
HAL Id: hal-01078965
https://hal.science/hal-01078965

Submitted on 6 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Deciphering thylakoid sub-compartments using a mass
spectrometry-based approach.

Martino Tomizioli, Cosmin Lazar, Sabine Brugière, Thomas Burger, Daniel
Salvi, Laurent Gatto, Lucas Moyet, Lisa M Breckels, Anne-Marie Hesse,

Kathryn S Lilley, et al.

To cite this version:
Martino Tomizioli, Cosmin Lazar, Sabine Brugière, Thomas Burger, Daniel Salvi, et al.. Deciphering
thylakoid sub-compartments using a mass spectrometry-based approach.. Molecular and Cellular
Proteomics, 2014, 13 (8), pp.2147-2167. �10.1074/mcp.M114.040923�. �hal-01078965�

https://hal.science/hal-01078965
https://hal.archives-ouvertes.fr


Deciphering Thylakoid Sub-compartments
using a Mass Spectrometry-based Approach*□S

Martino Tomizioli‡§¶�, Cosmin Lazar‡**‡‡, Sabine Brugière‡**‡‡,
Thomas Burger‡**‡‡§§, Daniel Salvi‡§¶�, Laurent Gatto¶¶, Lucas Moyet‡§¶�,
Lisa M. Breckels¶¶, Anne-Marie Hesse‡**‡‡, Kathryn S. Lilley¶¶,
Daphné Seigneurin-Berny‡§¶�, Giovanni Finazzi‡§¶�, Norbert Rolland‡§¶���,
and Myriam Ferro‡**‡‡��

Photosynthesis has shaped atmospheric and ocean
chemistries and probably changed the climate as well, as
oxygen is released from water as part of the photosyn-
thetic process. In photosynthetic eukaryotes, this process
occurs in the chloroplast, an organelle containing the
most abundant biological membrane, the thylakoids. The
thylakoids of plants and some green algae are structurally
inhomogeneous, consisting of two main domains: the
grana, which are piles of membranes gathered by stack-
ing forces, and the stroma-lamellae, which are unstacked
thylakoids connecting the grana. The major photosyn-
thetic complexes are unevenly distributed within these
compartments because of steric and electrostatic con-
straints. Although proteomic analysis of thylakoids has
been instrumental to define its protein components, no
extensive proteomic study of subthylakoid localization of
proteins in the BBY (grana) and the stroma-lamellae frac-
tions has been achieved so far. To fill this gap, we per-
formed a complete survey of the protein composition of
these thylakoid subcompartments using thylakoid mem-
brane fractionations. We employed semiquantitative pro-
teomics coupled with a data analysis pipeline and manual
annotation to differentiate genuine BBY and stroma-la-
mellae proteins from possible contaminants. About 300
thylakoid (or potentially thylakoid) proteins were shown to

be enriched in either the BBY or the stroma-lamellae frac-
tions. Overall, present findings corroborate previous ob-
servations obtained for photosynthetic proteins that used
nonproteomic approaches. The originality of the present
proteomic relies in the identification of photosynthetic
proteins whose differential distribution in the thylakoid
subcompartments might explain already observed phe-
nomenon such as LHCII docking. Besides, from the
present localization results we can suggest new molec-
ular actors for photosynthesis-linked activities. For in-
stance, most PsbP-like subunits being differently local-
ized in stroma-lamellae, these proteins could be linked
to the PSI-NDH complex in the context of cyclic electron
flow around PSI. In addition, we could identify about a
hundred new likely minor thylakoid (or chloroplast) pro-
teins, some of them being potential regulators of the
chloroplast physiology. Molecular & Cellular Proteom-
ics 13: 10.1074/mcp.M114.040923, 2147–2167, 2014.

As primary producers, plants are at the basis of the food
chain for most ecosystems and control the planet atmosphere
via photosynthesis. In eukaryotes, this process, responsible
for carbon fixation and for the release of gaseous oxygen into
the atmosphere, takes place in a specialized compartment,
the chloroplast. This semiautonomous organelle plays a num-
ber of essential functions, including photosynthesis, nitrogen
assimilation, sulfur reduction and assimilation, synthesis of
amino acids, fatty acids, and many secondary metabolites
(1–6). The chloroplast is not the only type of plastids. Plastids
are indeed found in every plant tissue (with a very few excep-
tions such as angiosperm pollen grains) and in apicomplexan
parasites (7, 8). Plastids play diverse and developmentally
regulated functions including carotenoids accumulation in
flowers and fruits (chromoplasts) and starch accumulation
(amyloplasts). Chloroplasts are the most studied plastid type.
They are distributed throughout the cytoplasm of leaf cells
and contain several key subcompartments including: (1) the
chloroplast envelope, which is a double membrane system
surrounding the organelle and modulating the communication
of the chloroplast with the plant cell; (2) the stroma, mainly
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composed of soluble proteins, which is the site where CO2

assimilation takes place thanks to the consumption of reduc-
ing equivalents and ATP produced by light-driven electron
flow, and (3) the thylakoid membrane, which is a highly orga-
nized internal membrane network formed of flat compressed
vesicles and which is the center of oxygenic photosynthesis.
The thylakoid vesicles delimit another discrete compartment,
the lumen. Being the place of the light phase of photosynthe-
sis, the thylakoid compartment has been deeply investigated
from a functional, structural, and biochemical point of view.
Several complexes are located in the thylakoid membranes to
catalyze this activity: the two photosystems, PSI and PSII, the
cytochrome b6f, and the ATP synthase CF0-Fi. They mostly
act in series and their function must be tightly regulated to
avoid excess (or unbalanced) light absorption or saturation of
the electron flow chain, which leads otherwise to photodam-
age (9). To do so, the rather simple photosynthetic membrane
present in cyanobacteria has progressively evolved into a
more sophisticated structure in some algae and plants. There,
the thylakoid membranes form a physically continuous three-
dimensional network consisting of two main domains: the
grana, which are stacks of thylakoids, and the stroma-lamel-
lae, which are unstacked thylakoids connecting the grana
stacks. The grana stacks are surrounded by “unstacked”
membranes, called grana ends and margins (10).

High throughput analysis techniques, combined with ge-
nome sequencing data, have largely modified the experimen-
tal approaches to study protein localization within a cell and
changed our perception of the functional consequence of this
localization (11–13). This is also true for the chloroplast, where
several proteome catalogs have been produced so far (14–
17). They include descriptions of whole chloroplast pro-
teomes, as well as of its subcompartments. In particular,
thylakoids have been subjected to numerous proteomic in-
vestigations, mostly focusing on two biochemically different
thylakoid protein populations: soluble proteins located in the
lumen and more hydrophobic proteins present in the thylakoid
membranes. Initial studies targeting the composition of the
spinach and Arabidopsis thylakoid lumen were performed
using 2-DGE analysis (18, 19). More than 60 soluble and
peripheral membrane proteins were subsequently identified
from purified pea thylakoid and detailed analysis of their tar-
geting signals was performed (20). Thanks to the availability of
the Arabidopsis genome annotation, a proteomic study tar-
geting luminal and peripheral proteins (21) allowed identifica-
tion of a total of 81 proteins using MS/MS and a new ap-
proach to predict the thylakoid lumen proteome in silico. This
work was completed by several independent approaches (22,
23), leading to a consensus of more than 100 thylakoid lume-
nal proteins (24, 25). Interestingly, these studies have shown
that the chloroplast lumen proteins are not restricted to the
generation of the pH gradient that fuels ATP synthesis, but
also play important roles for the regulation of photosynthesis,

supporting protein turnover and protecting against oxidative
stress.

The proteome of the thylakoid membranes has also been
extensively studied. Initial MS-based studies of the thylakoid
membrane proteins were essentially performed, in spinach
and pea, on antennae or reaction-center subunits to identify
the composition of the photosynthetic complexes and to de-
tect post-translational modifications associated with these
abundant proteins. Whitelegge and co-workers used ESI-MS
to catalog intrinsic membrane proteins of the D1 and D2
reaction-center subunits from spinach thylakoids, to identify
protein complexes components and to provide insights into
native protein-protein interactions and their post-translational
modifications (26). Furthermore, MS analysis of tryptic pep-
tides released from the surface of Arabidopsis thylakoid mem-
branes was used to characterize the reversible phosphoryla-
tion of chloroplast thylakoid proteins (27). These studies
confirmed earliest data demonstrating that various subunits of
the PSII and light-harvesting polypeptides (LHCII)1 are phos-
phorylated. Some of these phosphorylation events were also
found to be reversible in response to light or dark transitions.
Zolla and co-workers also studied the light-harvesting pro-
teins (LHCI or LHCII) from various monocot and dicot spe-
cies and determined their intact molecular weights (28, 29).
Whitelegge and co-workers also coupled ESI-MS with re-
verse-phase chromatography to catalog all detectable pro-
teins in samples of PSII-enriched thylakoid membrane sub-
domains (grana) from pea and spinach (30). Only 30 proteins
were identified, with important information on the phosphor-
ylation of several PSII subunits. Later, the same group re-
ported a set of 58 nuclear-encoded thylakoid membrane pro-
teins from four plant species (31) and assigned experimentally
the N-termini of all these proteins. This allowed testing the
reliability of the different existing tools to predict chloroplast
localization and/or cleavage sites starting from experimentally
identified transit peptides. The first in-depth analysis of the
thylakoid membrane was published by van Wijk and cowork-
ers (32), resulting in the identification of 154 proteins. The
same group later identified more than 240 thylakoid mem-
brane proteins, of which, 86 were unknown (33). A recent
study of thylakoid membrane dynamics, especially on envi-
ronmentally modulated phosphoproteome induced by envi-
ronmental changes was targeted to the photosynthetic mem-
branes of Chlamydomonas reinhardtii (34). This study revealed

1 The abbreviations used are: LHCI, light harvesting complex I;
BBY, PSII enriched particles; CCD, Charge-Coupled Device; Chl,
Chlorophyll; Col-0, Columbia 0; ECL, enhanced chemiluminescence;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; K, Kel-
vin; LAM, stroma-lamellae; LED, light emitting diode; LHCII, light
harvesting complex I; LogFC, Log2 of fold change; M, molar; MAR,
margin; mM, millimolar; Nm, nanometers; PMSF, phenylmethylsulfo-
nyl fluoride; PSI, photosystem I; PSII, photosystem II; SDS-PAGE,
Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis;
TBS, Tris-buffered saline; w/v, weight/volume; v/v, volume/volume.
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that major changes in phosphorylation are clustered at the inter-
face between the PSII core and its LHCII antennae. These data
also suggest that the controlling mechanisms for photosyn-
thetic state transitions and LHCII uncoupling from PSII under
high light stress allow thermal energy dissipation. In a subse-
quent study also relying on intact mass measurements of mem-
brane proteins, Zolla and co-workers analyzed all PSI and
LHC proteins in ten different plant species, and identified PSI
proteins present within stroma-lamellae of the thylakoid
membrane (35). More recently, we performed large-scale
analyses that aimed at identifying the whole chloroplast
proteome. In this context, we focused, in the same set of
experiments, on the localization of proteins in the stroma,
thylakoids, and envelope membranes (14). The partitioning
of each protein in these three chloroplast compartments
was assessed using a semiquantitative proteomics ap-
proach (spectral counting). These data, together with an in
depth investigation of the literature, were compiled to pro-
vide accurate subchloroplastic localization of previously
known and newly identified chloroplast proteins. Among the
500 proteins that were identified in the thylakoid fraction,
220 could be assigned to the thylakoid compartment (see
AT_Chloro database at http://www.grenoble.prabi.fr/at_
chloro/).

Although proteomic analysis of thylakoids has allowed de-
fining their protein composition, post-translational modifica-
tions and localization in the membrane and lumen compart-
ments, a complete survey of the protein composition of the
thylakoid subcompartments is still lacking. The objective of
the present work was to complete previous studies and gain
further information about the protein segregation in the grana
and stroma-lamellae domains. To this aim, we have per-
formed a complete survey of the protein composition of these
thylakoid subcompartments using a semiquantitative pro-
teomic approach to validate the differential distribution of
thylakoid proteins between stroma-lamellae and grana. In this
study, we not only confirm previous information about the
localization of photosynthetic proteins, but also observe un-
expected protein composition in photosynthetic complexes
localized in both the BBY and the stroma-lamellae. This al-
lows us to generate hypotheses about the assembly and
function of thylakoid proteins.

MATERIALS AND METHODS

Plant Growth Conditions—Arabidopsis thaliana (ecotype Columbia,
Col-0) were grown in culture chambers at 22 °C with a light intensity
of 100 �mol.m�2.s�1 (10-h light cycle) for 4–5 weeks before
harvesting.

Purification of Intact Chloroplasts and Thylakoid Sub-compart-
ments—All operations were carried out at 0–5 °C. Percoll-purified
chloroplasts were obtained from 100–200 g of A. thaliana leaves as
previously described (36). Purified intact chloroplast were lysed to
retrieve thylakoids membrane in hypotonic medium in the presence of
protease inhibitors (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), pH 7.8, 0.2 mM benzamidine, 1 mM acid �-amino
caproic, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM

MgCl2. Thylakoids membrane were centrifuged at 9700 � g for 10 min
and resuspended in the same buffer. Chlorophyll was extracted in
80% (v/v) acetone, and its concentration determined according to
Porra et al. (37).

Margins and Stroma-lamellae Purification—Thylakoids at 0.5 mg
chlorophyll/ml were incubated with 0.5% (w/v) digitonin (Sigma) for 30
min at 4 °C under agitation in order to solubilize the lighter fraction of
the membranes. The mixture was diluted 10 times in the same hypo-
tonic medium and subsequently centrifuged at 6000 � g for 5 min.
The pellet, consisting of nonsolubilized thylakoids, was collected and
stored at 4 °C for further BBY purification while the supernatant was
centrifuged at 15,000 � g. Again, the pellet was collected for the
subsequent BBY purification whereas the supernatant was centri-
fuged again at 70,000 � g. The pellet, enriched in grana-margins was
stored and resuspended in 10 mM HEPES, 5 mM MgCl2, 0.4 M sorbitol
(in the presence of protease inhibitors), and stored in liquid nitrogen.
The remaining supernatant was centrifuged at 140,000 � g to pellet
the stroma-lamellae fraction of the thylakoids, which was stored in the
same buffer.

BBY Purification—Membranes, consisting of Pellet 1 (nonsolubi-
lized thylakoids) plus Pellet 2 (grana obtained after solubilization with
digitonin) were washed in resuspension buffer and diluted at 1 mg
chlorophyll/ml concentration. The sample was incubated with Triton
X-100 at 10 mg/mg chlorophyll for 30 min, in the dark, at 4 °C, under
agitation. The mixture was centrifuged for 5 min at 3500 � g at 4 °C.
The supernatant was collected and centrifuged at 40,000 � g for 30
min, at 4 °C. The pellet, consisting of BBY (i.e. the inner part of the
grana stacks) was washed in resuspension buffer and centrifuged at
40,000 � g for 30 min, at 4 °C. Membranes were stored in liquid
nitrogen in 10 mM HEPES, 5 mM MgCl2, and 0.4 M sorbitol (in the
presence of protease inhibitors).

Oxygen Evolution Measurements—Oxygen evolution was mea-
sured with a Clark-type electrode (Hansatech, UK). The reaction
medium contained in a total volume of 1.5 ml 0.4 M sorbitol, 10 mM

Hepes-KOH pH 7, 5 mM MgCl2, 0.2 mM PMSF, 0.2 mM benzamidine,
and 1 mM �-amino capronic acid. Exogenous electron acceptors (3.5
mM ferricyanide and 250 �M 2,5-dichloro-p-benzoquinone) were
added before measuring activity as evolution of molecular oxygen
(38). Thylakoids or purified fractions (BBY and stroma-lamellae) were
added at a final concentration of 12 �g chl�1.

Solubilization Test for Thylakoid Membrane Proteins—To test se-
lective solubilization of membrane proteins, freshly isolated thylakoid
membranes were incubated for 30 min with the same detergents
(digitonin or TRITON X-100) employed to isolate the stroma-lamellae
and BBY fractions. Three different concentrations corresponding to
(1) one half, (2) the same, and (3) the double concentration used in the
purification protocol (see above) were tested in a volume of 100 �l
containing 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.8, 0.2 mM benzamidine, 1 mM acid �-amino caproic,
0.2 mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM MgCl2. At
the end of the incubation (30 min at 4 °C), samples were centrifuged,
and the pellet and supernatant fractions were collected. Proteins in
the pellets were recovered in the same volume as the supernatants
and stored in 10 mM HEPES, 5 mM MgCl2, and 0.4 M sorbitol (in the
presence of protease inhibitors). The two fractions were then ana-
lyzed by SDS-PAGE and Western blots.

SDS-PAGE and Western Blot Analysis—Proteins were separated
by SDS-PAGE as described by Chua (39). For Western-blot analyses,
proteins were transferred to a nitrocellulose membrane (BA85,
Schleicher & Schuell, and Whatman) which was blocked with 5%
(w/v) dried-milk in Tris-buffered saline (TBS) containing 0.5% (v/v)
Triton X-100. To assess the purity of the samples, antibodies raised
against proteins associated to specific chloroplast subcompartments
were used: AtpB (stroma-lamellae marker, Agrisera Vannas, Sweden)
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at a 1:10,000 dilution, PsaD (stroma-lamellae marker, Agrisera) at a
1:3000 dilution, PsaC (stroma-lamellae marker, Agrisera) at a
1:10,000 dilution, PsaB (stroma-lamellae marker, Agrisera) at 1:5000
diluition, CP43 (BBY marker) at a 1:10,000 dilution (kindly provided by
Dr. Luca dall’Osto, University of Verona), HMA1 (chloroplast envelope
marker) at a 1:1,000 dilution (40), PHT4;4 (chloroplast envelope
marker) at a 1:1000 dilution (41), and KARI (stroma marker) at a
1:5,000 dilution (kindly provided by Dr. Renaud Dumas, University of
Grenoble). Proteins were detected by ECL.

77K Fluorescence Emission—To measure fluorescence emission
spectra at cryogenic temperatures, a small (10 �l) aliquot of the
purified fraction was taken and loaded in the cuvette of a CCD
spectrophotometer (JbeamBio, France) to measure fluorescence
emission at 77 K. Fluorescence was excited with a blue LED peaking
at 470 nm, and emission was recorded between 650 and 800 nm
using a diode array. Spectra were normalized to the maximum peak
(PSII for the BBY and PSI for the thylakoids and stroma-lamellae,
respectively).

Protein Digestion—For MS analysis, 4 �l of sample were loaded on
a 12% SDS-PAGE Protein extracts were concentrated on a band,
between the stacking and the separating gels (41). (7-cm gels, Bio-
Rad, 4.5% stacking gel). Protein content varied between 2.6 and 9.3
�g for the stroma-lamellae, 1.7 and 2.8 �g for the thylakoids, and
between 2.5 and 8.2 �g for the BBY. The gel bands were manually
excised and cut in pieces before being washed by six successive
incubations of 15 min in 25 mM NH4HCO3 and in 25 mM NH4HCO3

containing 50% (v/v) acetonitrile using a Freedom EVO150 robotic
platform (TECAN Lyon, France). Gel pieces were then dehydrated
with 100% acetonitrile and incubated for 45 min at 53 °C with 10 mM

DTT in 25 mM NH4HCO3 and for 35 min in the dark with 55 mM

iodoacetamide in 25 mM NH4HCO3. Alkylation was stopped by adding
10 mM DTT in 25 mM NH4HCO3 and mixing for 10 min. Gel pieces
were then washed again by incubation in 25 mM NH4HCO3 before
dehydration with 100% acetonitrile. 0.15 �g of modified trypsin (Pro-
mega, Madison, WI; sequencing grade) in 25 mM NH4HCO3 was
added to the dehydrated gel pieces for an overnight incubation at
37 °C. Peptides were then extracted from gel pieces in three 15 min
sequential extraction steps in 30 �l of 50% (v/v) acetonitrile, 30 �l of
5% (v/v) formic acid, and finally 30 �l of 100% acetonitrile. The pooled
supernatants were then dried under vacuum.

Nano-LC-MS/MS Analyses—All the thylakoid fractions were run as
biological triplicates and technical duplicates. The dried extracted
peptides were resuspended in 5% (v/v) acetonitrile and 0.1% (v/v)
trifluoroacetic acid and analyzed by online nanoLC-MS/MS (Ultimate
3000, Dionex and LTQ-Orbitrap Velos Pro, Thermo Fischer Scientific
Waltham, MA). Peptides were sampled on a 300 �m x 5 mm PepMap
C18 precolumn and separated on a 75 �m x 250 mm C18 column
(PepMap, Dionex). The nanoLC method consisted in a 120-min gra-
dient at a flow rate of 300 nL/min, ranging from 5% (v/v) to 37% (v/v)
acetronitrile in 0.1% (v/v) formic acid during 114 min before reaching
72% (v/v) for the last 6 min. MS and MS/MS data were acquired using
Xcalibur V2.1.0 SP1 (Thermo Fischer Scientific). Spray voltage and
heated capillary were respectively set at 1.4 kV and 200 °C. Survey
full-scan MS spectra (m/z � 400–1600) were acquired in the Orbitrap
with a resolution of 60,000 after accumulation of 106 ions (maximum
filling time: 500 ms). The twenty most intense ions from the preview
survey scan delivered by the Orbitrap were fragmented by collision-
induced dissociation (collision energy 35%) in the LTQ after accumu-
lation of 104 ions (maximum filling time: 100 ms).

Database Searching—Peak lists were generated with the Mascot
Distiller version 2.4.3.3 software (Matrix Science, Boston, MA) from
the LC-MS/MS raw data. Using the Mascot 2.4.0 search engine
(Mascot Daemon, Matrix Science), MS/MS spectra were searched
against a compilation of the A. thaliana protein database provided by

TAIR (nuclear, mitochondrial, and chloroplast genomes; TAIR version
10; 35,386 entries; http://www.arabidopsis.org/) and a homemade list
of contaminants frequently observed in proteomics analyses (260
sequences, (14)). Both databases were concatenated with the corre-
sponding decoy database in order to calculate false discovery rate.
One missed trypsin cleavage was allowed, and trypsin/P was used as
the enzyme (cleavage at the C terminus of Lys/Arg). The mass toler-
ances were 10 ppm for precursor ions and 1.0 Da for fragment ions.
The variable modifications allowed were N-acetylation (protein N
termini), methionine oxidation and dioxidation. A fixed modification
was set: carbomidomethyl cystein. Mascot search results were auto-
matically filtered using the home-developed IRMa 1.31.1 software
(42). The following parameters were applied: (1) the number of report
hits was fixed automatically to retrieve proteins with a p value, as
defined by Mascot, such as p � 0.05; (2) only peptides ranked first
and with an homology threshold such as the p value, as defined by
Mascot, corresponding to p � 0.05, were kept. Every duplicated
peptide sequence was conserved to calculate spectral counts. Con-
sistent protein grouping for all the analyses (same master protein
reported) was ensured using the IRMa software. In order to avoid
redundancy, only the master proteins (i.e. the protein representing a
protein group) were given in the provided results. For each database
search, protein groups were identified with a 1% false discovery rate
(14). Database searching results and raw files were exported in the
PRIDE format and deposited to the ProteomeXchange server with
identifier PXD000546 and DOI 10.6019/PXD000546 and PRIDE ac-
cession # 31943 (www.proteomexchange.org). Lists of proteins and
peptides can also be found in the Supplemental Data file. Database
searching results, with annotated spectra (Pride_Exp_Complete_Ac_
31943.xml), can be visualized using the freely available PRIDEInspector
tool (https://code.google.com/p/pride-toolsuite/wiki/PRIDEInspector).

Data Processing—Total spectral counts and spectral counts for pro-
teotypic peptides were retrieved from the IRMa filtered results for each
of the MS/MS analyses. Weighted spectral counts were calculated as
described in Abacus (43) and were imported in R (version 3.0.1) (44),
which is an open source statistical analysis environment. The raw quan-
titative data were converted into a “MsnSet” class object from the R
package MSnbase (44 and 45). The MsnSet class is derived from the
“eSet” class and mimics the “ExpressionSet” class used for microarray
data. An “MSnSet” object contains quantified expression data for MS
proteomic data as well as the experimental meta-data, and allows the
analysis of quantitative MS-based data using advanced statistical tools
implemented in R, and particularly that of the pRoloc R package (46)
(http://www.bioconductor.org/packages/2.12/bioc/html/pRoloc.html),
which takes as input objects of the MSbase classes. Raw quantitative
data were subjected to some pre-processing steps (Fig. 1), including
missing value imputation, log-transformation and sample normalization
in order to render it compliant with the basic standards of good quality
data (completeness, consistency and accuracy). Note that within the
whole pipe-line dedicated to the quantitative data analysis, all type of
replicates (biological or technical) for a given group (e.g. the BBY group)
have been treated equally.

Missing Value Imputation—Quantitative proteomics data are well
known for high rates of missing values. This fact requires deeper
consideration when trying imputing them. In the present study, 1295
proteins were identified in four groups of samples (thylakoids, stroma-
lamellae, margins, and BBY). However, not all proteins were identified
in each individual group. For such proteins, the quantitation algorithm
associated a NA (nonattributed) value to all samples where that
protein was not identified. The actual missing values (MVs) were
recorded for proteins that had been identified in at least one sample
in a particular group, and they were also assigned with NAs. The
proteins concerned are unlikely to be absent in a particular biological
compartment as they have already been identified in at least one
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sample. According to (47), in quantitative proteomics, MVs can be
explained by several potential mechanisms: (1) the protein/peptide is
present at abundance the instrument should detect it, but it is not
detected or incorrectly identified; (2) the protein/peptide is present at
an abundance that the instrument cannot detect them; and (3) the
protein/peptide is not present at all. MVs recorded as a result of (2)
and (3) are called censored missing values, and it has been shown
that their simple imputation based on observed values is not appro-
priate, leading to an overestimate of peptides abundance and to
biased results (48). Conversely, if the MVs are recorded according to
1) (the so-called Missing Completely at Random - MCAR), one can
use the observed values for their imputation. Thus, depending on the
nature of the MVs, different strategies should be employed for their
imputations. For MCAR data one can use simple MVs imputation
methods which rely on the observed values (48), whereas for the
censored data one strategy is replace the MV with the minimum
value observed (47). Our strategy for MV imputation was based on the
above considerations. Although different probabilistic models are
proposed to separate between MCAR data and censored data (49,
50), our approach is based on a statistical investigation of the data in
order to verify whether the missing values are abundance dependent
or not. To do so, in each group of samples and for each protein we
estimated the mean value of the nonmissing values, and we visualized
the distribution for all proteins. This provided useful information that
helped infer whether the missing values are abundance dependent or
not and provided guidance in declaring the missing values as being
censored or MCAR. The MVs imputation strategy consisted of replac-
ing the censored MVs by the minimum value observed, while the
MCAR MVs they were imputed using a nearest neighbor strategy (51),
which was implemented as a routine preprocessing in MSnset (45)
(Supplemental Material).

Data Normalization—For the 24 samples corresponding to the 4
biological groups (thylakoids, BBY, margins and stroma-lamellae), the

distributions of the log-transformed abundances were examined in
order to investigate about the presence of technical bias. For each of
the 4 groups of samples, quantiles normalization (52) was performed
after the imputation of missing values implemented in the MSnSet R
package (Supplemental Material).

Statistical Analysis of Differential Abundance—We employed the R
package LIMMA (53) which implements a robust method for differen-
tially abundance assignment widely used for microarray data, based
on linear protein-wise models as well as an empirical Bayesian model
for robust estimates of protein-wise standard errors. As the MSnSet
class mimics the “ExpressionSet” class used for microarray data, and
as this latter is used as input object for LIMMA, it appears that any
proteomics dataset converted into the MSnSet format is compliant
with a LIMMA use. The method in LIMMA is based on a modified
version of Student t test (called moderated t test), where the standard
errors are reduced toward a common value using a simple Bayesian
model. This means that, when estimating the variable-wise standard
error, the model borrows the information from the other genes (or in
this case, proteins), which leads to more robust estimates. As a
consequence, the model is well-suited to assess differentially abun-
dance for datasets with few samples. In a recent comparison study on
the significance testing for small microarray experiments (54), LIMMA
has been found as being the method that balances the best the
number of true positives and false positives. Within this comparison
study, the authors used experiments with small sample size ranging
from 2 to 5 samples per group. The approach consists in first fitting a
linear model to each protein and second, estimating the correspond-
ing moderated t-statistic using the empirical Bayes procedure. p
values were calculated using the moderated t-statistic. Multiple test-
ing corrections were then performed by adjusting the p values for
multiple testing using Benjamini and Hochberg’s method to control
the false discovery rate (55). We set the adjusted p value (referred to
as q-value) threshold for declaring a protein differentially expressed to
0.05, meaning that the expected proportion of false discoveries in the
selected group of proteins is controlled to be less than 5%.

Proteins Cluster Analysis—For each group of samples (BBY, mar-
gins and stroma-lamellae) we derived a representative sample as
being the mean over the six available replicates divided by the mean
abundance values across the six thylakoid samples, in order to take
into account for the difference in abundance of thylakoid proteins.
Working with such relative abundance values will homogenize low
and high abundant proteins, providing that proteins more abundant in
BBY with respect to stroma-lamellae will not be sensitive to the actual
protein abundance. As a consequence, a number of 255 proteins,
which were not identified in the thylakoids samples, were not consid-
ered. Cluster analysis was performed using PAM (Partition Around
Menoids) (56), a particular implementation of the k-medoids algo-
rithm. k-medoid is one of the numerous variations of the extremely
well-known k-means algorithm. This latter is implemented in the R
package pRoloc (46) (http://www.bioconductor.org/packages/2.12/
bioc/html/pRoloc.html), as well as numerous more sophisticated
algorithms, such as kernel k-means, spectral clustering (57) (by
mapping to the corresponding R package (58)), or hyperspherical
clustering (59) (by direct implementation). As methods to automat-
ically assess the right number of clusters are still under develop-
ment for the next version of pRoloc, this point was tackled as
described in Supplemental_Material.

Curated Annotation of Proteins—Information about identified pro-
teins were retrieved and compiled from the literature (http://www.
ncbi.nlm.nih.gov/pubmed) using AGI numbers or protein names and
screening for recently published data, from UniProtKB (http://
www.uniprot.org/), TAIR (http://www.arabidopsis.org/), PPDB (60)
(http://ppdb.tc.cornell.edu/), AT_Chloro (14) (http://www.grenoble.
prabi.fr/at_chloro/), SUBA3 (61) (http://suba.plantenergy.uwa.edu.au/) and

FIG. 1. Pipeline for data analysis.
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the ontological tool MapMan (62) (http://mapman.gabipd.org) which was
specifically designed to cover plant-specific pathways and processes
(63).

RESULTS

Optimized Thylakoid Fractionation to Generate Sub-thyla-
koidal Proteomes: Overview of the Strategy—Purification of
thylakoid subfractions (Fig. 2) started from Percoll-purified intact
chloroplasts from A. thaliana leaves (36). The rationale for this
approach was to minimize contamination by mitochondria,
which are largely removed from the sample during the isolation

of intact chloroplasts. After chloroplast lysis in a hypotonic
medium, thylakoids were solubilized with digitonin (10 mg/mg
Chl). After centrifugation at 15,000 � g, the pellet was used for
the purification of the inner grana fraction (BBY), following the
protocol established by Berthold et al. (38). The supernatant
was washed, and centrifuged at 140,000 � g to recover stroma-
lamellae (Fig. 2). Starting from 100–200 g of Arabidopsis leaves,
we obtained 40 �g of chlorophyll for the stroma-lamellae and 80
�g of chlorophyll for the BBY (corresponding to �250 �g and
�200 �g of proteins respectively).

FIG. 2. Purification of chloroplast subfractions: overview of the complete strategy. Chloroplasts from Arabidopsis leaves were purified
on Percoll density gradients. The stroma-lamellae, margins and BBY fractions were purified using different detergents and sequential
centrifugations.
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To obtain statistically reliable results, three biological repli-
cates were prepared and two technical replicates were gen-
erated for each chloroplast biological replicate. Therefore, six
samples were produced for each of BBY, stroma-lamellae
(LAM), margin (MAR) and thylakoid (THY) fractions during
the purification process (Fig. 2). All the protein samples were
concentrated on a SDS-PAGE between the stacking and the
separating gels according to (41) prior to LC-MS/MS analyses
that were performed using a LTQ-Orbitrap VelosPro coupled
to a nano-LC system (Fig. 2). As previously described in the
context of the subchloroplastic localization of proteins (14),
spectral counting was used for relative quantification in order
to determine the subthylakoid localization of identified pro-
teins. Different spectral counting measures can be obtained
for a given identified protein group: total number of MS/MS
spectra corresponding to the identified peptides, the number
of MS/MS spectra corresponding to proteotypic peptides, or
weighted spectral counts. In order to accurately deal with
peptides shared between different protein groups, weighted
spectral counts were used. Indeed, it was shown that distrib-
uting spectral counts of shared peptides, based on the pres-
ence of unique peptides in a given protein group, generated
the best results (64). Consequently we chose to calculate
weighted spectral counts as suggested in Abacus (43) and
used these metrics for subsequent statistical analysis. Then,
both statistical and clustering analyses were performed in
order to identify proteins that were significantly differentially
distributed between the different subthylakoid fractions. In
addition, all identified proteins were thoroughly annotated
with respect to their known or expected subcellular and sub-
chloroplastic localizations and function for further data mining
purposes. Eventually, 1295 proteins were identified from all
the analyses performed (supplemental Table S1).

Evaluation of Cross-contaminations at the Sub-cellular,
Sub-chloroplastic, and Sub-Thylakoid Levels—Cross-con-
taminations at the subcellular level was evaluated using
analysis of the 1295 proteins identified from all the analyses
performed and manual annotation or prediction of their
subcellular localization (supplemental Table S1). In good
agreement with proteomic analyses previously performed
on compartments derived from Percoll-purified chloroplasts
(14), spectral counting analysis of our data indicate that
cross-contamination with other subcellular compartments is
very low (i.e. less than 5%; supplemental Fig. S1).

We also quantified the cross-contamination of the subthy-
lakoid fractions (stroma-lamellae and BBY) using marker pro-
teins associated to the stroma and envelope subcompart-
ments, the two other main subchloroplastic compartments.
This was done using specific antibodies raised against marker
proteins from the different subchloroplastic fractions (the
large subunit of RuBisCO, a known marker from the stroma
and PHT4;4, a phosphate transporter associated to the inner
membrane of the chloroplast envelope). For each analysis,
three different biological replicates were tested. The level of

cross-contamination was qualitatively evaluated by direct
comparison of the intensities of the signals (Western-blots)
arising from the fractions to be tested and those arising from
a range of dilutions between 3 and 100% of purified fractions
derived from other chloroplast compartments. Data reported
in supplemental Fig. S2 indicate an average level of cross-
contamination between 3 and 20% for all the purified fractions
analyzed. Overall, stroma and envelope contaminations ap-
peared to be lower than 3% in the BBY fraction, whereas a
larger contamination by envelope proteins (between 10–15%)
was detected in the stroma-lamellae fraction. Contamination
of the stroma-lamellae fraction with the marker from the
stroma was found to be lower than 10%.

We next assessed the specific protein composition of sub-
chloroplastic fractions (Fig. 3) using SDS-PAGE and Western-
blot analyses targeting known markers of the various purified
subfractions. As shown in Fig. 3A, a Coomassie blue staining
of the proteins present in the different fractions and separated
on a SDS-PAGE identifies different polypeptide profiles, when
compared with that of intact chloroplasts or isolated thyla-
koids. Indeed, as expected, LHCII (Fig. 3A, LHCII), the major
antenna complex of the PSII, was observed to be highly
enriched in the BBY fraction (Fig. 3A, lane B) while it was
barely detectable in the stroma-lamellae fraction (Fig. 3A, lane
L). Subunits of the ATP synthase complex (Fig. 3A, �/�
ATPase), which are known to be present in the nonappressed
regions of the thylakoids, could not be detected in corre-
sponding lane of the SDS-PAGE (Fig. 3A, lane B) consistent
with the absence of this complex in the grana stacks. Both
in BBY and stroma-lamellae fractions, we barely detected
known abundant markers associated to other chloroplast
subcompartments, such as the RuBisCO (Fig. 3A, RBCL) for
the stroma (Fig. 3A, lane S) or the phosphate/triose-phos-
phate transporter (TPT) for the envelope (Fig. 3A, lane E).

The enrichment of specific complexes in purified stroma-
lamellae and BBY fractions was further confirmed by West-
ern-blot analyses, using specific antibodies. Fig. 3B shows
that CP43, a chlorophyll protein associated with PSII, was
largely enriched in the BBY fraction (Fig. 3B, lane B) when
compared with the thylakoids (Fig. 3B, lane T) or the intact
chloroplasts (Fig. 3B, lane C) fractions. By contrast, no CP43
could be detected in the stroma-lamellae fraction (Fig. 3B,
lane S). AtpB and PsaD, components of the ATP synthase
CF0-Fi and of PSI respectively (two complexes known to be
predominant in the stroma-lamellae), were found both in the
thylakoids (Fig. 3B, lane T) and in the chloroplasts (Fig. 3B,
lane C). AtpB and PsaD were enriched in the stroma-lamellae
(Fig. 3B, lane S), while being largely diminished in the BBY
fraction (Fig. 3B, lane B).

As our objective was to obtain accurate data about subthy-
lakoid localization, we then assessed the presence of stroma-
lamellae-enriched complexes in the BBY, and vice versa, us-
ing the same Western-blotting approach (supplemental Fig.
S2). We found that � 10% of the PsaD subunit was localized
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in the BBY. However, numbers became smaller in the case of
another PSI subunit (supplemental Fig. S2; lanes PsaD and
PsaC), suggesting a possible heterogeneity at the level of this
complex (see below). On the other hand, less than 3% of the
PSII complexes (supplemental Fig. S2, lane CP43) were lo-
cated in the stroma-lamellae. This indicates that, as expected
from previous studies (for a review, see (65)), none of the
major photosynthetic complexes were exclusively localized in
a single compartment (with the possible exception of the
ATPase). However, a clear enrichment of the major com-
plexes in one compartment is seen. This was further con-
firmed by measuring the fluorescence spectra of the different
fractions at cryogenic temperatures (Fig. 4). At variance with
room temperature, PSI fluorescence becomes visible at 77K.
Therefore, three main fluorescence emission peaks were de-
tected in the red region of the visible spectrum, upon excita-
tion of purified thylakoids with blue light. The first two peaks
(� 685 and � 695 nm) represent fluorescence emission from
PSII, while the large fluorescence peak seen at � 730 nm
stems from PSI. The two PSII peaks were barely detectable in
the purified stroma-lamellae fraction and the PSI fluorescence
peak alone turned out to be extremely reduced in the purified
BBY fractions when compared with the thylakoids (Fig. 4). In
no case, was emission from energetically uncoupled chloro-
phyll observed, indicating that no damage to the two photo-
systems was induced by our purification protocol. Measure-
ments of the chlorophyll a/b ratio and oxygen evolution
capacity of the different fractions (supplemental Table S2)
also confirmed the successful separation of the two frac-
tions. The chlorophyll a/b ratio of BBY fraction turned out to

FIG. 3. Characterization of Percoll-purified Arabidopsis chloroplast and subplastidial fractions. C, crude chloroplast proteins; E, envelope
membrane proteins; S, stroma proteins; T, thylakoid proteins; B, BBY proteins; and L, stroma-lamellae proteins. Each fraction contained 6 �g
proteins. A, Fractions were analyzed on a 12% SDS-PAGE. �/� ATPase: alpha and beta subunit of the ATPase (stroma-lamellae marker),
RBCL: Large subunit of RuBisCO (stroma marker), TPT: Phosphate-triose-phosphate translocator (envelope marker), and LHCII: Light
harvesting complex proteins (BBY marker). B, Western-blots were performed with using polyclonal antibodies raised against KARI (At3g58610,
stroma marker), AtpB (AtCg00480) and PsaD (At4g02770) (stroma-lamellae markers), CP43 (AtCg00280, BBY marker), and Pht4;4 (At4g00370,
envelope marker).

FIG. 4. 77K chlorophyll fluorescence emission spectra of thyla-
koid membrane subfractions isolated from A. thaliana. Thylakoid
proteins (or thylakoid subfractions) samples were loaded on to a
metal cuvette, which was directly bathed into a liquid nitrogen solu-
tion. Fluorescence spectra were recorded upon excitation at 470 nm.
Peaks were normalized for comparison purposes. Top spectrum:
isolated thylakoids. Medium spectrum: stroma lamellae. Bottom
spectrum: BBY fraction.
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be much lower (1.7) than that of thylakoids and stroma-
lamellae (2.9 and 4.2 respectively) consistent with the well-
established notion that chlorophyll b is accumulated in the
PSII antenna (66) because it is mainly contained in the LHCII
complexes. Measurements of oxygen evolution in presence
of exogenous electron acceptors (ferricyanide and 2,5-di-
chloro-p-benzoquinone) showed that our BBY preparation
retained most of the O2 evolution capacity of the starting
material (thylakoids) while no oxygen evolution was detect-
able in the stroma-lamellae fraction. This confirmed the
large enrichment of PSII in the BBY preparations when
compared with the stroma-lamellae.

In conclusion, Western-blot, cryogenic temperature fluores-
cence, oxygen evolution and assessment of the chlorophyll
a/b ratios analyses indicate that cross-contaminations be-
tween stroma-lamellae and BBY fractions, or their contami-
nation by other chloroplast compartments were low enough
to justify a MS-based analysis of the subthylakoid localization
of the proteins embedded in the photosynthetic membranes.

An Updated Repertoire of Chloroplast and Thylakoid Pro-
teins—The present study allowed the identification of 1295
proteins (supplemental Table S1). We first evaluated the cov-
erage of the chloroplast thylakoid proteome by combining
present data with earlier large-scale analyses targeted to the
chloroplast. To this aim, we compared proteins identified
during this work with those previously reported by Ferro et al.
(14) (AT_CHLORO database) and Zybailov et al. (15), that is,
two extensive studies, performed at the whole chloroplast
level, where similar numbers of proteins were identified (sup-
plemental Fig. 3). These previous chloroplast data and pres-
ent results were collated to obtain a total of 2103 nonredun-
dant proteins. The overlap of the present study with the other
data shows that the AT_CHLORO database contained more
than 300 proteins that were not identified during the study of
Zybailov et al. (15). This could be easily explained by the
specific enrichment (a factor of �50) resulting from the puri-
fication of the envelope fraction that was specific to the study
of Ferro et al. (14) and allowed detection of minor chloroplast
envelope proteins.

When compared with previous large scales proteomic anal-
yses targeting the chloroplast, of the 1295 proteins identified
in the thylakoid fractions, 361 (28%) novel proteins were
identified in the present study (Supplemental Table S3). Most
of them were identified with some of the lowest spectral count
measures (supplemental Table S3, columns R, S, T, and U),
and often detected in only one of the fraction (supplemental
Table S3, columns D, E, F, and G). In order to estimate the
proportion of the proteins that are genuine chloroplast pro-
teins we analyzed their subcellular and subchloroplastic lo-
calization using data from the literature and targeting predic-
tion tools (supplemental Table S3, columns L, M, N, and O).
About 70 proteins, which are known to be major components
of other cell compartments (plasma membrane, cytosol, nu-
cleus, Golgi, vacuole, mitochondria, peroxisome), were clas-

sified as cross-contaminants (supplemental Table S3, col-
umns H and I, “Others”). However, more than one third of
these 361 proteins are either known or predicted (using Chlo-
roP and or TargetP tools) to be targeted to the chloroplast,
and few more proteins, while lacking a predicted targeting pep-
tide, are genuine chloroplast proteins (supplemental Table S3,
columns H and I, “C ?”). Finally, many other proteins (� 150),
while also lacking a predicted targeting peptide, were never
detected in another cell compartment using previous proteomic
approaches targeting the other cell compartments cited above.
Thus, some of these proteins (supplemental Table S3, columns
H and I, “C ??”) may clearly be genuine chloroplast components
that could be detected here thanks to the combination of 1)
thylakoid membrane fractionation (enrichment of minor compo-
nents) and 2) the improved sensitivity of state-of-the-art mass
spectrometers. Among those 361 proteins only 14 (At3g27690,
At3g21055, At1g51400, At2g26500, At1g18730, At4g14870,
At3g56010, At5g02160, At4g38100, At3g17930, At3g26580,
At2g45180, At5g46390, and At3g63540) were previously iden-
tified in studies aimed at the characterization of thylakoid pro-
teomes (supplemental Table S4).

We next compiled the main thylakoid proteome studies
which correspond to four types of investigations targeting
different thylakoid fractions: thylakoid membranes (32, 33),
thylakoid lumen (21, 22), whole thylakoid (14) and BBY/
stroma-lamellae (present work). A set of 1400 proteins was
collated (supplemental Table S4). In order to determine what
is the minimal thylakoid proteome, as defined from proteom-
ics experiments, successive different levels of curation were
applied. Based on present curated annotations, we removed
contaminant proteins (supplemental Table S4, protein labeled
as “na” in the “Main subplastidial localization” column). Re-
ferring to MapMan classes (62), we also removed proteins that
belong to classes for which proteins are acknowledged to be
localized either in other chloroplast compartments, that is,
stroma and envelope, or in other subcellular compartments.
These MapMan classes are the following ones: Calvin Cycle,
DNA, envelope transporters, glycolysis, mitochondria electron
transport, mitochondria transporters, protein aa (amino acid)
activation, protein synthesis (ribosomal proteins), RNA pro-
cessing, RNA transcription, RNA.RNA binding, starch metab-
olism and TCA (tricarboxylic acid cycle proteins). Proteins that
belong to the class “PS/light reaction” were labeled as thyla-
koid proteins. We also labeled as thylakoid proteins those that
were identified in the thylakoid with a percentage � 50% of
occurrence in our AT_CHLORO database (14). In addition,
proteins that were annotated in supplemental Table S1 to be
Ch/Th were labeled as being thylakoid proteins. Proteins be-
ing annotated to be located in either in the stroma or the
envelope were referred as nonthylakoid proteins. Remaining
proteins were labeled “unknown.” Thus, from the present
annotation of thylakoid proteomes, one can consider that
� 300 proteins are true thylakoid proteins. Besides, 400 pro-
teins are potentially thylakoid proteins but for those proteins
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less biological evidences are available (supplemental Table
S4). Therefore about half of the 1400 proteins collected can
be considered to be contaminants either from other subcel-
lular compartments or from other subchloroplastic fractions.
Although this number seems important, it has to be relativized
with respect to the actual amount of each protein identified in
a given fraction. Moreover, when considering those proteomic
analyses of thylakoid fractions, it is obvious that some con-
taminants from the stroma are difficult to avoid (e.g. highly
abundant Calvin cycle and ribosomal proteins). Analysis of the
compilation of major thylakoid proteomes indicate that 812
proteins were not identified in previous thylakoid proteomics
investigations (supplemental Fig. S4). Among those 812 iden-
tified proteins, 25 were known to be located or partly located
in thylakoids (e.g. several NADH DH proteins) and 281 pro-
teins were annotated for not having determined subchloro-
plastic localization. The latter class of proteins is particularly
interesting as it potentially gathers new thylakoid proteins.
Indeed, cross-contamination analysis suggests that these
proteins are very likely to be new chloroplast proteins as
contamination from other subcellular compartments is very
low (less than 5%) and results from abundant and well-known
proteins (e.g. cytosolic ribosomal proteins, mitochondrial ATP
synthase, vacuolar ATPases). However, the actual localization
of those chloroplast proteins at the subchloroplastic level
needs additional information to be collected.

Thus, from the comparison with chloroplast and thylakoid
proteome identified during previous studies we decided to
extract potential new thylakoid proteins. From the proteins
specifically identified in the present study, compared with
chloroplast and thylakoid proteomes (see above), we filtered
out the most likely contaminants from other cell and chloro-
plast compartments. An eventual set of 218 proteins was
retrieved (supplemental Fig. S5). We chose to perform a de-
tailed analysis of those 218 potentially new thylakoid proteins
that were identified during this work. Most of these proteins
were never detected using recent large-scale proteomic anal-
yses and are thus expected to be low abundant proteins in the
chloroplast or in other cell compartments contaminating the
purified thylakoid fractions. To classify these proteins, we first
used targeting prediction tools (ChloroP and TargetP) and
database annotations (SUBA, PPDB) for the analysis of their
subcellular and subplastidial localization. We also screened
the literature and other databases (TAIR, MapManBin, Uni-
ProtKB), to extract information about the available protein
descriptions and functions (supplemental Table S5, rank
1–63). Out of these 218 proteins, 63 were predicted to be
targeted to plastids using both ChloroP and TargetP targeting
prediction tools, most of them (50 proteins) being thus also
annotated as putative plastid proteins in the SUBA database.
We thus considered that these 63 proteins were indeed good
candidates for new chloroplast and thylakoid components.

We then carefully analyzed the remaining 155 proteins and
selected an additional set of 40 proteins that could also be

associated to the list of these new chloroplast components,
these proteins being predicted to contain a chloroplast transit
peptide using either ChloroP or TargetP, or already classified
as plastid protein in SUBA or, for very few proteins, experi-
mentally associated to the chloroplast in more targeted stud-
ies (supplemental Table S5, rank 64–103). A detailed analysis
(description, function, protein sequence, literature mining) of
these proteins allowed supporting this classification. For in-
stance, the YCF3 (AtCg00360) is chloroplast encoded and
thus does not contain a predictable chloroplast transit pep-
tide. The dynamin-like protein ARC5 (At3g19720), an outer
chloroplast envelope protein, is, according to the predictions,
also devoid of a chloroplast transit peptide) like most outer
envelope proteins (67). Arabidopsis ARC6 coordinates the
division machineries of the inner and outer chloroplast mem-
branes through interaction with PDV2 in the intermembrane
space. As another example, a CAAX-like protease
(At1g14270) did not appear in our list of ChloroP positive
proteins. However, checking the other putative gene models
in TAIR revealed that one of the CAAX-like gene models
(At1g14270.1) is predicted to contain a chloroplast transit
peptide using this ChloroP software.

Consequently, out of the 218 new proteins identified here,
at least 103 of them (63 � 40) might be genuine thylakoid (or
at least chloroplast) proteins. Very few of the remaining 115
proteins could be further considered for a tentative chloro-
plast localization because most of them are either totally
unknown proteins or only contain domains that allow to sus-
pect or predict a putative function such as proteases, phos-
phatases, kinases, transporters, TPR or PPR proteins (sup-
plemental Table S5, rank 104–218).

In conclusion, bioanalysis of the present results together
with previous chloroplast and thylakoid proteomic analyses
indicate that a core of �300 well-characterized thylakoid pro-
teins have been identified in chloroplast or thylakoid pro-
teomic studies so far. In addition, from this data collection we
showed that we identified at least a hundred potential new
thylakoid proteins as discussed below.

Statistical Analysis of Differential Abundances for Protein
Localization and Proteins Clustering—The present work is the
first study aimed to specifically address the accurate pro-
teomic-based localization of thylakoid proteins, in the two
major thylakoid substructures: BBY and stroma-lamellae
(LAM). The main goal of the present study was to provide
reliable data for a better understanding of the respective role
of these compartments, especially with respect to PS protein
complexes.

The discovery of proteins that are more enriched in BBY
compared with stroma-lamellae (or vice-versa) raises the
question of how it is possible to differentiate genuine grana
and stroma-lamellae proteins from possible contaminants.
The issue of protein differential abundance is similar to the
discovery of differentially expressed genes, as revealed by
microarray gene expression analyses (69). From the plethora
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of hypothesis testing algorithms proposed, we decided to
perform the differentially abundance analysis using LIMMA
(53) (with the moderated t test and with an adjusted p value
threshold (55) of q � 0.05 (see the Materials and Methods
section for details). This results in a number of 515 proteins
that are differentially distributed between grana and stroma-
lamellae. Among them, the proteins with LogFC � 0 are more
abundant in stroma-lamellae, whereas those with LogFC � 0
are more abundant in BBY (Fig. 5). Based on these results we
could identify 65 proteins more abundant in BBY compared
with stroma-lamellae (q � 0.05 and LogFC � 0) and 450
proteins more abundant in stroma-lamellae than in BBY (q �

0.05 and LogFC � 0) (supplemental Table S6).
The same approach was used to test an additional fraction

that was purified in our samples, that is, the BBY margins and
end membranes (MAR fraction; Fig. 2). This fraction is defined
as the portion of the appressed thylakoids in contact with the
stroma and, according to previous studies, represents an
essential compartment for photosynthetic activity (70). When
performing differentially abundance analysis between margin
fraction samples and BBY samples we identified a number of
296 differentially abundant proteins (q � 0.05), among which
238 are more abundant in margins (LogFC � 0). However,
most of them, 229 proteins (� 96%), were also enriched in
stroma-lamellae when compared with BBY. The remaining
59 differentially abundant proteins were more enriched in
BBY samples (LogFC � 0), and among those 59 proteins, 51
(� 87%) of them are also found as being more abundant in BBY
when compared with stroma-lamellae samples. Overall, only
20 proteins are found as being more abundant in margins
compared with stroma-lamellae samples (LogFC � 0), from
which only five (At3g23700, AtCg00580, At5g01920,
At5g67050, and At1g77090) appear not to be significantly
distributed in BBY or stroma-lamellae when BBY and stro-

ma-lamellae were compared (supplemental Table S7). From
these results we can conclude that the vast majority of
proteins have similar representation in the stroma-lamellae
and in the margins samples. Indeed the lists of differentially
abundant proteins found as being more abundant in stro-
ma-lamellae and margins respectively, when compared with
BBY-enriched proteins, contain � 96% common proteins.
In addition there are few proteins that are more abundant in
margins than in stroma-lamellae. Two explanations can be
proposed for this finding. First, the purification of “pure”
margin fraction is an extremely difficult task, because of
their physico-chemical properties, which are very similar to
those of the stroma-lamellae (65). Second, margins are
likely to have a protein composition that strongly reminds
that of the stroma-lamellae. Being nonappressed regions of
the grana, the margins are likely to host proteins that cannot
be retrieved in the stacks because of their bulky stromal
exposed parts. Therefore, we concluded that the present
study does not allow determining accurately the margin
proteome.

We further explored the proteins distribution among BBY
and stroma-lamellae in order to reveal groups of proteins with
similar abundance in BBY and stroma-lamellae. Thus, cluster
analysis was performed on the BBY and stroma-lamellae
relative mean abundances, calculated as the mean value
across the 6 samples in each group, divided by the mean
abundances across the thylakoid samples. The decision upon
the number of clusters was taken by analyzing both the good-
ness of fit as well as the stability of a wide range of clustering
solutions. By doing so, we ensured that the chosen solution
would both find the data structures that best fit the actual data
in terms of intergroup separability and cohesion, and would
reveal the most stable data structures. Finally we partitioned
the proteins into seven clusters, which are discussed in the
following section. In addition, the clustering algorithm, its
tuning and validation are thoroughly described in the Materi-
als and Methods section.

In conclusion, an adapted statistical analysis showed that
numerous proteins differentially distributed in either BBY or
stroma-lamellae fractions could be identified whereas the
margin fraction was characterized by a very low number of
significantly distributed proteins.

Identification of Thylakoid Proteins that are Differentially
Abundant between the BBY and the Stroma-lamellae Do-
mains—As described above, differential analysis between
BBY and stroma-lamellae samples allowed to point out 515
proteins, which were enriched either in BBY or stroma-lamel-
lae fractions. However, a significant fraction represents con-
taminating proteins that were differentially found in the BBY
and stroma-lamellae, because of differential contaminations
of these two fractions by stroma or chloroplast envelope
proteins. As discussed above, this leads to a mixed list of
proteins that are genuinely enriched either in the BBY or in the
stroma-lamellae fractions, along with stroma or chloroplast

FIG. 5. Volcano plot of quantified proteins for the BBY versus
stroma-lamellae samples. One dot corresponds to one protein; the
color code corresponds to the labels from the proteins cluster anal-
ysis (see supplemental Fig. S5).
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envelope proteins that are differentially contaminating the
purified thylakoid fractions.

In addition, exploring the data by cluster analysis provides
a complementary view on the way that the proteins group
based on their relative abundance in BBY and stroma-lamel-
lae. Cluster analysis has been performed for exploratory rea-
sons and has been conducted in parallel with differentially
abundance analysis in order to observe whether we could
identify, at first glance, additional groups of proteins known to
have the same chloroplastic localization. The main gain added
by cluster analysis is to validate the results obtained by dif-
ferentially abundance analysis, in the sense that, many pro-
teins identified as being differentially abundant in one com-
partment were also found as grouping together in a natural
way by cluster analysis. The partition of proteins based on
cluster analysis is available in supplemental Table S1 and
supplemental Table S6, column PAM cluster/THY proteins. In
addition the composition of clusters can be visualized in
supplemental Fig. S6. Thus, cluster 1 (203 proteins) contains
proteins with a high relative abundance both in stroma-lamel-
lae and BBY fractions, meaning that it contains the major BBY
and stroma-lamellae proteins. As shown in Fig. 5 (black dots),
the proteins within this cluster are spread both on the left and
the right-hand side of the volcano-plot. Proteins of this clus-
ter, that are members of the PSI and PSII photosystems, the
cytochrome b6f and the ATP synthase complexes will be
particularly discussed (see below). On the contrary, the pro-
teins grouped within cluster 2 (369 proteins) exhibit low rela-
tive abundance both in BBY and stroma-lamellae. Therefore,
most of them could be considered minor proteins within these
compartments. The proteins within clusters 3 (125 proteins), 4
(198 proteins), 5 (66 proteins) and 6 (31 proteins) appear to be
stroma-lamellae specific proteins which present low relative
abundance in BBY; the four clusters are separated according
to their relative abundance in stroma-lamellae, the proteins in
cluster 6 exhibiting the highest relative abundance, whereas
the proteins in cluster 3, the lowest. Clusters 4 and 5 contain
stroma-lamellae specific proteins with medium relative abun-
dance. Note that in Fig. 5, the dots associated to the colors of
these clusters are located on the right-hand side, which cor-
responds to proteins enriched in the stroma-lamellae fraction,
as identified by the significance analysis of differentially abun-
dance for BBY versus stroma-lamellae case. An interesting
cluster is cluster 7 (48 proteins), which concentrates BBY-
enriched proteins which were not, or hardly, detected in
stroma-lamellae. Indeed in Fig. 5 (yellow dots), these proteins
are located in the left-hand side, which corresponds to BBY
proteins. Functional analysis of cluster 7 proteins shows that
most of them are proteins related to chloroplast transcription
(nucleoid-related proteins, DNA/RNA binding proteins, chlo-
roplast transcriptionally active proteins or chloroplast-en-
coded RNA polymerase proteins subunits). All these proteins
are annotated in the literature to be mainly located in the
stroma. However the identification of nucleoid proteins in BBY

fractions is consistent with the fact that nucleoids are known
to be located at the center of the chloroplast, in close vicinity
to the thylakoids in mature chloroplasts (71, 72). In addition,
Liu and Rose showed that nucleoids co-fractionate with the
thylakoids and that a region of the chloroplast DNA is bound
to the thylakoids (73). The present study shows that nucleoids
are specifically and exclusively bound to BBY domains.

In order to be able to remove cross-contaminants deriving
from stroma and envelope compartments, we performed a
curated annotation of the 515 proteins that show a differential
localization in the BBY or the stroma-lamellae fractions, to
provide a detailed analysis of their subchloroplastic localiza-
tion (supplemental Table S6). The protein names, their func-
tion or presence in a specific protein complex were carefully
determined (see Materials and Methods section) as well as
their subcellular and subchloroplastic localizations that were
deduced from the screening of the literature, using previously
known published information (e.g. from the AT_CHLORO and
the PPDB databases) or from predictions using bioinformatics
tools (e.g. ChloroP). After removing 12 proteins that are well-
known major components of the plasma membrane, the
tonoplast, the peroxisome or the mitochondria (supplemen-
tal Table S6, ranks 504–515), proteins that were previously
associated to the stroma or the envelope compartments
(supplemental Table S6, ranks 307–475), proteins from
cluster 7 (except At2g34420; supplemental Table S6, ranks
475–503) and additional stromal ribosomal proteins (sup-
plemental Table S6, ranks 295–306) 294 proteins were iden-
tified as being differentially distributed in BBY and stroma-
lamellae fractions.

Thus, 27 and 267 thylakoid proteins were found to be more
abundant in BBY and in stroma-lamellae fractions, respectively
(supplemental Table S6 and supplemental Fig. S7). These re-
sults both confirm current knowledge about localization of some
classes of proteins and bring new insight over the protein con-
tent of BBY and stroma-lamellae, as discussed in the following
sections.

An Unexpected Heterogeneity in the Subunit Distribution of
the Photosynthetic Complexes—In order to get a better un-
derstanding on the differential subunits composition and dis-
tribution of the photosynthetic complexes in the fractions, we
analyzed further the results obtained from differential analysis.
Data obtained allowed us to corroborate the biochemical data
concerning the differential localization of these complexes
and to test possible differences in every complex between
thylakoid fractions analyzed here. In particular, the LogFC
value could be associated to the enrichment of a given protein
in either BBY or stroma-lamellae fractions. We exploited this
information to determine the relative subunit composition and
abundance for four different photosynthetic maxi-complexes.
Fig. 6 presents the results obtained in the case of the major
components of the photosynthetic chain. Two different color
gradations were used there to indicate enrichment in the BBY
(brown) or in the stroma-lamellae (green) fractions respec-
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tively for the four major photosynthetic complexes (supple-
mental Table 6): ATP synthase, cytochrome b6f, PSII and
PSI-NDH super complex. Subunits of the photosynthetic
complexes that did not show differential localization (p
value � 0.05) are marked in black.

The overall picture emerging from the present proteomic
study is consistent with previous description of the localization
of the main photosynthetic complexes in the thylakoid mem-
branes (reviewed in (10, 65)): PSI and the ATP synthase com-
plexes are accumulated in the unstacked stroma-lamellae (to-
gether with the chlororespiratory complex NDH), whereas PSII
is mostly found in the BBY stacks (Fig. 6). The cytochrome b6f
complex is more ubiquitous, although slightly more concen-

trated in the stroma-lamellae. However, a closer look at these
data reveals an unexpected heterogeneity in the subunit com-
position of the different complexes. In particular within a given
complex, the localization of different subunits between the BBY/
stroma-lamellae turned out to be variable, as clearly evidenced
by the case of PSI. As expected, this complex accumulates
preferentially in the stroma-lamellae fraction. However, not all its
subunits show the same ratio between the stroma-lamellae and
the BBY fractions. For example the PsaC subunit had a higher
score for stroma-lamellae than other nearby core subunits (e.g.
PsaD). This finding was confirmed by Western blot analysis
using specific antibodies (supplemental Fig. S8), showing that
the amount of PsaC found in the BBY samples is lower than in

FIG. 6. Photosynthetic complexes distribution in the major thylakoid subfractions as determined by proteomic analysis. PSII,
cytochrome b6f, PSI, NDH and ATP synthase CF0-Fi complexes are represented. Schematic representations of the different photosynthetic
complexes were redrawn according to Choquet and Vallon (110). Each subunit is indicated by its common name, or by the letter of the gene
(psb, pet, and psa) that encodes it. Five color codes were employed to designate the specific localization of every subunit in the grana/
stroma-lamella regions. Light brown indicates “high” preferential localization in the BBY (LogFC � �1). Dark brown indicates “medium”
preferential localization in the BBY (-1 � LogFC � 0). Dark green indicates “medium” preferential localization in the stroma-lamellae (0 �
LogFC � 1) whereas light green indicates “high” preferential localization in the stroma lamellae (Log FC � 1). Figs. were taken from
supplementary_Table S6. The common name for proteins with a preferential localization can be found in supplemental Table S6. ATPx, PSAx,
NDHx, PTEx, and PSBx Subunits with no preferential localization were identified from the initial 1295 protein list (black color). Common names
employed correspond to the following proteins: AtCg00630 (PsaJ), At1g70760 (NDHL), At3g16250 (NDF4 � CEF1), At2g26500 (PETM),
At3g21055 (PsbT), AtCg00560 (PsbL), AtCg00710 (PsbH), AtCg00580 (PsbE), At1g79040 (PsbR), At4g28660 (PsbW), At1g06680 (PsbP),
At4g21280, and At4g05180 (PsbQ).
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the case of PsaD. In principle, this finding could reflect a puri-
fication artifact. Some peripheral PSI subunits (e.g. PsaK, PsaG,
and PsaH), which also share with PsaC the property of being
enriched in stroma lamellae, could have been differentially ex-
tracted by the two types of detergents used to isolate the BBY
and the stroma-lamellae, leading to an apparent enrichment in a
specific fraction. To test this hypothesis, we performed exper-
iments to analyze the sensitivity of these proteins toward ex-
traction by detergents. Thylakoids were incubated with increas-
ing concentration of digitonin or Triton and the amount of
proteins present in the supernatant and the pellet was com-
pared. We focused on three PSI subunits: an intrinsic one
(PsaB) and two more peripheral ones (PsaC, PsaD) and found
that they were all similarly extracted by both types of deter-
gents. Thus it appears that the differential enrichment of some
PSI subunits in the BBY and stroma lamellae fractions is not
caused by a different sensitivity to detergent, suggesting in-
stead that the PSI subunit composition may vary depending on
its location in the thylakoids.

DISCUSSION

Distribution of the Photosynthetic Complexes—This article
addresses the protein composition in the main subcompart-
ments of the thylakoid membranes: the grana (here repre-
sented by the innermost part, the BBY) and the stroma-
lamellae. As discussed above, our differential analysis allows
discriminating these two fractions, while does not allow de-
termining accurately the proteome of the third thylakoid com-
partment: the margins. This differential analysis is extremely
informative to reveal possible differences in the composition
of super-complexes associated either to stroma-lamellae or
BBY membranes. Furthermore, it may unravel functional dif-
ferences between complexes localized in the two fractions. In
most cases, a differential and specific repartition between
stroma-lamellae and BBY was found. The ATP synthase
CF0-Fi is the most homogeneous complex according to our
analysis. All its subunits are equally (and almost exclusively)
found in the stroma-lamellae with a strong level of enrichment
(LogFC � 2) (Fig. 6). PSI is also enriched in this fraction
although to a lesser extent. If we refer to the LogFC value, the
finding that PSI is more present in the BBY fraction (relatively
to occurrence in the stroma-lamellae fraction) than the ATP
synthase CF0-Fi is not surprising, as it corroborates previous
ideas on the necessity for this complex to accumulate in the
PSII rich regions to ensure proper electron flow (65). As dis-
cussed above, this complex shows a larger heterogeneity at
the level of its subunits, which according to our data, does not
reflect a purification artifact but rather a genuine difference in
the subunit composition between complexes present in the
stroma-lamellae and the BBY particles. The finding that PsaC
(AtCg01060) is more represented than other subunits in the
stroma-lamellae fractions is surprising, as this subunit has
been previously shown to represent the docking site for the
interaction of the PsaD and PsaE ones during complex as-

sembly in thylakoids (74). Indeed previous analysis in Chla-
mydomonas has revealed that mutants lacking this subunit
cannot assemble the PSI complex (75). Moreover, this subunit
bears two of the three terminal FeS centers, suggesting that
PSI complexes devoid of this subunit should not be func-
tional. However, previous data obtained from cyanobacteria,
suggests that PSI can accumulate in a functional state even in
the absence of this PsaC subunit (76). This opens the possi-
bility that the PSI complexes found in the BBY fraction could
represent a genuine form of this complex, still bearing some
electron flow capacity. Other peripheral PSI subunits, PsaG
(At1g55670), PsaH (At3g16140, At1g52230), and PsaK
(At1g30380) also show a preferential location in the stroma-
lamellae. Among them, PsaG and K are involved in the dock-
ing of the PSI antennas (LHCI) binding to the core complex
(66). It is interesting to note that Lhca3 (At1g61520), which is
directly bound to PsaK in the 3D structure of this complex
(66), is also preferentially localized in the stroma-lamellae. It is
tempting therefore to propose that this PsaK-Lhca3 subcom-
plex could be partially released from the PSI complex present
in the grana. Another subunit, PsaH, is required for the dock-
ing of LHCII to PSI during state transitions (77), that is,the
redox induced reversible phosphorylation of PSII antenna,
which lead to their displacement form PSII and binding to PSI
(78). Thus, the finding that this subunit is enriched in the
stroma-lamellae PSI complex is consistent with the occur-
rence of LHCII docking to PSI in the stromal fraction during
state transitions. The hypothesis of a different subunit com-
position in the BBY and stroma-lamellae PSI fractions is also
plausible based on the finding that the two minor LHCI spe-
cies (Lhca5, At1g45474 and Lhca6, At1g19150) were also
highly enriched in the stroma-lamellae. These subunits pro-
vide a molecular platform for the interaction between PSI and
the NDH complex, leading to the formation of a PSI-NDH
super-complex, which is found in the stroma-lamellae (79). In
our proteomic survey, most of the subunits previously attrib-
uted to this super-complex co-accumulate in the stroma-
lamellae, suggesting a rather homogeneous structure of this
super-complex. Moreover, we noticed that, besides PPL2
(At2g39470) and the two PsbQ-like proteins (At1g14150 and
At3g01440) previously found in this complex, several other
pseudo-PSII subunits specifically localized in the stroma-la-
mellae. It is tempting to propose that these PsbP-like sub-
units, that show a totally different localization when compared
with PSII, could also be linked to the NDH complex. The
finding of a PSI-NDH super-complex in the stroma-lamellae is
corroborating the notion that this chlororespiratory complex is
required for cyclic electron flow around PSI (80). Consistent
with this, we found that the Pgr5 (At2g05620) and Pgrl1 iso-
forms (At4g11960, At4g22890), which are also required for
cyclic electron flow in plants (80) were also highly enriched in
the stroma-lamellae fractions. Based on these results, it is
therefore tempting to speculate that the heterogeneous com-
position of PSI complexes seen in the two compartments may
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reflect a different functional role of PSI in the two compart-
ments: PSI in the grana has been proposed to participate in
linear electron flow working in series with PSII, whereas stro-
mal PSIs would mainly perform cyclic electron flow.

Among the major photosynthetic complexes, the cyto-
chrome b6f is the one showing the most homogeneously
localization in the thylakoids, being only moderately concen-
trated in the stroma-lamellae. Overall, the fraction of the cy-
tochrome b6f that is localized in the BBY appears to be higher
in this analysis than in previous reports based on immunolo-
calization (81, 82). However, our findings are consistent with
previous investigations on thylakoid fractions isolated upon
mechanical fractionation of these membranes, followed by
biochemical analysis (e.g. (83) and references therein). In-
deed, most of its core subunits (cytochrome b6 ,AtCg00720,
and f, AtCg00540, and the Rieske iron–sulfur protein PetC,
At4g03280) showed similar relative enrichment. This is not the
case for subunit IV (AtCg00730), which is a central subunit of
this complex and is most exclusively located in the stroma-
lamellae. This is again unexpected, as cytochromes b6f com-
plexes should not be able to accumulate in the absence of
subunit IV (84). At present no explanation can be proposed for
this finding. Besides subunit IV, the CCB proteins (CCB1,
At3g26710, and CCB4, At1g59840), that is, the chaperones
required for the assembly of the high spin heme c’ to the
stromal side of the complex (85), are also largely enriched in
the stroma-lamellae fractions. These subunits however are
not required for complex activity but only for complex assem-
bly. Thus their peculiar localization can be rationalized based
on earlier suggestions that the unstacked membranes are the
site where photosynthetic complexes are assembled or re-
paired, as previously demonstrated in the case of the insertion
of the subunit D1 (PsbA, AtCg00020) into PSII during the
repair cycle which follows photoinhibition (86). If the same
scenario is translated to the cytochrome b6f complex, it is
reasonable to envisage that insertion of the c’ heme, which
requires rather complex molecular machinery, would also
preferentially take place in membranes that are easily acces-
sible from the stroma, i.e. the stroma-lamellae. The conclu-
sion that assembly/repair of the photosynthetic complexes is
located in the stroma-lamellae is expected (86) and also sup-
ported by the finding that all the thylakoid-bound proteases
(Deg, FtsH and ClP), which are required for disassembly of
these complexes, are enriched in the stroma-lamellae (see
next section).

As expected, the only photosynthetic complex that is prefer-
entially located in the BBY fraction is PSII. Again, a significant
heterogeneity is seen at the level of its different subunits. Al-
though all the core complex subunits including D1 (PsbA), D2
(PsbD, AtCg00270), CP43 (PsbC, AtCg00280), CP47 (PsbB,
AtCg00680), and PsbO (At5g66570, At3g50820) are almost ex-
clusively found in the BBY, other subunits of the water-oxidizing
complex (PsbP and PsbQ) have a less defined localization. This
difference could, in principle, reflects a problem in distinguishing

between the true PSII subunits (PsbP1 At1g06680, PsbQ1
At4g21280, and PsbQ2 At4g05180) and the so called PsbP-like
and PsbQ-like proteins, which are not bound to PSII but rather
located in the stroma-lamellae, being possibly bound to the
NDH complex (see above; PQL1, At1g14150, and PQL2,
At3g01440, proteins). Note that PsbP-like were all found in
cluster 3, which reflects similar relative abundance and behav-
ior. PsbS (At1g44575), the small PSII subunit involved in pho-
toprotection via the induction of enhanced thermal dissipation in
the PSII antenna (87) also showed a less pronounced accumu-
lation in the grana stack than the core complex subunits. This
finding is consistent with earlier investigation (88) suggesting
that this protein provides a flexible link between the PSII core
and its antenna complexes. Therefore, this protein could be
easily detached form the core complex during sample purifica-
tion. However, a possible localization of some PsbS in the
non appressed regions cannot be totally excluded based on
recent data in Chlamydomonas, where a displacement of
LHCSR3 (the functional homolog of PsbS in microalgae)
between PSII and PSI was observed depending on the
physiological conditions (89). Finally, the distribution of the
minor (Lhcb 4 At5g01530, At3g08940, At2g40100, Lhcb 5
At4g10340, and Lhcb 6 At1g15820) and trimeric (Lhcb 1
At1g29920, At1g29930, At2g34430, At2g34420, Lhcb 2
At2g05100, At2g05070, At3g27690, and Lhcb 3 At5g54270)
light harvesting complexes between the stroma-lamellae
and BBY fractions is much more heterogeneous than that of
the core PSII subunits. In principle, this could reflect the
existence of antenna complexes with a different mobility in
the membranes (e.g. the L, M and S LHCII complexes, (90))
which could differentially move to the stroma-lamellae dur-
ing the state 1 to state 2 transition (78). However, our data
concerning the differential location of PSII antenna in the
two fractions are not consistent with the recent detailed
analysis of the mobility of the different LHCII subunits during
state transitions (91). This suggests that other structural
causes are probably responsible for the observed hetero-
geneity. As an alternative hypothesis, we propose therefore
that the peculiar distribution of LHCII could reflect their
migration to the stroma-lamellae during the PSII reparation
cycle that follows photoinhibition (86).

Eventually, the finding that a nonnegligible fraction of the
two FNR (ferredoxin-NADP reductase, At5g66190 and
At1g20020) isoforms is located in the BBY is unexpected
based on previous results, which indicates that FNR should
be completely absent from this compartment (10). In principle
this could be explained by the finding that cyt b6f complexes
is rather abundant in our BBY fractions, at variance with
previous reports (10). Because FNR is bound to this complex
(92) its presence could simply reflect the cyt b6f enrichment in
BBY.

Thylakoid FTSH and DEG Proteases—FtsH proteins are
membrane-bound ATP-dependent metalloproteases. Ftsh
proteases localized in the chloroplast have been shown to
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play a major role in assembly and maintenance of the plastid
membrane system (for review, see (93)). In Arabidopsis, only
Ftsh1 (At1g50250), 2 (At2g30950), 5 (At5g42270), and 8
(At1g06430) have been shown to reside in the thylakoid mem-
branes. In this study, those four proteases were identified in
both thylakoid subcompartments, with a strong enrichment in
the stroma-lamellae. This is in good agreement with recent
data showing that Ftsh proteins were present in both thyla-
koid subcompartments, as monomers and homo/heteromeric
dimers in stromal region and as hexameric complexes in the
grana regions (94). The thylakoid located Ftsh complex in
Arabidopsis is responsible for degradation of photodamaged
D1 protein (PsbA) in concert with lumenal Deg proteases (see
for reviews (95, 96)). All Ftsh proteins that were found differ-
entially located in the stroma-lamellae fractions belong to
cluster 1, indicating that they are abundant.

Deg proteins are serine proteases and, unlike Ftsh, are not
ATP-dependent. It is assumed that in plants Ftsh digests D1
after the first proteolytic cleavage has been performed by a
Deg protease (96). The Deg1 (At3g27925), Deg5 (At4g18370)
and Deg8 (At5g39830) were previously reported to be present
in the thylakoid lumen. In the present study, only Deg1 was
identified as being significantly enriched in the stroma-lamel-
lae. This protease has been shown to be involved in D1
protein degradation but also in PSII assembly (97). Thus one
could expect that Deg1 could be present in the stroma lamel-
lae, there being involved in the PSII repair cycle (86). Four
other Deg proteases were identified in our 1295 list of proteins
(Deg2 At2g47940, Deg3 At1g65630, Deg5, and Deg8). Except
Deg1, most of these Deg proteins were found in cluster 2,
which gathers low abundant proteins. In addition Deg2, 3, 5,
and 8 were not significantly found to be enriched in either the
BBY fraction or the stroma-lamellae fractions. However Deg5
was identified in BBY fractions but not in stroma-lamellae,
which indicates that Deg5 might be enriched in BBY. This
observation is consistent with a role for Deg5 in the repair of
damaged PSII, possibly by performing an initial cleavage of
the D1 protein within lumen-directed loops (98). Also, Deg2
and Deg3 were detected in stroma-lamellae but not in BBY
fractions. Thus Deg2 is likely to be more enriched in stroma-
lamellae, which is consistent with the fact that Deg2 was
found to be peripherally attached to the stromal side of the
thylakoid membrane. This protease could be part of a large
network of enzymes that ensure protein quality control in PSII,
and could be also involved in the degradation of Lhcb6, the
minor light-harvesting protein of PSII (99).

Transporters of the Thylakoid Sub-compartments—Few
thylakoid transporters have been identified in the present
study, probably because samples were analyzed without spe-
cific enrichment of hydrophobic proteins before mass spec-
trometry analysis. Indeed, transporters are often minor and
highly hydrophobic proteins, and their identification needs
dedicated treatments like solubilization in organic solvent or in
detergent (100), prior to separation on SDS-PAGE and trypsin

digestion. About ten transporters were shown to be differen-
tially distributed between the stroma-lamellae and the BBY
substructures. The only transporter known to be located in the
thylakoids and identified as being differentially distributed is
AtHMA8 (At5g21930), a copper transporter belonging to the
PIB-type ATPases family. This transporter allows the import of
copper into the lumen of thylakoids to supply the plastocyanin
which uses copper as cofactor. From characterization of Ara-
bidopsis hma8 mutant and investigation of the localization of
AtHMA8 by several approaches (transient expression of GFP
fusion and in vitro import experiments on a truncated precur-
sor), it was suggested that this transporter was localized in the
thylakoids (68). In the present work, AtHMA8 was identified
in stroma-lamellae but not in BBY fractions. This is consis-
tent with the localization of the two isoforms of plastocyanin
(Pete2, At1g20340, and Pete1, At1g76100) that were found
both in BBY and stroma-lamellae fractions for the Pete1
isoform or highly enriched in the stroma-lamellae for the
Pete2 isoform. Four putative thylakoid transporters NTF2
(At1g71480), KEA3 (At4g04850), NHD1 (At3g19490), and
ABCD2 (At1g54350) were also found to be differentially
distributed and were previously identified in chloroplasts
(15) or plasma membrane for NHD1 (101). In this study,
NTF2, KEA3, NDH1 and ABCD2 were all detected in the
stroma-lamellae but none were identified in BBY fractions,
suggesting that they should be involved in transport of ions
or metabolic specifically required in stroma-lamellae. Six
additional transporters were identified, like the phosphate-
triose phosphate (TPT, At5g46110) and the oxoglutarate/
malate translocators (DiT1, At5g12860, and DiT2–1,
At5g64290), that were already known to be associated with
the chloroplast envelope. In the AT_CHLORO database, they
have been associated mainly with the envelope but also with
the thylakoid membranes. The phosphate and triose phos-
phate and oxoglutarate and malate translocators with the
protein OEP16–1 (At2g28900) were all found in BBY and
stroma-lamellae fractions with enrichment in the latter sub-
fraction. This specific enrichment is consistent with a contam-
ination by envelope membranes which is higher in stroma-
lamellae than in BBY fraction, the envelope membrane
having similar density compared with the stroma-lamellae’s
one. The last three transporters, IEP18 (At5g62720), BASS2
(At2g26900), and NHD1 (At3g19490) were not identified in
the BBY fraction. Because, the function of IEP18 is still
unknown, we cannot conclude about the relevance of its local-
ization both in chloroplast envelope and in the stroma-lamellae.
Characterization of an Arabidopsis bass2 mutant suggested
that this protein is a sodium-dependent pyruvate transporter of
the chloroplast envelope (102). In this study, the authors also
suggested that sodium influx could be balanced by the sodium:
proton antiporter NHD1. This transporter, previously identified
both in chloroplast and plasma membrane proteomes (15, 101),
was recently characterized as a sodium exporter of the chloro-
plast envelope (103). In the AT_CHLORO database, BASS2 was
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found associated with both envelope and thylakoid mem-
branes, although NDH1 was not detected. Thus, beside their
characterized function as transporters of the chloroplast enve-
lope, we cannot exclude a dual localization in subchloroplast
compartment with a physiological function that remains to be
determined in the thylakoids.

One question that we wanted to address through identifica-
tion of the stroma-lamellae proteome concerns the controversy
about envelope localization of some transporters. Indeed, both
the ATP/ADP carrier TaaC (At5g01500) and Na�-dependent
phosphate transporter Pht4;1 (ANTR1, At2g29650) were found
exclusively associated to the envelope in the AT_CHLORO da-
tabase (14) although they were described as thylakoids trans-
porters (104, 105). Moreover, none of these two proteins were
identified in proteomic investigations dedicated to the study of
membrane or lumen thylakoid (supplemental Table S4). In the
present study, both proteins were found to be enriched in the
stroma-lamellae fraction. Thus, considering previous proteomic
studies and present enrichment in stroma-lamellae fractions,
TaaC and Pht4;1 were considered as being likely contaminants
from the envelope. The envelope localization was confirmed by
Western-blot analyses in which the phosphate transporter
Pht4;1 was only detected in envelope fraction and no signal
appears in the stroma-lamellae (supplemental Fig. S9). Further-
more, a recent study showed that the TAAC transporter is
indeed a 3	-phosphoadenosine 5	-phosphosulfate/5	-phos-
phoadenosine 3	-phosphate transporter of the chloroplast en-
velope (106), in good agreement with a chloroplast envelope
localization and thus our proteomic data ((14) and this work).

Potential New Thylakoid Proteins—From the present study
we could identify 218 proteins that were not previously iden-
tified in proteomic studies dedicated to the chloroplast or the
thylakoids (supplemental Table S5). At least 103 of them
might be genuine thylakoid (or at least chloroplast) proteins
but very few of the remaining 115 proteins could be further
considered for tentative chloroplast localization because most
of them are either totally unknown proteins or only contain
domains that allow to suspect or predict a putative function
(supplemental Table S5, rank 104–218). However, quite sur-
prisingly, components of the ubiquitin-proteasome system
were detected among those 115 proteins. A recent study has
demonstrated that plastid biogenesis is directly regulated by
the ubiquitin-proteasome system (107). Using forward genet-
ics, a new outer chloroplast envelope protein was identified,
SP1 (At1g63900) which encodes a RING-type ubiquitin E3
ligase that mediates ubiquitination of the TOC translocon.
Interestingly, while SP1 was not detected during the present
study (as expected because purified envelope fractions were
not analyzed during this work), several proteins could be
identified that share some functional similarities with SP1.
Indeed, one protein of the F-box/kelch-repeat superfamily
(At4g39590) and a protein of the RING/U-box superfamily
(At5g40140) are present in the list of 103 proteins that are
predicted to be targeted to the chloroplast using ChloroP and

TargetP. Furthermore, nine other components of the ubiqui-
tin-proteasome system (At1g22500, At3g59250, At5g03100,
At1g06900, At5g64760, At5g60250, At2g24540, At5g03100,
At1g78100, At5g05560) were detected in the analyzed chlo-
roplast fractions and are listed in the list of 115 proteins that
are not predicted to be targeted to the chloroplast. Although
we have no other explanation than cross-contamination
events for the detection of these last nine components of the
ubiquitin-proteasome system in the various thylakoid sub-
compartments that were analyzed during this study (BBY,
stroma-lamellae or margins), identification of these proteins at
least suggests that present-days proteomic studies reveal
very minor components that were not accessible during pre-
vious analyses.

In the list of 103 potentially new thylakoid proteins, we
performed an exhaustive analysis of the known or predicted
functions of these previously undetected chloroplast or thy-
lakoid components. As expected, almost one third of these
proteins have no known function or even predicted functional
domain (supplemental Table S5 see column “Curated function
(this work)”). Around 10% of these newly identified proteins
might be involved in lipid metabolism or transport (lipases,
desaturases, acyl-transferases etc.). Seven proteins are
known or predicted to be involved in the metabolism of vita-
mins or pigments and four putative ion or metabolite trans-
porters could also be detected. Although 15 different LhcII
isoforms were previously detected in large-scale proteomic
analyses, including an LhcII2.3 protein (see supplemental Ta-
ble S1), an LhcII2.3-like protein (At1g76570) is listed in the
short list of four proteins that are directly linked to photosyn-
thesis. More interestingly, this list of 103 proteins also con-
tains numerous regulatory proteins like the two proteins that
are involved in cyclic electron flow around the Photosystem I,
that is, CEF1 (At3g16250) and NDHL (At1g70760) (108), or the
cytochrome b6f biogenesis protein CCDA (At5g54290) (109)
that could not be detected in previous proteomic studies
targeted to the chloroplast or the thylakoid membranes. Be-
side proteins that might be additional actors of the regulation
of the chloroplast physiology, eleven detected proteins are
suspected to be chaperones or proteases, four proteins are
predicted kinases, one is a putative kinase regulator, one is a
phosphatase, and seven are putative RNA binding proteins
(mostly TPR or PPR proteins).

CONCLUSION

The investigation presented here targets the thylakoid
membrane of the chloroplast that harbors the light-dependent
reactions of photosynthesis by which green plants synthesize
organic compounds from water and carbon dioxide. This
work, performed on the model organism Arabidopsis, pro-
vides a strong basis to carry out targeted approaches in
physiologically and economically important organisms such
as crops or green algae.
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The present work is the first study designed to address the
precise localization of thylakoid proteins with respect to two
major subcompartments: the grana and the stroma-lamellae,
using a proteomics-based approach. The present work pro-
vides a more exhaustive repertoire of minor chloroplast pro-
teins, thus representing a new resource for thylakoid proteins
with respect to both functional and localization issues. Thus,
this study complements our previous large-scale approach
aiming to provide detailed information about the subchloro-
plastic localization of proteins (14).

Overall, the data from the proteomic study presented here
corroborates previous conclusions on the distribution of pho-
tosynthetic complexes in the thylakoids. However, thanks to
an in depth proteomic analyses coupled to a dedicated data
analysis pipeline, new information with respect to several
aspects of the thylakoid proteome has been achieved. In-
deed, the present data unravels a structural heterogeneity
between the photosynthetic complexes located in the differ-
ent compartments, which is particularly evident in the case of
the two photosystems. Differential protein segregation of PSII
or PSI proteins in the thylakoid compartments may reflect the
different content of antenna complexes that was previously
seen between stromal and granal PSII complexes (9). This
segregation also strongly suggests that PSI needs to recruit
new subunits to allow the formation of the PSI-NDH super-
complex in the stroma-lamellae. Now that we have achieved
a robust map of proteomes within thylakoid membranes, then
next step will be to carry out analysis of the functional con-
sequences of the structural heterogeneity of photosynthetic
complexes by employing targeted experiments to screen the
impact of knock-out mutations or of different environmental
conditions on the regulatory processes that control these
protein segregations.
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Ravanel, S., and Seigneurin-Berny, D. (2012) The biosynthetic capaci-
ties of the plastids and integration between cytoplasmic and chloroplast
processes. Annu. Rev. Genet. 46, 233–264

2. Joyard, J., Ferro, M., Masselon, C., Seigneurin-Berny, D., Salvi, D., Garin,
J., and Rolland, N. (2010) Chloroplast proteomics highlights the sub-
cellular compartmentation of lipid metabolism. Prog. Lipid Res. 49,
128–158

3. Joyard, J., Ferro, M., Masselon, C., Seigneurin-Berny, D., Salvi, D., Garin,
J., and Rolland, N. (2009) Chloroplast proteomics and the compartmen-

tation of plastidial isoprenoid biosynthetic pathways. Mol. Plant 2,
1154–1180

4. Block, M. A., Douce, R., Joyard, J., and Rolland, N. (2007) Chloroplast
envelope membranes: a dynamic interface between plastids and the
cytosol. Photosynth. Res. 92, 225–244
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Leborgne-Castel, N., Mishra, A., Marty, F., Schoefs, B., Adamska, I.,
Persson, B. L., and Spetea, C. (2007) Identification, expression, and
functional analyses of a thylakoid ATP/ADP carrier from Arabidopsis.
J. Biol. Chem. 282, 8848–8859

106. Gigolashvili, T., Geier, M., Ashykhmina, N., Frerigmann, H., Wulfert, S.,
Krueger, S., Mugford, S. G., Kopriva, S., Haferkamp, I., and Flügge, U. I.
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