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C4 plants have up to 10-fold higher apparent CO2 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 with those 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 used comparative proteomics of chloroplast
envelope membranes from the C3 plant pea (Pisum sativum) and mesophyll cell chloroplast envelopes from the C4 plant maize
(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 triosephosphate 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.

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 the productivity of crop plants (Matsuoka
et al., 1998). To facilitate C4 photosynthesis in maize
(Zea mays), 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, where CO2 is enriched around Rubisco

and the reduction of carbon takes place. The chloro-
plasts 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 path-
ways, such as nitrogen reduction and assimilation, are
partitioned between mesophyll and bundle sheath
chloroplasts (Renné et al., 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 accom-
plished by phosphoenolpyruvate carboxylase (PEPC),
yielding oxaloacetate. Oxaloacetate is then imported
into the chloroplasts, where it is reduced to malate,
and subsequently exported to the cytosol again. After
diffusion into bundle sheath cells, malate is decar-
boxylated in the chloroplasts, yielding CO2, NADPH,
and pyruvate. While CO2 and NADPH enter the
Calvin cycle in bundle sheath cells, pyruvate is re-
turned to the mesophyll, where it is imported into the
chloroplasts and converted to phosphoenolpyruvate
(PEP) by phosphoenolpyruvate phosphate dikinase
(PPDK), thus regenerating the primary CO2 acceptor,
which is exported to the cytosol to enter a new round
of CO2 assimilation (Fig. 1). In maize, carbon fixation is
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optimized beyond simply concentrating CO2 in the
vicinity of Rubisco. The bundle sheath chloroplasts
have limited PSII activity (Meierhoff and Westhoff,
1993) and produce less O2, which further reduces the
oxygenation reaction of Rubisco. However, the ab-
sence of PSII activity prevents the operation of linear
electron transport, limiting the production of reduc-
tion equivalents in the bundle sheath. Since CO2
assimilation in the Calvin cycle requires NADPH,
this necessitates the shuttling of reduction equivalents
between mesophyll and the bundle sheath by a
3-phosphoglycerate/triosephosphate shuttle (Fig. 1).
Despite detailed knowledge about the soluble proteins
involved in and necessary for C4 photosynthesis, the
adaptation of integral and associated membrane pro-
teins remains largely unknown. In this work, we focus
on analyzing the quantitative and qualitative differ-
ences between chloroplast envelope membranes of C3
and C4 plants.

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-forming proteins (Pohlmeyer et al., 1997,
1998; Bolter et al., 1999; Goetze et al., 2006). Solute
transport across the inner envelope membrane is cat-
alyzed by a large range of specific metabolite trans-
porters (Weber, 2004; Weber et al., 2005; Weber and
Fischer, 2007), some of which are capable of trans-
porting 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 (Pisum sativum) fixes about 17
mmol of carbon per square meter of leaf area per
second (Grodzinski et al., 1998) and requires at most
one transport process for three carbons fixed (i.e. the
export of one molecule of triosephosphate from chlo-
roplasts). Maize fixes about 27 mmol of carbon per
square meter of leaf area per second (Grodzinski et al.,
1998) and requires at least four transport processes
(Fig. 1) for each carbon fixed. Consequently, the total
metabolite transport rate across the chloroplast enve-
lopes in C4 plants exceeds that in C3 plants by a factor
of at least 18. High-velocity transport of all four
metabolites involved in core C4 photosynthesis across
the mesophyll chloroplast envelope has been dem-
onstrated using isolated chloroplasts (Huber and
Edwards, 1977a, 1997b; Hatch et al., 1984; Flügge et al.,
1985; Aoki et al., 1992). While most transport proteins
involved in core C4 photosynthesis in mesophyll chlo-
roplasts have not yet been unequivocally identified at
the molecular level, good candidates exist for PEP
export, triosephosphate shuttling, and oxaloacetate/
malate transport. The molecular nature of the pyru-
vate transporter, however, is unknown. Likewise, it is
unknown whether the same or different transport
proteins mediate pyruvate transport across the meso-
phyll and the bundle sheath chloroplast envelope.

Adaptations of additional membrane proteins as a
consequence of the spatial separation of photosynthe-
sis, similar to what has been demonstrated for soluble
proteins, are unknown. Since increasing the capacity
for metabolite transport across the chloroplast enve-
lope membrane is likely a key adaptation to C4 pho-
tosynthesis (Edwards et al., 2001), engineering efforts
to introduce C4 photosynthesis in a C3 crop plant will
likely critically depend on engineering not only the C4
pathway but also metabolite flux.

In this work, the protein complements of envelope
membranes of C3 chloroplasts and C4 mesophyll chlo-
roplasts are analyzed qualitatively and semiquantita-
tively. 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 pro-
teins 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 pep-
tides, such as affinity tagging, are also not applicable,
since there is considerable evolutionary distance be-
tween the C3 model pea and the C4 model maize. A
direct quantification method, the total spectral count of
proteins (the number of mass spectra that 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 was recently also
applied to yeast membrane proteins, with results
comparable to SILAC (Zybailov et al., 2005). We ap-
plied 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 in the relative
abundance of several metabolite transporters, thus
pinpointing apparent bottlenecks in metabolite flux
across the chloroplast envelope membrane.

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 with those identified in
earlier efforts (Froehlich et al., 2001, 2003; Ferro 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 with Ferro et al. (2003), we also
identified two additional components, while Toc33
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was again missing. With regard to a major metabolite
transport protein family, the phosphate translocators
(Knappe et al., 2003a), we identified all members
predicted to be present in the inner envelope of C3
chloroplasts (Eicks et al., 2002; Flügge et al., 2003).
Based on these data and further analysis (data not
shown), we conclude that the proteome of the pea
chloroplast envelope has a similar qualitative compo-
sition as the proteomes from other C3 plants analyzed
previously.

The maize chloroplast isolation protocol applied in
this study was optimized for the isolation of maize
mesophyll chloroplasts and thus C4 mesophyll chlo-
roplast envelope membranes. Based on the virtual
absence of Rubisco and the complete absence of malic
enzyme, two markers for bundle sheath chloroplasts,
and the relative abundance of mesophyll marker en-
zymes, such as PPDK and PEPC, the maize chloroplast
envelope samples indeed represent a highly mesophyll-
enriched preparation (Supplemental Table S1).

For each of the envelope proteome samples, the
relative spectral abundance, likely resulting from
extraplastidial sources such as mitochondria, the en-
domembrane system, cytosol, and nucleus, was deter-
mined. 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, it was
below 5.2%. In maize, no mitochondrial contamination
was detected, and extraplastidial proteins were mostly
residents of the cytosol and the endomembrane sys-
tem. In pea, the main contaminant was mitochondrial
proteins. The complete list of extraplastidial proteins
can be extracted from Supplemental Tables S1 and 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 contami-
nation. We concluded that the samples are suitable for
comparing a C3 with a C4 mesophyll chloroplast en-
velope.

The Envelope Proteomes of C3 and C4 Chloroplasts Are
Qualitatively Similar

In the C4 mesophyll chloroplast envelope proteome,
231 nonredundant proteins were identified, and in the

pea chloroplast envelope proteome, 322 nonredundant
proteins were identified. Taken together, 420 unique
proteins were identified, of which 368 (87.6%) were
traditional chloroplast residents. In both samples, a
similar percentage of proteins was soluble or insoluble
in chloroform or methanol, respectively, with about
one-third of all proteins being soluble in organic
solvents to at least some degree (Fig. 2A). Likewise, a
similar share of proteins could be detected in both
fractions (Fig. 2A). The soluble fraction in organic
solvents contained a number of proteins with high
membrane helix content, but neither the hydropho-
bicity index nor the number of predicted membrane
helices was strongly correlated with the solubility in
organic solvent (data not shown).

Little more than half of the proteins in both samples
contain recognizable structures for membrane attach-
ment (Fig. 2A). Most of these proteins have predicted
a-helices that can span a membrane, some have
demonstrated or predicted b-sheets, and very few
are predicted to be anchored to the lipid bilayer by
prenylation. The other half of the proteins have no
obvious domains for membrane attachment or inser-
tion.

The proteins in both envelope preparations are also
very similar when their bioinformatically generated
targeting predictions are compared. Most of the pro-
teins identified in both the C4 mesophyll and the C3
envelope proteome samples possess a canonical target
peptide for the protein import complex of chloroplasts
(Fig. 2B; Emanuelsson et al., 1999, 2000; Schwacke
et al., 2003). Less than 10% are predicted to be targeted
to the mitochondria (Fig. 2B). 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 tar-
geting to the secretory pathway (Fig. 2B). These pro-
teins include well-known residents of the chloroplast
envelope, such as Toc64 and Toc159, as well as two
outer envelope porins, OEP21 and OEP24.

Both envelope proteome samples yielded a compa-
rable proportion of proteins not previously identified
by proteomics, with 58 novel proteins from the C4
maize mesophyll envelope proteome sample and 69
novel proteins from the C3 pea envelope proteome
sample.

Figure 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 chloro-
plasts, for three carbons fixed, at least 12 transport
processes are required.
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Proteins with Similar Relative Abundance
between Samples

To visualize the compositional differences between
C3 and C4 envelope membrane proteomes, the differ-
ences between the percentages of the total spectral
count for each protein (the spectral count percentage
in pea was subtracted from the spectral count percent-
age in maize) were plotted. Proteins that were identi-
fied in only a subset of the experiments were set to
zero in the remaining experiments. Plotting the differ-
ence between the relative spectral abundance in C4
mesophyll and C3 chloroplast envelopes revealed that
the majority of proteins do not differ by more than
0.5% in their relative spectral abundance (Fig. 3). This
large group of proteins can be broken down into
smaller groups of proteins; selected examples are
shown in Figure 4A. In the first group, both relative
spectral counts are high or intermediate, as is the
case for proteins of the protein import complex com-
ponents (Fig. 4A). As examples, part of the inner
envelope pore, Tic110, and two outer envelope com-

ponents, Toc34 and Toc64, are shown (Fig. 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, inexplica-
bly was reduced in one of two replicate experiments
for C4 photosynthetic carbon assimilation (PCA)-type
envelopes (Fig. 4A). Proteins that showed large vari-
ance between replicate experiments were considered
unreliable and therefore were not considered further.
The putative Glc 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 that 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 (Fig. 4A; Supplemental Tables S1 and S2). A
complete list of proteins with similar relative spectral
abundance can be found in Supplemental Table S3.

Proteins with Different Relative Spectral Abundance
in C4 Mesophyll Envelopes Compared with
C3-Type Envelopes

Among the proteins with markedly decreased rela-
tive spectral abundance, only four of 12 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 12 proteins with the highest relative
decreases are plotted in Figure 4B. There are four
proteins involved in carbon fixation for the PCR cycle:
Rubisco large and small subunits, the Rubisco acti-
vase, and a carbonic anhydrase, with Rubisco large
subunit showing the highest relative decrease. In
addition, there are three proteins associated with the
protein import complex: Tic55, the ferredoxin:NADP
reductase, and the import chaperone Hsp93/ClpC
(Soll and Schleiff, 2004). There are also three enzymes:
VTE3, a methyltransferase involved in vitamin E and
plastoquinone biosynthesis (Cheng et al., 2003), pro-
tochlorophyllide 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 lower amplitudes of up to 3%
(Fig. 3). Most of the following proteins that 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 CO2
acceptor PEP (Fig. 4C). The known transport proteins
are two phosphate translocators, phosphoenolpyruvate
phosphate translocator (PPT; Fischer et al., 1997) and
triosephosphate phosphate translocator (TPT; Flügge

Figure 2. The envelope proteomes are similar when analyzed qualita-
tively. The percentage of proteins within one proteome is plotted. They
are similar with regard to their physicochemical properties (solubility in
organic solvents and the presence of membrane attachment structures;
A) and with regard to their predicted targeting and percentage of novel
proteins (B).
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and Heldt, 1984), two dicarboxylate translocators
(DiTs), DCT1 and DCT2/3, and the ATP/ADP trans-
locator NTT1 (Neuhaus et al., 1997). There are also two
outer envelope proteins, OEP24 and OEP37 (Pohlmeyer
et al., 1998; Goetze et al., 2006). Finally, we identified
four proteins of unknown function in this group
(mesophyll envelope proteins 1–4 [Mep1–Mep4]).
Mep1 is predicted to have 12 membrane-spanning he-
lices, and Mep2 is predicted to have a single membrane-
spanning helix. Mep3 and Mep4 are paralogs, which
map to the same Arabidopsis (Arabidopsis thaliana)
ortholog, and both are predicted to have four
membrane-spanning helices. Of the 12 proteins with
the highest difference in spectral count compared with
C3 envelopes, 10 have differential protein accumula-
tion patterns between mesophyll and the bundle
sheath (Majeran et al., 2008). Eight accumulate to
higher levels in mesophyll membranes, and two accu-
mulate to higher levels in bundle sheath membranes
(Supplemental Table 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 with 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 with earlier enve-
lope proteomes prepared from the C3 plant Arabi-
dopsis and confirmed the presence and absence,
respectively, of marker proteins of C4 photosynthesis
for C4 mesophyll envelope samples such as PPDK,
PEPC, and Rubisco. The level of contamination was at

most 5.2%. In the samples isolated from pea, the
biggest contributors were mitochondrial outer enve-
lope proteins such as porins. It is well known that, to
foster metabolite exchange for photorespiration, chlo-
roplasts of C3 plants are closely associated with mito-
chondria and peroxisomes (Schumann et al., 2007),

Figure 4. For the extremes and selected unchanged proteins from
Figure 3, detailed results were plotted. A, Selected proteins that do not
change significantly in relative abundance. B, The 12 proteins that are
lowest in relative abundance in C4 PCA-type envelopes compared with
C3-type envelopes. C, The 12 proteins that are highest in relative
abundance in C4 PCA-type envelopes compared with C3-type enve-
lopes.

Figure 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. The dotted lines represent
differences of 60.5%.
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thus explaining mitochondria being the major source
of contaminating proteins. In the maize sample, mito-
chondrial 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 photores-
pire, since Rubisco is virtually absent, and these chlo-
roplasts therefore do not require a close association of
chloroplasts, mitochondria, and peroxisomes, as is the
case in C3 plants. Both envelope preparations also
contain a number of proteins identified in previous
thylakoid proteome studies (Supplemental Tables S1
and S2; Peltier et al., 2000, 2002, 2004). Currently, it
remains unknown whether these proteins are trapped
en route to the internal membrane system or whether
they represent contaminations that are introduced
during envelope isolation (Ferro et al., 2002; Froehlich
et al., 2003). Relative abundance comparisons were
performed with and without removing the contami-
nations from the samples, and the results were robust
and therefore independent of the level and source of
the contamination.

We analyzed whether detailed qualitative compar-
isons were possible. Solid judgments about the signif-
icance of the presence or absence of proteins require
proteomics to be saturated to avoid false-negative
calls. To determine whether the proteome identifica-
tions in either sample were saturated or whether a
substantial number of proteins remained unidentified,
the well-understood pathways of glycolipid biosyn-
thesis were analyzed. They provide a number of
housekeeping proteins that are expected to be identi-
fied 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 bio-
synthesis (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 pro-
teome remains to be achieved. It remains to be deter-
mined 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 pro-
teome 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 were
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 nonredundant proteins in
the C4 and C3 chloroplast envelopes, respectively. The
higher number of proteins identified in the pea sample
likely results from two reasons. (1) The total envelope
sample from C4 mesophyll envelopes yielded a lower
total spectral count, with fewer proteins identified
(Supplemental Table S1), although the relative abun-
dances for each protein remained similar (Fig. 4).
Many proteins with a low absolute spectral count in
the other experiments might have escaped detection.
(2) The C4 mesophyll envelope sample contains some
proteins with a very high relative spectral count com-
pared with the C3 envelope sample, with up to 9%
difference in relative abundance (Fig. 3). The peptides
belonging to these proteins may have suppressed
peptides of lesser abundance during ionization or
detection in the mass spectrometer. The prefractiona-
tion by organic solvent extraction permitted the de-
tection 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.

Analysis of the physicochemical properties revealed
that the C4 mesophyll and the C3 envelope proteomes
are remarkably similar. The fractionation pattern into
soluble and insoluble in organic solvent was repro-
ducible, as was the proportion of integral membrane
proteins (Fig. 2A). Little more than 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 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 seem-
ingly soluble proteins also are closely associated with
the chloroplast envelope, similar to what has been
demonstrated for glycolytic enzymes at the mitochon-
drial membranes (Graham et al., 2007).

The proteins in both envelope preparations are also
very similar when their bioinformatically generated
targeting predictions are compared. About half of the
proteins identified in both envelope proteome samples
possess a chloroplast target peptide for the protein
import complex (Fig. 2B; Emanuelsson et al., 1999,
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 to possess 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 en-
velope, TPT, which is predicted to be targeted to the
mitochondria. Alternatively, it may be due to contam-
ination of the envelope preparation with true mito-
chondrial proteins. This, however, is unlikely, at least
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for the C4 mesophyll envelope sample, since no bona
fide mitochondrial proteins could be identified in this
preparation. For a surprisingly large group, no target-
ing 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 (Fig. 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 pep-
tides have been identified in multiple independent
plastid proteomics studies (Supplemental Tables S1
and S2). The proteins identified in this and other
studies might represent candidates for novel protein
import pathways, as were recently reported for a
carbonic anhydrase (Villarejo et al., 2005) and outer
envelope proteins (Bae et al., 2008).

Both envelope proteome samples yielded a compa-
rable proportion of proteins not previously identified
in plastid proteome projects. Some of the novel iden-
tifications may be due to the instrumentation used in
our study, since ultra-high-pressure HPLC coupled to
Fourier-transform ion cyclotron resonance is capable
of protein identification with very high resolution.
Some proteins may have been identified because the
sample was fractionated prior to proteome analysis,
and some proteins, especially from the maize envelope
sample, may have been identified because the chloro-
plast envelope is adapted to C4 photosynthesis and C4
chloroplast envelopes have not yet been analyzed by
proteomics.

A Semiquantitative View of the Envelope Proteomes

For several reasons, a semiquantitative 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; hence, some
uncertainty is associated with the identification of
proteins with low absolute spectral counts. The pro-
teome sample from maize was compared with previ-
ous proteome samples, and more than 70% of the
proteins identified in maize have been found previ-
ously in the plastid proteomes from other species (Fig.
2B), indicating that 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 hypoth-
esized that the differences between the C3 and C4
chloroplast envelopes are quantitative rather than
qualitative. Unfortunately, no quantitative tools for
comparing proteomes of different species are avail-
able. To overcome this limitation, we introduced per-
centage 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 a single experiment, similar
to the normalization procedures used for the interpre-

tation of RNA hybridization experiments. This method
enables comparisons between evolutionarily distant
species. It is based on the assumption that orthologous
proteins from different species have similar phys-
icochemical properties and thus behave similarly
throughout separation and identification when con-
tained in similar samples, such as chloroplast enve-
lopes. 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
nonrelated 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 (the 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 10 absolute spectral counts each
(Supplemental Tables S1 and S2), similar to results
reported earlier (Bräutigam et al., 2008). A comparison
based on fold changes would lead to many proteins of
low absolute spectral count being erroneously identi-
fied 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, TPT (data not shown). We thus re-
stricted analysis to the proteins with the highest rela-
tive changes 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 sub-
units, Rubisco activase, and carbonic anhydrase for
photosynthetic carbon reduction (Fig. 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 anhy-
drase, which quickly equilibrates CO2 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 (Fig. 4C). The detection of
this soluble enzyme, which occupies a large percent-
age of the spectral count within the C4 mesophyll en-
velope proteome sample, may result from its high
abundance, due to its involvement in C4 photosynthe-
sis and/or a close association with the membranes. It is
likely absent from the pea sample because, in contrast
to C4 plants, it represents a minor plastidic and cyto-
solic protein (Parsley and Hibberd, 2006) in C3 plants.
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Proteins of the Protein Import Complex

At least two of the proteins that form the protein
import complex seem to be housekeeping proteins,
Tic110 and Toc75, which have a high relative spectral
abundance in both samples. They form the pore in the
inner and outer envelopes (Soll and Schleiff, 2004). The
import receptor Toc159 was excluded from analysis
because 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 pro-
tease 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 the 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 components, the two
proteins involved in reduction equivalent synthesis and
balancing, FNR (for ferredoxin:NADP 1 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 with
C4 mesophyll envelopes. This difference may be ex-
plained by the spatial separation of reduction equiva-
lent production between mesophyll and bundle sheath
chloroplasts, which may result in a change of redox
status regulation.

Transport Proteins

Phosphate Translocators

The transport protein TPT is one of the proteins with
the highest relative spectral abundance in both enve-
lope samples, but it is 2-fold more abundant in C4
mesophyll than in C3-type envelopes (Fig. 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; there-
fore, carbon export cannot be the reason for the high
relative abundance of TPT. However, since the bundle
sheath chloroplasts are deficient in reduction equiva-
lents due to limited PSII 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 3-fold compared with the C3 TPT, in which
only one exchange is required for three fixed carbon
units for export (Fig. 1). Compared with the C3 TPT,
the C4 TPT exchanges 3-phosphoglycerate rather than
phosphate for triosephosphate (Fig. 1) and thus may
be specifically adapted to its new role. Interestingly,
this protein is reported to be more abundant in
C4 mesophyll chloroplast membranes compared with

bundle sheath chloroplast membranes (Majeran et al.,
2008), although TPT also has to export carbon from
bundle sheath chloroplasts. In C4 PCA-type chlo-
roplasts, 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 PPT was initially
identified in maize endosperm and characterized from
cauliflower (Brassica oleracea) buds (Fischer et al.,
1997). This maize PPT is highly expressed in roots
and the female flower, but its expression level is not
increased upon transition from etiolated tissue to
green leaves (Supplemental Fig. S5). Orthologs of
this PPT are expressed in leaf tissue of the C3 plant
Arabidopsis (Knappe et al., 2003b; Voll 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 sam-
ple (Fig. 4C; Supplemental Table S1), while in pea, PPT
belongs to the low-abundance group of proteins. In
contrast to the PPT identified by Fischer et al. (1997),
this PPT is expressed highly in leaves, is barely de-
tectable in roots, and its expression level massively
increases upon transition from etiolated to green
leaves (Supplemental Fig. S5). The massive flux of
PEP required for CO2 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, com-
pared with 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 ver-
sus 3-phosphoglycerate and PEP versus inorganic
phosphate) are thus accommodated by increased
amounts of the respective transport proteins and hence
increased Vmax. The Xyl-5-P translocator could only be
identified in the C3 envelope sample, and a Glc-6-P
translocator was not detected in either experiment.

Dicarboxylate Translocators

The envelope proteome of C4 mesophyll chloro-
plasts contains a higher percentage of proteins from
the DiT family (Weber et al., 1995). Proteins of both the
Glu/malate-exchanger type, DiT2 (Taniguchi et al.,
2002; Renné et al., 2003), called DCT1 and DCT2/3 in
maize (Taniguchi et al., 2004), and of the 2-oxoglutarate/
malate-exchanger family, DiT1 (Weber et al.,
1995), called OMT in maize (Taniguchi et al., 2004),
are enriched. These transport proteins connect cyto-
solic and plastidic nitrogen metabolism through a two-
translocator mechanism in C3 plants (Woo et al., 1987;
Weber and Flügge, 2002; Renné et al., 2003), with DiT1
and DiT2 also playing a major role in photorespiration
(Taniguchi et al., 2002; Renné 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
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mRNA accumulation patterns in mesophyll cells
(Renné et al., 2003; Taniguchi et al., 2004; Sawers
et al., 2007). The protein accumulation pattern indi-
cates higher expression of OMT and DCT1 in meso-
phyll chloroplast membranes and higher expression of
DCT2/3 in bundle sheath chloroplast membranes
(Majeran et al., 2008; Supplemental Table S4). The
DiT family members have been proposed to play a role
in central nitrogen metabolism (Renné et al., 2003) and,
for OMT of the DiT1 family, to be the oxaloacetate/
malate shuttle that is needed for core C4 photosynthe-
sis (Fig. 1; Taniguchi et al., 2004). Currently, their in
vivo function remains unclear in C4 plants, although
their higher abundance in C4 compared with C3 may
suggest that 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
DiT1 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 envelope. Two outer envelope porins,
OEP24 and OEP37, occupy a larger percentage of the
spectral count in C4 mesophyll envelopes. In vitro, OEP24
transports triosephosphates and dicarboxylates and
thus is perfectly suited to accommodate the metabolite
fluxes needed for core C4 photosynthesis (Pohlmeyer
et al., 1998). OEP37 has been shown to transport inor-
ganic 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 (Supplemental
Table S3), although not among the top 12 reduced
proteins. It may be reduced because 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
that also forms a channel through the membrane,
likely transports amino acids (Pohlmeyer et al., 1997).
In contrast to the other outer envelope porins identi-
fied, this protein does not differ in relative spectral
abundance between C3 and C4 PCA-type chloroplasts.
The adaptations of the outer envelope proteins appar-
ently 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, a putative ATP-binding cassette-
type transport protein and a protein of unknown
function predicted to be anchored to the membrane,
were absent from the C4 sample. In addition to the
phosphate and dicarboxylate translocators, the C4
mesophyll envelopes contain more ATP/ADP trans-
locator protein compared with C3 envelopes from pea.
Mesophyll chloroplasts have a high demand for ATP,
since the regeneration of the primary CO2 acceptor,
PEP, from pyruvate requires two ATPs for each reac-
tion. 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 import-
ing ATP from other sources into PCA-type chloro-
plasts. Within the group of proteins that are more
abundant in maize mesophyll compared with pea C3
chloroplast envelopes are also five proteins of un-
known function. Of these proteins, one has one, three
have four, and one has 12 predicted transmembrane
helices. This study, in combination with results from
other proteomics studies (Majeran et al., 2008), allows
us to posit hypotheses about proteins catalyzing ad-
ditional C4 metabolite fluxes. Mep1, a protein with 12
predicted transmembrane helices, is enriched in C4
mesophyll compared with C3 envelopes, and its pro-
tein accumulates evenly between mesophyll and bun-
dle sheath. Moreover, its mRNA accumulates mainly
in green leaves (Supplemental Fig. S5). This pattern of
expression fits the pyruvate transport protein, which
carries a higher load in C4 plants compared with 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 with C3. In
contrast, Mep2 accumulates mainly in the mesophyll
and hence is a candidate for an oxaloacetate/malate
shuttle, in case members of the DiT family do not
perform this function. The protein sequences and
predicted structures of all candidate proteins are un-
related to any characterized protein.

Apart from being strong candidates for catalyzing
metabolite fluxes across the maize mesophyll chloro-
plast envelope, which are increased to transfer core C4
photosynthesis metabolites, proteins of unknown
function may carry fluxes that are increased as a by-
product 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 abun-
dant transfer proteins. A comparison of bundle sheath
with C3 chloroplast envelope membranes may be
necessary to identify a candidate for the malate im-
porter of bundle sheath chloroplasts.
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CONCLUSION

The comparison of the C4 mesophyll and C3 chloro-
plast envelope 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 in-
volved 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 Crassulacean acid metabolism in
Mesembryanthemum crystallinum (Häusler 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 anal-
ysis 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 was previously assumed. Limitations
in metabolite exchange across the chloroplast enve-
lope may have hampered efforts to establish C4 pho-
tosynthesis in C3 crop plants.

MATERIALS AND METHODS

Preparation of Chloroplast Envelope Protein Samples

Chloroplast envelope membranes were isolated from pea (Pisum sativum

variety 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 (Douce and Joyard, 1979; Keegstra and

Yousif, 1986). Envelope membranes were diluted in 10 volumes of ice-cold 1:1

(v/v) chloroform:methanol and stored on ice for 20 min. Insoluble proteins

were sedimented by centrifugation at 20,000g for 20 min (‘‘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 min on a reaction tube shaker at 15�C, and subsequently

separated by 12.5% SDS-PAGE.

Protein Identification

After staining with Coomassie Brilliant Blue, each gel lane was cut into

10 equally sized slices. Proteins contained in the gel slices were subjected

to tryptic cleavage as described by Shevchenko et al. (1996). Peptides

were extracted and loaded onto a Waters Symmetry C18 peptide trap (5 mm,

180 mm 3 20 mm) at a flow rate of 4 mL min21 in 2% acetonitrile/0.1% formic

acid for 5 min, 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 mm, 100 mm 3 100 mm) over 90 min and fed into a

ThermoElectron LTQ Fourier-transform ion cyclotron resonance mass spec-

trometer with a flow rate of 300 nL min21 (buffer A 5 99.9% water/0.1%

formic acid, buffer B 5 99.9% acetonitrile/0.1% formic acid: gradient of 5% B

to 40% B from 0 to 63 min, 40% B to 90% B from 63 to 71 min, and 5% B from 71

to 90 min). Survey scans were taken at a resolution of 50,000, and the top 10

ions were dissociated by automated low-energy collision. The BioWorks

Browser version 3.2 was used to convert the resulting tandem mass spec-

trometry (MS/MS) spectra to a peak list.

All mass spectra libraries were compared with a sequence database

from pea (Bräutigam et al., 2008) that was generated by massively parallel

pyrosequencing of cDNAs (Weber et al., 2007) and a maize cDNA data-

base (ftp://occams.dfci.harvard.edu/pub/bio/tgi/data/Zea_mays) using the

Mascot search algorithm, version 2.2 (www.matrixscience.com). Carbamido-

methyl Cys was set as a fixed peptide modification, and oxidation of Met was

permitted. Up to two missed tryptic sites were allowed. The peptide tolerance

was set to 610 mL L21, and the MS/MS tolerance was set to 0.8 kD.

Protein Annotation and Bioinformatics

Mascot results were analyzed 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 Microsoft Excel for further analysis. Cross-

identifications in previous chloroplast proteomics projects were determined

using BLASTX against the plprot database (Kleffmann et al., 2006), and the

corresponding Arabidopsis (Arabidopsis thaliana) proteins were identified by

BLASTX (Altschul et al., 1997) in The Arabidopsis Information Resource.

Functional annotation and classification presented here were deduced from

information in The Arabidopsis Information Resource (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 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 to generate a list of nonredun-

dant identifications (Supplemental Tables S1 and S2). Before semiquantitative

analysis, the spectral counts in each fraction were corrected for loading. The

original data can be downloaded from PRIDE (http://www.ebi.ac.uk/pride/;

Martens et al., 2005).

Semiquantitative Analysis of Protein Abundance

The semiquantitative 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 liquid

chromatography-electrospray ionization-MS/MS without prior fractionation

(‘‘whole envelopes’’). In a second experiment, the proteins were first frac-

tionated into a chloroform/methanol-soluble and an insoluble fraction. Pro-

teins from both fractions were then separated by SDS-PAGE and subsequently

identified by liquid chromatography-electrospray ionization-MS/MS. The

spectral counts for each protein in both fractions were summed 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 (‘‘per-

centage of the total spectral count’’; Supplemental Tables S1 and S2). The

robustness of the semiquantitative 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 including and excluding

putative extraplastidial contaminations. The results were robust.

Accession Numbers

All proteomics data reported here have been submitted to the PRIDE data

repository (http://www.ebi.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 (accession

no. 3370); maize C4 PCA-type chloroplast envelopes, soluble fraction (acces-

sion no. 3371); maize C4 PCA-type chloroplast envelopes, whole (accession no.

3372); pea C3-type chloroplast envelopes, pellet fraction (accession no. 3376);

pea C3-type chloroplast envelopes, soluble fraction (accession no. 3377); and

pea C3-type chloroplast envelopes, whole (accession no. 3378).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. mRNA accumulation patterns of chloroplast

envelope membrane transporters in different tissues of maize.
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Supplemental Table S1. Proteins identified in C4 PCA-type maize chlo-

roplast envelope membranes. Listed are proteins identified, number of

spectra mapping to each maize accession number, annotation, classi-

fication, number of membrane-spanning domains, targeting prediction,

and previous identifications in other proteomics studies.

Supplemental Table S2. Proteins identified in C3-type pea chloroplast

envelope membranes. Listed are 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 Table S3. Percentage of total spectral counts for each

protein identified in C4 PCA-type and C3-type chloroplasts of maize

and pea, respectively.

Supplemental Table S4. Differential accumulation of maize chloroplast

envelope membrane transporters in bundle sheath and mesophyll cells.
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Bräutigam et al.

578 Plant Physiol. Vol. 148, 2008



provision of signals for correct mesophyll development. Plant J 36:

411–420

Kuchler M, Decker S, Hormann F, Soll J, Heins L (2002) Protein

import into chloroplasts involves redox-regulated proteins. EMBO 21:

6136–6145

Laisk A, Edwards GE (2000) A mathematical model of C-4 photosynthesis:

the mechanism of concentrating CO2 in NADP-malic enzyme type

species. Photosynth Res 66: 199–224

Leegood RC, Edwards GE (1996) Photosynthesis and the Environment, Vol

5. Kluwer Academic Publishers, Dordrecht, The Netherlands

Liu H, Sadygov RG, Yates JR (2004) A model for random sampling and

estimation of relative protein abundance in shotgun proteomics. Anal

Chem 76: 4193–4201

Lu P, Vogel C, Wang R, Yao X, Marcotte EM (2007) Absolute protein

expression profiling estimates the relative contributions of transcrip-

tional and translational regulation. Nat Biotechnol 25: 117–124

Majeran W, Cai Y, Sun Q, van Wijk KJ (2005) Functional differentiation of

bundle sheath and mesophyll maize chloroplasts determined by com-

parative proteomics. Plant Cell 17: 3111–3140

Majeran W, Zybailov B, Ytterberg AJ, Dunsmore J, Sun Q, van Wijk KJ

(2008) Consequences of C4 differentiation for chloroplast membrane

proteomes in maize mesophyll and bundle sheath cells. Mol Cell

Proteomics (in press)

Martens L, Hermjakob H, Jones P, Adamski M, Taylor C, States D,

Gevaert K, Vandekerckhove J, Apweiler R (2005) PRIDE: The Proteo-

mics Identifications Database. Proteomics 5: 3537–3545

Matsuoka M, Nomura M, Agarie S, Miyao-Tokutomi M, Ku MSB (1998)

Evolution of C4 photosynthetic genes and overexpression of maize C4

genes in rice. J Plant Res 111: 333–337

Meierhoff K, Westhoff P (1993) Differential biogenesis of photosystem II in

mesophyll and bundle-sheath cells of monocotyledonous NADP-malic

enzyme-type C-4 plants: the nonstoichiometric abundance of the sub-

units of photosystem II in the bundle-sheath chloroplasts and the

translational activity of the plastome-encoded genes. Planta 191: 23–33
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Desimone M, Frommer WB, Flügge UI, Kunze R (2003) ARAMEM-

NON, a novel database for Arabidopsis integral membrane proteins.

Plant Physiol 131: 16–26

Shevchenko A, Wilm M, Vorm O, Mann M (1996) Mass spectrometric

sequencing of proteins from silver-stained polyacrylamide gels. Anal

Chem 68: 850–858

Slack CR, Hatch MD, Goodchild J (1969) Distribution of enzymes in

mesophyll and parenchyma-sheath chloroplasts of maize leaves in

relation to C4-dicarboxylic acid pathway of photosynthesis. Biochem J

114: 489–498

Soll J, Schleiff E (2004) Protein import into chloroplasts. Nat Rev Mol Cell

Biol 5: 198–208

Swarbreck D, Wilks C, Lamesch P, Berardini TZ, Garcia-Hernandez M,

Foerster H, Li D, Meyer T, Muller R, Ploetz L, et al (2008) The

Arabidopsis Information Resource (TAIR): gene structure and function

annotation. Nucleic Acids Res 36: D1009–D1014

Taniguchi M, Taniguchi Y, Kawasaki M, Takeda S, Kato T, Sato S, Tahata

S, Miyake H, Sugiyama T (2002) Identifying and characterizing

plastidic 2-oxoglutarate/malate and dicarboxylate transporters in Arabi-

dopsis thaliana. Plant Cell Physiol 43: 706–717

Taniguchi Y, Nagasaki J, Kawasaki M, Miyake H, Sugiyama T, Taniguchi

M (2004) Differentiation of dicarboxylate transporters in mesophyll and

bundle sheath chloroplasts of maize. Plant Cell Physiol 45: 187–200

Villarejo A, Buren S, Larsson S, Dejardin A, Monne M, Rudhe C,

Karlsson J, Jansson S, Lerouge P, Rolland N, et al (2005) Evidence for

a protein transported through the secretory pathway en route to the

higher plant chloroplast. Nat Cell Biol 7: 1224–1231
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