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Abstract

The moss Physcomitrella patens is unique among land plants due to the high rate of homologous recombination in its nuclear

DNA. The feasibility of gene targeting makes Physcomitrella an unrivalled model organism in the field of plant functional genomics.

To further extend the potentialities of this seed-less plant we aimed at exploring the P. patens proteome. Experimental conditions

had to be adopted to meet the special requirements connected to the investigations of this moss. Here we describe the identification

of 306 proteins from the protonema of Physcomitrella. Proteins were separated by two dimensional electrophoresis, excised form the

gel and analysed by means of mass spectrometry. This reference map will lay the basis for further profound studies in the field of

Physcomitrella proteomics.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The outset of the post genomic era has been initiated

by the rather disappointing insight, that gene function

cannot be directly discerned from the sequence of the
DNA and the tremendous amount of sequence infor-

mation provided by different genome initiatives has left

scientists with the task of assigning function to putative

genes (Holtorf et al., 2002). The reverse genetics ap-

proach takes its place at the core of functional ge-

nomics, i.e. instead of having a function and identifying

the responsible gene, a specific gene is manipulated in a

way that mirrors its function by modifying the pheno-
type of the organism under study (Berg, 1991; Tissier
* Corresponding author. Tel.: +49-761-203-6943/2814; fax: +49-761-

203-6945.

E-mail address: Eric.Sarnighausen@biologie.uni-freiburg.de (E.

Sarnighausen).
1 These authors contributed equally to this work.

0031-9422/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2004.04.028
and Bourgeois, 2001). Elegant as this approach might

be it is likewise rather challenging in both of its re-

quirements, the targeted manipulation of the gene of

interest, as well as the precise characterization of the

specific influence on the phenotype (Bouche and Bou-
chez, 2001; Levanon et al., 2003). Although gene

function can be targeted temporarily (knocked down) by

the use of ribozyme, antisense oligonucleotides, apta-

mers or interfering RNA (RNAi) (Heermeier et al.,

2002), the unsurpassed – as permanent and highly ef-

ficient – way to the targeted influence of gene function

is offered by homologous recombination (Struhl, 1983;

Bronson and Smithies, 1994; Kowalczykowski et al.,
1994). This process, that involves an exchange of DNA

fragments between two molecules at sites of (nearly)

identical nucleotide sequence, is applicable as a tool for

gene targeting in bacteria, yeast and mammalian em-

bryonic stem cells. It could only recently be demon-

strated that in the moss Physcomitrella patens foreign

DNA sequences are integrated into the nuclear genome
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preferentially via homologous recombination at a rate

comparable to yeast cells (Schaefer and Zr€yd, 1997). To
date, Physcomitrella is the only land plant that has

been shown to allow for this direct method of gene

targeting and therefore serves as a model organism for
plant functional genomics (Reski, 2003). As a model

system, Physcomitrella offers additional advantages.

The early developmental stage, the filamentous moss

protonema, can be grown in axenic liquid culture in a

highly standardized manner either in flask culture or in

bioreactors of up to 10 litres (Hohe and Reski, 2002).

As mosses in general display a heterophasic and het-

eromorphic alternation of generations with the haploid
phase being dominant, complicated backcrossing in

order to obtain homozygote plants is unnecessary and

genotypic variations can directly affect the phenotype

(Reski, 1998). Although the complete genome of

Physcomitrella patens has not been sequenced yet, a

clustered library from 110,087 expressed sequence tags

(ESTs) comprising at least 95% of all P. patens genes –

the number of which is estimated to be around 25,000 –
was established by our group in cooperation with an

industrial partner. Profound analysis of the database

revealed that approximately 50% of the Physcomitrella

protein coding genes can be matched to homologues

within the Arabidopsis genome. The function of around

11,600 Physcomitrella genes still remains unrevealed, as

no currently known homologues in plants, animals,

fungi or bacteria can be found (Rensing et al., 2002).
Nishiyama et al. (2002) reported the sequencing of

85,191 ESTs from P. patens, that, together with pub-

licly available P. patens ESTs, could be organized into

15,883 putative transcripts. Efforts are underway to

establish saturated Physcomitrella mutant libraries

(Nishiyama et al., 2000; Egener et al., 2002). Out of

16,203 mutant plants already analysed by our group,

16.2% display a deviating phenotype as compared to
the wild type – be it a more or less conspicuous mor-

phological or developmental alteration or a partial loss

of autotrophy that can be compensated for by an ad-

ditional supply of nutrients (Egener et al., 2002). This

number of obvious phenotypical aberrations observed

in Physcomitrella mutants is rather high as, for exam-

ple, compared to a rate of only 2% in case of Arabid-

opsis thaliana knockout mutants (Bouche and Bouchez,
2001). However, the fact that more than 80% of the

mutations generated do not seem to have any impact

on the phenotype of the plants clearly demonstrates

that a mere visual evaluation is far from being sufficient

if gene function is to be identified by reverse genetics.

And even in cases where a mutation does affect the

phenotype obviously, might it still be rather difficult to

derive a gene function from the frequently unspecific
alterations observed (as, for example, a retardation of

growth). While it appears plausible that the complex

organism might still be able to tolerate and thereby
mask a mutation by some sort of phenotypic compen-

sation, it is rather unlikely that the genotypic disorder

imposed on the plant might not at all be reflected by

physiological and/or biochemical imbalances (Raams-

donk et al., 2001). Only in a limited number of cases (if
ever) will the knockout of a gene simply result in the

disappearance of the corresponding gene product. As

proteins in a living organisms cannot be viewed as

‘‘lone fighters’’, its loss will rather evoke imbalances

within functional protein networks possibly culminat-

ing in an avalanche effect (Henning and Beste, 2002). It

is evidently the induced dysfunction of a complex net-

work that finally governs the phenotype – which will be
regarded as non-aberrative if functional compensation

within the system is accomplished. A complete exploi-

tation of the rich potential of P. patens as a tool for

functional genomics will therefore demand for addi-

tional appropriate screening procedures in order to

define gene function in regulatory complexes and to

allow the revelation of the so-called ‘‘silent mutations’’

by analysing cellular and higher order functions
(Sperling, 2001).

As a part of a Physcomitrella proteomics project we

are currently mapping the P. patens proteome using

combinations of different protein extraction methods,

electrophoretic as well as chromatographic separation

techniques and mass spectrometric analyses. Here we

present our first results towards the identification of the

Physcomitrella proteome by means of 2D protein gel
electrophoresis and two different mass spectrometry

methods.
2. Results and discussion

Here we present for the first time a two-dimensional

protein map of the moss P. patens. Moss protonema
grown in a bioreactor was extracted using acetone/TCA

precipitation and the total proteins were separated by

isoelectric focusing in the first dimension and by SDS–

PAGE in the second dimension. To date, proteomics

still relies heavily on 2D electrophoresis. Though fre-

quently denoted as outdated (Gygi et al., 2000, Hille

et al., 2001), alternative sorting procedures that have

been introduced could so far not establish a position
comparable to the 2D method: major advantages of this

approach are the high information content obtained

during the experiments and the high resolution capa-

bility (Fey and Larsen, 2001; Beranova-Giorgianne,

2003). The technique that had been introduced almost

30 years ago could be facilitated enormously with re-

spect to both handling and reproducibility by the in-

troduction of immobilized pH gradient (IPG) in ready
cast gels as a first dimension, which opened the path to

proteomics even to scientists rather inexperienced in the

field (G€org et al., 1988).



E. Sarnighausen et al. / Phytochemistry 65 (2004) 1589–1607 1591
If, however, proteins are not only to be visually

analysed after two-dimensional gel electrophoresis but

their identification by means of mass spectrometry

is desired, special care has to be taken in order to

avoid methods that would render analysis and identifi-
cation of the proteins difficult or even impossible. This

includes unwanted and/or uncontrollable modifications

of the proteins during extraction (e.g. oxidation by

endogenous or applied phenolic compounds, carba-

mylation) (Hari, 1981; McCarthy et al., 2003), electro-

phoresis (covalent modification by free acrylamide

radicals) (Chiari et al., 1990) and detection (covalent

modification by aldehydes) (Shevchenko et al., 1996).
Phenolic extraction that has been reported to be effective

in case of plant tissues including bryophytes (Hurkman

and Tanaka, 1986; Hellwege et al., 1996) is therefore

definitely not recommended. Classical high sensitive

silver staining methods that include treatment of the gels

with glutaraldehyde and formaldehyde cannot be used

either. Protein extraction was therefore performed using
Fig. 1. Two-dimensional electropherogram of total proteins extracted form t

Brillant Blue. (b) Computer generated image (gaussian image) of the same g

Standard spot numbers (SSPs) were assigned to each spot by the analysis softw

of the protein spots boxed in (b) are displayed separately.
acetone/TCA precipitation as described for tissues from

seed plants. The method instantly inactivates plant

proteases and phenoloxidases thereby preventing pro-

tein degradation and polymerization of phenolic com-

pounds and at the same times clears the extract from
interfering substances (Granier, 1988). Apart from

yielding to high quality 2D electropherograms, the

TCA/acetone extraction could be shown not to interfere

with mass spectrometric analysis and identification of

proteins (Porubleva et al., 2001, Koller et al., 2002).

Two dimensional gels were finally stained with colloidal

coomassie if proteins were to be extracted for mass

spectrometry. As it turned out, analytical gels loaded
with less amounts of total protein and subjected to

sensitive silver staining displayed patterns that differed

strongly from coomassie stained gels. This is mainly due

to a large number of protein spots that are not stainable

with silver and therefore escaped detection (not shown).

Out of 790 spots that could be resolved and displayed

on a Coomassie stained gel (Fig. 1(a)), 267 spots of
he protonema of P. patens. (a) 2D-PAGE gel stained with Coomassie

el displaying protein spots selected for analysis by mass spectrometry.

are PDQuest. (c) In order to reduce the complexity of the images, SSPs



1592 E. Sarnighausen et al. / Phytochemistry 65 (2004) 1589–1607
moderate to high staining intensity were selected, cut

from the gel, digested with trypsin and analysed by mass

spectrometry (MALDI-TOF-MS and Nano-LC-MS-

MS). 208 of these 2D spots yielded interpretable mass

spectra (Fig. 1(b)). The distribution of the distinct spot
quantities (as determined by the PDQuest software)

contributes to the total stained area investigated in an

exponential manner (Fig. 2). It is obvious that of the 208

spots, a total number of 181 spots of low (153 counts/

[Image Units]2) to medium (2144 counts/IU2) quantity

build 50% of the area of investigation, whereas the re-

maining 50% are covered by 27 high quantity spots (up

to 6878 counts/IU2).
The spots analysed are of molecular masses between

11,400 and 100,900 where the size range from 20,000 to

45,000 is represented by 130 spots out of 208 (Fig. 3).

From 208 spots 306 distinct proteins could be iden-

tified. In a complex protein pattern (as is unavoidable to
Fig. 3. Distribution of molecular masses among the spots selected for

analysis. Spots are grouped in classes each covering 5000 Da.

Fig. 2. Distribution of quantities among the spots selected for analysis.

The abscissa displays the spots analysed arranged in order of their

quantities from low (153) to high (6878) values. The graph represents

the integration of single spot quantities (total spot area).
be found with total protein extracts), the limits of 2D

electrophoresis are evident in cases of such spot over-

laps, i.e. when two different proteins share close simi-

larity with respect to both mass and isoelectric point

and therefore comigrate to the same position on the gel.
In the case of the Physcomitrella electropherogram, 29%

of all spots analysed contained two different proteins,

while 17% of the spots contained three and 0.5% (one

spot) even four different proteins. A clear distinction

and detection of multiple proteins in these spot samples

is, however, possible with the use of a Nano-LC-MS-

MS mass spectrometer. Although therefore in our

studies, comigration of proteins does not really raise a
problem, the usefulness of 2D electrophoresis for dif-

ferential proteomics (i.e. the detection of deviations in

protein patterns of two or more different samples) will

definitely benefit from an increase in resolution in the

case of Physcomitrella protonema. This can be accom-

plished by the use of narrow pH gels in the first di-

mension (Wildgruber et al., 2000) or a prefractionation

of the sample prior to electrophoresis (Molloy et al.,
1998).

Protein identification was performed by both peptide

mass fingerprinting on a MALDI-TOF mass spectro-

meter exploiting the non redundant database SWISS-

PROT (http://www.expasy.ch/sprot) using MASCOT

(Perkins et al., 1999) search program as well as MS-MS

sequencing with a Q-TOF mass spectrometer, where

correlation of uninterpreted tandem mass spectra were
correlated to entries in SWISS-PROT. While the

strength of MALDI-TOF-MS is its suitability for high

throughput analysis, the identification procedure in the

ideal case requires for a database comprising the

complete (specifically digested) proteome of the or-

ganism under study for comparison (Langen and

Berndt, 2001). In the case of Physcomitrella, large parts

of the coding region of the genome are available as
EST data. While this does – in contrast to the use of

higher eukaryotic genomic libraries – render the pre-

diction of splicing events unnecessary, each EST has to

be translated into protein from each of the six possible

reading frames. This gives rises to an inflation of the

deduced protein database with 5/6th of ‘‘nonsense in-

formation’’ that can act as a rich source of false posi-

tive matches. At the same time, deduced protein
databases do not take into account to co- and post-

translational modifications that induce alterations of

peptide masses.

It is therefore not too surprising that a much more

reliable identification of the proteins can be obtained by

the – though more time consuming and demanding –

MS-MS sequencing approach. Of the 306 proteins de-

scribed, 26% (80) could be identified by MALDI-TOF
MS. In most cases, (18% [56]) MALDI-TOF-MS results

were confirmed by MS-MS spectra. In 17 distinct Coo-

massie stainable spots (6%), however, proteins were

http://www.expasy.ch/sprot
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identified by MALDI-TOF-MS, the presence of which

could not be detected via MS-MS search. In 2% of the

cases, proteins were identified by MALDI-TOF-MS

while MS-MS spectra failed completely.

Identified proteins were grouped according to their
function as described by the EU Arabidopsis Genome

Project (1998) (Fig. 4). Not surprisingly for this ap-

proach, the majority of proteins detected could be as-

signed to housekeeping functions like energy (functional

catalogue 2) and metabolism (functional catalogue 1). It

is, however, intriguing that even among the relatively

highly abundant proteins that have been analysed so far,

46 proteins in 40 spots correspond to Physcomitrella
ESTs that do either not yield a significant match in a

BLAST search or correspond to genes encoding hypo-

thetical, putative or unknown proteins (Table 1). Mul-

tiple spots obviously corresponding to one gene product

are commonly found on a 2D electropherogram

(Fountoulakis et al., 2001). There are three major rea-

sons that are responsible for this phenomenon. These

spots might not be the products of a single gene but are
derived from different members of a multigene family.

The distinct biophysical properties that govern their

migration behaviour in the two dimensions are therefore

due to aberrations in the amino acid sequences. Likewise

is it possible that one gene product undergoes different

co- and/or posttranslational modifications that affect its

mass or/and its charge. It can, however, not be ruled out

that the appearance of multiple spots corresponding to
one gene product is merely a consequence of the intro-

duction of artificial modifications during the extraction

or separation procedure (Gooley and Packer, 1997,

Berven et al., 2003). The assignment of such gene
Fig. 4. Pie chart displaying the assignment of proteins identified to functio

(100%¼ 306 proteins).
products to different expressed sequence tags or even

different contigs hints to the existence of a multigene

family. Chances to identify and distinguish between the

members of this protein family improve with the amount

of primary amino acid sequence covered by MS-MS
sequencing. Fig. 5 provides an example for proteins

from eight distinct spots that were identified as 23 kDa

polypeptide of the oxygen evolving complex. The

alignment of the de novo sequences with the corre-

sponding translation products of ESTs and contigs

clearly demonstrates that the heterogeneity of the pro-

teins is partly due to the fact that they are derived from

(at least) three distinct but closely related genes.
The success of this strategy is crucially dependent on

using MS-MS data as the query because, in contrast to

peptide mass fingerprinting (PMF), which relies on the

mass measurement of multiple peptides for statistically

valid identification, one or two matching MS-MS spec-

tra are often sufficient. Thus, a short region of local

identity which spans two or more consecutive tryptic

cleavage sites may enable identification, even when the
remainder of the sequence is divergent.

Of the 267 spots successfully excised from the gel, a

total number of 59 did not yield interpretable mass

spectra. It should be noted that most of these spots

displayed either low quantity or low spot quality. It

remains to be speculated if the proteins were heavily

modified or possibly resisted tryptic digestion and/or

extraction from the gel pieces.
To date, plant science is highly underrepresented in

the field of proteomics. The Swiss 2D PAGE map se-

lection at the ExPASy proteomics server (at http://

www.expasy.org/cgi-bin/map1) is dominated by human,
nal categories according to EU Arabidopsis Genome Project (1998)

http://www.expasy.org/cgi-bin/map1
http://www.expasy.org/cgi-bin/map1


Table 1

Proteins from the protonema of P. patens identified by mass spectrometry after 2D electrophoresis

SSP Mr � 1000 pI Quantity

[counts/IU2]
Identification via P. patens Annotation (BLAST search)

GenBank gi Cosmoss sequence

Functional category 1: metabolism

3303 28.3 5.18 712 Nano LC-MS-MS 7047325 PPP_1186_C1 3-b-Hydroxysteroid dehydrogenase/

isomerase protein, putative

6514 45.2 6.10 189 Nano LC-MS-MS 7583616 PPP_3143_C1 Acetylornithine transaminase, putative

7108 22.8 6.18 783 Nano LC-MS-MS 18335736 PPP_6841_C1 b-Hydroxyacyl-ACP dehydratase,

putative

7115 22.1 6.25 265 Nano LC-MS-MS 18335736 PPP_6841_C1 b-Hydroxyacyl-ACP dehydratase,

putative

6513 51.4 6.09 206 Nano LC-MS-MS 14536525 No hits Biotin carboxylase

4512 51.1 5.51 525 Nano LC-MS-MS 18367049 PPP_7060_C1 Carbamoyl phosphate synthase,

putative

4406 36.8 5.47 167 Nano LC-MS-MS 18339112 PPP_1097_C1 Cysteine synthase 1, plastidic

4406 36.8 5.47 167 Nano LC-MS-MS 18356110 PPP_8043_C1 Cysteine synthase, mitochondrial

precursor

4406 36.8 5.47 167 MALDI-TOF-MS [O81155] nd Cysteine synthase, chloroplast precur-

sor

9603 53.7 6.97 1245 Nano LC-MS-MS 18333013 PPP_516_C1 Dihydrolipoamide dehydrogenase

precursor

6308 35.9 5.99 189 Nano LC-MS-MS 14536601 PPP_sd_136_C1 Enoyl-[acyl-carrier protein] reductase

6308 35.9 5.99 189 MALDI-TOF-MS 18327390 PPP_sd_136_C1 Enoyl-[acyl-carrier protein] reductase

8506 45.0 6.52 529 Nano LC-MS-MS 18342459 PPP_11879_C1/

PPP_8061_C1

Glutamate-1-semialdehyde 2,1-ami-

nomutase, chloroplast precursor

4514 47.6 5.54 290 MALDI-TOF-MS [P24630] nd Glutamate-1-semialdehyde 2,1-ami-

nomutase

2409 40.2 5.14 311 Nano LC-MS-MS 18332800 PPP_19_C1 Glutamine synthetase

8402 39.0 6.48 1159 Nano LC-MS-MS 18332800 PPP_19_C1 Glutamine synthetase

8417 38.8 6.77 222 Nano LC-MS-MS 18332800 PPP_19_C1 Glutamine synthetase

8419 37.5 6.83 664 Nano LC-MS-MS 18332800 PPP_19_C1 Glutamine synthetase

2401 40.7 4.64 187 Nano LC-MS-MS 18333729 PPP_19_C1 Glutamine synthetase

8418 39.8 6.79 1374 Nano LC-MS-MS 18333729 PPP_19_C1 Glutamine synthetase

1413 40.5 4.39 1158 Nano LC-MS-MS 18333924 PPP_19_C1 Glutamine synthetase

7407 39.0 6.32 1368 Nano LC-MS-MS 18333924 PPP_19_C1 Glutamine synthetase

7410 38.9 6.42 1022 Nano LC-MS-MS 18333924 PPP_19_C1 Glutamine synthetase

7413 38.6 6.21 1373 Nano LC-MS-MS 18333924 PPP_19_C1 Glutamine synthetase

8404 38.8 6.64 4861 Nano LC-MS-MS 18333924 PPP_19_C1 Glutamine synthetase

6408 36.0 6.07 168 Nano LC-MS-MS 18371927 BJ203529 Hypothetical protein SAV0519 ‘‘con-

served hypothetical protein’’

2315 32.1 4.63 5355 Nano LC-MS-MS 15390915 PPP_3564_C1 Inorganic pyrophosphatase

2408 41.7 5.13 232 Nano LC-MS-MS 18333268 No hits Magnesium chelatase subunit of proto-

chlorophyllide reductase

2408 41.7 5.13 232 MALDI-TOF-MS [P93162] nd Magnesium chelatase subunit of proto-

chlorophyllide reductase

6107 20.2 6.03 621 MALDI-TOF-MS 18332406 PPP_3209_C3 Nucleoside diphosphate kinase II

6103 19.8 5.98 309 Nano LC-MS-MS 18341748 PPP_3209_C3 Nucleoside diphosphate kinase II

6103 19.8 5.98 309 MALDI-TOF-MS 18332406 PPP_504_C1 Nucleoside diphosphate kinase II

6105 18.5 5.99 1317 Nano LC-MS-MS 18341748 PPP_3209_C3 Nucleoside diphosphate kinase II

7113 18.6 6.39 849 Nano LC-MS-MS 18333449 PPP_2923_C3 Nucleoside diphosphate kinase II

7113 18.6 6.39 849 MALDI-TOF-MS 18333449 PPP_2923_C3 Nucleoside diphosphate kinase II

4304 32.6 5.42 202 Nano LC-MS-MS 18335703 PPP_1876_C1 Protein F1N21.10 [imported]

2310 28.8 5.05 758 Nano LC-MS-MS 18339207 PPP_sd_94_C1 Ribose-5-phosphate isomerase

precursor

2308 28.7 4.99 350 Nano LC-MS-MS 18366345 PPP_sd_94_C1 Ribose-5-phosphate isomerase

precursor

6501 48.5 5.82 182 MALDI-TOF-MS [P49611] nd S-Adenosylmethionine synthetase 1

6501 48.5 5.82 182 Nano LC-MS-MS 18361272 PPP_7319_C3 S-Adenosylmethionine synthetase 1

6503 48.6 5.85 351 Nano LC-MS-MS 18331526 PPP_7319_C3 S-Adenosylmethionine synthetase 1

6503 48.6 5.85 351 MALDI-TOF-MS [P23686] nd S-Adenosylmethionine synthetase 1

6505 48.1 5.92 1561 Nano LC-MS-MS 18341203 PPP_229_C2 S-Adenosylmethionine synthetase 1

6505 48.1 5.92 1561 Nano LC-MS-MS 18351002 PPP_7319_C3 S-Adenosylmethionine synthetase 1

6509 49.0 6.03 408 Nano LC-MS-MS 18341203 PPP_229_C2 S-Adenosylmethionine synthetase 1

6509 49.0 6.03 408 MALDI-TOF-MS [P23686] nd S-Adenosylmethionine synthetase 1
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Table 1 (continued)

SSP Mr � 1000 pI Quantity

[counts/IU2]
Identification via P. patens Annotation (BLAST search)

GenBank gi Cosmoss sequence

4406 36.8 5.47 167 Nano LC-MS-MS 7148079 PPP_sd_164_C1 S-Malonyltransferase [acyl-carrier

protein]

6408 36.0 6.07 168 Nano LC-MS-MS 18339778 PPP_272_C1 SOR1 from the fungus Cercospora

nicotianae protein, putative

3612 55.8 5.35 548 Nano LC-MS-MS 18357422 PPP_7529_C1 UDP-glucose pyrophosphorylase

Functional category 2: energy

8506 45.0 6.52 529 Nano LC-MS-MS 18333687 PPP_2459_C1 12-Oxophytodienoate reductase, similar

to

8201 24.0 6.53 2366 MALDI-TOF-MS 18340444 PPP_1619_C1 23 kDa polypeptide of oxygen-evolving

comlex (OEC)

8201 24.0 6.53 2366 Nano LC-MS-MS 18340444 PPP_1619_C1 23 kDa polypeptide of OEC

4206 24.6 5.56 2144 Nano LC-MS-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

6204 23.6 5.89 953 Nano LC-MS-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

7108 22.8 6.18 783 MALDI-TOF-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

7108 22.8 6.18 783 Nano LC-MS-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

7115 22.1 6.25 265 Nano LC-MS-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

8102 22.2 6.48 3978 MALDI-TOF-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

8102 22.2 6.48 3978 Nano LC-MS-MS 18341623 PPP_2787_C1 23 kDa polypeptide of OEC

9202 24.1 6.96 4888 Nano LC-MS-MS 18335637 PPP_678_C1 23 kDa polypeptide of OEC

6205 24.7 5.91 630 Nano LC-MS-MS 18336607 PPP_678_C1 23 kDa polypeptide of OEC

2315 32.1 4.63 5355 MALDI-TOF-MS 18340210 PPP_655_C3 33kDa oxygen evolving protein of

photosystem II, putative

2315 32.1 4.63 5355 Nano LC-MS-MS 18340210 PPP_655_C3 33kDa oxygen evolving protein of

photosystem II, putative

5402 39.4 5.58 649 Nano LC-MS-MS 18332642 AW145742 Aldolase, putative

6411 40.2 5.93 736 Nano LC-MS-MS 18337795 AW145742 Fructose-bisphosphate aldolase,

putative

5402 39.4 5.58 649 Nano LC-MS-MS [Q40677] nd Fructose-bisphosphate aldolase

6406 38.6 5.92 443 Nano LC-MS-MS 18335784 PPP_3480_C1 Aldolase, plastidic

8418 39.8 6.79 1374 Nano LC-MS-MS 18357689 PPP_436_C1 Fructose-bisphosphate aldolase

5402 39.4 5.58 649 Nano LC-MS-MS 7207467 PPP_sd_105_C1 Aldolase-like protein, latex plastidic

6406 38.6 5.92 443 Nano LC-MS-MS 7207467 PPP_sd_105_C1 Aldolase-like protein, latex plastidic

6411 40.2 5.93 736 Nano LC-MS-MS 18330041 PPP_sd_105_C1 Aldolase, putative

3204 23.1 5.26 298 MALDI-TOF-MS 7066995 PPP_2006_C1 ATP synthase, Hþ-transporting

putative

3204 23.1 5.26 298 Nano LC-MS-MS 18334058 PPP_2006_C1 ATP synthase, Hþ-transporting

putative

3604 53.9 5.22 172 Nano LC-MS-MS [P06284] nd ATP synthase b chain

3601 54.1 5.16 302 MALDI-TOF-MS [Q31794] nd ATP synthase b chain

3601 54.1 5.16 302 Nano LC-MS-MS [Q31794] nd ATP synthase b chain

3604 53.9 5.22 172 Nano LC-MS-MS [Q31794] nd ATP synthase b chain

6205 24.7 5.91 630 Nano LC-MS-MS [Q43432] nd ATP synthase, vacuolar subunit B

isoform 1

3607 55.2 5.28 1543 Nano LC-MS-MS 18350686 PPP_7338_C1 ATPase b subunit

3609 53.6 5.33 681 Nano LC-MS-MS 18350686 PPP_7338_C1 ATPase b subunit

8301 27.7 6.43 1055 Nano LC-MS-MS 18326953 PPP_3174_C1 Carbonate dehydratase (EC 4.2.1.1),

probable

6310 30.0 6.06 330 Nano LC-MS-MS 18348698 PPP_3174_C1 Carbonate dehydratase (EC 4.2.1.1),

probable

3313 30.4 5.31 511 Nano LC-MS-MS 18327334 PPP_8051_C1 Carbonic anhydrase 1

3313 30.4 5.31 511 Nano LC-MS-MS 18336080 PPP_3459_C1 Carbonic anhydrase

3302 29.8 5.16 516 Nano LC-MS-MS 18360868 PPP_8051_C1 Carbonic anhydrase 1

2301 28.9 4.64 288 Nano LC-MS-MS 7067286 PPP_9428_C1 Chlorophyll a=b-binding protein

precursor

7112 21.4 6.35 2205 Nano LC-MS-MS 16137492 PPP_1943_C1 Cytochrome B6-F complex iron-sulfur

subunit

5609 53.7 5.67 323 Nano LC-MS-MS 18329259 PPP_7388_C1 Enolase, a
5609 53.7 5.67 323 Nano LC-MS-MS 18332690 PPP_3959_C1 Enolase, putative

6503 48.6 5.85 351 Nano LC-MS-MS 18338306 PPP_608_C2 Enolase (2-phospho-DD-glycerate

hydroylase)

6504 50.8 5.86 783 Nano LC-MS-MS 18338306 PPP_608_C2 Enolase (2-phospho-DD-glycerate

hydroylase)
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6504 50.8 5.86 783 MALDI-TOF-MS 18341535 PPP_608_C2 Enolase (2-phospho-DD-glycerate

hydroylase)

6503 48.6 5.85 351 Nano LC-MS-MS 18361876 PPP_7498_C3 Enolase

4512 51.1 5.51 525 Nano LC-MS-MS 18365747 PPP_7498_C3 Enolase

1212 23.0 4.00 592 Nano LC-MS-MS 2065364 PPP_sd_185_C1 Ferredoxin, chloroplast

7311 33.5 6.40 523 MALDI-TOF-MS 18337946 PPP_166_C2 Ferrodoxin NADP oxidoreductase

7311 33.5 6.40 523 Nano LC-MS-MS 18335779 PPP_166_C2 Ferrodoxin NADP oxidoreductase

8306 33.1 6.59 929 Nano LC-MS-MS 18335779 PPP_166_C2 Ferrodoxin NADP oxidoreductase

8309 32.9 6.72 337 Nano LC-MS-MS 18335779 PPP_166_C2 Ferrodoxin NADP oxidoreductase

9105 20.7 6.99 4518 Nano LC-MS-MS 18362604 PPP_2786_C2 Germin-like protein

9105 20.7 6.99 4518 MALDI-TOF-MS 15261154 PPP_429_C1 Germin protein, putative

6109 22.1 6.09 676 Nano LC-MS-MS 18364211 PPP_429_C1 Germin protein, putative

8406 36.6 6.65 224 Nano LC-MS-MS 18336775 PPP_29_C1 Malate dehydrogenase

6404 37.4 5.91 638 Nano LC-MS-MS 18340386 PPP_2224_C1 Malate dehydrogenase (EC 1.1.1.37),

nodule-enhanced

6404 37.4 5.91 638 Nano LC-MS-MS [Q42686] nd Malate dehydrogenase, mitochondrial

precursor

6404 37.4 5.91 638 Nano LC-MS-MS 18371317 PPP_7351_C1 Malate dehydrogenase NAD-MDH,

chloroplast

1412 38.3 4.15 429 Nano LC-MS-MS 18349266 PPP_8920_C1 NADH-ubiquinone oxidoreductase,

putative

5223 25.6 5.68 407 Nano LC-MS-MS 18335711 PPP_5639_C1 Oxygen-evolving complex 25.6 kD

protein, chloroplast precursor,

1105 20.1 4.08 544 Nano LC-MS-MS 7147909 PPP_2103_C1 Oxygen-evolving enhancer protein 3,

precursor-like protein

1105 20.1 4.08 544 Nano LC-MS-MS 15327293 PPP_2250_C1 Oxygen-evolving enhancer protein 3,

precursor-like protein

3509 45.5 5.27 237 Nano LC-MS-MS 14597787 PPP_sd_87_C1 Phosphoglycerate kinase, chloroplast

precursor

3512 44.6 5.31 254 Nano LC-MS-MS 14597787 PPP_sd_87_C1 Phosphoglycerate kinase, chloroplast

precursor

3514 45.2 5.34 485 Nano LC-MS-MS 14597787 PPP_sd_87_C1 Phosphoglycerate kinase, chloroplast

precursor

4501 44.1 5.38 301 Nano LC-MS-MS 14597787 PPP_sd_87_C1 Phosphoglycerate kinase, chloroplast

precursor

4507 44.3 5.45 1294 Nano LC-MS-MS 14597787 PPP_sd_87_C1 Phosphoglycerate kinase, chloroplast

precursor

4513 43.7 5.53 383 Nano LC-MS-MS 14597787 PPP_sd_87_C1 Phosphoglycerate kinase, chloroplast

precursor

5405 41.5 5.64 1291 Nano LC-MS-MS 7286982 PPP_347_C2 Phosphoribulokinase, chloroplast

precursor

3005 12.9 5.25 1641 Nano LC-MS-MS [P56301] nd Photosystem I iron-sulfur center

4006 12.1 5.50 3581 MALDI-TOF-MS [P56301] nd Photosystem I iron-sulfur center

4006 12.1 5.50 3581 Nano LC-MS-MS [P56301] nd Photosystem I iron-sulfur center

5002 11.9 5.63 4506 Nano LC-MS-MS [P56301] nd Photosystem I iron-sulfur center

5004 11.4 5.71 1150 Nano LC-MS-MS [P56301] nd Photosystem I iron-sulfur center

5006 12.1 5.77 715 MALDI-TOF-MS [P56301] nd Photosystem I iron-sulfur center

4002 12.7 5.40 326 Nano LC-MS-MS [Q9TKV9] nd Photosystem I iron-sulfur center

5002 11.9 5.63 4506 MALDI-TOF-MS [Q9TKV9] nd Photosystem I iron-sulfur center

7111 20.0 6.35 747 MALDI-TOF-MS 7047306 PPP_11507_C1 Photosystem I subunit II

8101 21.0 6.43 543 MALDI-TOF-MS 15730321 PPP_11507_C1 Photosystem I subunit II

8104 19.0 6.55 555 MALDI-TOF-MS 15730321 PPP_11507_C1 Photosystem I subunit II

9106 19.1 7.00 6627 MALDI-TOF-MS 15730321 PPP_11507_C1 Photosystem I subunit II

1104 21.3 4.04 340 Nano LC-MS-MS 18337985 PPP_11507_C1 Photosystem I subunit II

1208 22.5 4.38 1088 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

1212 23.0 4.00 592 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

3114 21.7 5.30 1161 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

7111 20.0 6.35 747 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

8101 21.0 6.43 543 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

8104 19.0 6.55 555 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

9106 19.1 7.00 6627 Nano LC-MS-MS 18332627 PPP_2303_C2 Photosystem I subunit II

5005 16.0 5.80 3043 Nano LC-MS-MS 18325241 PPP_1539_C1 Photosystem I reaction center

subunit IV
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3008 16.5 5.32 579 Nano LC-MS-MS 18337895 PPP_1539_C1 Photosystem I reaction center

subunit IV

9004 14.8 6.97 6878 Nano LC-MS-MS 18369352 PPP_1615_C1 Photosystem I reaction center

subunit IV

1012 14.2 4.50 4478 Nano LC-MS-MS 7584262 PPP_6668_C1 Plastocyanin precursor

2402 41.0 4.85 390 Nano LC-MS-MS 18341651 PPP_6487_C1 Quinone oxidoreductase-like protein

5410 39.2 5.76 2233 Nano LC-MS-MS 584290 PPP_1718_C5 RuBisCO activase

3514 45.2 5.34 485 Nano LC-MS-MS 7067400 PPP_1718_C5 RuBisCO activase

4403 42.0 5.43 399 Nano LC-MS-MS 7067400 PPP_1718_C5 RuBisCO activase

4710 67.0 5.46 228 MALDI-TOF-MS 7067400 PPP_1718_C5 RuBisCO activase

5403 41.6 5.58 2497 Nano LC-MS-MS 7067400 PPP_1718_C5 RuBisCO activase

5410 39.2 5.76 2233 Nano LC-MS-MS 7067400 PPP_1718_C5 RuBisCO activase

6415 40.5 6.02 6150 Nano LC-MS-MS 7067400 PPP_1718_C5 RuBisCO activase

6416 39.3 6.07 525 Nano LC-MS-MS 7067400 PPP_1718_C5 RuBisCO activase

3411 42.5 5.33 369 Nano LC-MS-MS 7147876 PPP_1718_C5 RuBisCO activase

5402 39.4 5.58 649 Nano LC-MS-MS 7147876 PPP_1718_C5 RuBisCO activase

5407 38.3 5.65 386 Nano LC-MS-MS 7147876 PPP_1718_C5 RuBisCO activase

7408 39.6 6.20 158 Nano LC-MS-MS 7147876 PPP_1718_C5 RuBisCO activase

8401 37.2 6.48 382 Nano LC-MS-MS 7147876 PPP_1718_C5 RuBisCO activase

8410 39.7 6.54 1070 Nano LC-MS-MS 7207628 PPP_1718_C5 RuBisCO activase

6416 39.3 6.07 525 Nano LC-MS-MS 7584290 PPP_1718_C5 RuBisCO activase

8401 37.2 6.48 382 Nano LC-MS-MS 7584290 PPP_1718_C5 RuBisCO activase

3514 45.2 5.34 485 Nano LC-MS-MS 16137454 PPP_1718_C5 RuBisCO activase

4408 41.6 5.53 307 Nano LC-MS-MS 16137454 PPP_1718_C5 RuBisCO activase

5402 39.4 5.58 649 Nano LC-MS-MS 16137454 PPP_1718_C5 RuBisCO activase

4403 42.0 5.43 399 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

4403 42.0 5.43 399 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

4408 41.6 5.53 307 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

4408 41.6 5.53 307 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

4411 40.3 5.52 538 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

4710 67.0 5.46 228 MALDI-TOF-MS 16137547 PPP_1718_C5 RuBisCO activase

5403 41.6 5.58 2497 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

5409 41.3 5.75 3692 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

6403 40.9 5.88 428 Nano LC-MS-MS 16137547 PPP_1718_C5 RuBisCO activase

4403 42.0 5.43 399 Nano LC-MS-MS 18331604 PPP_1718_C5 RuBisCO activase

5402 39.4 5.58 649 Nano LC-MS-MS 18331604 PPP_1718_C5 RuBisCO activase

7412 40.2 6.40 665 Nano LC-MS-MS 18331604 PPP_1718_C5 RuBisCO activase

8401 37.2 6.48 382 Nano LC-MS-MS 18331604 PPP_1718_C5 RuBisCO activase

6415 40.5 6.02 6150 Nano LC-MS-MS 18334238 PPP_1718_C5 RuBisCO activase

4408 41.6 5.53 307 Nano LC-MS-MS [O49074] PPP_1718_C5 RuBisCO activase

5402 39.4 5.58 649 Nano LC-MS-MS [O98997] PPP_1718_C5 RuBisCO activase

7408 39.6 6.20 158 Nano LC-MS-MS [O98997] PPP_1718_C5 RuBisCO activase

4403 42.0 5.43 399 MALDI-TOF-MS [P93431] PPP_1718_C5 RuBisCO activase

4710 67.0 5.46 228 Nano LC-MS-MS [P93431] PPP_1718_C5 RuBisCO activase

7412 40.2 6.40 665 MALDI-TOF-MS [Q40281] PPP_1718_C5 RuBisCO activase

6513 51.4 6.09 206 Nano LC-MS-MS 7047489 PPP_1718_C5 RuBisCO activase

3514 45.2 5.34 485 Nano LC-MS-MS 18337005 PPP_2028_C1 RuBisCO activase

3514 45.2 5.34 485 Nano LC-MS-MS 18338667 PPP_2028_C1 RuBisCO activase

1612 58.0 4.38 665 Nano LC-MS-MS 7209742 No hits found Rubisco large subunit

1612 58.0 4.38 665 Nano LC-MS-MS [P28422] nd Rubisco large subunit

7408 39.6 6.20 158 MALDI-TOF-MS 18335828 BG361035 RuBisCo small subunit

5001 14.9 5.61 6871 MALDI-TOF-MS 16137671 BI894535 Rubsico small subunit

3203 26.6 5.24 462 MALDI-TOF-MS 18333860 BJ165876 Rubisco small subunit

7111 20.0 6.35 747 MALDI-TOF-MS 18333860 BJ165876 Rubisco small subunit

7408 39.6 6.20 158 Nano LC-MS-MS [O98997] nd RuBisCo small subunit

8003 15.3 6.50 3251 Nano LC-MS-MS [P19308] nd Rubisco small subunit

7111 20.0 6.35 747 MALDI-TOF-MS 7067301 PPP_sd_8_CB4 Rubisco small subunit

8006 15.1 6.68 5793 MALDI-TOF-MS 7067301 PPP_sd_8_CB4 Rubisco small subunit

8608 55.7 6.64 2507 MALDI-TOF-MS 15590642 PPP_sd_8_CB4 Rubisco small subunit

3007 15.0 5.31 1335 Nano LC-MS-MS 16137513 PPP_sd_8_CB4 Rubisco small subunit

7111 20.0 6.35 747 Nano LC-MS-MS 16137513 PPP_sd_8_CB4 Rubisco small subunit

8307 33.2 6.65 858 Nano LC-MS-MS 16137513 PPP_sd_8_CB4 Rubisco small subunit
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3008 16.5 5.32 579 Nano LC-MS-MS 16137518 PPP_sd_8_CB4 Rubisco small subunit

7306 34.0 6.27 292 MALDI-TOF-MS 16137527 PPP_sd_8_CB4 RuBisCo small subunit

5224 26.1 5.62 240 Nano LC-MS-MS 16137530 PPP_sd_8_CB4 RuBisCo small subunit

3010 15.4 5.22 2504 MALDI-TOF-MS 16137614 PPP_sd_8_CB4 Rubisco small subunit

7009 15.6 6.39 3293 Nano LC-MS-MS 16137614 PPP_sd_8_CB4 Rubisco small subunit

4203 25.6 5.45 223 Nano LC-MS-MS 18331619 PPP_sd_8_CB4 RuBisCo small subunit

3203 26.6 5.24 462 Nano LC-MS-MS 18335130 PPP_sd_8_CB4 Rubisco small subunit

5102 20.2 5.62 2720 Nano LC-MS-MS 18335130 PPP_sd_8_CB4 Rubisco small subunit

3203 26.6 5.24 462 MALDI-TOF-MS 18335346 PPP_sd_8_CB4 Rubisco small subunit

7307 33.7 6.31 432 Nano LC-MS-MS 18335596 PPP_sd_8_CB4 Rubisco small subunit

7214 24.1 6.37 209 Nano LC-MS-MS 18336004 PPP_sd_8_CB4 RuBisCo small subunit

7404 40.8 6.21 539 MALDI-TOF-MS 18336004 PPP_sd_8_CB4 Rubisco small subunit

7404 40.8 6.21 539 Nano LC-MS-MS 18336004 PPP_sd_8_CB4 Rubisco small subunit

8005 16.6 6.63 519 MALDI-TOF-MS 18336004 PPP_sd_8_CB4 Rubisco small subunit

8307 33.2 6.65 858 MALDI-TOF-MS 18336004 PPP_sd_8_CB4 Rubisco small subunit

6211 25.6 6.07 445 Nano LC-MS-MS 18336220 PPP_sd_8_CB4 Rubisco small subunit

8006 15.1 6.68 5793 Nano LC-MS-MS 18336220 PPP_sd_8_CB4 Rubisco small subunit

8107 20.4 6.73 223 Nano LC-MS-MS 18336220 PPP_sd_8_CB4 RuBisCo small subunit

8203 24.1 6.66 1573 Nano LC-MS-MS 18336220 PPP_sd_8_CB4 Rubisco small subunit

8404 38.8 6.64 4861 Nano LC-MS-MS 18336220 PPP_sd_8_CB4 Rubisco small subunit

3010 15.4 5.22 2504 Nano LC-MS-MS 18336801 PPP_sd_8_CB4 Rubisco small subunit

9004 14.8 6.97 6878 MALDI-TOF-MS 18337269 PPP_sd_8_CB4 Rubisco small subunit

8003 15.3 6.50 3251 Nano LC-MS-MS 18337964 PPP_sd_8_CB4 Rubisco small subunit

8608 55.7 6.64 2507 Nano LC-MS-MS 18337964 PPP_sd_8_CB4 Rubisco small subunit

8005 16.6 6.63 519 Nano LC-MS-MS 18339573 PPP_sd_8_CB4 Rubisco small subunit

7112 21.4 6.35 2205 Nano LC-MS-MS 18339779 PPP_sd_8_CB4 Rubisco small subunit

7213 24.9 6.36 667 Nano LC-MS-MS 18339779 PPP_sd_8_CB4 Rubisco small subunit

8406 36.6 6.65 224 Nano LC-MS-MS 18341427 PPP_sd_8_CB4 RuBisCo small subunit

5703 84.2 5.59 229 Nano LC-MS-MS 18371919 PPP_sd_8_CB4 RuBisCo small subunit

7413 38.6 6.21 1373 Nano LC-MS-MS 18373519 PPP_sd_8_CB4 Rubisco small subunit

2403 40.2 4.95 525 Nano LC-MS-MS 14597721 PPP_sd_104_C1 Sedoheptulose-1,7-bisphosphatase,

chloroplast precursor

2409 40.2 5.14 311 Nano LC-MS-MS 7584111 PPP_4571_C1 Sedoheptulose-1,7-bisphosphatase,

chloroplast precursor

3007 15.0 5.31 1335 Nano LC-MS-MS 18333772 PPP_6838_C1 Thioredoxin m

3010 15.4 5.22 2504 Nano LC-MS-MS 15728594 PPP_6838_C1 Thioredoxin m

3310 27.6 5.30 350 Nano LC-MS-MS 14597777 PPP_sd_80_C1 Triosephosphate isomerase, chloroplast

precursor

Functional category 3: cell growth/division

1614 61.7 4.46 236 Nano LC-MS-MS 18349309 PPP_8378_C1 Nucleosome/chromatin assembly factor

group A

Functional category 4: transcription

6107 20.2 6.03 621 Nano LC-MS-MS [P10979] nd Glycine-rich RNA-binding, abscisic

acid inducible

6108 19.3 6.03 611 Nano LC-MS-MS [P10979] nd Glycine-rich RNA-binding, abscisic

acid inducible

6107 20.2 6.03 621 Nano LC-MS-MS 18348922 PPP_sd_54_C1 Glycine-rich RNA-binding protein

6108 19.3 6.03 611 Nano LC-MS-MS 18360900 PPP_sd_54_C1 Glycine-rich RNA binding protein

7406 37.4 6.27 862 Nano LC-MS-MS 7583577 PPP_2257_C1 mRNA binding protein precursor

3303 28.3 5.18 712 Nano LC-MS-MS 18328956 PPP_11264_C1 Protein At2g37520, chloroplast

precursor

8409 41.7 6.84 274 MALDI-TOF-MS 7287002 PPP_588_C1 Putative RNA-binding protein

8409 41.7 6.84 274 Nano LC-MS-MS 18335549 PPP_588_C1 g5bf protein

8417 38.8 6.77 222 Nano LC-MS-MS 18335549 PPP_588_C1 Putative RNA-binding protein

8419 37.5 6.83 664 Nano LC-MS-MS 18335549 PPP_588_C1 Putative RNA-binding protein

8419 37.5 6.83 664 Nano LC-MS-MS 18360493 PPP_588_C1 Putative RNA-binding protein

Functional category 5: protein synthesis

2513 44.4 5.10 433 Nano LC-MS-MS 18327036 PPP_11143_C1 30S ribosomal protein S1, chloroplast

precursor

2513 44.4 5.10 433 MALDI-TOF-MS 18327036 PPP_11143_C1 30S ribosomal protein S1, chloroplast

precursor
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3504 44.3 5.18 155 Nano LC-MS-MS 18327036 PPP_11143_C1 30S ribosomal protein S1, chloroplast

precursor (CS1)

3504 44.3 5.18 155 Nano LC-MS-MS 18341631 PPP_4228_C1 30S ribosomal protein S1

2208 22.6 5.14 194 Nano LC-MS-MS 7047243 PPP_863_C4 50 S chloroplast ribosomal protein L12

9106 19.1 7.00 6627 Nano LC-MS-MS 18325496 PR-AW599782 60S ribosomal protein L12

6707 70.6 5.98 615 MALDI-TOF-MS 15261763 PPP_87_C1 60S ribosomal protein L17, Strong

similarity to

6408 36.0 6.07 168 MALDI-TOF-MS Q98G93 nd Peptide chain release factor 1

9106 19.1 7.00 6627 Nano LC-MS-MS 18364297 BG361571 Peptidyl-prolyl cis-trans isomerase

1012 14.2 4.50 4478 Nano LC-MS-MS 7067164 AW126617 Ribosomal protein S21

2005 13.8 5.06 1136 Nano LC-MS-MS 7067164 AW126617 Ribosomal protein S21

Functional category 6: protein destination and storage

2502 50.9 4.83 226 Nano LC-MS-MS 15320220 PPP_11573_C1 ‘‘F20B17.8’’; [imported]

5003 13.8 5.67 300 Nano LC-MS-MS 18353714 PPP_4829_C1 10 kDa chaperonin

4407 37.3 5.50 456 Nano LC-MS-MS 15327152 PPP_222_C1 60S acidic ribosomal protein

4407 37.3 5.50 456 Nano LC-MS-MS 18334253 PPP_222_C1 60S acidic ribosomal protein

5222 26.3 5.67 316 Nano LC-MS-MS 7207592 PR-AW561639 Chaperonin 21 precursor

5223 25.6 5.68 407 Nano LC-MS-MS 7207592 PR-AW561639 Chaperonin 21 precursor

4611 60.9 5.52 293 MALDI-TOF-MS [P29197] nd Chaperonin CPN60, mitochondrial

precursor

5212 26.5 5.79 1110 Nano LC-MS-MS 7207592 PR-AW561639 cp10-like protein (Chaperonin)

8701 80.2 6.42 326 Nano LC-MS-MS 18336740 PPP_1805_C1 Cucumisin-like serine protease, putative

2303 27.4 4.83 330 Nano LC-MS-MS 18327132 PPP_3770_C1 Cysteine proteinase inhibitor

2303 27.4 4.83 330 MALDI-TOF-MS 18345287 PPP_3770_C1 Cysteine proteinase inhibitor

2704 80.0 5.00 1315 Nano LC-MS-MS 18336269 PPP_4091_C1/

PPP_270_C1

hsp 70 protein, putative

5702 70.8 5.59 376 Nano LC-MS-MS 18339274 PPP_975_C1 Heat shock 70 protein

2601 60.3 4.64 255 Nano LC-MS-MS 18343741 PPP_8198_C1 Latex-abundant protein, putative

4605 54.8 5.46 171 Nano LC-MS-MS 18337305 PPP_3522_C1 Mitochondrial processing peptidase,

putative

3609 53.6 5.33 681 Nano LC-MS-MS 18339604 PPP_565_C1 Mitochondrial processing peptidase,

putative

3607 55.2 5.28 1543 Nano LC-MS-MS 18335009 PPP_565_C1 Mitochondrial processing peptidase,

putative

1508 48.4 4.31 382 MALDI-TOF-MS 8272455 PPP_sd_182_C1 Multiubiquitin chain-binding protein

1613 52.7 4.39 703 Nano LC-MS-MS 18372410 PPP_sd_182_C1 Multiubiquitin chain-binding protein

1508 48.4 4.31 382 Nano LC-MS-MS 18375025 PPP_sd_182_C1 Multiubiquitin chain-binding protein

1310 34.7 4.32 1431 Nano LC-MS-MS 7067581 PPP_1383_C2 Nascent polypeptide associated

complex a chain

1213 23.8 4.00 3460 Nano LC-MS-MS 15261154 PPP_429_C1 Oxalate oxidase-like germin

8105 21.2 6.55 1358 Nano LC-MS-MS 18364721 PPP_429_C1 Oxalate oxidase-like germin

7407 39.0 6.32 1368 Nano LC-MS-MS 18354139 PPP_7672_C1 Probable protein disulfide-isomerase

precursor

3515 51.5 5.23 220 Nano LC-MS-MS 15590637 PPP_4373_C1 Protease regulatory subunit 6A homo-

log (TAT-binding protein homolog 1)

3207 26.7 5.32 172 Nano LC-MS-MS [O23708] nd Proteasome subunit a type 2

3310 27.6 5.30 350 Nano LC-MS-MS 18347210 PPP_3572_C2 Proteasome subunit a type 2

5221 27.5 5.67 365 Nano LC-MS-MS 18335635 PPP_1642_C2 Proteasome subunit a type 3

2302 27.6 4.71 349 Nano LC-MS-MS 16943776 PPP_sd_75_C1 proteasome subunit a type 5

6211 25.6 6.07 445 Nano LC-MS-MS 18341261 PPP_500_C1 Proteasome subunit b type 1

2708 80.7 5.05 183 Nano LC-MS-MS [Q02028] nd Stromal 70 kDa heat shock-related

protein

2410 40.4 4.76 419 Nano LC-MS-MS 18340364 PPP_2709_C1 Thylakoid lumen rotamase, putative

Functional category 7: transporters

6205 24.7 5.91 630 Nano LC-MS-MS 18329503 BJ161509 Probable Hþ-transporting ATPase

Functional category 8: intracellular traffic

9004 14.8 6.97 6878 Nano LC-MS-MS 7147761 PPP_11472_C1 Core protein – garden pea

5001 14.9 5.61 6871 Nano LC-MS-MS 18344388 PPP_2019_C1 Nuclear transport factor 2

4004 18.1 5.45 1998 Nano LC-MS-MS 18371088 PPP_2527_C1 Pore protein homolog

(continued on next page)

E. Sarnighausen et al. / Phytochemistry 65 (2004) 1589–1607 1599



Table 1 (continued)

SSP Mr � 1000 pI Quantity

[counts/IU2]
Identification via P. patens Annotation (BLAST search)

GenBank gi Cosmoss sequence

Functional category 9: cell structure

3612 55.8 5.35 548 Nano LC-MS-MS 18334571 PPP_3192_C1/

PPP_sd_41_C1

a-Tubulin

3607 55.2 5.28 1543 Nano LC-MS-MS 18324723 PPP_sd_41_C1 a-Tubulin
3610 57.2 5.22 309 MALDI-TOF-MS [P37832] nd b-Tubulin
2615 57.6 5.12 289 Nano LC-MS-MS [P46263] nd b-Tubulin
3610 57.2 5.22 309 Nano LC-MS-MS [Q41784] nd b-Tubulin
2615 57.6 5.12 289 MALDI-TOF-MS [Q9ZPP0] nd b-Tubulin
3610 57.2 5.22 309 Nano LC-MS-MS 18324970 PPP_sd_3_C4 b-Tubulin
3610 57.2 5.22 309 Nano LC-MS-MS 18336312 PPP_sd_3_C4 b-Tubulin
3602 57.6 5.18 557 Nano LC-MS-MS 18337880 PPP_sd_3_C4 b-Tubulin
3602 57.6 5.18 557 Nano LC-MS-MS 18355726 PPP_sd_3_C4 b-Tubulin
2615 57.6 5.12 289 Nano LC-MS-MS 18341760 PPP_sd_3_C4/

PPP_2082_C1

b-Tubulin

2202 26.6 4.63 1837 Nano LC-MS-MS 7207614 PPP_3883_C1 P0019D06.28 protein

5406 37.0 5.65 658 Nano LC-MS-MS 7286315 PPP_74_C1 Pectinesterase, putative

5407 38.3 5.65 386 Nano LC-MS-MS 7286315 PPP_74_C1 Pectinesterase, putative

6402 37.1 5.86 238 Nano LC-MS-MS 7286315 PPP_74_C1 Pectinesterase, putative

5406 37.0 5.65 658 Nano LC-MS-MS 18340504 PPP_74_C1 Pectinesterase, putative

Functional category 10: signal transduction

8105 21.2 6.55 1358 Nano LC-MS-MS 18334803 PPP_sd_176_C1 Non-symbiotic hemoglobin 0

Functional category 11: disease/defense

1012 14.2 4.50 4478 Nano LC-MS-MS 15261870 PPP_3965_C1 Copper homeostasis factor, putative

6101 21.3 5.85 886 Nano LC-MS-MS 18346695 PPP_1046_C1 Superoxide dismutase (SOD)

4206 24.6 5.56 2144 Nano LC-MS-MS 7648275 PPP_396_C2 CuZn-superoxide dismutase

4208 24.5 5.42 241 Nano LC-MS-MS 7648275 PPP_396_C2 CuZn-superoxide dismutase

5210 24.8 5.74 1740 Nano LC-MS-MS 7648275 PPP_396_C2 CuZn-superoxide dismutase

7413 38.6 6.21 1373 Nano LC-MS-MS 7648275 PPP_396_C2 CuZn-superoxide dismutase

4201 25.0 5.40 207 Nano LC-MS-MS 15327479 PPP_396_C2 CuZn-superoxide dismutase

4201 25.0 5.40 207 Nano LC-MS-MS 18342624 PPP_396_C2 CuZn-superoxide dismutase

4208 24.5 5.42 241 Nano LC-MS-MS 18342624 PPP_396_C2 CuZn-superoxide dismutase

8104 19.0 6.55 555 Nano LC-MS-MS 18363229 PPP_396_C2 CuZn-superoxide dismutase

6212 24.5 6.07 281 MALDI-TOF-MS 18329031 No hits Glutathione peroxidase

6212 24.5 6.07 281 Nano LC-MS-MS 18339546 No hits Glutathione peroxidase

7213 24.9 6.36 667 MALDI-TOF-MS 18327144 PPP_210_C2 Glutathione transferase, putative;

protein

7213 24.9 6.36 667 MALDI-TOF-MS 18350097 PPP_210_C2 Glutathione transferase, putative;

protein

7213 24.9 6.36 667 MALDI-TOF-MS 18358992 PPP_210_C2 Glutathione transferase, putative;

protein

7213 24.9 6.36 667 Nano LC-MS-MS 18362487 PPP_210_C2 Glutathione transferase, putative;

protein

7214 24.1 6.37 209 Nano LC-MS-MS 18327144 PPP_210_C2 Glutathione transferase, putative;

protein

3304 32.0 5.23 453 MALDI-TOF-MS 12620810 PPP_sd_73_C1 Intracellular pathogenesis-related

protein-like protein

3304 32.0 5.23 453 Nano LC-MS-MS 12620810 PPP_sd_73_C1 Intracellular pathogenesis-related

protein-like protein

3305 33.5 5.23 504 MALDI-TOF-MS 12620810 PPP_sd_73_C1 Intracellular pathogenesis-related

protein-like protein

3305 33.5 5.23 504 Nano LC-MS-MS 12620810 PPP_sd_73_C1 Intracellular pathogenesis-related

protein-like protein

3309 34.1 5.29 617 Nano LC-MS-MS 12620810 PPP_sd_73_C1 Intracellular pathogenesis-related

protein-like protein

4401 37.5 5.37 495 Nano LC-MS-MS 18353273 PPP_4964_C2 Intracellular pathogenesis-related

protein-like protein

5210 24.8 5.74 1740 Nano LC-MS-MS 18364151 No hits Peroxiredoxin

9007 17.3 7.00 4372 MALDI-TOF-MS 18338291 PPP_6704_C1 Peroxiredoxin, putative

9007 17.3 7.00 4372 Nano LC-MS-MS 18338291 PPP_6704_C1 Peroxiredoxin, putative

Functional category 12: unclear classification

1413 40.5 4.39 1158 Nano LC-MS-MS 18334175 PPP_3289_C2 Ankyrin-repeat protein HBP1
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Table 1 (continued)

SSP Mr � 1000 pI Quantity

[counts/IU2]
Identification via P. patens Annotation (BLAST search)

GenBank gi Cosmoss sequence

3207 26.7 5.32 172 Nano LC-MS-MS 18337210 PPP_601_C1 NonF-related protein

Functional category 13: unclassified

2502 50.9 4.83 226 Nano LC-MS-MS 15320220 PPP_11573_C1 ‘‘F20B17.8’’; [imported]

3108 20.2 5.24 377 Nano LC-MS-MS 7067135 PPP_11578_C1 Hypothetical protein (O. sativa)

3306 29.8 5.25 807 Nano LC-MS-MS 15729123 PPP_2584_C1 Hypothetical 26.4 kDa protein

(O. sativa)

3511 51.4 5.28 600 Nano LC-MS-MS 18332621 PPP_914_C1 Putative protein; protein id:

At4g38220.1 (A. thaliana)

3604 53.9 5.22 172 Nano LC-MS-MS 18336034 PPP_601_C1 Conserved hypothetical protein

(Sinorhizobium meliloti)

4301 30.0 5.38 381 Nano LC-MS-MS 18374725 PPP_7397_C1 SHOOT1 protein [Glycine max]

4301 30.0 5.38 381 MALDI-TOF-MS 18339216 PPP_948_C1 SHOOT1 protein [Glycine max]

4301 30.0 5.38 381 Nano LC-MS-MS 18339216 PPP_948_C1 SHOOT1 protein [Glycine max]

6203 22.6 5.88 189 Nano LC-MS-MS 18333314 PPP_3233_C1 Hypothetical 26.3 kDa (A. thaliana)

6205 24.7 5.91 630 Nano LC-MS-MS 18332708 PPP_6923_C1 Unknown protein [A. thaliana]

6303 31.0 5.92 222 MALDI-TOF-MS 18367173 PPP_2091_C1 Unknown [A. thaliana]gi – 21537242 –

gb – AAM61583.1 – [21537242]

6303 31.0 5.92 222 Nano LC-MS-MS 18373772 PPP_2091_C1 Unknown protein [A. thaliana]

6303 31.0 5.92 222 Nano LC-MS-MS 18340492 PPP_2091_C1 Unknown protein [A. thaliana]

6707 70.6 5.98 615 Nano LC-MS-MS 18368007 PPP_8705_C1 Putative protein (A. thaliana)

7102 21.7 6.13 1291 Nano LC-MS-MS 15729178 PPP_1178_C4 Unknown protein [A. thaliana]

7505 49.0 6.23 252 Nano LC-MS-MS 18353964 PPP_9061_C1 Hypothetical protein (A. thaliana)

8107 20.4 6.73 223 Nano LC-MS-MS 18341740 PPP_1178_C4 Unknown [A. thaliana] gi – 21553531 –

gb – AAM62624.1 – [21553531]

1209 26.7 4.50 163 Nano LC-MS-MS 18360773 PPP_9487_C1 Not annotated

1212 23.0 4.00 592 Nano LC-MS-MS 18366130 PPP_429_C1 Not annotated

1308 29.6 4.49 2075 Nano LC-MS-MS 18366685 PPP_2462_C1 Not annotated

1308 29.6 4.49 2075 Nano LC-MS-MS 7207406 PPP_2527_C1 Not annotated

1308 29.6 4.49 2075 Nano LC-MS-MS 18374304 PPP_3174_C1 Not annotated

1613 52.7 4.39 703 MALDI-TOF-MS 18352463 PPP_5073_C1 Not annotated

1708 69.0 4.40 404 MALDI-TOF-MS 18344410 PPP_9351_C1 Not annotated

1807 100.9 4.44 354 Nano LC-MS-MS 18339531 PPP_3769_C1 Not annotated

1808 90.6 4.51 655 Nano LC-MS-MS 7584286 AW598980 Not annotated

1808 90.6 4.51 655 Nano LC-MS-MS 18332615 PPP_148_C1 Not annotated

2301 28.9 4.64 288 MALDI-TOF-MS 18352397 PPP_9413 Not annotated

2302 27.6 4.71 349 Nano LC-MS-MS 18355934 PPP_2282_C1 Not annotated

2310 28.8 5.05 758 Nano LC-MS-MS 6167027 AW145346 Not annotated

2402 41.0 4.85 390 MALDI-TOF-MS 18371597 PPP_7838_C1 Not annotated

2613 55.3 5.05 251 MALDI-TOF-MS 18365149 PPP_1740_C1 Not annotated

2615 57.6 5.12 289 MALDI-TOF-MS 18364180 PPP_8540_C1 Not annotated

2804 100.2 4.75 1081 Nano LC-MS-MS 7207709 PPP_273_C1 Not annotated

3102 18.7 5.18 288 Nano LC-MS-MS 18367395 PPP_2527_C1 Not annotated

3102 18.7 5.18 288 MALDI-TOF-MS 18374207 PPP_367_C1 Not annotated

3205 24.6 5.28 1053 Nano LC-MS-MS 18339854 PPP_3035_C1 Not annotated

3209 24.4 5.23 351 Nano LC-MS-MS 18337347 PPP_2150_C1 Not annotated

3310 27.6 5.30 350 MALDI-TOF-MS 18347929 BJ196837 Not annotated

3512 44.6 5.31 254 MALDI-TOF-MS 7207345 PPP_11706_C1 Not annotated

4208 24.5 5.42 241 MALDI-TOF-MS 18349249 PPP_9378_C1 Not annotated

4301 30.0 5.38 381 Nano LC-MS-MS 18326964 PPP_948_C1 Not annotated

4309 29.2 5.49 308 MALDI-TOF-MS 18340515 PPP_6587_C1 Not annotated

4605 54.8 5.46 171 Nano LC-MS-MS 18329434 PPP_11080_C1 Not annotated

6411 40.2 5.93 736 MALDI-TOF-MS 18324881 PPP_11384_C1 Not annotated

7003 13.5 6.19 222 Nano LC-MS-MS 18371480 PPP_8008_C1 Not annotated

7115 22.1 6.25 265 MALDI-TOF-MS 8348627 PPP_2416_C1 Not annotated

7505 49.0 6.23 252 Nano LC-MS-MS 18340130 PPP_747_C1 Not annotated

8011 12.9 6.85 374 Nano LC-MS-MS 18334774 PPP_1408_C1 Not annotated

9006 13.8 6.99 3555 Nano LC-MS-MS 7067554 PPP_11470_C1 Not annotated

Proteins are grouped according to their functions. When a mass spectrum could not be matched to P. patens nucleic acid information, a GI

number cannot be provided and the corresponding protein from another species is identified by its Swiss-Prot accession number [given in brackets].

In these cases a Cosmoss search was not performed (nd).
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Fig. 5. Alignment of sequenced peptide fragments of eight proteins identified as ‘23 kDa polypeptide of the oxygen evolving complex’ with the

deduced amino acid sequences of the corresponding ESTs (underlined) and Cosmoss contigs (bold). Proteins are identified by their Standard Spot

Numbers. Only the part of sequence covering all identified peptides is displayed. Positions showing sequence variations are highlighted.
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murine and Escherichia coli 2D maps and provides only

one gel of plant origin. While the search for new drug

targets is definitely an aim that fuels progress in the field

of human and mammalian proteomics (Hanash et al.,

2002; Jeffery and Bogyo, 2003), the lack of reports on

plant proteomics is also due to its low amenability.

Extraction of proteins from plant tissues is rather

challenging when compared to animal or bacterial
samples. Among the reasons are a higher mechanic re-

sistance of the material itself due to the presence of a cell

wall that frequently undergoes secondary thickening and

rigidification, a relatively low protein content and usu-

ally a high amount of endogenous proteases and inter-

fering compounds (e.g., phenolic compounds,

carbohydrates, organic acids, pigments, terpenes, in-

hibitory ions) (Granier, 1988; Gegenheimer, 1990).
These obstacles frequently render plant proteomics a

rather gruelling enterprise. In order to make P. patens

protonema accessible to proteomics research, several

aspects of standard extraction and electrophoresis

procedures had to be optimized to suit the requirements

for this seed-less plant. Tissue disruption could only

successfully be performed employing a ball mill, as the

protonema cells turned out to be highly resistant to-
wards mechanical force (Heintz et al., 2004). Inclusion

of thiourea in the IEF sample buffer, though recom-

mended to improve protein extraction from other tissues

(Rabilloud et al., 1997), had a devastating effect on the

performance of isoelectric focusing in the case of
Physcomitrella and had to be omitted (results not

shown). For the same reason, the sequential protein

solubilization procedure for plant proteins developed by

Jacobs et al. (2001) could not improve the performance

of protein display. The pH of the equilibration buffer

was raised to 8.3 (matching the pH of the SDS running

buffer rather than the pH of the stacking gel) to optimize

conditions for reduction and alkylation (Herbert et al.,
2001). In order to improve the performance of 2D

electrophoresis, tributylphosphine (TBP) rather than

dithiothreitol (DTT) was included as a reducing agent

both in the IEF sample buffer and the IPG strip equil-

ibration buffer (Herbert et al., 1998). For the same

reason, the crosslinker bisacrylamide was replaced with

piperazine diacrylamide (PDA) in the SDS gels

(Hochstrasser et al., 1988). Severe vertical streaking of
the proteins during SDS electrophoresis could be rem-

edied by increasing the amount of SDS in both the IPG

strip equilibration buffer (to 4%) and in the SDS–PAGE

running buffer (to 0.4%).

Proteomic relies heavily on the availability of pro-

found protein or gene databases. Currently, plant ge-

nome sequencing programs have only been completed

for A. thaliana and Oryza sativa. These are the model
organisms that have therefore been in the main focus

of plant proteomics. There are, however, currently

non-redundant datasets or gene indices for an addi-

tional 18 plant species available at the TIGR website

(http://www.tigr.org/tdb/tgi/plant.shtml), including

http://www.tigr.org/tdb/tgi/plant.shtml
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wheat, corn, soybean, barley and rye. The Sputnik

resource for the annotation of clustered plant ESTs

(http://mips.gsf.de/proj/sputnik/) currently lists 28 ‘‘ge-

nomeless genomes’’ from plants covering a range from

Chlamydomonas to poplar. Apart form the model
organisms Arabidopsis and rice, publications in the

field of plant proteomics have also addressed plants as

wheat (Andon et al., 2002), barley (Østergaard et al.,

2002), corn (Porubleva et al., 2001), tomato (Rep

et al., 2002), pea (Bardel et al., 2002), tobacco (Blee

et al., 2001), Medicago (Mathesius et al., 2001), clover

(Wilson et al., 2002) Chlamydomonas (van Lis et al.,

2003) and members of the Brassicaceae family
(Marqu�es et al., 2001). Concerning Physcomitrella,

two-dimensional separation of total proteins from

protoplasts has been reported by Doonan and Duckett

(1988). The protein pattern was further probed with

antibodies to detect a and b tubulin subunits. The

proteome of isolated P. patens chloroplasts was in-

vestigated more profoundly (Kasten et al., 1997) when

following two-dimensional electrophoresis sequences
from 10 protein spots were obtained by N-terminal

and internal Edman sequencing. More recently, a

sensitive method suitable for the detection of protein

phosphorylation in Physcomitrella has been described

by Heintz et al. (2004).

Recently, P. patens has been described as an organ-

ism suitable for molecular farming, i.e., the production

of pharmaceutically important proteins following ge-
netic engineering (Decker et al., 2003). This emerging

field of biotechnology is expected to benefit substantially

from further progress in P. patens proteomics.
3. Concluding remarks

The seed-less plant P. patens is the only land plant
known to allow for gene targeting via homologous re-

combination. The moss is therefore regarded as the ideal

model organism in the field of plant functional genom-

ics. We now demonstrate its feasibility towards the

emerging field of proteomics by providing a first map of

Physcomitrella protonema proteins. These results are

expected to add a new quality to the ongoing worldwide

research on P. patens and will thereby contribute con-
siderably to progress in plant functional genomics.
4. Experimental

4.1. Sources of chemicals

Acrylamide, piperazine diacrylamide (PDA), Biolytes
3-10 and 20% sodium dodecyl sulphate (SDS) were

purchased from Bio-Rad (Hercules, CA, USA). Iodo
acetamide, tributylphosphine (TBP) and trichloroacetic

acid (TCA) were from Fluka (Buchs, Swizerland). Se-

quencing grade modified trypsin was from Promega

(Madison, WI, USA). Dithiothreitol (DTT) was pur-

chased from Roche Diagnostics (Mannheim, Germany).
3-[(3-Cholamidopropyl)-dimethylammonio]-1-propane

sulfonate (CHAPS) and Coomassie Brillant Blue G250

were from Roth (Karlsruhe, Germany). a-Cyano-4-hy-
droxycinnamic acid and urea (electrophoresis grade)

were from Sigma–Aldrich (St. Louis, MO, USA).

All other chemicals were of reagent grade. All solu-

tions were prepared with HPLC-grade (bidistilled)

water.
4.2. Growth of plant material

P. patens (Hedw.) B.S.G. protonema was grown in 5

litre semi-continuous bioreactors in Knop medium with

the pH controlled at 4.5 as described (Hohe et al., 2002)

at a density of 900 mg fresh weight per litre. Plant ma-

terial was collected from the medium via paper filtration
in a buchner funnel with suction, immediately frozen in

liquid nitrogen and stored at – 80 �C until use.
4.3. Extraction of total proteins

Frozen protonema was ground to a fine powder in a

ball mill (Mikro-Dismembrator S, B. Braun Biotech

International, Melsungen, Germany) for one minute at
2600 rpm. PFTE flasks and grinding balls were pre-

cooled in liquid nitrogen in order to avoid thawing of

the sample during the grinding process. Total proteins

were extracted with TCA/acetone as described (Dam-

veral et al., 1986). Briefly, 300 mg of frozen material

were extracted with 1.5 ml ice cold 10% TCA in acetone

supplemented with 13 mM DTT. Samples were allowed

to stand at )20 �C for 1 h and were subsequently cen-
trifuged at 19,000g for 15 min at )5 �C. The pellet was

washed three times with 1.5 ml of ice cold acetone with

13 mM DTT, left at )20 �C for 1 h between washes and

centrifuged as described. The final pellet that was de-

prived of chlorophyll was dried in a speedvac and the

total proteins were extracted with 600 ll of IEF sample

buffer (9.5 M urea, 2% [w/v] CHAPS, 0.2% [w/v] Biolyte

3–10, 25 mM TBP) with shaking at 37 �C for 30 min.
Cell debris was removed by centrifuging twice at 19,000g

at room temperature for 15 min. Protein content of the

supernatant was determined using a modified Bradford

protocol (Ramagli and Rodriguez, 1985) Aliquoted

samples were stored at )80 �C until use.
4.4. First dimension (IEF)

Protein samples equivalent to 200 lg for analytical

gels and 1000 lg for preparative gels respectively were

http://mips.gsf.de/proj/sputnik/
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diluted to a final volume of 350 ll with IEF sample

buffer and isoelectric focussing was performed using the

Protean� IEF Cell (Bio-Rad, Hercules, USA) strictly

following the manufacturers instruction. IPG strips 17

cm in length with a linear pH gradient from 4.0 to 7.0
were rehydrated actively with the sample at 50 V and 20

�C for 14 h. Subsequently, the strips were transferred to

clean tray channels and isoelectric focussing was per-

formed with a current limit of 50 lA per strip and a

voltage limit of 10,000 V at a constant temperature of 20

�C for 80,000 Vh.
4.5. Second dimension (SDS–PAGE)

In the second dimension, the proteins were separated

on a SDS gel of 18 cm� 18 cm� 1 mm with a linear

gradient from 8.0% to 16.7% acrylamide in the running

gel and a 1 cm stacking gel with 4% acrylamide. PDA

rather than bisacrylamide was used as a crosslinker in all

experiments.

Following isoelectric focussing, IPG strips were
equilibrated in 10 ml of equilibration buffer (50 mM

Tris–HCl, pH 8.3, 4% [w/v] SDS, 6 M urea, 30% [w/v]

glycerol) supplemented with 2% (v/v) TBP for 12 1
2
min

and subsequently in equilibration buffer without TBP

but containing 2.5% (w/v) iodoacetamide for the same

time. IPG strips were briefly rinsed with water, placed

on top of the SDS gel and covered with 1% agarose in

SDS running buffer (containing �25 mM Tris base, 192
mM glycine, 0.4% (w/v) SDS, 0,02% anhydrous sodium

thiosulfate). SDS–PAGE was performed using the Pro-

tean� II xi cell (Bio-Rad). The upper buffer chamber

was filled with 350 ml SDS running buffer while the

lower buffer chamber was filled with 1.5 litre of 25 mM

Tris–HCl, pH 8.3. Electrophoresis was performed at a

constant current of 11 mA/gel with cooling to 15 �C for

14 h. Following electrophoresis, gels were stained with
0.08% Coomassie Brilliant Blue G250 in 20% (v/v)

methanol, 7.8% (w/v) ammonium sulphate, 1.33% (w/v)

phosphoric acid and destained with water. Two-dimen-

sional protein patterns were documented using the

FluorS multiimager (Bio-Rad, Hercules, USA) and

analysed with PDQuest software Version 7.1 (BioRad).

Excision of proteins from preparative gels was per-

formed using the ProteomeWorksTM spot cutter (Bio-
Rad) under the control of the PDQuest software.
4.6. Preparation of samples for mass spectrometry

In gel digestion with trypsin was performed according

to published methods (Jen€o et al., 1995; Shevchenko

et al., 1996) modified for use with a robotic digestion

system (MassPREP, Micromass, Manchester, UK). Gel

pieces were decolorized by washing with 50 lL of 25

mM ammonium hydrogen carbonate followed by
washing with 50 lL of acetonitrile. This operation was

repeated twice. Cysteine residues were reduced with

DTT and derivatized by treatment with iodoacetamide.

The gel pieces were then dehydrated with acetonitrile

and dried at 60 �C, prior to addition of modified trypsin
(10 lL at 12.5 ng/lL in 25 mM ammonium hydrogen

carbonate). The digestion was performed at 35 �C
overnight. 5 lL of 30% water/65% acetronitrile/5%

formic acid were added in each gel pieces.
4.7. MALDI mass spectrometry

Mass measurement were carried out on a Biflex II
(Bruker, Wissenbourg, F) matrix assisted laser desorp-

tion time of flight mass spectrometer (MALDI-TOF). A

saturated solution of a-cyano-4-hydroxycinnamic acid

in acetone was used as a matrix. A first layer of fine

matrix crystals was obtained by spreading and fast

evaporation of 0.5 lL of matrix solution. On this fine

layer of crystals, a droplet of 0.5 lL of aqueous formic

acid (5%) solution was deposited. Afterwards, 0.5 lL of
sample was added and a second 0.25 lL droplet of

saturated matrix solution (in 50% water / 50% acetoni-

trile) was added. The preparation was dried under vac-

uum. The sample was washed by applying 1 lL of

formic acid (5%) solution.

All mass spectra were internally calibrated with

trypsin autolysis peaks. The resulting peptide mass

fingerprints (PMFs) were searched against a local copy
of the non redundant database SWISS-PROT (http://

www.expasy.ch/sprot) using MASCOT (Perkins et al.,

1999) search program. The parameters used in the

search were as follows: peptide mass tolerance 50

ppm, 1 missed cleavage, carboxymethylated cysteine,

methionine oxidation and N-terminal acetylation.
4.8. Liquid chromatography tandem mass spectrometry

Sample were injected into a CapLC (Waters, Milford,

MA, USA) System equipped with an autosampler,

gradient and auxiliary pump. 6.4 lL was injected via

‘‘microliter pickup’’ mode and desalted on-line through

a 300 lm� 5 mm C18 trapping cartridge (LC Packings,

San Fransisco, CA, USA). The samples were desalted at

high flow (30 ll/min) for 3 min. The peptides were
separated on a 75 lm� 15 cm� 3 lm C18 100 �A Pep-

MapTM column (LC Packings, CA, USA) prior to in-

troduction into the mass spectrometer. A typical

reversed-phase was used from low to high organic

over about 35 min. Mobile phase A was 0.1% formic

acid and B was 95% acetronitrile, 0.1% formic acid. The

flow rate was 5 lL/min. The system utilized a split flow

resulting in a column flow rate of approximately 400–
500 nL/min.

http://www.expasy.ch/sprot
http://www.expasy.ch/sprot
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MS/MS data were obtained using a Q-Tof 2 (Mi-

cromass, Manchester, UK) fitted with Z-spray nanoflow

electrospray ion source. The mass spectrometer was

operated in positive ion mode with a potential of 3500V

applied to the nanoflow probe body. The collision en-
ergy was determined on the fly based on the mass and

charge state of the peptides. Charge state recognition

was used to switch only doubly and triply charged ions

into MS-MS mode. Several trypsin autolysis ions were

excluded. The data were processed by Protein Lynx

Version (Micromass, Manchester, UK) to generate

searchable peak lists. Initial protein identification were

made by correlation of uninterpreted tandem mass
spectra to entries in SWISS-PROT using Global Server

(Version 1.1, Micromass).

In addition, if clearly separated proteins were as-

signed to different Physcomitrella ESTs that could be

traced to identical protein functions (or no function at

all) an additional BLAST search of the sequence data

against the clustered EST database Cosmoss (at http://

www.cosmoss.org/bm/) (Rensing et al. in preparation)
was performed in order to ascertain whether or not the

different sequences were covered by one and the same

contig.
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