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Abstract—Intact chloroplasts were prepared from protoplasts of the moss Physcomitrella patens according to an especially
developed method. They were additionally separated into stroma and thylakoid fractions. The proteomes of intact plastids,
stroma, and thylakoids were analyzed by 1D-electrophoresis under denaturing conditions followed by protein digestion and
nano-LC-ESI-MS/MS of tryptic peptides from gel bands. A total of 624 unique proteins were identified, 434 of which were
annotated as chloroplast resident proteins. The majority of proteins belonged to a photosynthetic group (21.3%) and to the
group of proteins implicated in protein degradation, posttranslational modification, folding, and import (20.6%). Among
proteins assigned to chloroplasts, the following groups are prominent combining proteins implicated in metabolism of:
amino acids (6.9%), nucleotides (2.5%), lipids (2.2%), carbohydrates (2.4%), hormones (1.5%), isoprenoids (1.25%), vita-
mins and cofactors (1%), sulfur (1.25%), and nitrogen (1%); as well as proteins involved in the pentose-phosphate cycle
(1.75%), tetrapyrrole synthesis (3.7%), and redox processes (3.6%). The data can be used in physiological and photobio-
logical studies as well as in further studies of P. patens chloroplast proteome including structural and functional specifics of

plant protein localization in organelles.
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Chloroplasts of higher plants fulfill a series of signif-
icant functions associated with photosynthesis, carbon
fixation, and assimilation of nitrogen and sulfur. They are
implicated in synthesis of amino acids, nucleotides,
lipids, fatty acids, and phytohormones, as well as second-
ary metabolites such as alkaloids and isoprenoids.

Abbreviations: ATP, ambiguous targeting predictor (calculation
method for determination of proteins with dual localization);
CID, collision-induced dissociation; DB, databases; DDA,
data dependent acquisition; 1D-PAGE, one-dimensional poly-
acrylamide gel electrophoresis; DTT, dithiothreitol; LC-ESI-
MS/MS, liquid chromatography electrospray ionization tan-
dem mass spectrometry; SPI, scored peak intensity (ratio
between intensity of significant peaks determining peptide
structure and the overall intensity of peaks in MS/MS spec-
trum).

* To whom correspondence should be addressed.

The chloroplast genome of the moss Physcomitrella
patens only encodes 83 proteins [1], whereas other genes
encoding proteins of this organelle are localized in the
nucleus. The products of these genes are synthesized in
cytosol and undergo posttranslational transport into
chloroplasts using Tic/Toc translocases localized in the
chloroplast outer membrane [2]. With the exception of
several resident proteins of the chloroplast outer mem-
brane, the sorting of proteins in chloroplasts depends on
specific cleaved N-terminal presequence or leader (tran-
sit) peptide (cTP, chloroplast transit peptide) [3].

The determination of subcellular localization of pro-
teins encoded by the nuclear genome is a challenge to
biochemistry and cell biology that requires new-genera-
tion technologies, particularly various proteome investi-
gation approaches. Chloroplast proteomes are most
effectively and comprehensively studied using model

1470



PROTEOME ANALYSIS OF MOSS CHLOROPLASTS

objects, for example Arabidopsis thaliana, the genome
databases of which are well-annotated and for which a
significant pool of data exists concerning subcellular
localization of distinct proteins [4-13]. A newer model is
the moss P. patens, the importance of which in plant biol-
ogy has increased dramatically after determination of the
full nucleotide sequence of its genome. Bryophytes are
interesting in terms of evolution since they were among
the first terrestrial plants. During colonization, they have
acquired and still retain unique mechanisms of resistance
and ability for growth under extreme conditions of
humidity, illumination, and temperature. Identification
of biochemical mechanisms underlying resistance of
bryophytes to adverse environmental factors is also inter-
esting in the applied bioengineering aspect. Earlier, we
developed a methodological platform for proteome
analysis of P. pafens gametophytes and led the way to
moss organelle proteomics in the study on proteome of
protoplasts isolated from the protonema [14]. Moss pro-
toplasts were used in further studies for isolation of
chloroplasts, mitochondria, and nuclei.

In this work we have performed a proteome analysis
of moss chloroplasts using nondenaturing 1D-elec-
trophoresis followed by determination of tryptic peptides
by nano-LC-ESI-MS/MS and assigned subcellular
localization to the identified proteins.

MATERIALS AND METHODS

Growth of moss protonema and isolation of protoplasts.
Protonema of the moss Physcomitrella patens (Hedw.)
B.S.G. strain Gransden was grown as described by
Skripnikov and associates [14]. Protoplasts were isolated
by the method described in the same work with slight
modifications.

Isolation of chloroplasts from moss protoplasts. All
isolation steps were conducted at 4°C. Protoplasts were
resuspended in buffer A (50 mM HEPES-KOH, pH 7.5,
330 mM sorbitol, 2 mM EDTA, and 0.4 mM phenyl-
methylsulfonyl fluoride) and filtered through a double
layer of Miracloth (Calbiochem-Behring Corp., USA).
Degree of protoplast disintegration was estimated by light
microscopy. The filtrate was centrifuged at 1200g for
3 min in 50-ml plastic tubes (Falcon) using a bucket
rotor. The pellet was resuspended in a small volume of
buffer A and fractionated by centrifugation on a cen-
trifuge with a bucket rotor at 3800g for 10 min in a 40% +
85% Percoll (Sigma, USA) stepwise cocktail preformed
in 15-ml plastic tubes (Falcon). Intact chloroplasts were
collected from the border between 40 and 85% Percoll,
washed with buffer A, resuspended in a small volume of
buffer A, and fractionated again in the 40% + 85%
Percoll stepwise cocktail under the same conditions.
Intact chloroplasts were collected from the border
between 40 and 85% Percoll, washed with buffer A, and
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centrifuged at 1200g for 3 min in 15-ml plastic tubes
(Falcon) in a bucket rotor.

Plastids were sub-fractionated into thylakoids and
stroma as described elsewhere [15].

Disintegration of specimen and extraction of proteins
from plastids. All procedures were conducted at 4°C. The
pellet of thylakoids was thoroughly resuspended in cold
80% acetone and centrifuged at 11,000g for 5 min in 2-ml
Eppendorf tubes placed in a fixed-angle rotor. The pellet
was washed two times with cold 80% acetone, each time
followed by centrifugation under the same conditions,
and dried in a SpeedVac vacuum concentrator.

1D-SDS-PAGE of proteins. Proteins (30% T, 2.67%
C) were separated by one-dimensional electrophoresis of
in a 5-20% polyacrylamide gel gradient with SDS by the
standard method of Laemmli [16]. Protein bands were
visualized by staining with Coomassie G-250.

Tryptic hydrolysis of proteins. Proteins separated by
1D-SDS-PAGE were hydrolyzed directly within gel frag-
ments with trypsin using a slightly modified protocol of
Shevchenko et al. [17].

Liquid chromatography electrospray ionization tan-
dem mass spectrometry (LC-ESI-MS/MS). Tryptic pep-
tides were analyzed on an Agilent HCT-UIltra mass spec-
trometer (Agilent Technologies, USA) equipped with an
integrated Agilent Chip Cube™ chromatographic separa-
tion system and a quadrupole ion trap mass analyzer. This
device was coupled with an Agilent 1200 sampler and
nanochromatograph. Proteins were separated at a flow
rate of 300 nl/min using a stepwise gradient of 0.1%
formic acid in 5% acetonitrile (solvent A) and 0.1%
formic acid in 90% acetonitrile (solvent B) as follows: 0%
B, 2 min; 15% B, 5 min; 20% B, 20 min; 50% B, 55 min;
90% B, 60-65 min; and 100% B, 66 min.

Peptide masses were determined using the quadru-
pole ion trap at m/z ratios ranging from 300 through 2200
with the “trap optimization mass” of 900. Only positively
charged ions were detected. Peaks were selected for fol-
lowing MS/MS analysis in the DDA mode. Three ions
preceding maximum intensity were subjected to fragmen-
tation, one after another by collision with helium atoms
(CID mode). Only the ions with z > 2 and peak intensity
above a threshold were analyzed in MS/MS experiments.

MS data processing. Peak lists were obtained using
the Spectrum Mill Data Extractor software with the fol-
lowing parameters: combining scans of the same precur-
sor ion at +1.4 m/z and time slot 15 sec. The signal-to-
noise ratio for a precursor ion was 25 and maximal charge
number was 7. Generated lists of ion masses (raw files)
were submitted to the Spectrum Mill search engine (Rev
A.03.03.084 SR4), as well as to Phenyx [18] (v.2.6, local
version) and Mascot (local version 2.1.03). Peptide iden-
tities were searched in the UniProt database
(http://uniprot.org) with P. patens taxon retrieval (the
number of entries was 35,415). To exclude improper
identities, the database was supplemented with sequences
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of possible admixture proteins, such as trypsin, human
keratins, and bovine serum albumin. The following
parameters were used for the search: cleavage
specificity — trypsin; maximum of missing cleavage
sites — 2; error of ion mass determination *2.7 Da
(parental ion) and +0.7 Da (daughter ions); possible pro-
tein modifications — methionine oxidation and cysteine
carbamidomethylation.

The dataset of determined proteins was validated
using built-in tools of the Spectrum Mill retrieval system
in protein details mode with the following parameters
depending on the charge number of parental ions (in the
order: ion charge, peptide score threshold, SPI (scored peak
intensity) threshold value, %, score difference between for-
ward and reverse DBs for the best found peptide, minimal
difference between score values of the first and second can-
didates): 1,6,70,2,2; 2,6,60,2,2; 2,6,90,1,1; 3,8,70,2,2;
4,8,70,2,2; and 1,6,90,1,1.

Apart from the above autovalidation procedure, the
second validation step of distinct peptides was made in
peptide mode with the following parameters: ion charge 1,
3, or 4; peptide score threshold — 13, SPI — 70%; ion
charge 2, peptide score threshold — 11, SPI — 60%; the
score difference between forward and reverse DBs for the
best found peptide and minimal difference between score
values of the first and second candidates was two or more.

We used three search engines to reveal possible semi-
tryptic peptides (Spectrum Mill, Phenyx, and Mascot).
The Spectrum Mill database contained 236 protein
sequences determined from the single unique tryptic pep-
tide (Table 1, list C; see Supplement on http://protein.
bio.msu.ru/biokhimiya), and the same parameters were
used for the search, but cleavage specificity; the following
cleavage rule was applied: one of the terminal amino acid
residues should be either K or R, with any another termi-
nal residue. The peptide list generated by the Spectrum
Mill search engine was validated as described above; the
validity criterion for datasets generated by other search
systems was exceeding of peptide score threshold (95%).

Subcellular and functional annotation of proteome
(bioinformatics methods). Protein sequence databases used
in this work. The main database we used in this work was
UniProt (http://uniprot.org) with P. patens taxon
retrieval (35,415 entries). The JGI (US Department of
Energetics Joint Genome Institute) database (version 1.1,
March 2007) containing the P. patens nuclear genome
sequence (35,938 entries) was used as an accessory [19].

Proteins of the moss P. patens demonstrating high
homology with A. thaliana protein sequences (database
TAIR9, version from June 19, 2006, 33,410 entries) were
identified using BLASTP (version 2.2.20, local 32-bit ver-
sion) [20]. Proteins were considered as homologous at e-
value < 0.001 and score > 50.

Amino acid sequences of proteins encoded in
genomes of Nostoc sp. PCC 7120, Synechocystis sp. PCC
6803, and Thermosynechocystis elongatus BP-1 were
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acquired from the NCBI (US National Center for
Biotechnology Information) (http://www.ncbi.nlm.nih.
gov) database and combined into the reference database
of cyanobacterial protein sequences containing 300,676
entries.

Amino acid sequences of cyanobacteria homologous
to those of the moss P. patens were revealed as described
above for A. thaliana with the same e-value and score values.

Computational methods for subcellular localization of
P. patens proteins. The moss protein sequences acquired
from the UniProt database as described above were ana-
lyzed using the programs TargetP [21], Predotar [22], and
Proteome Analyst 3.0 [23].

RESULTS

The method for isolation of chloroplasts was devel-
oped on the basis of protocols of van Wijk et al. [15] and
Kabeya and Sato [24] for isolation of P. patens plastids.
The method developed in our laboratory is most appro-
priate because it allows preparation of specimens con-
taining more than 60% chloroplast resident proteins.

We carried out four independent experiments for
identification of proteins from intact chloroplasts, stro-
ma, and thylakoids of P. patens protonema. In each
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Fig. 1. 1D-electrophoresis of proteins from intact chloroplasts
(1), thylakoids (2), and stroma (3); 4) molecular mass markers.
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experiment, intact plastids were separated into soluble
(stroma) and membrane (thylakoid) fractions that were
then subjected to 1D-electrophoresis under denaturing
conditions in the presence of SDS (Fig. 1). The gel was
cut into slices, about 1 mm in width, and treated with
trypsin. Tryptic peptides were extracted and analyzed by
LC-ESI-MS/MS. This approach revealed 624 unique
proteins, 401 of which (64%) were identified by two and
more peptides per protein using the Spectrum Mill search
engine (Table 1, list B; see Supplement at http://protein.
bio.msu.ru/biokhimiya). To increase identification relia-
bility of proteins identified by one tryptic peptide validat-
ed using the Spectrum Mill program complex, we per-
formed two additional experiments showing greater num-
ber of unique peptides belonging to the studied protein
set.

First, we carried out an independent search for tryp-
tic peptides in the UniProt database with P. patens taxon
retrieval using the Phenyx and Mascot search engines.
This approach identified 1059 additional unique peptides
belonging to 356 proteins, 85 of which were identified by
a single peptide in the same gel strips by the Spectrum
Mill program (Table 1, lists C and D; see Supplement at
http://protein.bio.msu.ru/biokhimiya).

Since Picotti et al. [25] showed earlier that protein
digestion with trypsin always results in appearance of
semi-tryptic peptides that give not so prominent peaks in
the mass spectrum, but can substantially exceed the tryp-
tic peptides in total amount in the reaction mixture, we
made an additional search among those mass spectra that
were not identified in the standard search for tryptic pep-
tides using the Spectrum Mill system.

The only goal of the search was validation of proteins
identified by a single tryptic peptide, so we created a data-
base containing only similar protein identities (totally 236
protein sequences) in which the search for semi-tryptic
peptides was carried out using three search engines:
Spectrum Mill, Phenyx, and Mascot. Accounting for
non-tryptic peptides for validation of single-peptide iden-
tities was already used [26].

As a result, additional semi-tryptic peptides in the
same gel strips were found for 207 of 236 proteins identi-
fied by a single tryptic peptide using Spectrum Mill (Table
1, lists C and D; see Supplement at http://protein.bio.
msu.ru/biokhimiya). Such low level of false-positive sin-
gle-peptide identifications is probably due to high strin-
gency of the automated peptide validation criterion in this
search engine. Other search algorithms (Phenyx and
Mascot) also allowed identification of unique semi-tryp-
tic peptides of an additional 17 proteins. To estimate
probability of false-positive identifications in the search
for semi-tryptic peptides, we searched in a database con-
taining randomly chosen 500 protein sequences from the
UniProt database that were not identified in this work.
Two or more certain semi-tryptic peptides were found for
only 15 proteins, so the probability of false-positive iden-
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Fig. 2. Distribution of identified proteins from different fractions
of chloroplasts (Venn diagram).

tifications was 3% and proteins identified with the above-
described algorithm surely fall within 95% confidence
interval (data are shown in the Table 1, lists C and D; see
Supplement at http://protein.bio.msu.ru/biokhimiya).

The distribution of proteins from different fractions
of chloroplasts is shown in Fig. 2. One can see that our
strategy of chloroplast subdivision into stroma and thy-
lakoids has allowed not only identification of a series of
proteins that we could not identify from analysis of intact
chloroplasts, but also acquisition of data on their sub-
organelle localization.

Physical and chemical characteristics of proteins
identified in this work. The proteins identified in fractions
of intact chloroplasts, thylakoids, and stroma were char-
acterized by indices of isoelectric point and molecular
mass. Also, the hydrophobicity index was calculated for
each subproteome by the GRAVY (Grand average of
hydropathy) algorithm as described earlier [27].

Molecular masses of proteins from different plastid
fractions range from 10 through 380 kDa with the major-
ity of proteins ranging from 20 through 60 kDa. The p/
values vary from 4 to 12, and their distribution is dis-
tinctly bimodal (data not shown). This is typical of pro-
teomes of all species and subproteomes of organelles, as
recently shown by Kiraga et al. [28], and mode intensity
often correlates with both subcellular localization of pro-
teins and the size of the proteome. It is worth noting
that the isoelectric point and molecular mass values,
as well as hydrophobicity index, were calculated for
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unprocessed proteins regardless of their possible post-
translational modifications, although a great number of
plastid proteins contain the import signal (presequence)
that splits off during the import of nuclear genome-
encoding proteins into chloroplasts, and many resident
proteins of this organelle are modified at the posttransla-
tional level. The GRAVY protein hydrophobicity index
varied from 1.1 through 0.8. The portion of highly
hydrophobic proteins (GRAVY index > 0) was typically
20-30% depending on the analyzed fraction with the
predominance of such proteins in membrane fraction of
thylakoids (the protein distribution versus GRAVY index
is not shown).

Subcellular localization of distinct proteins. The
UniProt database used as basic (see details in “Materials
and Methods”) contains 35,415 protein sequences with
only 2257 sequences being well-assigned; other sequences
are predicted proteins with gene numbers in the JGI
genome database. The latter was used as an accessory.

First, we compared protein sequences acquired from
the JGI genome database using the BlastP algorithm [20]
and from TAIR9 database containing A. thaliana protein
sequences (see details in “Materials and Methods™). The

TargetP Predotar
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general scheme of annotation is shown in Fig. 3. Chosen
e-value and score parameters allowed identification of
19,178 proteins (53%) with sufficient homology between
P. patens and A. thaliana.

Annotation of this protein set in the context of their
possible subcellular localization was performed using the
data from the following databases: 1) PPDB (The Plant
Proteome Database, http://ppdb.tc.cornell.edu/) [29]
particularly containing the data on identification of
chloroplast proteomes (which were initially obtained in
the Laboratory of Proteomics and Biology of
Chloroplasts, Cornell University, USA) and functions
and subcellular localization of plant proteins; 2) SUBA
(SUB-cellular location database for Arabidopsis proteins,
http://suba.plantenergy.uwa.edu.au) [30] containing the
data of proteomic and fluorescence studies of A. thaliana
proteins; 3) eSLDB (Eukaryotic Subcellular Localization
Database, http://gpcr2.biocomp.unibo.it/esldb/index.
htm) [31] containing the data on subcellular localization
of proteomes of five eukaryotes including A. thaliana.

To additionally verify subcellular localization of dis-
tinct proteins in the moss chloroplast proteome, we used
in this work — apart from the data acquired from the data-

Proteome
Analyst

i

UniProt database

35415

NCBI database blastP

Cyanobacteria

JGI database
NCBI database 35938

Rickettsia

«— |

PPDB SUBA

=, T

Tair9 database
A. thaliana

sSLDB

blastP

e

—

Proteins annotated
as chloroplastic

Prediction of dual Functional .in A. thaliana
localization by ATP annotation (Qing-BoYu et al.)
algorithm (KOG, KEGG)
(Mitshke et al.)

Fig. 3. General scheme of P. patens proteome annotation.
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bases described above — a protein set identified in con-
structing the metabolic net of A. thaliana chloroplasts
[32]. The authors of this work collected information from
different computational algorithms allowing prediction of
protein localization in the cell, data on homology with
cyanobacteria, information from databases (Plprot [33],
PPDB), as well as results of a series of studies on identifi-
cation of chloroplast proteome, and, using a naive Bayes
classifier, identified 1808 chloroplast resident proteins
and 5784 proteins classified as putative chloroplast pro-
teins.

Since many recent studies have shown possible dual
localization of a series of plant proteins [34-37] contain-
ing the same leader peptide, a new computation algo-
rithm has been developed allowing identification of such
proteins [38]. We used P. patens as a model organism for
information on predicted proteins with dual localization
in mitochondria and chloroplasts and for annotation of
plastid proteome proteins identified in this work. We used
three prediction services — TargetP, Predotar, and
Proteome analyst 3.0 — for subcellular localization of P.
patens proteins with no homology with protein identities

extracellular
localization

cytoplasm vacuole

3.5% oEsi/
chloroplasts, \ o_\_‘

possible dual localization
0.5%

chloroplasts (dua
localization)
by ATP algorithm
1.7%

chloroplasts
63.3%
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with Arabidopsis, as well as for additional verification of
localization of A. thaliana protein homologs.

The data on possible localization of proteins
acquired from the sources described above are presented
in Table 2 (see Supplement at http://protein.bio.msu.ru/
biokhimiya). These data were manually checked, and a
definite decision on localization of each protein was
made if the data of the several independent methods or
literature data were unequivocally indicative of its local-
ization in a distinct cell compartment. The diagram (Fig.
4) shows that the great majority of proteins (400 or 63%)
in the plastid proteome identified in this work are chloro-
plast resident proteins, and 1.7% are proteins with dual
localization predicted using the above-mentioned
ambiguous targeting predictor (ATP) algorithm (the
score value for these proteins exceeded 0.7). Plastid pro-
teins with possible dual localization and putative chloro-
plast proteins (score values 0.5 and 2.4%, respectively)
were assigned to separate groups. Decision on separate
grouping of these proteins was made according to the data
of annotation if the literature data confirmed localization
of a protein in mitochondria or chloroplasts. A significant

chloroplasts,
putative
2.4%

Golgi apparatus
0.5% cell wall and plasma
membrane

0.8%

unknown
localization
15.7%

peroxisomes
0.2%

eukaryotic ribosomes
0.5%

secreted proteins
0.2%

Fig. 4. Distribution of 624 identified proteins in accordance with their subcellular localization.
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Proteins with unknown function group (15.7%) contained proteins whose localization was
or poorly Cham?‘f,;]er'zed proteins not certainly determined because of either poor or con-
tradictory data.
Il:r‘\::rl:gsgzr; ’ Functional annotation of identified chloroplast resi-
Drocesses dent proteins. All 434 proteins (Fig. 4) annotated as either
and signal chloroplast resident proteins or proteins with dual local-
transduction . . . . .
12% Processing ization or putative chloroplast proteins were classified on
agfgs;:;g%e the basis of KOG (EuKaryotic Orthologous Groups,
information http://genome.jgi-psf.org/Chlre3/tutorial/kog.html) cri-

G teria [39] into four classes and 21 subclasses (Fig. 5). Thus,

55% of the total number of identified proteins was classi-

Non-annotated by KOG | fied by KOG. Twelve percent are implicated in various cell
45% processes and signal transduction pathways, 28% are asso-
Implication in metabolic ciated with metaboli‘sm', 8% are' implicated in processi'ng

pathways and storage of genetic information, and 7% are proteins

28% with unknown function or poorly characterized by KOG.

Among the proteins annotated in accordance with
this classification (Fig. 6), 13.8% are proteins implicated
in protein metabolism and 11.9% are ribosomal proteins
and proteins associated with translation. The proteins
implicated in metabolic processes are divided into five
classes: proteins of energy metabolism (6.7%); proteins
Fig. 5. Distribution of P. patens chloroplast resident proteins by associated with metabolism and transport of amino acids
KOG classes. (13.4%), sugars (11.5%), inorganic ions (4.7%), and

Transcription

. . . .0%. Translation,
Signaling mechanisms \ ribosomal structure Metabolism
3.2% \ and biogenesis and transport
Biosynthesis of secondary i of amino acids

metabolites, transport, 13.4%
and catabolism \
2.8%
RNA modification

Cell cycle control,
cell division, division
of chromosomes

i 0,
and pOroScozssmg Metabolism 0.8%
' and transport of sugars Biogenesis of
' 11.5% membrane and cell wall
Posttranslational £ 1.2%
modifications, protein B
exchange, chaperones : S T— Chromatin structure
13.8% ; 0.4%
Transport and
metabolism of coenzymes
4.3%
N, Cytoskeleton
Energy ™, 2.0%
Metabolism metabolism Defense mechanisms
and transport 6.7% 0.4%
of nucleotides Proteins
2.4% with predicted
. function
a'\rfgtt?:r?gsglrt Intracellular 11.5% . . .
of lipids transport, | Proteins with unknown function
3.6% secret_lon, ) 1.2%
and vesicular Metabolism and transport
transport of inorganic ions
1.6% 4.7%

Fig. 6. Distribution of P. patens chloroplast resident proteins by KOG subclasses.
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coenzymes (4.3%). Proteins with predicted function were
classified into a separate subgroup (11.5%), and the pro-
teins with unknown function (1.2%) have also been clas-
sified into another subgroup. Other groups represent pro-
teins implicated in transcription (2%), metabolism and
transport of lipids (3.6%), secondary metabolites (3%),
nucleotides (2.4%), as well as proteins involved in RNA
modification and processing (0.8%) and providing puta-
tive defense mechanisms (0.4%).

KEGG classification. Since the above classification
of distinct chloroplast proteins by clusterization of
orthologous eukaryotic genes has allowed annotation of
only 55% of the proteins identified in this work, we clas-
sified the same protein set using the KEGG (Kyoto
Encyclopedia of Genes and Genomes; http://www.
genome.jp/kegg/) database.

Among 434 proteins localized in chloroplasts
according to the data of this work, 159 unique proteins
were attributed to metabolic pathways by KEGG.
Preponderant are proteins implicated in various metabol-
ic pathways (22%), photosynthesis (6%), biosynthesis of
growth hormones (5%), phenylpropanoids (4.5%), and
alkaloids (5%), as well as ribosomal proteins (11%). This
classification compared to KOG allowed expansion of
proteins by their implication in various pathways of
biosynthesis and metabolism of amino acids (Fig. 7), sug-

Metabolism of vitamin B6
Degradation of valine, leucine, and isoleucine
Biosynthesis of valine, leucine, and isoleucine
Metabolism of tyrosine
Biosynthesis of terpenoids
Metabolism of sulfur
Metabolism of starch and sucrose
Metabolism of selenic amino acids
Ribosomal proteins
Metabolism of riboflavin
Metabolism of pyruvate
Metabolism of pyrimidines
Metabolism of purines
_ Metabolism of ﬁropionate
Metabolism of porphyrins and chlorophylls
Photosynthesis: proteins of light-harvesting antennas
Photosynthesis
Biosynthesis of phenylalanme tt/)rosme and tryptophan
olism of phenylalanine
Peroxisomes

Pentose 5-phosphate pathwa

Biosynthesis of pantothenate and acetyl-Co.
Oxidative phosphorylation
Folate-mediated C1 transfer
Metabolism of nitrogen
Metabolism of methane
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ars, terpenoids and steroids, biosynthesis of growth hor-
mones, and in some other metabolic pathways, but this
method allowed classification of only 36% of identified
plastid proteins, which is insufficient for comprehensive
functional characterization of the proteome.

Classification by MapMan. The set of proteins (Fig.
8) annotated in this work as either chloroplast resident
proteins or proteins with dual localization or putative
chloroplast proteins was classified by the MapMan crite-
ria proposed by Thimm and associates [40]. Among the
proteins annotated according to this classification, 21.3%
of the proteins are implicated in photosynthesis, 20.6%
are associated with translation, implicated in ubiquitina-
tion, posttranslational modification, folding, and import;
some ribosomal proteins are also placed to this group.
Identified proteins implicated in metabolic processes
were divided into ten classes: proteins implicated in
metabolism and transport of amino acids (6.9%),
nucleotides (2.5%), lipids (2.2%), carbohydrates (2.4%),
and hormones (1.5%), secondary metabolism of iso-
prenoids (1.25%), vitamins and cofactors (1%),
anabolism of sulfur (1.25%), metabolism of nitrogen
(1%), and Cl-metabolism (0.2%).

Some proteins are implicated in the pentose-phos-
phate cycle (1.75%), glycolysis (1.5%), gluconeogenesis
(0.5%), and the tricarboxylic acid cycle (1.25%).

Metabolic pathways

Biosynthesis of lysine

Biosynthesis of isoquinoline alkaloids
Metabolism of inositol phosphate

Metabolism of histidine

Metabolism of glyoxylate and decarboxylate

Glycolysis

Metabolism of glycine, serine, and threonine
Metabolism of glutathione

Metabolism of fructose and mannose

BiosYnthesm of saturated fatty acids
Metabolism of cysteine and methionine

Metabolism of cyanaminoacids
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Metabolism of carotenoids

0, fixation
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Biosynthesis of unsaturated fatty acids
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Biosynthesis of growth hormones

Biosynthesis of phenylpropanoids
Biosynthesis of alkaloids (from terpenoids and polyketides
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Fig. 7. Distribution of P. patens chloroplast resident proteins by KEGG subclasses.
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Fig. 8. Distribution of P. patens chloroplast resident proteins by MapMan subclasses.

The proteins that contain several detected function-
al domains but cannot be attributed to any of the declared
classes were classified into a separate subgroup “Any oth-
ers” (4%). Another subgroup combines the proteins
remaining unclassified by the MapMan algorithm
(13.5%) (see detailed information on these proteins in
Table 3 (see Supplement at http://protein.bio.msu.ru/
biokhimiya). We also subdivided into separate groups the
abiotic stress proteins (1.5%) and proteins likely implicat-
ed in development. Other groups are represented by pro-
teins associated with synthesis of tetrapyrroles (3.7%),
RNA processing and transcription regulation (3.5%), and
implicated in metal transport and binding (5 and 0.25%,
respectively), signal transduction (0.75%), biodegrada-
tion of xenobiotics (0.25%), and maintenance of lipid
bilayer structure and ATP synthesis (0.25%).

DISCUSSION

Large-scale studies of chloroplast protein composi-
tion (study of proteome and subproteomes of these
organelles) in line with their transcription profiling are
necessary for comprehensive characterization of their
functions and biogenesis as well as implication in various

plant metabolic pathways. These studies reveal earlier
unknown protein—protein interactions, possible post-
translational modifications, and refine protein localiza-
tion within the studied organelle.

Determination of subcellular localization of proteins
when studying organelle proteomes is a very important
but difficult and not always trivial task. At present, the
methods for data acquisition on subcellular protein local-
ization can be classified as follows: 1) data obtained from
studies on solution of a particular problem, for instance
when studying a distinct protein — the data is accumulat-
ed and stored in public databases such as UniProt [41],
Gene Ontology [42], Swiss-Prot, etc., and it is this data
that is more significant at present since they represent a
result of multiple independent studies, but they are rela-
tively few; 2) information obtained in large-scale experi-
ments using express cloning of open reading frames with
their subsequent conjugation with various epitopes [43] or
GFP-protein [44]. Localization of the produced gene
products is further determined using fluorescence
microscopy. The bottleneck of these methods is that the
native protein structure is subjected to substantial modifi-
cation during the experiment, which can result in erro-
neous localization. Besides, these methods are laborious
and time-consuming, and interpretation of the fluores-
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cence microscopy data is largely subjective. However,
these methods allow localization of proteins with
unknown function or poorly characterized cellular pro-
teins; 3) the approach employed in the present work and
associated with subcellular fractioning and subsequent
proteome analysis of the resulting fractions. However, so-
called protein impurities are always co-isolated during
separation of organelles, and it is often hard to determine
whether these proteins are resident or their presence in a
proteome is a consequence of the destruction of other
cellular compartments during isolation or insufficient
purity of the specimen.

Therefore, when localization or function of a protein
is unknown, the final decision on the protein assignment
to a distinct organelle proteome requires additional stud-
ies involving methods other than proteomics. Even if pro-
teins with proved localization are found in other com-
partments they should not be regarded as “admixtures”,
because multiple localizations cannot be excluded.

However, the accumulation of facts on localization
of distinct proteins in the cell has enabled development of
various bioinformatics methods that can predict protein
localization by computational methods on the basis of its
sequence.

In particular, in the present work we have used soft-
ware such as TargetP [45, 46], Predotar [22], and
Proteome Analyst 3.0 [23] for the confirmation of exper-
imentally determined protein subcellular localization.

One can see (Fig. 9) that each software predicts
localization of different (from 35 to 60%) number of
identified proteins, and all three together predict a small
number of proteins. This can result from the difference in
prediction algorithms since Proteome Analyst uses data
on localization accessible from public databases, while
Predotar and TargetP use algorithms of “artificial intelli-
gence” for recognition of chloroplast, mitochondrial, and
secretory signal peptides within a target protein on the
basis of its primary structure analysis.

It should be noted that the computational systems
described above are based on determination of protein
signal sequences and do not operate with nonclassical
protein import via secretory pathway or when a protein
has dual localization (see details in reviews [47, 48]).
Besides, some reports are indicative of the absence of sig-
nal sequences in many chloroplast outer membrane pro-
teins.

Thus, proteins related to photosynthesis predomi-
nate in the plastid proteome determined in the present
work (Fig. 8). We studied some metabolic pathways
involved in this process and only identified 12 of 14 key
enzymes of the Calvin cycle (Fig. 10). In particular, we
failed to identify ribulose 5-phosphate epimerase, the
enzyme catalyzing conversion of xylulose 5-phosphate
from ribulose 5-phosphate and sustaining regeneration of
the major substrate of this metabolic pathway. It is worth
noting that this enzyme is absent in the A. thaliana pro-

BIOCHEMISTRY (Moscow) Vol. 75 No. 12 2010

1479

Proteome Analyst 3.C
258

®

Predotar
152

Fig. 9. Distributions of proteins identified in this work and pre-
dicted in silico by different computational systems as plastid resi-
dent proteins.

teome identified by Kleiffmann et al. [49]. The authors
attribute this fact to low expression level of this enzyme
and suppose that ribulose 5-phosphate is preferably
regenerated through sedoheptulose 1,7-bisphosphate by
transketolase and ribose 5-phosphate isomerase.

We identified with certainty more than 60% of the
subunits comprising photosystem I and photosystem II
multisubunit protein complexes, cytochrome bg/f com-
plex, and ATP-synthase playing an important role in
light-dependent photosynthetic reactions in thylakoid
membranes (Table 4; see Supplement at http://protein.
bio.msu.ru/biokhimiya). Subunits that we failed to iden-
tify in the proteome are very hydrophobic with two or
more transmembrane domains or have a limited number
of trypsin cleavage sites (for instance, a and ¢ subunits of
chloroplast ATP-synthase). Besides, a substantial number
of unidentified proteins represents minor components of
photosynthetic complexes, whose detection by the meth-
ods used in the present work is complicated by their low
molecular weight (below 10 kDa) and high hydrophobic-
ity.

We also found 30 proteins among plastid resident
proteins that are implicated in different amino acid
biosynthetic pathways with the most comprehensively
characterized ones being those of valine, leucine, and
isoleucine (coverage percentage is 82% by KEGG, Fig.
11).

A significant group of plastid proteome proteins is
represented by enzymes possessing protease activity and
participating in various processes of protein degradation
(Table 5; see Supplement at http://protein.bio.msu.ru/
biokhimiya). Virtually all proteins belonging to this group
are annotated in the used database as “predicted”, but
they possess relatively high homology with Arabidopsis



1480

POLYAKOV et al.

Erythrose
4-phosphate

- Transketolase
A9SUL2

Fructose

1,6-bis-
phosphatase
A9RP60

Aldolase
A9RX761

Dihydroxyacetone
phosphate

Glyceraldehyde
3-phosphate

Aldolase

A9RX761

A9T663

/'//
7 .
) -
/.
/ /
Sedoheptulose /
bisphosphatase
A9U222
!
llf B
,IJ
Transketolase /
A9SUL2 4
Xylulose
Ribulose 5-phosphate
5-phosphate
isomerase
A9TF97
Ribulose
. 5-phosphate
Ribulose | epimerase

5-phosphate

N\

Triosephosphate
isomerase

/

i

Glyceraldehyde
3-phosphate

Phosphoribulokinase deh\;&rglgl;asnase
A9TRN4 -
Phospho- -
— glycerate
~—— f kinase
1 arewry, |- aoTeos,
A9RGO4 A9TC11,
A9TRN4
A
Rubisco
activase
A9TBPO

Fig. 10. Calvin cycle. Proteins identified in the present work are marked with gray squares, and some substrates of the cycle are marked with
black circles. In gray squares, identification number of protein in the UniProt database is given in line with the name of the enzyme.

proteins. Among them we have revealed ATP-binding
(ClpC and ClpD) and proteolytic (ClpP1, ClpP5, and
ClpP6) subunits of the ATP-dependent Clp-protease
complex of chloroplasts, whose main function is removal
of misfolded and damaged enzymes and regulatory stro-
mal proteins [50], maintenance of proper stoichiometry

of multisubunit complexes, particularly, Rubisco [51],
and fine regulation of activity of various metabolic path-
ways in plastids via inactivation or complete degradation
of proteins composing them. Three proteins related to
various metal-dependent FtsH-proteases have been iden-
tified among proteases found in thylakoid membranes.
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For instance, 82% identity was found between the
At5g42270 protein and the predicted one numbered
A9RHM?7, which is the FtsH2-protease. This protein is
implicated in proteolytic degradation of damaged D1
protein of plastid photosystem II, preventing cell death
under extreme illumination. A9RJ05 and A9SCI8 pro-
teins also possess high homology with A. thaliana proteins
AT4G23940 and AT3G16290, respectively, which are
annotated as putative FtsH-proteases.

High homology with A. thaliana proteins has been
found in 374 of 434 plastid resident proteins (86%) in this
study. More than 90% of them were identified earlier in
one and more proteome studies fulfilled on intact chloro-
plasts isolated from various plant tissues and on particular
sub-compartments of these organelles (see Table 2,
Supplement, for the references in “Proteomics publica-
tions from PPDB” column and “Location according to
proteomics investigation (SUBA database) as “a unique
identification number” of PMID publication in PubMed
(http://www.ncbi.nlm.nih.gov) database with short anno-
tation about the studied sub-compartment or protein
localization). It should be noted that 318 of 374 proteins
are identified in the study of Zybailov et al. [52] repre-
senting the most comprehensive analysis of chloroplasts
to date.

Thus, a method for chloroplast isolation from proto-
plasts of the moss P. patens has been developed in the
present study, which is optimum for proteome study at the
organelle level. We identified 624 proteins using 1D gel-
electrophoresis and mass-spectrometry, and 434 of them
are annotated as chloroplast resident proteins that are
functionally adequate for photosynthetic organelles of
moss protoplasts. These data will be used for further stud-
ies of proteins composing the chloroplast proteome and
possessing unknown functions, as well as proteins whose
localization is unclear or not unambiguously determined.
This study can be used as a proteome platform in physio-
logical and photobiological experiments in which chloro-
plasts are studied as important functional and signal com-
ponents of green plants.
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