006). The enzymes known to be involved in

the photorespiratory pathway were used to query publicly available co-expression

databases. These genes belong to a large cluster of 100 to 150 genes depending on the

clustering method which includes genes involved in photorespiration, photosynthesis and

chloroplast function (Horan et al., 2008). The co-regulation coefficients for both the

Spearman (S) and the Pearson (P) fimctions between the photorespiratory enzymes were

annotated and a large number of genes involved in photorespiration are indeed co-

expressed (Table 6-1).
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Phosphoglycolate phosphatase is co-expressed with all genes for the pathway

except the L-subunit of GDC and glycerate kinase (Table 6-1). For the enzymes where

several isoforms of the enzymes exist, only one is strongly co-expressed with other

photorespiratory genes. Of the five isoforms encoding enzymes for glycolate oxidation

only AtGOXl is strongly correlated (AtGOX2 is indistinguishable due to the probe on

the ATHl chip) whereas the other four candidate genes show no co-expression with other

photorespiratory genes (Table 6-1 and data not shown). Likewise only GGT1 but not

GGT2, only one isoform each of the subunits of GDC and only the SHM isoform is co-

expressed. Afier co-expression between the enzymes involved in photorespiration was

established, proteins of unknown filnction which have a co-regulation coefficient of at

least 0.9 in either the Pearson or the Spearman correlation were tested for the presence of

predicted membrane spanning helices. One protein of unknown function (Mep1) was

both co-expressed with genes involved in photorespiration and had twelve predicted

membrane spanning helices.

Mepl is expressed in green tissues only

After the co-expression analysis revealed AtMep1 to be a candidate for a transport

protein involved in photorespiration, the expression pattern was tested experimentally. A

promoterzzGUS fusion expressed stably in Columbia-0 background was stained only in

tissues and organs containing chloroplasts in all developmental stages tested. A total of

eight lines were analyzed 'with seven lines showing identical patterns and no GUS

activity visible in the eighth line. In the seedling stage, both cotyledons were stained

strongly, with the hypocotyl stained weaker and the primary root remained white.
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Figure 6-1: GUS expression pattern of a P(Mepl)::GUS fusion - this image is presented in

color

In adult plants of the vegetative stage, all rosette leaves stained although the major

veins of leaves and the center of the rosette around the meristem show less GUS activity

(Figure 6-1D). As in the seedling stage, the roots remain white although small patches of

GUS activity were occasionally observed in single plants. Within the flower, GUS

activity is confined to green tissues (Figure 6-1A and B). The sepals but not the petals or

the stamen show blue staining. In siliques the GUS staining is confined to the tip and the

base of the siliques in various stages of ripening but the green silique walls showed no
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GUS activity (Figure 6-1C). This expression pattern agrees with data extracted from the

AtGenExpress database of publicly available microarrays where the highest expression is

detected in rosette leaves and the stem with moderate expression in flowers and very low

expression in roots, pollen and siliques (Figure 6-1A and B).

The Mep1 insertion mutant shows a visible phenotype in ambient air

 

 

  

A

T-DNA

. ITTE
—m [ l-‘I I—l:l-—l:l—E:l—1:H:l—l:l:l—

B Mep1 actin

+RT -RT +RT -RT
  

 

Figure 6—2: Isolation of a Mep1 insertion mutant; Structure of the Mepl gene (Atlg32080) and

insertion site of the SALK line (A); Mepl specific transcripts are undetectable in the insertion

mutant of Mepl mepI-I (B); the insertion mutant mepl-I shows a distinct phenotype (C); this

image is presented in color
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Figure 6-2 (cont’d)

C mep1-1 Col-0

 

To elucidate the in planta function of Mep1 an insertion line in the gene was

isolated from the SALK collection. Although the SALK insertion is localized in an intron

of the gene (Figure 6-2A), no mRNA was detected in saturated RT—PCR (Figure 6-2B).

The plants show a strong visible phenotype if grown in ambient air with at least 14 hour

light periods (Figure 6-2C). Leaves start to yellow in the regions between the veins and

finally bleach out but stay green along the veins. Young leaves are not affected. It was

observed that the phenotype is conditional both based on the C02 content of the

surrounding air and the light intensity and light period. The Visible phenotype is

completely suppressed by supplying the plants with at least 3000ppm C02 independent

of the light conditions. In ambient air, increasing the light intensity or increasing the day

length aggravates the phenotype which is always visible at day lengths greater than 14

hours with a light intensity greater than 80 uE after at least five days of exposure. Once

the phenotype occurs, it cannot be reversed by decreasing the light intensity or increasing

the carbon concentration. Newly emerging leaves however do not display the phenotype
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if kept under non-inducing conditions. The visible phenotype of mep]-1 can be

complemented by introducing a 3.5kb genomic DNA fragment which contains the full

length gene and its native promoter.

A biochemical phenotype is observed even under non-inducing conditions

To understand the underlying biochemical condition of the visible phenotype and

the basis of suppression in air enriched in C02, steady state metabolite concentrations

were determined. Three time points were chosen. Since the phenotype is aggravated by

increasing light duration, all samples were taken in the evening based on the hypothesis

that metabolites accumulate with increasing day length. Initial measurements were taken

of plants grown in C02 enriched air. Plants were shifted to ambient air at 80 uE and after

two days (no phenotype visible) and after five days (at the onset of phenotype) whole

rosettes were harvested. The steady state concentrations of amino acids were determined

from liquid methanolic extracts, organic acids and simple sugars were measured from

dried and derivatized metabolite extracts.
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Figure 6-3: Metabolite accumulation in the Mepl mutant compared to wild type on a shift

from 3000ppm C02 to ambient air; metabolites were measured for plants kept at high C02 and

after two and five day shift to ambient air; all values are measured in umol/ g fresh weight except

hydroxypyruvate which is shown as arbitrary units; glycolate (A), glyoxylate (B), glycine (C),

serine (D), hydroxypyruvate (E) and glycerate (F);
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All amino acids were measured as well as the following organic acids: glycolate,

hydroxypyruvate, glycerate, organic acids of the TCA cycle except for oxaloacetate. The

five metabolites showing the biggest change are those involved in photorespiration

(Figure 6-3). Glycerate and glycolate accumulate to high levels already under high C02

conditions (Figure 6-3A and F). Glycolate accumulates eight fold and increases to sixteen

fold when shifted to ambient air. Glycerate accumulates twenty fold initially and

increases to forty fold when shifted. Three other metabolites, glycine, serine and

hydroxypyruvate, are rather similar to wild type as long as plants are kept in high C02 air

but start to accumulate to higher levels than wild type once plants are shifted (Figure 6-

3C, D and E). Glyoxylate is not significantly different (Figure 6-3B). The highest

accumulation of metabolites is measured two days afier the shift and metabolite

concentrations start to decline at the five day time point. To gain a more dynamic picture

of the metabolite accumulation pattern and to exclude that the accumulation of

metabolites measured was the result of a pleiotropic effect, a detailed time course of

plants grown under high C02 conditions and of plants shifted to ambient air was

measured. Both glycolate and glycerate accumulate in a light dependent pattern already

under high CO2 conditions (Figure 6-4 A and E). Glycolate levels at night are

comparable to wild type levels and rise in the course of the day to the highest point in the

evening (Figure 6-4 A). Glycerate levels remain at a high level even during the night but

rise during the day (Figure 6-4 E). As demonstrated in before, glycine, serine and

hydroxypyruvate are similar to wild type levels when plants are incubated in high C02.

Serine is the only one of the photorespiratory metabolite which displays changes in wild
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type upon shift to ambient air; the levels approximately double. Glycine, serine and

hydroxypyruvate levels increase upon shifting the plants but hydroxypyruvate and serine

do not display daylight dependent accumulation but continue to accumulate during the

initial measurement during the night before they fall, and start accumulating again on the

second day of ambient conditions. All plants show no visible phenotype during the

experiment and only start to develop yellow leaf areas on day five of the shift to ambient

air.
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Figure 6-4: Time course of metabolite accumulation in the Mep1 insertion line compared to

wild type upon shift from 3000ppm (until 24 hours) to ambient air (30 hours till end); all values

are measured in umol/ g fresh weight except hydroxypyruvate which is shown as arbitrary units;

glycolate (A), glycine (B), serine (C), hydroxypyruvate (D) and glycerate (E)
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Mepl is localized to the chloroplast envelope

 

Figure 6-5: Mepl is localized in the chloroplast envelope; fluorescence of GFP (A); chlorophyll auto-

fluorescence (B) and the overlay of both (C); this image is in color

Mep1 was localized as a C-terminal GFP fusions protein. The fusion of Mep1 was

expressed transiently in tobacco leaves under a 3SS-CaMV promoter. The fluorescence of

GFP forms circles (Figure 6-5A) which surround the chlorophyll auto-fluorescence

(Figure 6-5B). The fluorescent circle of GFP is not a complete circle since several

openings remain. Prolonged overexpression leads to accumulation of fluorescent protein

in the cytosol.

Discussion

None of the transport proteins involved in transport of core photorespiratory

metabolites has been characterized at the molecular level. Due to the high level of

compartmentation, several transport processes are needed at the organellar membranes; at

the chloroplast envelope glycolate has to be exported while glycerate is imported, the

peroxisomal membrane is crossed by not only glycolate and glycerate but also glycine

and serine, and the mitochondria need to import two molecules of glycine while only one
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serine is exported (Ogren, 1984). We report the identification of a protein with twelve

predicted transmembrane helices which is co-expressed over a wide range of conditions

with other photorespiratory genes (Table 6-1). The correlation coefficient is similar to the

ones of other photorespiratory genes except glycerate kinase which is not co-expressed at

all. All other photorespiratory genes correlate well with each other and with Mep1.

However, the photorespiratory genes are part of a larger cluster comprising many genes

involved in photosynthesis (Horan et al., 2008) (Weber APM, unpublished). Co-

expression analysis was successfully used to identify a candidate transport protein for

photorespiratory metabolites. The experimentally determined expression pattern of Mepl

agrees well with expression data gathered in different Affymetrix experiments (Figure 6-

1) (Schmid et al., 2005; Winter et al., 2007). The gene is exclusively expressed in green

tissues with the strongest expression in leaves (Figure 6-1) (Schmid et al., 2005; Winter

et al., 2007).

An insertion mutant line was isolated as a tool to analyze the metabolic

consequences if the transport protein is absent from the cell. The visible phenotype is

unlike that of known photorespiratory mutants which are frequently lethal when grown

under ambient air (Somerville and Ogren, 1979b; Somerville and Ogren, 1979a;

Somerville and Ogren, 1981). The visible phenotype of mepl-1 was compared to the one

of shm]-1 which is impaired in the mitochondrial production of serine during

photorespiration (Voll et al., 2006). ShmI-I yellows under ambient air but dies before

developing bleached leaf regions. But when grown under high light conditions, shmI-1

mimics the phenotype of mep]-1 , thus demonstrating that the visible phenotype of

photorespiratory mutants is variable with varying light conditions. Comparison of the
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visible phenotype with the expression pattern of the gene showed that the bleached

intercoastal regions do not correspond to the expression domains of the protein (Figure 6-

1) indicating that the bleaching is a secondary effect of the mutation. After establishing

that mepI-1 is a likely photorespiratory mutant, a detailed phenotypic analysis was

initiated. To avoid pleiotropic effects caused by the yellowing and bleaching of the leaf

regions and the concomitant slower growth, plants were kept under non-inducing

conditions and the steady state metabolite content was analyzed after two and five days of

shift to ambient air. Although a photorespiratory phenotype was suspected, the metabolite

analysis was unbiased covering all amino acids, all TCA cycle organic acids except

oxaloacetate and the photorespiratory intermediates glycolate, hydroxypyruvate and

glycerate, and the sugars glucose, fructose, sucrose and maltose. The suppression of

pleiotropic phenotypes was successful. Of more than forty metabolites, major changes

were recorded only for those metabolites which are intermediates of one pathway, the

photorespiratory pathway (Figures 7-3 and 7-4). The detailed time course allowed

resolving the accumulation kinetics for all metabolites and again, the biggest changes

were recorded for photorespiratory intermediates (Figure 6-4). Notably, the biggest

change is recorded in the two metabolites which have to cross the chloroplast envelope,

the glycolate which needs to be exported from the chloroplast and the glycerate which

needs to be re-imported from the cytosol to be converted to 3-phosphoglycerate. The

analysis of transiently expressed proteinzzGFP fusions indicated that Mepl is localized to

the plastid envelope (Figure 6-5). This finding is supported by localization programs such

as TargetP which assign a canonical target peptide for the chloroplast at the protein N-

tenninus and also by various chloroplast envelope proteome projects in which Mepl is
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identified as a chloroplast envelope protein (Ferro et al., 2003; Froehlich et al., 2003;

Brautigam et al., 2008). The other intermediates involved in photorespiration only

accumulate alter the flux through the photorespiratory pathway is increased by lowering

the C02 concentration which has been shown also for other photorespiratory mutants

(Boldt et al., 2005). The steady state levels of metabolites measured do not reflect the

flux through the pathway, they only indicated the pool size of a metabolite at a given time

point. In absolute measure, the largest metabolite accumulation by far is in the glycerate

pool during the day (Figures 7-3 and 7-4). The main pathway to metabolize

photorespiratory glycerate in the leaf is the chloroplast localized glycerate kinase. The

insertion mutant in glycerate kinase also shows glycerate accumulation in ambient air

(Boldt et al., 2005). The time course of metabolite accumulation indicates that the

decreasing pool size of glycerate is accompanied by increasing pool sizes of

hydroxypyruvate and serine during the night in ambient air (Figure 6-4) which may

indicate that glycerate is metabolized by extraplastidial enzymes such as

hydroxypyruvate reductase and that the hydroxypyruvate pool is equilibrated with the

serine pool by transamination reactions. Thus the increasing pool sizes of

photorespiratory metabolites other than glycolate and glycerate may be caused by a block

in glycerate metabolism.
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Figure 6-6: Schematic representation of photorespiration.

At first glance, it is counterintuitive why both the initial intermediate leaving the

chloroplast, glycolate, and the final intermediate entering the chloroplast, glycerate,

accumulate in the map]-1 mutant. However with a pathway as compartmented as

photorespiration not only the linear pathway but also its compartmentation has to be

considered. Mepl is a chloroplast envelope localized protein which is only expressed in
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green tissues. McCarty and coworkers described biochemically a protein which is capable

of transporting glycolate and glycerate and which does not depend on stochiometric

exchange but rather on a pH gradient across the envelope membrane (Howitz and

McCarty, 1986; Howitz and McCarty, 1991; Young and McCarty, 1993). If this protein

were mutated, both the export of glycolate as well as the import of glycerate would be

disturbed. With many transport protein mutant, mild phenotypes are reported. Unlike

enzymes, most transport proteins have comparatively broad substrate specificities but

display high affinity for their in vivo substrates. However, if a mutation causes high

metabolite accumulation, a transport protein with low affinity may now be able to

transport a substrate it did not under wild type conditions. In addition, small acids are

known to cross the envelope independently of transport proteins. Hence, glycolate

accumulating in the chloroplast due to the absence of Mepl may accumulate only to the

level at which free diffusion or another transport protein moves it out of the chloroplast.

Once glycolate is available in the cytosol, photorespiration can occur as in wild type until

glycerate is produced in peroxisomes. It can no longer be imported to the chloroplast

where the final enzyme involved in photorespiration in localized (Boldt et al., 2005).

Unlike glycolate, glycerate accumulates to higher levels in the cell which only decline to

a defined limit during the night before accumulating again once flux through

photorespiration resumes. The overnight decline in glycerate is accompanied in a rise in

its precursors, hydroxypyruvate and serine, which may reflect on the pathway which

glycerate takes during the night. The combined evidence of expression pattern, protein

localization and phenotype analysis points to Mepl as the glycolate glycerate carrier of

the chloroplast envelope. To conclusively proof its function, a biochemical
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characterization is necessary. Four different systems to characterize the protein

biochemically were tested. The availability of mutant and wild type plants enables a

transport analysis on whole chloroplasts. Previous work in wheat and pea indicates that

chloroplasts evolve oxygen if fed with glycerate since the 3-phosphoglycerate formed by

glycerate kinase can be reduced to triosephosphate thus consuming reducing power and

resupplying linear electron transfer with NADP (Heber et al., 1974). Unfortunately, the

assay requires fine tuning of ATP, phosphate, and glycerate concentration supplied to the

chloroplasts during the import assay (Heber et al., 1974). Isolation of metabolite import

competent chloroplasts was successful as indicated by oxygen evolution of chloroplasts

fed with 3-PGA but no conditions could be established where wild type chloroplasts

evolved oxygen when fed with glycerate. It was also attempted to express the protein

heterologously in different systems for reconstitution assays in artificial liposomes. Many

transport proteins were characterized after expression in Saccharomyces cerevisiae

(Loddenkotter et al., 1993; Fischer et al., 1994; Weber et al., 1995; Kammerer et al.,

1998; Eicks et al., 2002). For Mep1 neither expression with a C-terminal nor an N-

terrninal histidine tag proved successful despite optimizing the translation initiation.

Changing the 5’ end of the construct as suggested in (Klepek et al., 2005) to improve

RNA stability and/or translation initiation did not improve expression. Expression in a

bacterial system was also attempted since membrane transport proteins have also been

reconstituted successfully from bacterial protein extracts (Fierrnonte et al., 2001; Picault

et al., 2002; Palmieri et al., 2008). Both C-terminal and N-terminal fusion proteins which

did or did not carry a T7 tag for improving expression did not lead to detectable amounts

of protein. Expression conditions were varied for length of induction and growing
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temperature without any success. Autoinduction has been reported as a possible strategy

to overcome protein toxicity in heterologous expression (Studier, 2005). Autoinduction

was tested instead of induction by IPTG without any success. Novel bacterial strains

optimized for membrane protein production (Miroux and Walker, 1996) did not lead to

protein expression either. Finally, an in vitro protein expression system was established

based on protocols from (Schwarz et al. 2007). In this system, transcription is initiated

from a T7 promoter by T7 polymerase and translation is carried out with an Escherichia

coli extract. Amino acids and nucleotides are supplied to the transcription/translation

assay by dialysis (Schwarz et a1. 2007). This system has been used successfully to

express membrane proteins which had proved recalcitrant to expression before

(summarized in Schwarz et al., 2007). Three different membrane proteins were

successfully expressed but expression of Mepl with different tags for detection lead to no

detectable protein expression and instead frequently caused the complete assay mixture to

precipitate from solution. It has not been possible to analyze Mep1 biochemically since

all attempts to produce protein for reconstitution remain unsuccessful. Possibly, the high

hydrophobicity of Mep1, a protein with twelve transmembrane helices and virtually no

hydrophilic loops causes the protein to aggregate in non-native expression systems. Plant

cells may express chaperones to keep highly hydrophobic proteins in solution prior to

insertion into the membranes.
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Dynamics of the membrane systems surrounding the chloroplast stroma revealed by

proteomics and GFP fusion proteins
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Abstract

The soluble stroma of plastids is surrounded by a two membrane systems, the

outer and the inner envelope. Traditionally, the plastid has been considered completely

separated from the remainder of the cell but recent evidence has pointed to tight

connections between the chloroplasts and the remainder of the cell. We have developed

Pisum sativum as a model system for organellar proteomics which now allows us to

isolate and compare not only the inner and outer envelopes, but also the newly discovered

plastid associated membranes (PLAMs) and a light microsome fraction representing the

ER. Comparative proteomics showed expected distribution of marker proteins and also

allowed identification of putative markers for PLAMs and revealed remarkable dynamics

of outer envelope proteins. The comparative proteome data constitutes a new resource for

differential localization data for proteins of the chloroplast envelope. Transient

expression of GFP fusions of the candidate PLAM proteins supported PLAM localization

for two membrane bound and one soluble protein. Analysis of GFP fusions of outer

envelope proteins over time showed induction of stromule and vesicle formation with

increasing protein load on the system only for outer envelope proteins but not for inner

envelope proteins thereby identifying a tool for systematic analysis of stromule formation

and function. No proteomic evidence for a role of PLAMs in lipid transfer between the

ER and the chloroplasts was found. However, the data led to a new hypothesis that

PLAMs may represent budding autophagosomes at the tip of stromules and at the

chloroplast envelope.
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Introduction

Chloroplasts are the defining organelles of the Archaeplastida (Adl et al., 2005).

Frequently, the chloroplast has been viewed as a distinct entity, separated from the

remainder of the cell by the membrane system surrounding the chloroplast, the inner and

the outer envelope membranes. The inner envelope is the true barrier to solute import and

metabolite and ion exchange which are mediated by a number of specific transport

proteins (Weber, 2004; Weber etal., 2005; Weber and Fischer, 2007). The outer envelope

is relatively permeable to small solutes by way of a number of porins with a broad

metabolite transport spectrum, but impermeable to molecules larger than lOkDa such as

most proteins (Weber, 2004; Weber et al., 2005; Weber and Fischer, 2007). Most proteins

are imported through a multi-protein complex spanning both the outer and the inner

envelope (Toc and Tic complex). Cargo proteins are addressed to a receptor at the outer

envelope by a chloroplast target peptide (cTP) and are transferred to the stroma through

two protein channels, Toc75 in the outer and Tic110 in the inner envelope (Jarvis and

Robinson, 2004; 8011 and Schleiff, 2004; Kessler and Schnell, 2006). Membrane proteins

of the inner envelope are also imported through this system and inserted either during or

after transit (Li and Schnell, 2006; Tripp et al., 2007). In addition to plastid envelope

proteomics (Brautigam et al., 2008a; Brautigam et al., 2008b) and detailed targeting

analysis (Villarejo et al., 2005; Nanjo et al., 2006) have revealed a number of chloroplast

resident proteins which do not possess a canonical cTP and enter the plastid by other

ways. For example, two soluble enzymes, a carbonic anhydrase and a nucleotide

pyrophosphatase reach the chloroplast stroma through the endomembrane system

(Villarejo et al., 2005; Nanjo et al., 2006), but the targeting from the Golgi compartment

201



to the chloroplast remains unresolved. Two outer envelope proteins, OEP64 (formerly

called Toc64) and OEP7, are both recognized by a protein receptor, AKR2A, and inserted

into the envelope independent of the Toc and Tic complex proteins (Bae et al., 2008).

The binding motif, hydrophobic amino acids arranged in an alpha helix followed by a

stretch of charged amino acids (Lee et al., 2001; Bae et al., 2008), is similar to the

canonical target peptide for the secretory pathway which also consists of a stretch of

hydrophobic amino acids (Fourrier et al., 2008). Only two cargo proteins for this pathway

are known to date, hence no prediction programs are available for the binding motif.

Although the envelope membranes of plastids have often been viewed as static

barriers, they are indeed a remarkably dynamic system. The envelopes can form long

structures protruding from the body of the chloroplast (Gray et al., 2001). These

‘stromules’ are lined by both the inner and the outer envelope and contain stroma but no

thylakoids (Gray et al., 2001; Hanson and Sattarzadeh, 2008). They can extend and

retract and even shed their tip, resulting in a stroma filled vesicle (Hanson and

Sattarzadeh, 2008). Their function is currently not known (Hanson and Sattarzadeh,

2008). The envelope can form vesicles both to the inside as well as to the outside. Plant

viruses can induce the formation of invaginations and eventually vesicles at the envelope

which harbor the virus replication machinery (Hatta et al., 1973; Prod'homme et al.,

2003). Vesicles towards the cytosol are formed when chloroplast proteins are destined for

degradation in the vacuole (Ishida et al., 2008) but the mechanism underlying the

formation of these vesicles is not understood. Finally, advanced microscopy techniques

have revealed that a fraction of the ER is in close contact with the chloroplasts and that

even during chloroplast isolation a fraction of the ER remains firmly attached to the
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chloroplasts (Andersson et al., 2007). This fraction has been named plastid associated

membranes and it has been hypothesized that this may represent a contact site between

the endomembrane system and the plastids (Benning et al., 2006; Andersson et al., 2007).

The production of fatty acids and lipids is dependent on a close and efficient interaction

of two different compartments, the ER and the chloroplast (Benning et al., 2006).

Essentially all acyl chains are produced in plastids and in most plants 85% or more of

these acyl chains must cross the envelope before assembly into glycerolipids.

Furthermore, glycerolipids can be exchanged between both compartments in both

directions (Schnurr et al., 2002; Xu et al., 2005; Awai et al., 2006; Benning et al., 2006;

Lu et al., 2007) and indeed in terms of lipid traffic, the plastid envelope may be the most

active membrane found in biology.

A protocol for separation of outer and inner envelope membranes has been

developed for leaf chloroplasts of Pisum sativum (Cline et al., 1981). The isolation of

outer envelope membranes of suitable quality for proteomics requires large amounts of

leaf material making the adaptation of the protocol for the model plant Arabidopsis

impractical. In this work, we made use of a novel transcriptome database for Pisum

sativum specifically developed to enable organellar proteomics (Brautigam et al.,

2008b).The different membrane systems surrounding the chloroplast, the inner and outer

envelope, plastid associated membranes (PLAMs) and an ER enriched microsome

fraction, were defined by comparative proteomics and the results were integrated with

bioinformatic targeting information. Both the outer envelope membranes as well as the

plastid associated membranes are considerably less static than previously assumed.

Intense protein dynamics through the membrane systems are confirmed by GFP fusion
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proteins. Finally, the distribution of proteins involved in fatty acid and membrane lipid

biosynthesis as well as novel candidate transport proteins are discussed.

Material and Methods

Preparation and analysis of proteome samples

Four different proteome samples from 10-14 days old pea plants were isolated.

Chloroplasts from pea leaves were isolated as described previously (Douce and Joyard,

1979; Keegstra and Yousif, 1986). Inner and outer envelopes were separated as described

by (Cline et al. 1981), plastid associated membranes and ER enriched microsomes were

isolated as described by (Andersson et al., 2007).Membrane samples were mixed with

SDS—PAGE loading buffer and proteins were dissolved by shaking at 15° C for 20

minutes. Proteins were separated by SDS-PAGE and each gel lane was cut into ten

equally-sized slices. The proteins of each slice were digested with trypsin and modified

according to (Shevchenko et al., 1996) and loaded automatically onto a Waters Symmetry

C18 peptide trap (5 pm, 180 um x 20mm) at a flow rate of 4 uL/min in 2%

Acetonitrile/O.1%Formic Acid for 5 minutes by a Waters nanoAcquity Sample Manager.

The peptides were separated on a Waters BEH C18 nanoAcquity column (1.7 pm, 100

um x 100mm) with a 90 minute gradient using a Waters nanoAcquity UPLC and eluted

into a ThermoElectron LTQ-FTICR mass spectrometer with a flow rate of 300 nL/min

(Buffer A = 99.9% Water/0.1% Fonnic Acid, Buffer B = 99.9% Acetonitrile/0.1%

Formic Acid: gradient of 5% B to 40% B from 0 to 63 minutes, 40% B to 90% B from 63

to 71 minutes and 5% B from 71 to 90 minutes). Survey scans at a resolution of 50,000

were used to identify the top ten ions of each survey scan which were then subjected to
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automated low energy collision induced dissociation. A BioWorks Browser v3.2

converted the MS/MS spectra to peaks lists which were compared to a Pisum sativum

cDNA database using the Mascot searching algorithm, v 2.2 (www.matrixsciencecom). 

Carbamidomethyl cysteine was set as a fixed peptide modification and oxidation of

methionine was allowed. Up to two missed tryptic sites were allowed. The peptide

tolerance was set to +/-10ppm and the MS/MS tolerance to 0.8kDa. Mascot results were

imported into Scaffold® for analysis.

Data analysis

Protein identifications were called if at least two peptides were identified of which

each had to be identified itself with 95% probability and the total protein identification

probability was 99%. Identifications of the mixed envelope sample were imported from

PRIDE (Brautigam et al., 2008a) and added into the analysis. For all matches, the closest

Arabidopsis Blast Hit was retrieved and both annotation and categorization is based on

the Arabidopsis protein. Targeting information, structural analysis and prediction of

transmembrane helices were retrieved with the bulk data retrieval tool at TAIR

(wwwarabidopsisorg). A protein was assigned to a membrane system based on its 

absolute spectral count observed in the proteome samples. Having twice as many counts

in one or two categories over the others merited designation with three different

confidence classes [class 1: ratio >twofold, absolute count >10; class 2: ratio >twofold,

absolute count >5; 3 trend] with class 4 referring to identification in three or more

membrane systems.
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GFP fusion protein construction and analysis

For selected proteins, the localization was tested using C-terminal GFP fusion

constructs. The cDNA of interest was amplified from RNA isolated from different

developmental stages of Arabidopsis (young seedling, adult leaves or senescing leaves),

using oligonucleotide primers compatible with the GATEWAY BP reaction system. The

forward primer contained an optimized KOZAK consensus to ensure efficient translation.

After BP reaction, the vectors were isolated and the insert was mobilized into pMDC83

((Curtis and Grossniklaus, 2003). GFP was observed after transient expression in tobacco

leaves (Waadt and Kudla, 2006) and isolation of protoplasts after one, two, three and four

days of leaf infiltration with a Pascal confocal microscope. GFP fluorescence was

isolated with a bandpass filter BP505-550nm; chloroplast fluorescence was filtered with a

longpass filter LP650 and imaged after excitation with an argon laser at 458 and 488nm

with 5% intensity. Pictures represent a single optical slice.
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Results

The overall proteome analysis reveals a distinct protein localization pattern.
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Figure 7-1: Protein distribution across the fractions plotted as number of proteins

determined for each membrane system including targeting predictions from TargetP; IE

inner envelope, OE outer envelope, PLAM plastid associated membrane; multiple localization

cannot be determined because the protein distributes evenly;

Proteomics identified a total of 522 proteins with at least two peptides each

(peptide probability, p<0.05; protein probability p<0.01) (Table 7-Sl). All but six could

be mapped onto an ortholog in the Arabidopsis proteome (Table 7-S1). The localization

of each protein was inferred by comparing its absolute spectral abundance in each sample

(for details see material and methods). Not all proteins could be assigned to one of the

samples. A number of proteins were equally abundant in two adjacent membrane systems
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(i.e., some of the IE/OE localized proteins could not unequivocally be sorted into either

of the categories but were identified in both samples). Twenty proteins were identified

with similar abundance in all samples. The number of protein identifications was not

evenly distributed. Both the inner envelope and the ER enriched microsome fraction

harbored more proteins than the outer envelope and the PLAM samples (Figure 7-1) with

203 proteins in the inner envelope and 117 proteins in the ER-enriched microsomes. For

each of the proteins the localization was predicted from its sequence by TargetP and

plotted onto the overall protein distribution (Figure 7-1). Many of the proteins only

identified in mixed envelopes (Figure 7-1) have canonical target peptides for the Tic and

Toc complex, as do most of the proteins categorized to the inner envelope fraction, and

are identified as chloroplast proteins by prediction programs (Emanuelsson et al., 1999;

Emanuelsson et al., 2000). In these categories, very few are predicted to be targeted to the

endomembrane system or the cytosol. 26% and 28%, respectively, cannot be sorted by

bioinformatics at all and are classified as undefined. These proteins present conflicting

evidence for targeting at their N-terminus and can therefore not be predicted by the

program (Figure 7-1). The 39 proteins assigned to the outer envelope fraction present a

very different prediction pattern. Proteins appear to have very different N-termini most of

which cannot be predicted by the program, resulting in an ‘undefined’ prediction. The 32

proteins of the PLAM fraction present a picture rather like the inner envelope proteins.

The second category with well defined bioinformatics predictions is the fraction of

proteins residing in the ER based on their selective enrichment in the ER-enriched

microsome fraction. This category contains most of the proteins also predicted to be

targeted to the secretory pathway though over half of the proteins cannot be assigned to a
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location by the prediction program. In addition to a few proteins predicted to enter the

chloroplasts, some of the proteins are predicted to localize to the mitochondria. Many of

these are proteins that have already been localized to the mitochondria by various

methods indicating that the ER-enriched microsomal fraction but none of the others also

contains bonafide mitochondrial proteins (Table 7-Sl).

Known residents of the inner and outer envelope

To analyze whether the preparation of the proteome samples had succeeded in

enriching the distinct fractions, the protein import complex (Tic and Toc complex) was

analyzed. It has been studied in great detail in the past three decades and the localization

of the resident proteins has been well established. The outer envelope components are

denoted by Toc for translocon outer envelope of chloroplasts and a number representing

their molecular weight at first analysis and the inner envelope components are denoted as

Tic for translocon inner envelope of chloroplasts and a number. All proteins residing in

the outer envelope based on prior knowledge have their highest spectral abundance in the

outer envelope proteome sample (Figure 7-2).
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associated membranes sample, ‘ER’ light microsome fraction, nd not detected
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They include the import receptor Toc159, the two Toc75 isoforms one of which is

the protein import channel through the outer envelope. Both Toc64 and ToC34 are also

most abundant in the outer envelope sample. The alternative import receptor Toc132 not

only localized to the outer envelope but has been identified in a chloroplast proteome

sample for the first time. Virtually all of the Tocs can also be found in the PLAM

proteome sample with high spectral abundance but not in the ER enriched microsome

fraction. In contrast, the inner envelope components distribute mostly to the inner

envelope proteome sample. Ticl 10, the presumed channel through the inner envelope, as

well as Tic 40 and Tic55 are mainly in the inner envelope (Figure 7-2). One Tic22

isoform presumably localized to the interrnembrane space, but associated with the

transport complex at the inner envelope is also identified in the inner envelope fraction

but the other Tic22 isoform is exclusively localized in the PLAM fiaction (Figure 7-2). In

addition to the proteins of the import complex, known and putative transport proteins and

porins were checked. Members of the mitochondrial carrier family, the putative and

known metabolite transport proteins, and most ATP dependent transport proteins

localized to the inner envelope (Table 7-Sl). Only WBC7, an ATP dependent transport

protein, localized to the outer envelope. All the porins localize to the outer envelope

(OEP37, OEP24) or to the PLAMs (OEP24) but a protein related to OEP16 localized to

the inner envelope.

Proteins of the outer envelope and the plastid associated membranes

Thirty-seven proteins were assigned to the outer envelope, 8 were assigned to

both, the outer envelope and the PLAMs, 32 localized to the PLAM, and 13 were

assigned to both the PLAM and the ER (Figure 7-1). The PLAM fraction contains the
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largest number of proteins that are predicted to be soluble whereas the fraction of proteins

shared between the PLAMs and the ER contains the largest proportion of membrane

protein (Table 7-Sl). In the outer envelope, the proteins with the highest spectral count

are those involved in transport. All known proteins of the Toc complex except Toc120

and all known outer envelope porins for metabolite transport were identified. The only

putative transport protein localized to the outer envelope is the ABC transporter WBC7.

In addition there are a number of proteins with putative functions in fatty acid and lipid

metabolism as well as proteins containing predicted protein-protein interaction domains.

Proteins with a metabolic role other than lipid metabolism include an ascorbate

peroxidase, a glysosyl hydrolase whose target is unknown, hexokinase and a number of

putative enzymes (Table 7-S2). One protein of unknown function consists of only beta

strands (Table 7-S1), but overall no trend towards preferential accumulation of beta-fold

proteins was identified in either of the outer envelope associated fractions (Table 7-S1).

After it became apparent that many fractions also contain known stroma proteins, the

known localizations of proteins (endomembrane system, envelopes, stroma, localization

not classified and protein of unknown function, see Table 7-1) were determined. Whereas

the inner and the outer envelope contain less than ten and less than fourteen percent of

stromal proteins, the fraction of proteins seemingly divided between these two

compartments contains mostly stromal proteins and proteins of unknown fitnction (Table

7-1).
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Table 7-1: Known localizations of proteins assigned to the different fractions; localization

was not classified if it is not known or known to be outside the three criteria (e.g. mitochondrial

for proteins assigned to the ER fraction)

percentage of proteins in each fraction
 

 

classical

localization lE lE/OE OE OEIPLAM PLAM PLAM/ER ER

endomembrane

system 0.5 0.0 2.8 12.5 6.5 69.2 39.6

envelopes 16.8 8.1 25.0 37.5 9.7 0.0 1.1

stroma 9.9 35.1 13.9 37.5 41.9 0.0 0.0

localization not

classified 38.1 32.4 27.8 0.0 16.1 15.4 20.9

pmtei" °f ””kmw" 34.7 24.3 30.6 12.5 25.8 15.4 33.5
funcfion

 

Seven proteins are shared between the OE and the PLAM samples, among them

four enzymes (Table 7-S3). There is a glucosidase known to localize to the OE (Fourrier

et al., 2008), a putative transaldolase, a monodehydroascorbate reductase known to

localize to peroxisomes (Lisenbee et al., 2005; Eastrnond, 2007), and a putative subunit

of the pyruvate dehydrogenase complex. In addition to the enzymes there are also two

isoforms of the outer envelope porin OEP16 (Pohlmeyer et al., 1997) and a protein of

unknown function carrying a prefoldin domain.

The proteins mainly localized in the PLAMs consist mostly of known stromal

proteins and proteins of unknown function (Figure 7-3). There are plastidic ribosomal

proteins (eight) and proteins of unknown function (eight). In addition to proteins involved

in protein biosynthesis there are also three proteins involved in protein folding, two

Hsp60-like proteins and a chaperonin. Three putative enzymes, two different pyruvate

dehydrogenase complex subunits and a dephospho-CoA kinase also localize exclusively

to the PLAMs. The mitochondrial import protein Tom-20 is part of this group as is one of

the Tic22 isoforms identified. Finally, there is a group of proteins with diverse functions,
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the outer envelope porin 24, a putative steroid binding protein, Chupl, a protein involved

in chloroplast positioning, a subunit of plasmamembrane ATPase, cytochrome b5, two

ferritins, and a eukaryotic ribosomal subunit. Many proteins of the PLAM fraction have

canonical cTPs (Figure 7-1).

The third group of proteins is shared between the ER-enriched microsomal

fraction and the PLAMS. Notably, both stromal and envelope proteins are absent from

this fraction (Table 7-2). There are four ATPase subunits, three proteins involved in

protein folding, and two proteins of unknown function. A VDAC-like porin, a

strictosidine synthase-like protein and another protein involved in red light signaling are

also present in this group. Compared to the proteins assigned to the outer envelope (14

predicted to have transmembrane helices, 23 predicted to be soluble), PLAMS are

enriched in soluble proteins (27 to five with predicted transmembrane helices). PLAMS

contain a mixture of proteins traditionally considered plastid like proteins and of proteins

traditionally considered ER proteins as well as a number of proteins of unknown function

(Figure 7-1, Table 7-1).

Within the ER fraction, known residents of the endomembrane system, in

particular proteins involved in protein folding, are identified. Some of them are

exclusively identified in the ER- enriched microsome fraction whereas most are shared

with the PLAMS. Only one of the proteins, a calnexin is also identified in the chloroplast

envelopes.

GFP localization data

The dynamic localization of a number of proteins localized to the outer envelope

or the PLAMS was investigated by fusion to GFP and transient expression in tobacco
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leaves. The transient expression driven by the cauliflower mosaic virus 35S promoter

allowed monitoring of the cellular distribution of the GFP signal with increasing protein

load on the system with time and hence a dynamic distribution of firsion proteins.

The outer envelope protein Toc64 known to be an outer envelope protein served

as the control for the outer envelope; likewise Mep1 as the inner envelope control.

MDAR (peroxisome), TGD4 (ER) and hexokinase 1 (mitochondrion) were included

since they have been reported to localize to compartments other than the chloroplast by

previous publications (Damari-Weissler et al., 2007; Eastmond, 2007; Xu et al., 2008).

The Tic22 isoform, the EF hand protein, and the kinesin—like protein were included to

determine whether they may serve as markers for the PLAMS in future. Two heatshock

proteins were evaluated since they are expected to be soluble but were identified in the

membrane samples and six proteins of unknown function were tested for their

localization.

215



216

T
a
b
l
e

7
-
2
:
G
F
P

h
e
l
i
x
+
c
h
a
r
g
e
d
t
a
r
g
e
t
i
n
g
m
o
t
i
v
o
f
A
K
R
Z
A

m
e
d
i
a
t
e
d
p
r
o
t
e
i
n
i
m
p
o
r
t
p
r
e
s
e
n
t
,

A
G
I

A
t
1
g
3
2
0
8
0

A
t
3
g
1
7
9
7
0

A
t
5
9
1
7
6
7
0

A
t
1
g
6
4
8
5
0

A
t
5
g
6
4
8
1
6

A
t
1
g
7
7
5
9
0

A
t
z
g
o
1
3
2
0

A
t
2
9
3
2
2
4
0

A
t
4
9
2
9
1
3
0

A
t
1
g
2
0
3
3
o

A
t
3
9
2
7
8
2
0

A
t
3
9
1
3
4
7
0

A
t
3
g
O
6
9
6
0

A
t
2
9
4
4
6
4
0

A
t
3
9
2
3
7
1
0

A
t
1
9
2
0
5
6
0

T
a
r
g
e
t
i
n
g

S
i
g
n
a
l
s

c
T
P

h
e
l
i
x
+
c
h
a
r
g
e
d

c
T
P

n
o
s
i
g
n
a
l
s

h
e
l
i
x
+
c
h
a
r
g
e
d

h
e
l
i
x
+
c
h
a
r
g
e
d

h
e
l
i
x
+
c
h
a
r
g
e
d

n
o
n
e
d
e
t
e
c
t
e
d

h
e
l
i
x
+
c
h
a
r
g
e
d

h
e
l
i
x
+
c
h
a
r
g
e
d

h
e
l
i
x

c
T
P

n
o
n
e
d
e
t
e
c
t
e
d

w
e
a
k
c
T
P

c
T
P

h
e
l
i
x
+
c
h
a
r
g
e
d

D
e
s
c
r
i
p
t
i
o
n

i
n
n
e
r
e
n
v
e
l
o
p
e
p
r
o
t
e
i
n

'
O
E
P
6
4

p
u
t
a
t
i
v
e
l
i
p
a
s
e

p
r
o
t
e
i
n
w
i
t
h
E
F

d
o
m
a
i
n
s

p
r
o
t
e
i
n
o
f
u
n
k
n
o
w
n

f
u
n
c
t
i
o
n

f
a
t
t
y
a
c
i
d
t
r
a
n
s
p
o
r
t
e
r

u
n
k
n
o
w
n

t
r
a
n
s
p
o
r
t
e
r

p
r
o
t
e
i
n
w
i
t
h
A
T
P
a
s
e

d
o
m
a
i
n

h
e
x
o
k
i
n
a
s
e

1

s
t
e
r
o
l

m
e
t
h
y
l
t
r
a
n
s
f
e
r
a
s
e

m
o
n
o
d
e
h
y
d
r
o
a
s
c
o
r
b
a
t
e

r
e
d
u
c
t
a
s
e

H
s
p
6
0
-
l
i
k
e
p
r
o
t
e
i
n

T
G
D
4

T
G
D
4
-
l
i
k
e

T
i
c
Z
Z
-
l
l
l

A
T
P
d
e
p
e
n
d
e
n
t

s
y
n
t
h
e
t
a
s
e

I
n
i
t
i
a
l

l
o
c
a
l
i
z
a
t
i
o
n

R
i
n
g

R
i
n
g

V
e
s
i
c
l
e
s

V
e
s
i
c
l
e
s
+
R
i
n
g

V
e
s
i
c
l
e
s
+
R
i
n
g

r
i
n
g
+
j
a
c
k
e
t
s

r
i
n
g
+
j
a
c
k
e
t
s

C
y
t
o
s
o
l

M
i
t
o
c
h
o
n
d
r
i
a

s
p
o
t
s

s
p
o
t
s

n
d

n
d

n
d

n
d

n
d

L
o
c
a
l
i
z
a
t
i
o
n
a
f
t
e
r

p
r
o
l
o
n
g
e
d

e
x
p
r
e
s
s
i
o
n

R
i
n
g
a
n
d
C
y
t
o
s
o
l

R
i
n
g
a
n
d
S
t
r
o
m
u
l
e
s

o
r
V
e
s
i
c
l
e
s

n
d

R
i
n
g
a
n
d
S
t
r
o
m
u
l
e
s

R
i
n
g
a
n
d
S
t
r
o
m
u
l
e
s

o
r
V
e
s
i
c
l
e
s

R
i
n
g
a
n
d
S
t
r
o
m
u
l
e
s

R
i
n
g
a
n
d
S
t
r
o
m
u
l
e
s

C
y
t
o
s
o
l

M
i
t
o
c
h
o
n
d
r
i
a

s
p
o
t
s

s
p
o
t
s
,

t
i
g
h
t

c
h
l
o
r
o
p
l
a
s
t

a
s
s
o
c
i
a
t
i
o
n

b
u
d
d
i
n
g
v
e
s
i
c
l
e
s

c
i
r
c
l
e
a
n
d
s
p
o
t
s

c
i
r
c
l
e

s
p
o
t
s

c
i
r
c
l
e

L
o
c
a
l
i
z
a
t
i
o
n

C
l
a
s
s

b
a
s
e
d
o
n

p
a
t
t
e
r
n

C
l
a
s
s

I

C
l
a
s
s

II

C
l
a
s
s

11
1

C
l
a
s
s

II
I

C
l
a
s
s

I
I
I

C
l
a
s
s
I
V

C
l
a
s
s
I
V

C
l
a
s
s
V

C
l
a
s
s
V

C
l
a
s
s
V

C
l
a
s
s
V

n
d

n
d

n
d

n
d

n
d

l
o
c
a
l
i
z
a
t
i
o
n

r
e
s
u
l
t
s

f
o
r
s
e
l
e
c
t
e
d
o
u
t
e
r
e
n
v
e
l
o
p
e
a
n
d
P
L
A
M

p
r
o
t
e
i
n
s
;
A
G
I

A
r
a
b
i
d
o
p
s
i
s
g
e
n
o
m
e

i
d
e
n
t
i
fi
e
r
,
c
T
P

c
h
l
o
r
o
p
l
a
s
t

t
a
r
g
e
t

p
e
p
t
i
d
e
.

I
n
f
e
r
r
e
d

l
o
c
a
l
i
z
a
t
i
o
n

b
a
s
e
d
o
n

p
r
o
t
e
o
m
e

a
n
a
l
y
s
i
s

I
E

O
E

O
E

P
L
A
M

O
E

O
E

O
E

m
u
l
t
i
p
l
e

O
E

P
L
A
M
/
E
R

O
E
I
P
L
A
M

P
L
A
M

I
E

O
E

P
L
A
M

P
L
A
M



The fluorescence pattern of fifteen fusion proteins showed four distinctive

chloroplast fluorescence patterns when expressed transiently in tobacco leaf cells for l-4

days. Class 1 proteins initially localized in a circle surrounding the chlorophyll auto-

fluorescence (Figure 7-3A) and prolonged overexpression of the protein results in

unspecific accumulation in the cytosol (Figure 7-3B). This pattern is displayed by the

inner envelope control protein, Mepl (Table 7-2). Proteins of class II initially display a

ring shaped fluorescence surrounding the auto-fluorescence of chlorophyll (Figure 7-3C).

OEP64 is the sole member of this class (Table 7-2). Its fluorescence pattern eventually

displays extensive stromule formation (Figure 7-3D). Frequently, instead of stromules, an

abundance of vesicles of 1-1.5um diameter is visible (Figure 7-3D). Proteins of the third

class label a vesicle membrane with distinct openings with a weaker label in a circle

surrounding the chlorophyll auto-fluorescence
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Figure 7-3: GFP localization of fusion proteins after initial (A, C, E and G) and prolonged

(B, D, F, H) transient expression in tobacco leaves; bar size is Sum for panels A to G, for panel

H 2um; for each picture: left panel chlorophyll auto-fluorescence, middle panel GFP fluorescence

and right panel overlay; localization patterns of the inner envelope marker Mepl (A, B), the outer

envelope marker OEP64 (C, D), a protein of unknown function with EF hand domains (E, F) and

an ABC transporter of unknown function, WBC7 (G, H); this image is in color
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Figure 7-3E). Prolonged expression will result in stronger labeling of the circle and

eventually formation of stromules (Figure 7-3F). A protein with EF hands, a putative

lipase and a small protein without known domains display this pattern (Table 7-3).

Proteins in class IV also label initially a circle around the chlorophyll auto-fluorescence

but this circle frequently has loops (Figure 7-3G). Prolonged expression will result in

stromule formation (Figure 7-3H) and occasionally vesiculation (as visualized for the

Class 11 protein OEP64, Figure 7-3D, lower panel). The formation of stromules and

extensive vesicles are observed for all putative outer envelope proteins but not for Mep1.

Class V encompasses all extraplastidial localizations. The kinesin-like protein localized

to the cytosol, the hexokinase localized to small dots of a fixed size whereas the

monodehydroascorbate reductase and the sterolmethyltransferase localize to spots of

varying size.
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A B

C D

Figure 7-4: GFP expression pattern of Hsp60-like protein after three days of expression in

tobacco leaves; (A) OFP fluorescence is strongest in extension of the chloroplast envelopes and

vesicles, (B) detail of A, vesicle forming at the envelope, (C) GFP expression is visible in a

vesicle forming at the tip of a stromule, (D) detail of (C); this image is in color

  

Transiently expressed GFP fusion proteins of Hsp60-like co-localizes with

chlorophyll auto-fluorescence but is particularly visible in vesicles attached to the

chloroplast envelope (Figure 7-4A and B) and forming at the end of stromules (Figure 7-

4C and D).

Discussion

Targeting Predictions for Envelope proteins

To understand the network of proteins residing in the membrane system

surrounding the plastids, the inner envelope, the outer envelope, and the PLAMS, we

analyzed four separate proteome samples, one preparation enriched in inner envelopes,

one enriched in outer envelopes, an acid wash of intact chloroplasts to obtain a PLAM
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sample, and an ER-enriched microsome fraction. The inner envelope fraction was

considerably richer in proteins than the outer envelope, as had been suggested previously

based on gel electrophoretic analysis (Cline et al., 1981; Wernerwashburne et al., 1983).

This is supported by mixed envelope samples (Ferro et al., 2003; Froehlich et al., 2003;

Briiutigarn et al., 2008a), which mainly contain proteins of the inner envelope with very

few outer envelope proteins present (Table 7-S1). Bulk data retrieval from TAIR which

uses mainly the TargetP program (Emanuelsson et al., 2000) for assignment identifies

about two thirds of the proteins assigned to the inner envelope as chloroplast residents

based on their N-terminal cTP (Figure 7-1) confirming that most of the proteins of the

inner envelope reach it by a conventional targeting mechanism through the protein import

complex. Of the remainder of the proteins, most have conflicting targeting information at

their N-terminus resulting in ‘undefined’ targeting. Much of this conflicting targeting

information can be resolved by manual inspection of the targeting results, which

frequently identify the mitochondrion as the alternative target (data not shown). This kind

of targeting is frequent for inner envelope proteins with the most prominent case being

the most abundant inner envelope protein, the triosephosphate phosphate translocator.

There are also two percent of the proteins which appear to have a targeting signal for the

secretory pathway as has been demonstrated in other plastid envelope proteome projects

of mixed envelopes. In total chloroplast proteomics, the number of proteins with

canonical target peptide was higher (86%) and fewer proteins with target peptides to the

secretory pathway (0.6%) were identified (Zybailov et al., 2008). This may reflect more

diverse protein targeting pathways of inner envelope proteins compared to stromal

proteins. The pattern of targeting predictions for the proteins assigned to the outer
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envelope is very different from the pattern of proteins of proteins assigned to the inner

envelope. It contains a large proportion of proteins with predicted target peptides for the

secretory pathway and many proteins with ‘undefined’ targeting as well as proteins with

canonical cTPs. Manual inspection of the targeting for the proteins with ‘undefined’

localization by bulk data retrieval with the help of ARAMEMNON reveals that many of

these proteins carry weak signals for the secretory pathway (Table 7-S1). Unlike the inner

envelope proteins, most of the known outer envelope proteins such as members of the

Toc complex do not contain a cTP (8011 and Schleiff, 2004) except for Toc75-III which is

targeted by a cTP and imported through the classical protein import complex (Inoue and

Potter, 2004). The different N-terminal motifs among the proteins of the outer envelope

may indicate that there is a multitude of targeting pathways. Apart from the targeting

mechanism for Toc75, the targeting mechanism for two additional outer envelope

proteins is known. They are inserted with the help of the protein AKR2A and the

recognition motif at the N-terminus consists of a stretch of hydrophobic amino acids

followed by positively charged amino acids (Bae et al., 2008). This pattern may be

misrecognized as a weak signal for the secretory pathway. Many proteins of the outer

envelope fraction hence represent putative additional cargo for the AKR2A mediated

pathway. For example, LACS9 and WBC7 both contain a predicted transmembrane helix

at the very N-terminus which is followed by charged residues (Table 7-2). Two soluble

proteins which reach the chloroplast stroma through the endomembrane system are

known to date showing a connection between the Golgi and the chloroplast (Villarejo et

al., 2005; Nanjo et al., 2006). Possibly there are also membrane proteins targeted via the

endomembrane system. The targeting predictions hint that proteins can take a multitude
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of pathways to enter the outer envelope membrane. Therefore, proteome analysis

followed by GPP fusion protein analysis as conducted here represents the only method to

reliably determine the outer envelope proteome. The ER enriched microsome fraction

consists mostly of proteins with a canonical target peptide for the secretory pathway or of

undefined targeting. Only very few proteins in this fraction carry an N-terminal extension

recognized by prediction programs to target the chloroplast or the mitochondrion.

Although the ER enriched microsome fraction represents the proteome sample with the

most mitochondrial proteins, the total amount of contamination is very low, emphasizing

the purity of the preparations.

Protein Import Complex

With the different proteome samples at hand, not only large scale overall

assignment are possible but also detailed localization analysis of proteins with known and

putative function as well as analysis of isoforms within gene families. The strength of this

method becomes obvious when the protein import complex is considered (Figure 7-2).

Eight different proteins of the Toc complex were identified; the main import channel

Toc75-III, three isoforms of Toc75-V, the import receptors ToclS9 and Tocl32 and

ToC34 as well as Toc64. All proteins have their highest absolute spectral count in the

outer envelope sample but they are also isolated in the inner envelope and PLAM but not

the ER—enriched microsome fraction. Cross contamination of inner and outer envelope

samples with each other has been observed frequently (Cline et al., 1981; Schleiff et al.,

2003) but the strong presence of import complex components in the PLAM sample

remains unexplained. For the Tic complex, the localization is almost exclusively to the

inner envelope and, to a lesser degree, to the outer envelope sample with two exceptions.
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Two isoforms of Ticl 10, Tic40, one isoform of Tic22, Tic20, Tic62 and Tic55 are clearly

inner envelope proteins although Tic22 is described as only peripherally associated with

the inner envelope.Tic22-III is exclusively localized in the PLAMS. Transient expression

of Tic22-III GFP fusion proteins yielded a fluorescence pattern confirming localization to

structures distinct of the chloroplast. The function of Tic22 in the envelope is currently

unknown making it impossible to speculate about the function of its isoform in the

PLAMS. TiC32 displays a similar pattern of inner/outer envelope sample localization but

amazingly also is present in substantial amounts in the ER enriched microsome fraction.

Although the import complex largely distributes between the proteome samples as

expected, the strong presence of Toc complex components as well as Tic22-III in the

PLAMS and the unusual pattern of TiC32 posit new questions.

Purity of the proteome samples

Tagging a number of proteins with GFP allowed us to not only observe dynamics

of proteins within the envelope but also identify proteins which localize to other

organelles if expressed as GFP fusion proteins. The kinesin-like protein localized to the

cytosol (Table 7-2) and thus may have been peripherally associated with the outer

envelope, the PLAMS and the ER-enriched microsomes, and thus been identified in all

three proteome samples. For other proteins, the identification in the outer envelope or the

PLAMS is less easy to explain. Several proteins localized to defined spots (Table 7-2)

within the cytosol which may represent localization to mitochondria, peroxisomes or the

Golgi. The identification of these proteins in proteomics is probably due to contamination

of the preparation with these organelles which however may also represent a tight
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association in vivo (Brautigam et al., 2008a). Once extraplastidal localization was

confirmed the proteins were removed from the analysis.

Trafficking of proteins to and from the plastid

The isolation and initial characterization of vesicles attached to the chloroplasts

that can be labeled with an ER marker protein (Andersson et al., 2007) prompted us to

analyze the proteome of this new vesicle class. In comparison to the envelope fractions

and the ER fraction, the PLAM fraction contains proteins with a different targeting

pattern, mostly proteins with a canonical TP indicating that the PLAM fraction is not a

subfraction of either the ER-enriched microsomes or the outer envelope. The composition

also argues against an artificial fraction produced during isolation of the fraction (Table

7-Sl). In contrast, PLAMS appear to be a compartment assembled with proteins from

both the ER as well as the chloroplast with a large contribution of outer envelope

proteins. Not only the targeting information of the proteins from the outer envelope and

the PLAM fractions is different, the PLAM fraction also contains a large portion of

soluble stromal proteins. Both the pattern of targeting predictions as well as the protein

content of the PLAMS marks them as a hybrid compartment of the chloroplast and the

ER. Lipid analysis also indicates that PLAMS contain a mixture of lipids typical for

membranes of the endomembrane system and of the chloroplast membranes (Andersson

et al., 2007). Several of the proteins identified in the outer envelope and the PLAMs were

tested for their localization in vivo with transient expression of the respective GFP fusion

proteins (Table 7-2).

The analyses of targeting for GFP fusion proteins revealed unexpected patterns

with protein localizations that changed depending on the time of observation (Figure 7-
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3E and F). Two of the GFP fusion proteins localize to vesicles with bright fluorescence

and comparatively dim fluorescence is observed in the envelope initially (Table 7-2). The

proteins are both of unknown function, one protein has EF hand domains indicating the

potential to bind calcium, the other one is a protein of unknown function. Prolonged

expression leads to localization to the envelope in a circle surrounding the chlorophyll

auto-fluorescence in addition to the vesicles (Figure 7-3E and F). The temporal pattern of

expression which progresses from vesicles to the envelope suggests the proteins mainly

localize to vesicles in vivo. The localization to vesicles is supported by the proteome

analysis which mainly localized the protein to the PLAM fraction (Table 7-2). To our

knowledge, this is the first demonstration of a membrane protein localizing to vesicles

associated with the chloroplast and the envelope both by proteomics and by GFP fusion

proteins. Both proteins progress from labeling vesicles and weakly labeling the envelope

to a strong labeling of the chloroplast envelope in addition to the vesicles. This labeling

pattern may indicate that the vesicles in vivo localization is in the membranes of the

vesicles but the proteins pass through the envelope on their way to the vesicles since

increased protein load leads to partial retention of the GFP signal in the envelope and in

stromules forming at the envelope. Neither of the proteins producing this pattern has a

canonical cTP (Table 7-2). A third protein mainly localizing to vesicles with dimmer

GFP fluorescence in the envelope and the stroma is a Hsp60 (Figure 7-4). The protein is

localized to the PLAMS by proteomics and it has a canonical cTP (Table 7-2). The

protein can indeed be detected in the stroma (Figure 7-4). However the strongest

fluorescent is visible in nascent vesicles forming at the tip of stromules (Figure 7-43) and

at the envelope (Figure 7-4D). Two proteins which were mainly detected in the PLAM
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proteome sample were confirmed to localize to vesicles associated with chloroplasts by

GFP fusions. The third protein was detected mainly in outer envelope samples also

localizes to PLAMS when expressed transiently as a C-terminal GFP fusion. All three

proteins can serve as markers for future studies of this new vesicle class inside plant cells.

A number of putative outer envelope resident proteins were also investigated. These

proteins, which initially localize to vesicles or to the envelope (Table 7-3) with the

exception of the inner envelope marker protein Mep1, finally can be observed in either

stromules or vesicles (e.g. Figure 7-3D). The formation of vesicles out of stromules is a

well known phenomenon and has been described as ‘tip-shedding’ (Gray et al., 2001)

although the function of either stromules or vesicles remains unknown (Gray et al., 2001;

Hanson and Sattarzadeh, 2008). Formation of stromules can only be observed by

prolonged overexpression and therefore increased protein load but never during initial

stages of the experiment (Figure 7-3). In contrast to the known and putative outer

envelope protein fusions which reside in defined structures such as stromules or vesicles,

the inner envelope marker protein fusion accumulates as diffuse material in the cytosol

which may represent proteins not yet imported into the envelope (Figure 7-3B).

Formation of stromules upon overexpression of another inner envelope protein, the

triosephosphate phosphate translocator, has not been reported (Gray et al., 2001). The

difference in localization to the inner or outer envelope, respectively, seems to define the

pattern upon prolonged expression but additional experimentation with more inner

envelope resident proteins will be used to support the hypothesis. The overexpression of

outer envelope proteins thus revealed a novel protein localization pattern of unknown

significance. The vesicles labeled by outer envelope GFP fusion proteins are of 1-1.5um
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in size (Figure 7-3), the same size observed for autophagosomes in plant cells (Bassham,

2007; Ishida et al., 2008). Although the production of vesicles has not been observed

directly, they start to appear at the same time when stromules appear in the cells.

Remarkably, the PLAMS are richer in outer envelope proteins than in inner envelope

proteins (Table 7-S1), a pattern which is particularly evident when components of the

protein import complex are considered (Figure 7-2). The correlation of these two

phenomena, comparative proteomics reveals PLAMS are rich in outer envelope

membranes and overexpression of outer envelope proteins leads to formation of vesicles,

prompted us to speculate that PLAMS may be budding autophagosomes. It is currently

not known how the different membranes systems are arranged within the PLAMS,

whether these are truly mixed membranes or whether they represent envelope vesicles

engulfed by ER-type membrane. It has recently been demonstrated that, if the proton

ATPase in unable to acidify compartments, GFP tagged Rubisco and other chloroplast

proteins can be detected in autophagy bodies in the vacuole apart from the plastid (Ishida

et al., 2008). Moreover, an autophagy protein (ATG8e) colocalizes with stroma filled

protuberances from the chloroplast leading to a model of quadruple membrane bound

autophagosomes being delivered from the chloroplast to the vacuole for degradation of

stromal proteins (Ishida et al., 2008). The PLAM proteome sample does contain several

proton ATPase subunits needed for acidification (Table 7-Sl). Several proteins assigned

to the PLAM fraction are known stromal residents, most notably ribosomal proteins,

ferritins and the large subunit of Rubisco which is encoded on the plastid genome as well

as a transaldolase. It has been suggested previously that PLAMS represent the contact

sites for lipid transfer between the ER and the chloroplasts (Benning et al., 2006;
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Andersson et al., 2007) but neither the localization of GFP fusion proteins nor the

proteome analysis confirmed the localization of lipid metabolism enzymes or transport

proteins specifically in the PLAMS.

We posit that PLAMS (Andersson et al., 2007) represent budding autophagosomes

as proposed by (Ishida et al., 2008) based on the following evidence: (a) PLAMS contain

a large number of stromal soluble proteins as expected for autophagosomes (b) the

protein composition of PLAMS is a hybrid of the endomembrane system and the

chloroplast as proposed in the model for autophagosome formation (c) increased protein

load of outer envelope but not inner envelope proteins induces the formation of stromules

and vesicles ((1) proteomics of PLAMS indicate a high proportion of outer envelope

proteins in the sample.

This hypothesis is currently being tested by colocalization experiments of

stromules and vesicles formed after prolonged expression of outer envelope proteins with

markers for autophagosomes such as monodansylcadaverine (Contento et al., 2005),

lysotracker (Bassham, 2007) and ATG8, an autophagosomal marker protein (Contento et

al., 2005). In addition, co-localization studies of different combinations of proteins which

label proteins observed in early or late vesicles are designed to understand whether these

vesicles are of the same type. Since cells with excess amounts of stromules and vesicles

can now be produced efficiently through the prolonged overexpression of defined

proteins, electron microscopic reconstructions are possible. With electron microscopy,

the membrane arrangement within the vesicles may possibly be resolved.
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The long term goal of studying plastids is to fully understand the plastid localized

biological processes as well their connection to the remainder of the cell. Plastids are

metabolic factories and provide the cell with many precursor molecules for maintenance,

growth and differentiation. They are the site of starch synthesis in higher plants, they

produce most of the fatty acids in plant cells, and they are the source of branched chain

and aromatic amino acids for protein biosynthesis. Human nutrition critically depends on

plants for carbohydrates, proteins and fatty acids as well as vitamins. Either plants serve

directly as food or are fed to livestock which is in turn consumed by humankind. The

increasing world population and the decreasing area of arable land pose unique

challenges to feeding the world and feeding the world’s hunger for non-fossil energy.

Understanding the metabolite factory of the plant cell, the plastid, may enable us to

engineer plants with increased yield for both food and biofuel production or increased

nutritional value. Although the metabolic pathways residing in plastids are fairly well

understood, there are major limitations in understanding the connection of plastids to the

remainder of the cell. We decided to gain insight into plastid biology and differentiation

by focusing proteome studies on the envelope which separates the soluble stroma from

the remainder of the cell and serves as the interface between the stroma and the cytosol.

Initial comprehensive proteome studies of plastids have been focused mainly on green

photosynthetic chloroplasts. The internal membrane system which contains the electron

transfer chain, the thylakoids, the stroma and also the envelopes of chloroplasts have

been studied in detail by proteomics (Ferro et al., 2000; Peltier et al., 2000; Ferro et al.,

2002; Peltier et al., 2002; Ferro et al., 2003; Froehlich et al., 2003; Baginsky and
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Gruissem, 2004; Friso et al., 2004; Kleffmann et al., 2004; Sun et al., 2004; Baginsky et

al., 2005; Zybailov et al., 2008). Studies of other plastid subtypes have been focused on

whole plastids (Baginsky et al., 2004; von Zychlinski et al., 2005; Siddique et al., 2006;

Kleffmann et al., 2007) which limits the discovery of proteins integral to or associated

with the envelope membranes. The goal of my work was to explore new model systems

to analyze differentiated plastid types in comparison with classical chloroplasts and to

provide detailed insights into envelope biology by using comparative instead of

qualitative proteome analysis.

In chapter 3, I report on using an organism without a sequenced genome for

proteome analysis. In cases like this, the proteome analysis has been based on sequence

information from related species (Baginsky et al., 2004). This new analysis identifies the

limitations of this approach for proteomics which are especially severe for proteins of

low abundance. This paper not only reports the limitations but also demonstrates a

possible strategy to overcome them, the generation of a suitable database by

pyrosequencing. Alternative strategies to increase the detection power on non-species

specific databases are shown to lead to increased numbers of false positives and thus are

not suitable. The generation of new model organism for proteomics beyond the plants

with sequenced genomes is important because most of the models were chosen either

since they are crop plants or because they are amenable to genetics but never because

they are suitable for biochemistry. For the new model Pisum sativum, protocols for

isolation of both leaf chloroplasts and root amyloplasts (Borchert et al., 1989; Borchert et

al., 1993) are in place. For pea chloroplasts, protocols to subfractionate the chloroplast

envelope into the inner and outer envelope have been described (Cline et al., 1981).
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Mitochondria can also be efficiently purified from pea roots, stems and leaves

(Bourguignon et al., 1992; Zancani et al., 1995). Pea plants also allow the purification of

endomembrane system components in sufficient quantity for biochemical analysis

(Hellgren et al., 1993). The new database enables comparative proteomics of organelles

in different tissues of the same plant. The pea chloroplast envelope proteome dataset

containing at least semi-quantitative information also serves as a template to which other

plastid types can be compared.

In chapter 4, the first analysis of the envelope proteome of a non-green plastid is

reported. The primary role of proplastids was considered to act as a reservoir for plastid

development rather than being metabolically active themselves (Wise, 2006). The

analysis of proplastid-like plastids in tobacco cell cultures had already revealed highly

active plastids which contain many proteins for amino acid synthesis (Baginsky et al.,

2004) but meristematic proplastids were never analyzed in vivo since meristematic tissue

has been limited prior to the introduction of cauliflower as the tissue source. The analysis

of the envelope proteome revealed a distinct set of envelope proteins indicating

meristematic proplastids are highly active cell factories for amino acids and nucleotides.

The presence of a reduction equivalent shuttle at the envelope leads to a reconsideration

of the role of glucose-6-phosphate import and the two translocator model could be

adapted to proplastids. In addition to candidates for uncharacterized fluxes, the proteome

analysis also revealed the adaptation of the protein import complex in proplastids and a

unique subset of thylakoid proteins. The successful analysis of meristematic plastids in a

Brassicaceae species opens the possibility to study chromoplasts, proplastids and

chloroplasts in the same model plant.
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In chapter 5, I report on changes in protein abundance in different chloroplast

types rather than on differences in the protein pattern as reported for the comparison of

chloroplasts and proplastids. The analysis reveals that increasing the transport protein

amount in the inner envelope is one of the major adaptations for increasing the metabolite

flow across a membrane to accommodate a biochemical pathway like C4 photosynthesis.

Surprisingly, the respective outer envelope porins were also increased. This pattern has

implication both for engineering efforts of pathways and for C4 photosynthesis research.

Although the plastid envelope has evolved to handle the metabolic flow required for its

respective role and thus exerts no control over the flow through the pathway, major

changes in metabolite flow requires evolutionary adjustments at the plastid envelope.

Bioengineering of bulk flow in biochemical pathways thus may require not only the

presence of soluble enzymes but also changes in transport protein content if different

compartments are involved. Since at least the known transport proteins involved in C4

photosynthesis accommodate the increased metabolite flow by increased abundance, new

transport protein candidates for defined flows may be identified based on this feature.

The analysis demonstrates the power of comparative ‘omics’ approaches which are

suitable to identify new components involved in pathways with high metabolite flow

without introducing bias into the experiments by predetermined expectations.

Chapter 6 reports the analysis of a transport protein candidate.

In chapter 7d, the newly generated pea sequence database was used to study

chloroplast envelopes in more detail. Since the envelope contains only a small fraction of

the cellular protein, analysis by proteomics was limited with small model species like

Arabidopsis. Using pea allowed the separation and analysis of inner and outer envelope
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membranes as well as plastid associated membranes and a light microsomal fraction. The

outer envelope has received little attention compared to the inner envelope membrane of

plastids although it represents the ultimate barrier to the cytosol and therefore also the

interface to the remainder of the cell. At the onset of this work, little was known about

the dynamics of envelope membranes other than the fact that stromules, stroma filled

protuberances, can extend from the envelope in some cell types. The recent discovery of

a close association with the endomembrane system (plastid associated membranes or

PLAMS) prompted a comparative proteome analysis with the goal to define the new

compartment PLAM and to discover new proteins of the envelope as well as localize

known proteins to either the outer or the inner envelope. The comparative proteome data

already revealed considerable protein dynamics between the membrane systems and

marked the PLAMS as a hybrid compartment of the ER and the chloroplast with a large

contribution of outer envelope proteins. The dynamic localization patterns were analyzed

in vivo by protein GFP fusions transiently expressed in tobacco cells. The GFP firsion

proteins confirmed the presence of chloroplast associated vesicles and three proteins, two

membrane bound and one soluble, are primarily associated with these vesicles. The

analysis of known and putative outer envelope proteins revealed new fluorescence

patterns based on the protein load on the system. After prolonged expression, many of the

outer envelope protein labeled the envelope, stromules and vesicles, a behavior which has

never been observed with either stoma or inner envelope targeted proteins. Considering

the GFP data in context of the proteome data lead to a new testable hypothesis about

PLAMS. They are budding autophagosomes and their formation can be induced by

overexpression of both PLAM and outer envelope proteins. The identification of both an
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inducible system and of resident proteins allows testing several hypothesis about PLAMS.

Their colocalization with autophagy markers such as monodansylcadaverine and

AtATG8e is being tested. We will also start analyzing the budding of vesicles with co-

localization experiments to test whether all proteins that label vesicular structures indeed

colocalize and to determine a time-resolved pattern of protein localization during the

formation of a vesicle. This new approach will yield insights into protein transport out of

the plastid and highlight the dynamic nature of the envelope membranes.

In summary, this work has highlighted dynamic features of the envelope and

introduced novel models for the study of plastids by proteomics. The plastid envelope

turned out to be dynamic in regard to the protein composition; the proplastid envelope

has a qualitatively different pattern compared to the chloroplast envelope. When

comparing two chloroplast types, the differences were based on protein abundance rather

than protein presence and therefore only revealed by semi-quantitative comparison. In all

cases, the envelopes reflected the metabolic roles of the respective plastids. The

envelopes of chloroplasts themselves are also dynamic. Traditionally considered static

with regard to membrane architecture of the envelope membranes, both proteomics and

GFP fusion protein analysis reveal vesicles with distinct composition and varying

localization patterns of proteins based on their protein load in the system.
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Appendix

High-throughput colorimetric method for the parallel assay of glyoxylic acid and

ammonium in a single extract

This chapter has been previously published in Analytical Biochemistry: Brfiutigam A*,

Gagneul D* and Weber APM (2007) High-throughput colorimetric method for the

parallel assay of glyoxylic acid and ammonium in a single extract Anal Biochem 362,

151-3

* These authors contributed equally to the work.

I would like to acknowledge Dr. David Gagneul for collaboration on developing the

extract and contributing figure 2B
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Introduction

Glyoxylate and ammonia are signature metabolites of a major plant metabolic

pathway, the C2 oxidative carbon cycle, also known as photorespiration. This complex

salvage pathway recycles most of the carbon that is lost from the Calvin cycle in the form

of phosphoglycolate as a consequence of the oxygenation reaction of RubisCO and it

constitutes a significant metabolic flux in photosynthesizing leaves of C3 plants [1].

Mutations in enzymes of this pathway are usually lethal, underlining the importance of

this salvage pathway [2-4]. Although all enzymes and some of the metabolite transporters

involved in this highly-compartmentalized pathway have been identified [5-9],

information about the majority of the transport proteins and the processes regulating the

pathway is still missing [1, 4], possibly because mutations in the corresponding genes

cause subtle metabolic phenotypes. Thus, a high throughput method to quantify

metabolites known to accumulate in photorespiratory mutants, glyoxylate and

ammonium, is desirable. Glyoxylate is also a pathway intermediate of the glyoxylate

cycle that is involved in making carbon moieties from fatty acids available to

carbohydrate biosynthesis by gluconeogenesis. This pathway is important during seed

germination and seedling establishment of oil seed plants and possibly during senescence

but does not play a significant role in photosynthesizing leaves. While primary nitrogen

assimilation by nitrate and nitrite reductase and the phenylpropanoid pathway are also

sources of ammonium in planta [10], photorespiration contributes at least an order of

magnitude more ammonium than these pathways [11, 12], making it a suitable marker for

the photorespiratory pathway.
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Here we present improved versions of two colorimetric methods for the

quantification of ammonia and glyoxylate that makes these procedures suitable for high

throughput and sensitive quantification of these signature metabolites in plant tissues.
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Figure 1: Absorption spectra of a crude acidic extract of Arabidopsis leaves (a), of a partially

purified acidic extract of Arabidopsis leaves (b), of the forrnazan of glyoxylic acidic (c), and of

the indophenol derivative of ammonia (d) as described in the text.

Gas chromatography is not suitable for the determination of glyoxylate,

presumably because it is unstable and non-enzymatically decomposes when coming into

contact with oxygen. Glyoxylate has been measured using a colorimetric method [5, 13,

14]. In this method, a 1,5-diphenylformazancarboxylic acid derivative of glyoxylic acid is
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produced through mild oxidation of a glyoxylic acid hydrazone in the presence of excess

phenylhydrazine. The forrnazan of glyoxylic acid shows maximal absorption at a

wavelength of 520 nm (Figure 1). The quantification of ammonium (based on the

Berthelot reaction [15, 16]) from the same plant extract as glyoxylate has been described

previously in tobacco [5]. Ammonia reacts with hypochlorite and forms a

monochlorarnine, which reacts with phenol to an indophenol derivative that has deep blue

colour and displays maximal absorbance at 620 nm (Figure 1). Although both methods

have been used previously to determine glyoxylate and ammonia contents in plant tissues

[5, 17], it is hampered by a number of interfering compounds that quench the signal. In

addition, many plant tissues accumulate anthocyanines, especially under stress

conditions, which absorb light at similar wavelengths and therefore introduce noise to the

assays. To address these problems and to render the assay suitable for high-throughput

analysis, we have developed a new protocol optimized for use in a 96-well format that

allows the colorimetric quantification of glyoxylate and ammonia from a single plant

extract.

Method

Plant tissue is harvested and snap-frozen in liquid nitrogen, and ground to a fine

powder under liquid nitrogen. The modified extraction procedure is as follows: 100 mg of

powder is extracted in 1 m1 of 100 mM HCl, and 500 pl of chloroform is subsequently

added. The samples are rotated for 15 minutes at 4°C and the phases are separated by

centrifugation (12,000xg, 10 minutes, 8°C). The aqueous phase is transferred to a fresh

tube containing 50 mg of acid washed activated charcoal, thoroughly mixed, and
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centrifuged again (20,000xg, 5 minutes, 8°C). For glyoxylate quantification, 450 pl of the

supernatant is mixed with 50 ul of a freshly prepared 1% (v/v) solution of

phenylhydrazine in 100 mM HCl and the sample is incubated at 95°C for two minutes

and cooled on ice for 6 minutes. The sample is acidified by adding 250 pl concentrated

HCl and divided into three aliquots of 225 pl each in cavities of a 96 well plate: Two

technical replicates are oxidized with 25 pl of a solution of 1.6% (w/v) K3Fe(CN)6 in

water and one aliquot serves as control with 25 ul water added. Colour formation is

measured exactly 6 minutes after addition of K3Fe(CN)6 solution since the reaction

reaches a plateau after 4 minutes and the coloured reaction product slowly decomposes

with time afterwards.

For ammonia quantification the supernatant obtained after charcoal treatment is

diluted 1:1 (v/v) in 100 mM HCl..20 ul of this solution is mixed with 100 pl of a 1%

(w/v) phenol 0.005% (w/v) sodium-nitroprusside solution in water (“reagent 1”), and

100 pl of a 1% (v/v) sodium-hypochlorite 0.5% (w/v) sodium hydroxide solution in water

(“reagent II”) are added. The samples are incubated at 37°C for 30 minutes and light

absorption at 620 nm is measured.

Results and Discussion

To develop the glyoxylate assay we recapitulated the original procedure of

Dekker and Maitra [13] with varying concentrations of sodium glyoxylate in water. 10 ul

sodium glyoxylate solution was added to 500 pl 0.1% phenylhydrazine in 100 mM HCl

as previously described, heated, cooled on ice and acidified with concentrated HCl and

oxidized to observe colour formation. We then tested the parameters of the analysis to
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determine the optimal incubation temperature (95°C), incubation time (2 minutes),

cooling time (6 minutes) and time between addition of oxidizing agent and measurement

(6 minutes) that still allowed the processing of 32 samples per experiment. Changing

these parameters leads to changed absorption values but still produces linear standard

curves. The standard curve was linear from 0.25-200 uM sodium glyoxylate.
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Figure 2: Comparison of standard curves for glyoxylate (A) and ammonia (B) determination. The

external standard curve was prepared in 100 mM HCl (a). The internal standard curves were prepared in

crude acidic extract of Arabidopsis leaves and were either measured (b) or partially purified and measured

(c). The glyoxylate and ammonia contents were determined as described in the text. For all curves,

R(squared) > 0.99.
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Figure 2 (cont’d)
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We then tested the suitability of the Dekker and Maitra method [13] for plant

extracts. Plant tissue was extracted in 0.1% phenylhydrazine in 100 mM HCl and spiked

with varying concentrations of sodium glyoxylate. The debris in spiked extracts was

precipitated by centrifugation and the supernatant was boiled, cooled, and acidified, as

described above. Upon acidification the remaining soluble proteins denatured and turned

the sample turbid necessitating an additional centrifugation to clear the extract. One

aliquot served as blank and two aliquots were oxidized as described above. When this

internal standard curve was compared to the external standard curve prepared without the

addition of plant extract, we observed a marked difference in slope between both curves.

This indicates the presence of one or more compounds in the plant extract that quench the

signal (Figure 2A). Plant tissues also frequently contain varying amounts of

anthocyanines, which might obscure the specific signal because they absorb light at a
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similar wavelength as the forrnazan (Figure 1). To remove lipophilic compounds such as

chlorophylls and proteins from the extract we added chloroform to powdered plant tissue

extracted with 100 mM HCl (derived from [18]). Although after centrifugation proteins

and chlorophylls were quantitatively removed from the aqueous phase, the slope of the

resulting standard curve remained identical to the initial experiment. We therefore tested

several commercially available resins for removal of the interfering compounds.

Amberlite XAD7 quantitatively removed anthocyanines from the extract as described in

[19] without absorbing glyoxylic acid, but the interfering compound or compounds

remained, as judged from the slopes of internal and external standard calibration curves.

Finally, we tested whether acid washed activated charcoal would absorb the interfering

compound without impacting the recovery of glyoxylic acid. In 100 mM HCl, charcoal

did not absorb glyoxylic acid but efficiently absorbs either phenylhydrazine or the

reaction product of glyoxylic acid and phenylhydrazine, glyoxylic acid hydrazone.

Therefore the extraction of glyoxylic acid and the conjugation to phenylhydrazine had to

be temporally separated by crude extraction in 100 mM HCl, extract purification, and

subsequent reaction of the glyoxylic acid with phenylhydrazine.

When plant tissue is extracted with 100 mM HCl and chloroform and purified

with activated charcoal, both anthocyanines and the unknown interfering compounds are

efficiently removed without absorbing glyoxylic acid since the slope of the internal

standard curve fits perfectly to the slope of the external standard curve (Figure 2A). The

shift between both curves represents the glyoxylic acid content in the plant tissue.

To develop the ammonium assay for plant tissue we first tested the Berthelot

method with standard solutions of varying concentrations of ammonium in 100 mM HCI.
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The method of Weatherburn [15] was adapted to the 96 well format. 100pl reagent I was

mixed with 20 pl sample and 100 pl reagent II. The samples were incubated at 37°C for

30 minutes and measured at 620 nm. The resulting standard curve was linear in the range

0.01-3 mM ammonium. Next we extracted finely ground plant tissue in 100 mM HCl and

spiked with varying concentrations of ammonium. Although the internal standard curve

was linear in the range 0.01-1 mM ammonium, its slope was markedly different from the

external standard curve, indicating the presence of one or more interfering compounds

(Figure 2B). To remove the unknown interfering compounds, plant tissue was extracted

with 100 mM HCl, spiked with varying concentrations of ammonia, and centrifuged at

14,000xg to remove cell debris. The supernatant was incubated with acid washed

activated charcoal, as decribed above. To 100 pl reagentl 20 pl purified diluted extract

was added followed by 100 pl reagent II. The slope of the resulting internal standard

curve fitted perfectly to the slope of the internal standard curve. Finally we ensured that

the additional purification step with chloroform needed for glyoxylate determination did

not interfere with the determination of ammonium (Figure 2B). It has been reported

previously that the Berthelot method is not suitable for determining ammonia

concentrations in plant extracts [20]. Interfering compounds result in a difference in slope

of the internal standard curve compared to an external standard as shown in Figure 2. To

assess whether different amino acid concentrations in the extract interfere with the

quantification of ammonium, we doubled and quadrupled the extract concentration in the

essay. A twice-concentrated extract will not result in a changed slope whereas

quadrupling the extract concentration introduces sufficient interfering compounds to

change the slope. The protocol presented in [20] requires elaborate instrumentation
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whereas the novel extraction and purification protocol presented here allows the reliable

and efficient quantification of ammonium with a spectrophotometer. However, if this

new protocol is to be adapted for different tissues or plant species, we recommend

optimizing the extract concentration to minimize interference as described above.

In summary, we have developed a novel purification protocol for acidic plant

extracts in which interfering compounds and co-absorbing compounds were

quantitatively removed by chloroform and charcoal extraction. This new method allows

the simultaneous determination of two signature metabolites of photorespiration,

glyoxylate and ammonium, from the same plant extract. The method has also been

adapted to the high-throughput 96-well format and can potentially be robotized, thus

making it suitable for mutant screens.
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