
Recent publication of the complete nucleotide

sequence of the genome of Physcomitrella patens (Hedw.)

B.S.G. moss has considerably extended the capabilities of

plant proteomics that have been used for proteome profil�

ing of principal phases of the moss life cycle and proto�

plasts. In recent years proteomic technologies have been

actively used in systems biology for identification of pro�

teins and determination of their posttranslational modifi�

cations. Proteomic methodology is associated with identi�

fication, cataloging, qualitative, quantitative, and systems

analysis of the whole set of proteins synthesized in an

organism, tissue, or cell. The number of papers devoted to

plant proteomics is significantly less than that devoted to

proteomic investigations of prokaryotic, yeast, and mam�

malian objects [1]. This is very largely associated with dif�

ficulties in preparation of protein samples from plant tis�

sues containing substances interfering with proteomic

analysis, including polysaccharides of cellular walls,

lipids, phenols, and chloroplast proteins dominating in
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Abstract—The sequencing of the moss Physcomitrella patens genome has facilitated studies of the plant proteome. To devel�

op a proteome reference map based on the genome sequence, we conducted 2D electrophoreses of proteins extracted from

moss protoplasts, protonemata, and gametophores grown under standard conditions on Petri dishes. On silver�stained gels,

depending on the developmental stage of the moss, we resolved from 500 to 600 protein spots that were then excised and

digested by trypsin, and 212 proteins were identified by PMF�MALDI�TOF. To enhance the proteome coverage, we per�

formed 1D SDS�PAGE with subsequent separation of tryptic peptides derived from digested gel band slices by LC�ESI�

MS/MS. The proposed approach allowed us to identify 186 proteins had not been determined by 2D PMF�MALDI�TOF.

Proteins identified by both methods were categorized using a system of clusterization of orthologous genes as metabolism

(26%), cellular processes and signaling (16%), and information storage and processing (7%). Proteome analysis by differ�

ential gel electrophoresis revealed moderate differences between filamentous protonemata and leafy shoots. Surprisingly,

protoplasts isolated from protonema filaments displayed significant differences in protein composition compared with both

protonemata and gametophores.

DOI: 10.1134/S0006297909050022

Key words: proteomics, 2D electrophoresis, MALDI�TOF, LC�ESI�MS/MS, Physcomitrella patens, protoplasts, DiGE



PROTEOME ANALYSIS OF Physcomitrella patens 481

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  5   2009

green tissues, such as ribulose bisphosphate carboxylase

(RuBisCo) [2]. Proteomic studies have been performed

for more than 35 plant species. However, plant proteomic

publications have been focused on two organisms [1]: the

Arabidopsis thaliana L. model dicotyledonous plant and

the Oryza sativa L. monocotyledonous rice. Evidently,

these plants attract researchers by public availability of

their genomic sequences, which are necessary for protein

identification based on mass spectrometric analysis.

Nevertheless, exploration of only two angiosperm plants

(one of them is a cereal crop and another is a weed evolved

as an ephemeral plant with a short life cycle) is obviously

insufficient to solve a number of central problems of plant

physiology and biochemistry. Moreover, cellular model

systems are crucial for plant development study [3].

Traditional cell cultures of seed plants in many instances

are inadequate as model systems for study molecular

mechanisms of plant development [3, 4].

The genome sequence of P. patens was determined

after publication of nucleotide sequences of Arabidopsis,

rice, and poplar. The complete nucleotide sequence of

the nuclear genome of P. patens was determined by an

international consortium and assembled into 480 mega�

base pairs scaffold sequence [5]. From this study, 35,938

gene sequences of the moss became available in the on�

line gene databases http://genome.jgi�psf.org/Phypa1_1/

Phypa1_1.info.html (US DOI Joint Genome Institute

(JGI)) and http://www.ncbi.nlm.nih.gov//genomes/

geblast.cgi?bact=off&gi=5880 (National Center for

Biotechnology (NCBI), USA).

Mosses are of fundamental interest for biology

because they occupy an ideal phylogenetic position as rep�

resentatives of the first and oldest (450 million years)

branches of terrestrial plants. Molecular and biological

study of mosses significantly contributes to reconstruction

of evolutionary changes accompanying such important

events in the Earth’s history as conquest of land by plants

[5]. Mosses are characterized by a large diversity and num�

ber of species; they occupy the second place after the

angiosperms. Mosses are distinguished by large range of

biochemical and physiological plasticity. They are capable

of adaptation to extreme temperature, humidity, and light

conditions in the terrestrial environment and form associ�

ations of symbiotic character with various organisms,

especially with nitrogen�fixing cyanobacteria. Drought

and cold resistance of mosses are of increased applied

interest for studies of molecular mechanisms of stability of

higher plants to extreme factors of the environment.

Mosses have developed unique physiological mechanisms

of gravireception and phototropism during adaptation to

terrestrial habitat. These mechanisms are of interest for

evolutionary, gravitational, and space biology.

The first studies of proteomic mapping of the moss

were performed before the completion of the P. patens

genome project using local bases of the EST fragments of

the moss genome and bioinformatic algorithms [6, 7].

The goal of this study was proteomic mapping of the

moss on the basis of the database of annotated genome

sequences of P. patens using two�dimensional (2D) gel

electrophoresis, MALDI�TOF (matrix�assisted laser de�

sorption/ionization time�of�flight) mass spectrometric

analysis of peptides by peptide mass fingerprint (PMF),

and one�dimensional (1D) gel electrophoresis under

denaturing conditions with subsequent analysis of tryptic

peptides by LC�ESI�MS/MS (liquid chromatography�

electrospray ionization�tandem mass spectrometry).

Basic phases of the moss life cycle (protonemata and

gametophores) were used as objects of the proteomic

analysis similarly to earlier moss proteomic studies [6, 7].

In addition, moss protoplasts that model early stages of

development of an organism (primary chloronemata)

from spores were analyzed for the first time.

MATERIALS AND METHODS

Growing of moss protonema and gametophores and
preparation of protoplasts. Protonemata of P. patens of the

Gransden strain was grown on Knop modified agarized

medium with the addition of 500 mg/liter of ammonium

tartrate (PPNH4 medium) [8, 9] under lighting with white

light of luminescent lamps (F96T12/GRO/VHO/WS;

Sylvania, USA) with photon flux of 61 µM/m2 per sec

under the conditions 16�h daylight at 26°C. The agar

medium was poured into glass Petri dishes (9 cm in diam�

eter) and allowed to form a gel. The dishes were covered

with special cellophane disks to prevent growing protone�

ma filaments into the medium. Water suspension (1 ml) of

fragments of the protonema filaments (10�50 cells) pre�

pared using a Virtis homogenizer (USA) was poured out

on the surface of a cellophane disk of every Petri dish using

a 2�ml glass pipette with a cut point. On the seventh day of

the culture growth, the protonema filaments were collect�

ed using a spatula from the surface of a cellophane disk

and placed in a 150�ml beaker with 100 ml of sterile dis�

tilled water. The sterile working nozzle of the homogeniz�

er was immersed into the water, and the protonema fila�

ments were fragmented for 1 min at a rotation rate of

2000 rpm. The suspension was taken with a sterile glass

pipette with a cut point and poured on the fresh agarized

medium. Passing was performed once every 7 days.

Protonema at the age of 5 days was used for the proteom�

ic analysis. The moss gametophores were grown on the

Knop modified agarized medium (PPNO3 medium) [8,

9] in 9�cm Petri dishes under lighting with a white light

from luminescent lamps (F96T12/GRO/VHO/WS) with

a photon flux of 61 µM/m2 per sec under the conditions of

16�h daylight at 26°C. Curtains of gametophores were

divided using tweezers into fragments containing 4�5

shoots and transplanted onto fresh culture medium once a

month. Gametophores at the age of one month were used

for the proteomic analysis.
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Protoplasts were isolated from the protonema fila�

ments using 1% solution of Driselase (Fluka,

Switzerland) in 0.48 M mannitol (Fluka) [10]. The pro�

tonema at the age of 5 days was collected using a spatula

from a cellophane disk, placed in a sterile 5�cm Petri

dish, supplemented with 10 ml of 1% solution of

Driselase in 0.48 M mannitol, and incubated for 30 min

under continuous careful stirring by manual circular

motion (60 rpm) under dim illumination (5 µM/m2 per

sec) at 25°C. The suspension of isolated protoplasts was

filtered trough 80 µm stainless steel sieve. The resulting

protoplast suspension in the enzyme solution was incu�

bated under the same conditions for 15 min. The proto�

plasts were precipitated by centrifugation in 10�ml glass

tubes at 100g for 5 min using a bucket rotor, and the pro�

toplast suspension was washed free of the enzyme with

0.48 M mannitol by centrifugation at the same rate two

times. The freshly isolated protoplasts were immediately

used for the protein isolation 1 h after the beginning of the

enzymatic treatment of the protonema.

Isolation of proteins from protoplasts and tissues of the
moss. Proteins were extracted from the moss protoplasts,

protonema, and gametophores on the basis of the tech�

nique adapted for P. patens [7]. We proposed an addition�

al preparative stage for the isolation of protein from the

protoplasts. The protoplast suspension in 0.48 M manni�

tol was precipitated using a centrifuge with a bucket rotor

at 100g for 5 min in 10�ml glass tubes. The supernatant was

taken, and highly concentrated suspension remained at

the bottom of a tube. It contained 4 million protoplasts in

the volume of 200 µl. The protoplast suspension was

immediately transferred into a porcelain mortar prelimi�

narily cooled to –70°C and frozen in liquid nitrogen.

Preparation of protein samples from the protonema fila�

ments at the age of 5 days was started by the transfer of the

moss filaments, which were collected from the surface of

cellophane discs on the agar medium using a spatula, in a

porcelain mortar preliminarily cooled to –70°C where

they were immediately cooled in liquid nitrogen. For the

preparation of protein samples from gametophores, moss

shoots a the age of 1 month were cut off using a scalpel at

a height of 1 mm from the surface of the agar medium and

transferred by tweezers into a porcelain mortar prelimi�

narily cooled to –70°C where they were immediately

frozen in liquid nitrogen. Then, the frozen protoplasts, fil�

aments of the protonema, and shoots of the moss were

ground with a pestle preliminarily cooled to –70°C to a

fine powder. The plant material was supplemented with

10% solution of trichloroacetic acid in acetone with 0.07%

dithiothreitol (DTT) cooled to –20°C and incubated for

1 h at the same temperature for protein precipitation. The

suspension with the protein precipitate was centrifuged at

30,000g for 15 min at 4°C. The protein precipitate was

treated with acetone that was cooled to –20°C and con�

tained 0.07% DTT, 1 mM phenylmethylsulfonyl fluoride

(PMSF), and 2 mM EDTA and vigorously shaken for

removal of pigments and lipids from the preparation.

Then, the protein suspension was centrifuged at 30,000g

for 15 min at 4°C, and this procedure of washing of the

protein preparation with acetone was repeated two times.

The protein samples in polymeric centrifuge tubes (vol�

ume of 2 ml) were dried in a vacuum centrifuge and stored

at –70°C no more than 10 days before 2D electrophoresis.

2D electrophoresis of proteins was carried out accord�

ing to a published procedure [11] with insignificant modi�

fications. After the completion of the electrophoresis, gels

were marked and stained by treatment with silver with

thiosulfate [12]. Images of the silver�stained gels were

obtained using an Epson Perfection 4990 scanner and

analyzed using the PDQuest 8.0 program (BioRad, USA).

1D electrophoresis of proteins under denaturing con�
ditions in the presence of sodium dodecyl sulfate (SDS).
One�dimensional fractionation of proteins in 5�20% gra�

dient polyamide gel in the presence of SDS was per�

formed according to the standard Laemmli procedure

[13]. Coomassie G�250 was used for visualization of pro�

tein bands.

Proteins were hydrolyzed by trypsin in polyacrylamide
gel by the method proposed by Shevchenko et al. [14]

with insignificant changes.

MALDI mass spectrometry. The solution of tryptic

peptides (2 µl) after extraction from the gel was mixed

with 0.25 µl of 2,5�dihydrobenzoic acid (20 mg/ml in

30% solution of acetonitrile containing 0.5% acetic acid,

v/v) on a steel target. The mixture was dried in air at 23°C

for 30 min. The peptides prepared as described above

were analyzed using a time�off�flight Ultraflex�TOF�

TOF mass spectrometer (Bruker Daltonics, Germany)

with a MALDI source equipped with a UV laser (337 nm)

in a regime of detection of positive ions using a reflectron

at the following settings of ionic source: voltages on IS1

and IS2 were 25 and 21.75 kV, respectively, voltage on

lens(es) was 9.5 kV, and voltages on the reflectron were

26.43 (Ref1) and 13.80 kV (Ref2).

Ions were detected in the m/z range from 700 to

4000. Peaks of the trypsin autolysis (m/z 842.508,

1045.563, 2211.093), keratin (m/z 1475.780), and detect�

ed impurities that were specially determined by us and

automatically removed from the final lists of detected

masses were used as an internal standard.

Analysis of mass spectrometry results. The spectra

were processed using the Flex Analysis 2.4 software

(Bruker Daltonics). Smoothing according to the Savitzky

and Golay algorithm [15] (width of 0.1 m/z, one cycle)

and subtraction of a base line according to the Convex Hull

algorithm [16] were applied to the spectra. The following

parameters of peak detection were used: SNAP algorithm

of the peak detection, the signal/noise ratio of 6, and the

quality spectrum threshold of 100. Protein sequences of P.

patens were searched in the database (http://genome.jgi�

psf.org/Phypa1_1/Phypa1_1.home. html), v.1.1 using the

MASCOT program complex (local version 2.1.03; Matrix
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Science, Great Britain). The following parameters of the

search were used: exactness of the mass determination was

100 ppm and methionine oxidation was considered as a

possible posttranslational modification.

Proteins determined with the MOWSE score prob�

ability parameter being higher than the threshold param�

eter were considered to be significantly determined (sig�

nificance of the determination was 95%, p > 0.05). This

value was 58 for the database of protein sequences used in

our study. Coincidence of molecular mass and/or isoelec�

tric point of each particular protein was an additional

control criterion.

1D liquid chromatography and electrospray ionization
mass spectrometry (1D LC�ESI�MS/MS analysis). Bands

of proteins from the protoplasts that were obtained using

1D gel electrophoresis and separate spots that were

obtained by 2D gel electrophoresis but not determined by

peptide mass fingerprinting were subjected to analysis by

mass spectrometry on an Esquire 6000 plus (Bruker

Daltonics) mass spectrometer equipped with a nanospray

ion source with a quadrupole ionic trap as the mass ana�

lyzer. This device was combined with an LC Packings

Ultimate nanochromatograph with an LC Packings

Famos autosampler (Dionex, USA) in on�line regime.

The chromatographic part of the installation consisted of

two serially connected columns with an electromagnetic

valve between them. The first column (100 µm × 3 cm) was

filled with the Poros R2 polymeric phase (the hydrophobic

polymeric phase with large pore diameter analogous to C8)

and used for preliminary concentration of the sample and

its desalting. The second column (75 µm × 25 cm) was

filled with Phenomenex C18 sorbent (particle size of 5 µm,

pore diameter of 300 Å) and directly used for fractionation

of the desalted mixture of tryptic peptides.

The chromatographic fractionation was performed

at a flow rate of 200 µl/min (to splitter), and real flow

rates for the desalting and the fractionation were 900 and

200 nl/min, respectively. Peptides were fractionated in a

linear gradient of 75% acetonitrile and 25% isopropanol

in 0.1% formic acid (from 5 to 60% within 48 min).

Measurements were carried out within the m/z range

from 300 to 2500 with the trap optimization mass of 700.

Tandem experiments were performed only with ions

whose charge number was equal or higher than 2 with

intensity higher than the threshold. The resulting lists of

determined masses were sent to the MASCOT search sys�

tem. The search was performed both in the nuclear

genome JGI database and in the NCBI database with the

exception for the P. patens taxon. The search results were

verified using the Scaffold program complex, version 01�

07�00 (http://www.proteomesoftware.com) for approval

of correctness of the determination of proteins and reve�

lation of identical entries in the course of search in the

two databases. Proteins with identification probability of

95% were saved in the final list. The number of deter�

mined peptides per protein was two or more.

2D electrophoresis of proteins with differential stain�
ing (DiGE). Total preparations of proteins isolated from

protoplasts, protonemata, and gametophores were dis�

solved in 100 µl of buffer containing chromatographic

water (Merck, USA), 8 M urea (Amersham, USA), 2 M

thiourea (Amersham), 10 mM Tris�HCl, pH 8.0

(Amersham), 167 µl of solution of 30% CHAPS

(Amersham), and 10% Nonidet P�40, pH 8.0 (Fluka).

The samples were centrifuged at 14,000g for 15 min. The

protein concentration was measured according to

Bradford [17] using bovine serum albumin (BioRad) as a

standard. The proteins were conjugated with the follow�

ing cyanine fluorescent agents (Amersham): CyDye�

DiGE Cy3 (proteins of protoplasts) and CyDye�DiGE

Cy5 (proteins of protonemata), in accordance with the

recommendations of the manufacturer (400 pmol per

50 mg of total protein). The mixture of the proteins with

the cyanines was incubated for 30 min in the dark at 4°C.

The reaction was stopped by addition of 10 mM solution

of lysine. One�dimensional electrophoresis was per�

formed for every protein preparation in 12% polyacryl�

amide gel for fluorimetry of cyanines. Before isoelectro�

focusing, the protein preparations were mixed in the ratio

providing equal total fluorescent signal from the proteins

of every sample (protoplasts and protonema).

Concentrations of DTT and Ampholine 3�10 were

80 mM and 0.2%, respectively. The isoelectrofocusing

and the second direction of the electrophoresis were per�

formed according to the standard procedure.

The resulting gels were scanned on a Typhoon device

(Amersham) in the 600 PTM regime. After the fluores�

cent analysis, the gels were stained with silver by the pro�

cedure described above.

RESULTS

The total protein preparations obtained from proto�

plasts, protonemata, and gametophores of the moss were

fractionated by 2D electrophoresis in a pH gradient with�

in the 3�10 range. The fractionation was repeated no less

than 6 times in order to obtain reproducible representative

2D map of the P. patens proteome. The program analysis

of 2D electrophoregrams (PDQuest 8.0; BioRad) revealed

high reproducibility of fractionation of proteins with

molecular masses from 10 to 110 kDa for moss proto�

plasts, protonema, and gametophores. We resolved 504

(Fig. 1, see color insert), 596, and 585 protein spots on the

electrophoregrams of the total protein extracts from the

protoplasts, the protonema, and the gametophores, respec�

tively (see Table 1 as Supplement for the on�line publica�

tion of this article at the site of Biochemistry (Moscow):

http://protein.bio.msu.ru/biokhimiya). Proteins were

identified in 212 spots cut from the gels by MALDI mass

spectrometry using peptide mass fingerprinting and the

MASCOT program (Table 1 from on�line publication).
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We fractionated proteins from the protoplast extracts

by 1D electrophoresis under denaturing conditions in the

presence of SDS in order to extend the spectrum of ana�

lyzed proteins (Fig. 2). After the protein fractionation,

the gel was cut into separate bands and treated with

trypsin. The peptide mixtures, which were prepared by

the enzymatic cleavage by trypsin in the gels, were

extracted and analyzed by liquid chromatography (LC)

combined with the tandem mass spectrometer (MS/MS).

We detected 228 proteins by this method, and 95% of

them were determined according to two and more pep�

tides (Fig. 3). The combination of liquid chromatography

and tandem mass spectrometry revealed 186 proteins that

were not found by 2D PAGE MALDI (Fig. 4). Proteins of

secretion and intracellular transport, biosynthesis of sec�

ondary metabolites, transport, catabolism, biogenesis of

membranes and cellular wall, metabolism and transport

of coenzymes and nucleotides, control of cellular cycle,

and division of cell were found among the determined

proteins (Fig. 5). It should be noted that the methodolo�

gy described above revealed a number of proteins with

isoelectric points higher than 10, which were not identi�

fied by 2D PAGE MALDI (Fig. 6).

We classified the identified proteins based on isoelec�

tric point and molecular mass (Figs. 6 and 7). These pro�

teins had isoelectric points ranging from 4 to 12 and

molecular masses from 7 to 210 kDa. It should be noted

that fractionation of the proteins according to their iso�

electric points had bimodal character (Fig. 6), which has

recently been shown by Kiraga et al. to be universal for all

living organisms, and the mode intensity correlated, in

some cases, with both taxonomy and subcellular localiza�

tion and with the econiche of an organism and the size of

its proteome [18].

Direct comparison of the two proteomic methodolo�

gies (Fig. 4) demonstrated their good additivity: the num�

ber of proteins determined by both methods was 41 (10%

of the total number of the determined proteins).

As mentioned above, proteins determined by LC�

ESI�MS/MS were identified using two databases: data�

base of annotated nuclear genome sequences (JGI) and

NCBI database, because a number of proteins that were

Fig. 2. 1D gel electrophoresis of proteins extracted from proto�

plasts in the presence of SDS.

Fig. 3. Distribution of 228 proteins from protonema protoplasts

determined by 1D PAGE LC�ESI�MS/MS according to the num�

ber of reliably determined peptides.
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coded by the chloroplast or mitochondrial (but not by

nuclear) genome would not be determined with the use of

only one genome database. Indeed, comparison of the

two data arrays revealed considerable overlapping

between the identified proteins (181 proteins, 57%) (Fig.

8), but 12 proteins (3.8%) were determined only in the

NCBI database.

We applied classification according to the KOG cri�

teria (EuKaryotic Orthologous Groups, http://genome.

jgi�psf.org/Chlre3/tutorial/kog.html) [19] to the proteins

isolated from the protoplasts and identified by the two

proteomic strategies. The identified proteins were divided

into four classes and 25 subclasses (Figs. 9 and 10).

We identified 56% of the total number of the detect�

ed proteins in an automatic regime based on the JGI

database of the moss using the MASCOT program com�

plex and KOG classification. It was established that 16,

26, and 7% of the classified proteins participated in vari�

ous cellular and transduction processes, processes of

metabolism, and processing and storage of genetic infor�

mation, respectively. Seven percent of the classified pro�

teins were proteins with unknown function or proteins

poorly characterized according to KOG.

A considerable group composed of 193 proteins (44%

of the total number of determined proteins) is distin�

guished from the proteins identified by the two mass spec�

trometry approaches because it cannot be classified by the

methodology of clusterization of the orthologous groups

of proteins adapted for the eukaryotic genome. They can

Fig. 5. Attribution of proteins from total extracts of protoplasts from P. patens to subclasses of the KOG system.

Fig. 6. Distribution of proteins from the moss protoplasts accord�

ing to their isoelectric points.

30

20

10

0
<4

pI range

P
e

rc
e

n
ta

g
e

 o
f 

id
e

n
tif

ie
d

 p
ro

te
in

s

4�5 5�6 6�7 8�9 9�10 10�11 >11

LC�MS/MS
MALDI

7�8



486 SKRIPNIKOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  5   2009

be attributed to none of the four KOG classes. This fact

may be associated with both originality of these protein

sequences of P. patens and with possible mistakes of the

algorithms of automatic annotation of protein sequences.

Among the proteins annotated in accordance with

KOG, 22% are associated with metabolism and post�

translational modification. The proteins of cytoskeleton

(9%) are mainly represented by actin and associated pro�

teins, α� and β�tubulins, myosin, and others. Among the

proteins identified by us, 5, 4, 3, and 1% are related to the

systems of replication, reparation, and recombination, to

the translation system, to RNA modification and pro�

cessing, and to transcription, respectively. The identified

proteins that participate in metabolism are divided into

five classes: proteins of energy metabolism (12%), pro�

teins associated with metabolism and transport of amino

acids (13%), sugars (3%), coenzymes (3%), and inorgan�

ic ions (4%). The proteins with predicted function are

separated as a subgroup (11%) and annotated on the basis

of information about conservative functional domains

with insufficient homology level that is established by the

BLAST algorithm. The proteins with unknown function

(3%) are isolated in a separate group. The remaining

groups involve proteins associated with intracellular and

vesicle transport (3%), transduction mechanisms, and

possible protection mechanisms (1%).

We compared results of 2D electrophoregrams of

proteins from protoplasts and protonema using specific

fluorescent dyes for identification of proteins specific to

different living forms of P. patens (Fig. 11, see color

insert). The fluorescent electrophoregrams demonstrate

difference in the protein compositions of protoplasts and

protonema. Figure 11 demonstrates spots that are identi�

fied in the protein extracts from protoplasts and absent in

those of protonema. On the other hand, spots of proteins

that are specific only for protonema and absent in proto�

plast extracts are established.

Information on proteins fractionated by 2D gel elec�

trophoresis and specific for protoplasts or protonema are

given in the table. One can assume that appearance of

new spots on the electrophoregrams of proteins from the

protoplasts in comparison with those from the protonema

extracts is associated with biochemical changes in the

protonema cells in the course of isolation of the proto�

plasts from protonema filaments. The age of protoplasts

by the moment of protein isolation from them in our

study was 1 h. Thus, the changes in the moss protein

spectrum during separation of the protoplasts occur

rather fast. This suggests that changes that proceed during

dozens of seconds in the protonema cells, which are con�

verted into the protoplasts, are so significant that the pro�

tein spectrum detected on a 2D electrophoregram is

changed. It is interesting that nine protein spots detected

only on the protoplast protein electrophoregrams are

identified by mass spectrometry as fragments of the large

subunit of RuBisCo (P1, P2, P3, P7, P12, P13, P14, P15,

and P62). Studies of RuBisCo in leaves of a number of

angiosperm plants demonstrated that catabolism of this

enzyme depended on endogenous factors and environ�

mental influence that could cause stress reactions accom�

panied by protein fragmentation [20]. The treatment of

protonema with Driselase (a cellulolytic agent) is appar�

ently a stress process, which might initiate cellular reac�

tions in the moss resulting in fragmentation of RuBisCo

that is typical for stress reactions of green tissues of high�

er plants [20].

The spots corresponding to proteins that are not

detected on the protoplast electrophoregrams were found

on the electrophoregrams of proteins extracted from the

protonema (Fig. 11, red fluorophore). This suggests that

the protoplasts contain no proteins detected in the pro�

tonema, because there is a group of cells from which the

protoplasts are predominantly isolated for the first time.

It would be apical protonema cells according to our

Fig. 7. Distribution of proteins from the moss protoplasts deter�

mined by 1D PAGE LC�ESI�MS/MS according to their molecu�

lar masses.
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Fig. 8. Distribution of proteins determined in the two databases

used for protein identification in this study (Venn diagram).

JGI
database

NCBI
database



PROTEOME ANALYSIS OF Physcomitrella patens 487

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  5   2009

microscopic observations during isolation of the proto�

plasts (the data is not given). It is possibly associated with

the fact that they have less massive cellular walls on their

tips [21], which might be degraded faster by Driselase.

Thus, one can suppose that there is a number of basal

protonema cells distant from growth points on tips of the

filaments that are less subjected to the action of the

enzyme for the isolation of protoplasts and have different

protein composition in comparison with the apical cells

and protoplasts. On the other hand, the absence of some

proteins in the electrophoregrams of protoplasts in com�

parison with those of the protonema can be explained by

fast elimination of these proteins during the process of

protoplast isolation from the protonema cells.

Comparison of two main life forms of the moss (pro�

tonema and cormophyte gametophores) reveals signifi�

cant similarity of their protein profiles (the data of fluo�

rescent and electrophoretic studies are not given). Earlier,

Cho et al. [7] found moderate differences in the protein

profiles of protonema and gametophores of P. patens.

The proteins identified in protoplasts, protonema,

and gametophores of the moss were additionally classified

and attributed to groups and subgroups according to their

functions (Table 1 from on�line publication and Figs. 9

and 10). Analysis of tables (Table 1 from on�line publica�

Fig. 9. Attribution of proteins from total extracts of protoplasts

from P. patens moss to the classes of the KOG system.
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Fig. 10. Attribution of proteins from total extracts of protoplasts from P. patens moss to the subclasses of the KOG system.
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Proteins unique for protoplasts (P) and protonemata (F)*

Molecular
weight,

Da

52672

52672

52672

52672

–

16851

80670

52672

52672

52672

52672

129075

35691

27590

308692

21797

22962

35199

99508

101634

101634

92403

23265

24130

66507

17123

17300

100572

20382

70931

35199

52672

32359

68262

MOWSE
score

60

62

65

86

128

90

63

92

133

126

107

58

66

87

66

59

74

85

184

234

197

98

62

59

62

58

83

58

65

80

128

107

63

64

Protein details

RuBisCo, large subunit

��"��

��"�� 

��"��

tyrosine kinase and ferric reductase

nucleoside diphosphate kinase 1

hypothetical protein

RuBisCo, large subunit

��"��

��"��

��"��

protein containing bombesin�like peptide 

sequence

cyclin H�1

carbonic anhydrase

kinesin�like protein

hypothetical protein

subunit of oxygen evolving system 

of photosystem II

peroxidase

aminopeptidase

ATP�dependent Clp protease

��"��

��"��

hypothetical protein

��"��

protein kinase

glucosamine�phosphate acetyltransferase

superoxide dismutase SOD1

Argonaute family protein

hypothetical protein

HSP70 family chaperon

peroxidase

RuBisCo, large subunit

intracellular trafficking protein SNAP33

HSP70 family chaperon

Protein ID

gi|34501407

gi|34501408

gi|34501409

gi|34501409

95041 (gi|162668435) and

206166 (gi|162690347)

191609

82369

gi|34501409

gi|34501409

gi|34501409

gi|34501409

169825

147634

162454

162316

232987

35924

144819

138701

108343

108343

106487

160688

87196

111647

206554

63006

117253

100348

230273

144819

gi|34501409

85735

232922

* Proteins in spots P4�P6, P8, P9, P18, and P19 determined with insufficient MOWSE score (data not shown).
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tion and the table from this article) and Figs. 1, 2, 5, 9�11

shows that the methods for proteomic analysis in our

study allow fixation of only highly expressed proteins in

the cells and tissues of the moss. These limitations are pri�

marily associated with the dynamic range of the mass

spectrometry equipment and instrumental limits of sensi�

tivity of the used methods. Nevertheless, significant dif�

ferences in the protein composition of various life forms

of P. patens were found in this study even by the strategy of

2D electrophoresis with subsequent determination of a

protein by peptide mass fingerprinting, although this

strategy is seldom used in structural proteomics due to rel�

atively small number of determined proteins. In addition,

this methodology allows quick comparison and determi�

nation of changes in the level of expression and/or protein

composition of various samples and conclusions about

possible posttranslational changes of a protein.

DISCUSSION

In recent years the moss P. patens has become a lead�

ing model object for studies of molecular mechanisms of

plant development. Increased interest in the ancient plant

is due to the fact that P. patens is a single plant and one of

three eukaryotic systems (along with yeasts and mouse

stem cells) that can be highly effectively investigated by

methods of reverse genetics and by the technology of gene

targeting (substitution for the nucleotide sequences in tar�

get genes of an organism by homologous recombination of

DNA) [9, 22, 23]. The relatively large genome of P. patens

was sequenced and became available in open databases for

comparative genome�evolutionary studies practically just

after the determination of complete genome sequences of

rice, poplar, and three species of green algae [5].

Moss P. patens is widely used as a model system for

biochemistry, developmental biology, and genetics and

has become an important fundamental object of pro�

teomics. Now two independent projects of proteomic

mapping of P. patens have been performed in Germany

[6] and in Korea [7]. The total sequencing of the moss

genome was not completed when these studies had been

conducted, and limited data on the protein amino acid

sequences of P. patens were used (dozens and hundreds of

proteins) in the NCBI, TREMBL, and SWISSPROT

databases. EST databases had been used for protein iden�

tification in the first two projects of proteomic mapping of

P. patens. The first proteomic mapping of the moss were

conducted using the clustered library including 110,087

EST fragments. It was the authors’ opinion that this

library comprised at least 95% of the moss genes [6]. In

both papers, proteins were precipitated from 10%

trichloroacetic acid in acetone, isolated, and subjected to

2D electrophoresis for the proteomic analysis. In the first

paper [6], gels after fractionation of the proteins in two

directions were treated with Coomassie dye, and 790

spots were detected. Then 276 spots were cut from the gel

for the subsequent trypsin treatment and mass spectro�

metric analysis of peptides (MALDI�TOF and LC�ESI�

MS/MS). As a result, 306 proteins isolated from the pro�

tonema were treated using the MASCOT search system

and the BLASTIX comparison program [6]. In the second

paper [7], gametophores, which were more differentiated

and morphologically complex leafy shoots, were investi�

gated along with the protonema. A number of method�

ological approaches to the proteomic analysis of P. patens

described in the first paper [6] were critically re�examined

in this article. Several significant modifications were pro�

posed: homogenization of the tissues in liquid nitrogen in

a conventional mortar with a pestle instead of a homoge�

nizer with metallic beads; presence of thiourea in the

buffer for protein solubilization and isoelectrofocusing

(the authors believed that thiourea improved the quality

of electrophoresis); application of silver for visualization

of proteins instead of Coomassie dye [7].

Thus, methodological modifications of the protocols

for preparation of protein samples and 2D electrophoresis

played an important role in the project. The authors

thought that this project should be a basis for establishment

of a reference proteomic map of P. patens [7]. We found

that the proposed protocol [7] is actually simple enough

and reliable for proteomic mapping of the moss and used it

as a methodical basis for this study. In general, the com�

parative proteomic analysis of the cormophyte game�

tophores and the filamentary protonema performed in our

study and in paper [7] demonstrate considerable similarity

of the protein composition of both life forms of the moss.

The new task of this study is the proteomic analysis

of the protoplasts along with protonema and game�

tophores. The protoplasts are important objects for bio�

chemistry, biophysics, and developmental biology and are

used as a transformation system in the course of growing

of transgenic plants, including investigation of physiolog�

ical processes by the methods of reverse genetics.

Protoplasts, like apical cells of a moss protonema, are

simultaneously receptors and sites of fixation of light and

gravitation stimuli. This property of protoplast cultures of

mosses is promising for photobiological, gravitational,

and space studies [24, 25]. New unicellular model sys�

tems based on moss protoplast culture are characterized

by physiological and genetic homogeneity, distinct physio�

logical reactions to external stimuli. The perception of

biophysical stimuli and growth responses occur in one

cell that is available for investigation and direct observa�

tion [26, 27]. Regeneration of the moss protoplasts is

mainly similar to the germination of spores [28] and sig�

nificantly differs from the regeneration of protoplasts of

seed plants. The latter usually proceeds through the callus

phase that is hardly achieved for many plants under

experimental conditions [29]. On the contrary, this phase

is absent in the moss protoplasts. The process of division

of the moss protoplasts is considered to be “true” regen�
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eration that gives rise to a new organism and starts from

differentiation of the moss protonema [30].

Comparative proteomic analysis of protonema and

gametophores in our experiments demonstrated insignifi�

cant differences in the protein spectra of the cells of two

leading life forms of the moss similarly the studies of Cho et

al. [7]. However, physiology of development of the filamen�

tary protonema (it is attributed to a “two�dimensional”

phase of the moss development [21]) is probably signifi�

cantly different from that of the gametophores whose mor�

phology has a profound three�dimensional character. Thus,

elaboration of methodological approaches of comparative

proteomics for determination of differences in the protein

profiles of protonema and gametophores is an important

problem of physiology of development of P. patens.

It is interesting that considerable differences in pro�

tein spectra are known to be found during analysis of

electrophoregrams of protoplasts in comparison with

those of protonema. Specific proteins are detected in pro�

toplasts but are not found in the protonema. On the other

hand, we found proteins that were present in the protone�

ma and absent in the protoplasts. These results are in

good agreement with those of studies of moss protoplasts

as objects of developmental biology. It was found that

protoplasts, like spores, gave rise to development of a new

organism from the first division [26, 28, 31, 32]. A cell

rapidly (within seconds) changes its form in the course of

isolation of protoplasts from protonema and is converted

into a geometrically ideal sphere. We propose that a cas�

cade of stress signal reactions is generated when a proto�

plast is completely separated from a cell wall. Such reac�

tions might be similar to those accompanied by plasmo�

lysis of plant cells caused by drought or salt. Changes in

the protein profile of the protoplasts can partially be asso�

ciated with the process of their separation itself. This

process has probably a stress character for a protonema

cell, because a cell wall is degraded by enzyme, and the

protoplast has to go out of its mechanically firm polysac�

charide envelope�case into hypertonic solution.

Therefore, we can assume that both elimination of

the proteins specific for the protonema cells and induc�

tion of synthesis of new regeneration proteins necessary

for cell reprogramming and development of a new organ�

ism occur at the moment of isolation of intact proto�

plasts of P. patens. We observe change in the proteomic

profile of a single plant cell that is associated with its tran�

sition into meristem state for the first time. Proteomic

mapping of the moss protoplasts performed in this study

opens up new approaches to studies of molecular basis of

regeneration activity and totipotency of a plant cell.
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