
Abstract An important principle of the func-

tional organization of plant cells is the targeting

of proteins to specific subcellular locations. The

physical location of proteins within the apoplasm/

rhizosphere at the root–soil interface positions

them to play a strategic role in plant response to

biotic and abiotic stress. We previously demon-

strated that roots of Triticum aestivum and

Brassica napus exude a large suite of proteins to

the apoplasm/rhizosphere [Basu et al. (1994)

Plant Physiol 106:151–158; Basu et al. (1999)

Physiol Plant 106:53–61]. This study is a first step

to identify low abundance extracytosolic proteins

from Arabidopsis thaliana and Brassica napus

roots using recent advances in the field of pro-

teomics. A total of 16 extracytosolic proteins were

identified from B. napus using two-dimensional

gel electrophoresis, tandem mass spectrometry

(LC-MS/MS) and de novo sequencing. Another

high-throughput proteomics approach, Multidi-

mensional Protein Identification Technology

(Mud PIT) was used to identify 52 extracytosolic

proteins from A. thaliana. Signal peptide cleavage

sites, the presence/absence of transmembrane

domains and GPI modification were determined

for these proteins. Functional classification

grouped the extracellular proteins into different

families including glycoside hydrolases, trypsin/

protease inhibitors, plastocyanin-like domains,

copper–zinc superoxide dismutases, gamma-thi-

oinins, thaumatins, ubiquitins, protease inhibitor/

seed storage/lipid transfer proteins, transcrip-

tion factors, class III peroxidase, and plant

basic secretory proteins (BSP). We have also

developed an on-line, Extracytosolic Plant Pro-

teins Database (EPPdb, http://eppdb.biology.ual-

berta.ca) to provide information about these

extracytosolic proteins.
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Introduction

A remarkable diversity of micro- and macro-

molecular metabolites are secreted to the rhizo-

sphere of plant roots (Bais et al. 2001, 2004).

Rhizosecretion (export of compounds to the

apoplasm and rhizosphere; Borisjuk et al. 1999)

has been shown to be involved in processes such

as nutrient acquisition, communication with other

soil organisms, and resistance to disease and toxic

metals (Shepherd and Davies 1993; Flores et al.

1999; Nardi et al. 2000; Walker et al. 2003). Root

exudates often include phenylpropanoids and

flavanoids (Walker et al. 2003), which are in-

volved in development and interactions of roots

with the environment. Low molecular weight or-

ganic molecules, mainly organic acids, amino

acids, and their derivatives, play an important

role in plant metal homeostasis (Basu et al. 1994;

Briat and Lebrun 1999). Plant roots also secrete a

battery of pathogenesis-related (PR) proteins,

including b-1,3-glucanase, chitinase, and protease,

to defend the plant against potential soil-borne

pathogens (Bais et al. 2004). Plant roots have

evolved a range of mechanisms for increasing the

availability of phosphorous (P), including exuda-

tion of organic acids, and enzymes, particularly

acid phosphatases (Raghothama 1999). Acid

phosphatases (APases) are the most thoroughly

understood root exudates (Raghothama 1999;

Tomscha et al. 2004).

The mechanism by which proteins are secreted

into the apoplasm/rhizosphere is not completely

understood. It has been proposed that proteins

are actively secreted from root epidermal cells

(Flores et al. 1999; Park 2004). Several studies

have suggested the possibility of vesicular traf-

ficking and fusion as a cellular mechanism

responsible for exudation (Walker et al. 2003). By

generating transgenic tobacco (Nicotiana taba-

cum) expressing proteins such as the green fluo-

rescent protein (GFP), human placental secreted

alkaline phosphatase (SEAP) and xylanase in the

presence of the endoplasmic reticulum (ER) sig-

nal peptide, it was shown that proteins targeted to

the ER were secreted to the apoplasm, where

they retained their biological activity (Gleba

et al. 1999). Recombinant proteins fused to the

ER-targeting signal peptide were preferentially

translocated to the cell wall and extracellular

space (apoplast), and subsequently secreted from

the root cells (Borisjuk et al. 1999). Recently, it

has been demonstrated that a functional, full-

length monoclonal antibody can be secreted from

transgenic Nicotiana tabacum roots when targeted

to the endoplasmic reticulum (Drake et al. 2003).

These results indicate that the ER secretory

pathway is closely linked with the root secretory

pathway. The involvement of membrane trans-

porters such as the ATP-binding cassette (ABC)

transporter could provide an alternative to

vesicular trafficking (Jasinski et al. 2002).

Identification and characterization of extracel-

lular proteins provides an important means of

increasing our understanding of the physiological

and molecular basis of plant resistance to envi-

ronmental stress. The physical location of pro-

teins within the apoplasm at the root–soil

interface positions them strategically to play a

role in plant response to biotic and abiotic stress.

Subcellular proteomics, including subcellular

fractionation, protein identification by mass

spectrometry, and bioinformatics provides a

powerful strategy for identification and analysis of

extracellular proteins (Dreger 2003). We recently

performed large-scale identification of tubulin

binding proteins by LC-MS/MS after purification

of proteins by tubulin affinity chromatography

(Chuong et al. 2004).

In the current study we have chosen two

different approaches, for the analysis of the

extracellular proteins of B. napus and A. thaliana.

We used 2D-PAGE, tandem mass spectrome-

try (LC MS/MS) and de novo sequencing for
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B. napus, while the availability of a sequenced

genome allowed us to take advantage of MudPIT

(Multidimensional Protein Identification Tech-

nology) for A. thaliana. The similarity of gene

sequences from A. thaliana and B. napus allowed

unambiguous identification of 16 B. napus pro-

teins based on homology-based searching. Since

the major obstacle to identifying peptides of B.

napus was incomplete genome sequence infor-

mation, we also used A. thaliana as a model sys-

tem for identification of extracellular proteins

using MudPIT technology. MudPIT (on-line 2D

LC/MS/MS system) has several advantages com-

pared to current gel-based methods including

greater peak capacity, higher sensitivity, greater

throughput and a higher degree of automation

(Whitelegge 2003). We successfully identified 52

proteins using MudPIT analysis of extracellular

proteome of A. thaliana. We have also further

developed an Extracytosolic Plant Proteins data-

base (EPPdb), to provide a comprehensive source

of information on extracytosolic plant proteins

(Wang et al. 2004).

Materials and methods

Collection of root exudates from Brassica

napus and Arabidopsis thaliana

Brassica napus cv. Westar and Arabidopsis thali-

ana ecotype Columbia (Col-0) were grown under

aseptic conditions using a sterile hydroponic

system described by Basu et al. (1994, 1999).

This system makes use of Magenta vessels

(LifeGuardR Growth Vessel Product # 701010,

www.osmotek.com) with built-in filters in their

lids (Vented Lid Product # 750 722, www.osmo-

tek.com, 22 mm vent). Seeds of B. napus were

surface sterilized in 15% bleach containing

Tween 20 for 15 min, followed by 2 min in 70%

ethanol, and three rinses in sterile water.

Approximately 30 seeds were germinated per

plate on seed germination media (2.2 g MS salt

mixture, 10 g sucrose, 10 g agar l–1, pH 5.8) for

2–3 days. Seedlings were then transferred to

Magenta vessels containing liquid media (1 mM

Ca(NO3)2, 300 lM Mg (NO3)2, 300 lM NH4NO3,

400 lM KNO3, 100 lM K2HPO4, 100 lM K2SO4,

6 lM H3BO3, 2 lM MnCl2, 0.15 lM CuSO4,

0.5 lM ZnSO4, 10 lM FeCl3, 10 lM Na2EDTA,

pH 5.5 with MES buffer). A small number of

plants per container (~ 4 plants in 60 ml of growth

solution) were used to minimize risk of contami-

nation and to control plant-induced pH changes

in the growth solution. To avoid mixing of seed

proteins with root extracellular proteins, seed

coats were removed prior to transferring seed-

lings from agar plates into liquid medium and

seedlings were grown in this media for 4 days.

Seedlings were transferred and grown for an

additional 4 days in fresh liquid media, which

served as the collection media for root extracel-

lular proteins. Shaking ensured that plant roots

received adequate aeration throughout the

growth period. At the end of the experimental

period, individual containers were checked for

sterility and bulked to provide sufficient protein

for analysis (80–100 lg).

Seeds of A. thaliana ecotype Columbia were

surface sterilized in 30% bleach containing

Tween 20 for 10 min and rinsed in sterile water

five times. The seeds were suspended in 0.1%

Bacto Agar and approximately 15 seeds were

plated onto a photographic slide containing fine

mesh on a seed germination plate (2.2 g MS Basal

medium, 15 g sucrose, 7 g phytagar L–1, pH 6.0).

After 3 days of cold incubation (4�C), plates were

transferred to the growth chamber for 8 days. For

collection of extracellular proteins, a sterile

hydroponic system was used as described above.

The slides containing the seedlings were trans-

ferred to vessels containing Arabidopsis mainte-

nance media (0.5 mM Ca(NO3)2, 0.5 mM MgSO4,

1.25 mM KNO3, 0.625 mM KH2PO4, 1.75 lM

H3BO3, 3.5 lM MnCl2, 0.125 lM CuSO4,

0.25 lM ZnSO4, 2.5 lM NaCl, 0.025 lM CoCl2,

3.125 lM FeCl3, 3.125 lM Na2EDTA at pH 6.0)

modified from Richards et al. (1998) for 1 day.

The seedlings were grown for an additional

10 days in fresh maintenance media, which served

as the collection media.

Sample preparation for 2D gel electrophoresis

Sterile solutions were concentrated at 4�C using a

pressure ultrafiltration system (Amicon 8200)

with YM3 membrane (3 kD exclusion limit) to
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retain proteins above 3 kD and remove salts in

the ultrafiltrate. The proteins were further con-

centrated using a Speed Vac concentrator and

stored at –20�C until further analysis. The con-

centrated B. napus protein sample was passed

through BioGel P6 to remove salts and other low

molecular weight compounds below 6 kD. Ara-

bidopsis thaliana exudates were cleaned using the

ReadyPrep 2-D-clean up kit (BioRad, Hercules,

CA, USA) before MudPIT analysis. After pro-

tein quantitation using the Bradford method

(Bradford 1976), samples (8–12 lg protein) were

suspended in sample rehydration buffer (8 M

Urea, 0.2% Carrier ampholytes, 50 mM DTT, 4%

CHAPS and 0.0002% bromophenol blue).

Samples were loaded (overnight) into 7 cm, pH

3–6 or pH 4–7 immobilized pH gradient (IPG) gel

strips (BioRad, Hercules, CA, USA) by the in-gel

rehydration method. Proteins were subsequently

focused for 30 min at 250 V, 2.5 h on a linear

gradient from 250 V to 4,000 V and 2.5 h at

4,000 V at 20�C; current limited to 50 lA/strip.

Strips not immediately processed after the first

dimension were stored at –70�C.

Before transfer to the second dimension, strips

were incubated for 10 min in 2 ml equilibration

buffer 1 (6 M Urea, 0.05 M Tris pH 8.8, 2% SDS,

20% glycerol, 2% (w/v) DTT) followed by 10 min

incubation in 2 ml equilibration buffer 2 (6 M

Urea, 0.05 M Tris pH 8.8, 2% SDS, 20% glycerol,

2.5% (w/v) iodoacetamide). The IPG strips were

loaded on top of lab-cast, 1 mm thick, SDS poly-

acrylamide gels (12.5% or 15%) and run at a con-

stant voltage of 160 V until the dye front reached

the gel border. Proteins were visualized by silver

staining according to Shevchenko et al. (1996).

Gels were scanned and converted to digital images

using an Alpha Innotech Imaging System (Alpha

Innotech Corporation, San Leandro, CA, USA).

Tandem mass spectrometry for analysis

of B. napus extracellular proteins

Protein spots were excised manually from gels

using a sterile pipette tip in a laminar flow hood

and stored at –80�C until subsequent analyses.

Individual or pooled gel spots (2–3 spots) from

silver stained gels were subjected to robot-con-

trolled automated gel digestion using trypsin

(Promega sequencing grade modified) and the

resulting peptides were extracted from the gel.

An arbitrary, 3 mm2, rectangular region from a

part of the gel where there was no visible protein

spots was used as a control. The tandem MS

experiments were performed by analyzing tryptic

peptide mixtures with an automated, on-line,

capillary LC HPLC (Waters, USA) coupled to a

Q-TOF MS/MS system (Micromass, UK). Tryptic

peptides were separated using a linear water/

acetonitrile gradient (0.2% Formic acid) on a

Picofrit reversed-phase capillary column, (5 lm

BioBasic C18, 300�A, 75 lm ID · 10 cm, 15 lm

tip) (New Objectives, MA, USA), with an in-line

PepMap column (C18, 300 lm ID · 5 mm; LC

Packings, CA, USA) used as a loading/desalting

column. Electrosprayed samples were scanned

from 400–1,600 m/z and MS/MS scans were col-

lected from 50–2,000 m/z. The resulting tandem

mass spectra were used for de novo peptide

sequence determination.

MudPIT (Multi-dimensional reverse-phase

chromatography with on-line tandem mass

spectrometry) for analysis of A. thaliana

extracellular proteins

Arabidposis thaliana extracellular proteins were

analyzed at the University of Victoria, British

Columbia Proteomics Centre. Protein samples

(150 lg) were digested with 10 lg of Porcine

trypsin (Promega), dissolved in 5% acetonitrile

with 3% Formic acid, and loaded onto a strong

cation exchange column (500 lm ID · 15 mm

BioX-SCX 5 lm, connected to Valve B of the

SwitchOS) and then gradually released to a

reverse phase column (300 lm ID · 1 mm Pep-

Map C18, 5 lm, 100�A nano precolumn LCPac-

kings/Dionex, connected to Valve A of the

SwitchOS) by stepwise elution with salt steps of

increasing molarity. The elute from this column

was allowed to divert to waste for 4 min using the

SwitchOSII, then the flowpath was diverted to the

Ultimate pumps and the sample was eluted onto a

75 lm ID · 15 cm PepMap C18 3 lm, 100�A

nanocolumn (LCPakings/Dionex LC Packings,

San Francisco, CA). The column was sleeved via

20 cm of 20 lm ID fused silica (PolyMicroTech-

nologies) to a Valco stainless steel zero dead
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volume fitting which had a high voltage lead

(2,500 V) and a 10 lm New Objective fused silica

tip emitter (PicoTipTM New Objective, Woburn,

MA) positioned at the orifice of an Applied

Biosystems/Sciex QStar Pulsar I Quadrupole

time-of-flight mass spectrometer coupled to a

Protana nanospray source (Proxeon, Denmark).

All MS analyses were performed on an MDS

SCIEX API QSTAR Pulsar in positive ion mode

(PE SCIEX Concord, Ontario, Canada).

The mass spectrometer independent data

acquisition parameters were as follows: after a 1 s

survey scan from 300–1,500 m/z peaks with signal

intensity over 10 counts with charge state 2–5

were selected for MS/MS fragmentation using

software determined collision energy. Next a two

second MS/MS from 65–1,800 m/z was collected

for the three most intense ions in the survey scan.

Further peptides were eluted from the SCX col-

umn using 50 ll volume of 25, 50, 75, 100, 150,

200, 250, 500, 1000, 2000 mmol ammonium ace-

tate pH 4.0 gradient and the above gradient was

performed for each salt injection.

Data analysis

For A. thaliana, the software used in the analysis

was ProID and the NCBI non-redundant database

was searched with an error tolerance of 0.15 Da

for both the MS and the MS/MS scans. ProID

enables the rapid identification of proteins from

LC/MS/MS data files. Every MS/MS spectrum in

the data file is used to search a protein or DNA

sequence database using the InterrogatorTM

Search algorithm. Interrogator Search is a data-

base-searching algorithm that uses fragment ion

masses to determine the identity of the peptide.

The results were then written by the software to a

Microsoft Access database. The resulting data-

base was then queried using a minimum confi-

dence limit of 50 and a protein score of 15 and the

oxidation of methionine was selected as a variable

modification. When multiple peptides were iden-

tified the score and best confidence are reported

for the peptide with the highest values.

For B. napus, protein identification from the

generated MS/MS data was first attempted by

searching the NCBI non-redundant database using

Mascot Daemon (Matrix Science, UK). Search

parameters included carbamidomethylation of

cysteine, possible oxidation of methionine and

one missed cleavage per peptide. When neces-

sary, the acquired MS/MS data were further

processed using MassLynx 4.0 software. De novo

peptide sequence determination was completed.

Database searching was carried out by submitting

the predicted peptides to MS-Blast (http://dove.

embl-heidelberg.de/Blast2/msblast.html) as well

as to MS-Homology (http://prospector.ucsf.edu/

ucsfhtml4.0/mshomology.html), to determine a

match to a homologous protein in other plant

species. For each protein spot, the candidate

ranked at the top of the list was considered a

probable positive identification. The presence of

putative signal peptides was predicted using the

TargetP Server v1.01 program (Emanuelsson

et al. 2000). The amino acid sequences of hypo-

thetical proteins were also analyzed by the

TMHMM prediction method for transmembrane

helices (Krogh et al. 2001). The Glycosylphos-

phatidylinositol (GPI) Modification Site Predic-

tion was done using the server http://mendel.imp.ac.

at/gpi/plant_server.html (Eisenhaber et al. 2003).

Development of an Extracytosolic Plant

Protein Database (EPPdb)

We have developed an on-line Extracytosolic

Plant Proteins Database (EPPdb; http://ep-

pdb.biology.ualberta.ca) providing information

about the extracytosolic proteins to the plant

biology committee (Wang et al. 2004). For B.

napus proteins, the individual protein entries are

hyperlinked to the relevant spots on an image

map created from the reference gel.

Results and discussion

Two-dimensional gel electrophoresis of

extracellular root proteins from B. napus and

A. thaliana

We optimized a sterile hydroponic system for

collection of root exudates from B. napus using

growth conditions adapted from protocols previ-

ously established for wheat (Basu et al. 1994,

1999). Changing the type of the lids (larger vent
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opening) resulted in healthier plants. Two-

dimensional gels of the extracellular plant pro-

teins of B. napus followed by silver staining

showed approximately 20–25 proteins spots

(Fig. 1). At least 4 gels were run for every analysis

and the profile was very consistent. Close exam-

ination of these gels indicated that there were an

additional 25–30 less abundant proteins. Two-

dimensional gel profiles were consistent between

independently collected batches, showing only

differences in spot intensity rather than in spot

number or position (data not shown). These

quantitative differences were likely the result of

variation in the amount of protein loaded onto

the gels between experiments and staining dif-

ferences. Figure 2 displays a silver-stained, two-

dimensional map of A. thaliana extracellular root

proteins separated by pH 3.0–6.0 IEF/15% gel

containing 20–25 abundant proteins and 30–35

less abundant proteins. Overall, the protein spots

were clearly resolved and the 2-D gel patterns

were highly reproducible (data not shown).

LC-MS/MS analysis of B. napus extracellular

plant proteins

In the most common bottom-up approach

(MALDI-TOF), proteomic studies rely on sepa-

ration of proteins by 2-dimensional gel electro-

phoresis, excision of individual protein spots from

the gel, cleavage reactions, extraction of peptides,

mass spectrometry and identification of proteins

by database searches (Pandey and Mann 2000).

Since our major obstacle to identifying peptides

was incomplete sequence information available

for the Brassica genome, peptide sequence anal-

ysis by tandem mass spectrometry, on-line liquid

chromatography coupled to Q-TOF MS/MS was

used for unambiguous identification of proteins.

The tandem mass spectrometer was used to

sequence peptides by generating fragments via

collision-induced dissociation, with subsequent

measurement of the masses of the fragments. The

resulting MS/MS spectrum was compared to a

theoretically generated spectrum from a database

of known proteins and ranked by score. However,

for most proteins there was no match found

by searching against a database of theoretical

sequences; thus de novo sequence analysis was

the only way to confirm the depicted sequences

and identify proteins. In addition to being a

method of primary peptide identification, de novo

sequencing algorithms can also be used to simply

filter out low-quality spectra. For determining

peptide sequences via de novo sequencing, all

spectra were interpreted manually using known

rules and established principles (Medzihradszky

and Burlingam 1994).

Bioinformatic analyses of the sequences

derived from de novo peptide sequence determi-

nation were then performed against the database

using the MS-Homology and MS-Blast programs.
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Fig. 1 Two-dimensional maps showing separation of B.
napus extracytosolic root proteins by pH 4.0–7.0 IEF/15%
gel (A) and pH 3.0–6.0 IEF/12.5% gel (B). Gels were

stained with silver nitrate. The resulting images were
cropped to focus in on areas where most of the spots were
visible
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An example for one of the peptides (precursor

ion MH+ 722.38 from spot 1 of Fig. 1) is shown in

Fig. 3. The high confidence limit settings that

were used in the analysis of the peptide data

coupled with the identification of multiple pep-

tides for most of the proteins, allowed for the

unambiguous identification of individual proteins

using this technique.

In total, 25 of the 50–60 B. napus protein spots

resolved by 2-D gel electrophoresis were excised

from gels, and analyzed by tandem mass spec-

trometry. These spots were chosen because they

were well resolved and more abundant when

visualized with silver staining. The identities of 16

of these extracellular proteins (and the matching

sequences) are listed in Table 1. The experimen-

tally determined isoelectric points and molecular

masses of the proteins were generally consistent

with the predicted molecular masses and isoelec-

tric points of the corresponding proteins from the

database (Table 1). The discrepancy between the

experimental and theoretical values observed for

some proteins might be explained by proteolytic

degradation of polypeptides during sample prep-

aration, post-translational modification events, or

variability arising from alternate splicing of

mRNAs. Other studies have observed similar

levels of discrepancy between the predicted and

experimental molecular masses and isoelectric

points of proteins identified by mass spectrometry

(Chang et al. 2000). Three of our most abundant

root extracellular proteins (spot 1, MW 23 kD, pI

5.0; spot 2, MW 23 kD, pI 5.2 and spot M6, MW

21 kD, pI 5.25 from Fig 1) have been identified as

putative trypsin inhibitors (Table 1). Protein

spots 1 and 2 migrated in the gel with a similar

molecular mass but with a different isoelectric

point (Fig 1). Protein spots 56 and 58, which also

exhibited similar molecular weight to each other

and different isoelectric points, were identified as

endochitinases (Fig 1B). Spots 8 and 14 (Fig 1A)

that have different molecular weights and iso-

electric points matched to the same Stellacyanin

(uclacyanin 3)-like protein (Q9LY37). These

modifications suggest that these proteins are

either closely related isoforms of the same protein

or are identical proteins with different post-

translational modifications.

MudPIT analysis of A. thaliana extracellular

plant proteins

While two-dimensional gel electrophoresis is a

powerful technique for protein separation, it has a

number of inherent limitations. Consequently we

studied the extracellular proteome of A. thaliana

by using MudPIT technology. Multidimensional

chromatography coupled to tandem mass spec-

trometry (LC/LC-MS/MS) represents a promising

alternative for proteome analysis (Peng et al.

2003; Whitelegge 2003). We used an online

approach for 2D chromatography, where an

extracellular protein mixture from A. thaliana

roots was applied to an SCX chromatography

column and discrete fractions of the adsorbed

peptides were subsequently displaced directly

onto the RP chromatography column using a salt

step gradient. Peptides were then eluted and

analyzed by tandem mass spectrometry. Both the

MS and MS/MS scans were further analyzed by

searching against the NCBI non-redundant data-

base. The resulting database was then queried

with a minimum confidence limit of 50 and a score

of 15 using this approach. We have obtained the

identity of 52 A. thaliana extracellular proteins

(Table 2).

3.7 5.6

31 kD -

21.5 kD -

14.4 kD -

15% 2nd dimension

pI

MW
(kD)

Fig. 2 Two-dimensional map showing separation of
A. thaliana extracytosolic root proteins by pH 3.0–6.0/
15% gel. Gel was stained with silver nitrate. The resulting
image was cropped to focus in on areas where most of the
spots were visible
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Target P and TMHMM analyses

of extracellular plant proteins

Most extracellular proteins possess various dis-

tinct features responsible for their translocation

from the cytoplasm into the extracellular envi-

ronment. One of these features is the presence of

a cleavable signal peptide on the N-terminus that

is responsible for targeting them to ER, the first

organelle in the secretory pathway (Vitale and

Denecke 1999). The signal peptide does not

possess a consensus amino acid sequence, but is

characterized by three conserved domains; the

positively charged n-region on the N-terminus,

and a central hydrophobic h-region followed by

a polar c-region containing the cleavage site.

Another feature of extracellular proteins (and all

soluble or non-membrane proteins) is the absence

of transmembrane domains in their amino acid

sequences. In the secretory pathway, proteins

leave the ER for the Golgi complex where they

are packaged into vesicles destined for the plasma

membrane, the site of secretion to the extracel-

lular matrix (Vitale and Denecke 1999; Crofts

et al. 1999). If an extensive hydrophobic domain

is present in the protein, then it gets embedded in

the plasma membrane, and the absence of such a

domain would result in secretion to the extracel-

lular matrix.

We continued our bioinformatic analysis by

identifying signal peptides and determining the

presence/absence of transmembrane domains of

these extracytosolic proteins. The plant predictor

version of TargetP, which predicts the subcellu-

lar location of eukaryotic protein sequences

(Emanuelsson et al. 2000) was used for the anal-

ysis of signal peptides of extracytosolic proteins.

The first 130 residues (size recommended in

TargetP instructions) from the N-terminus of

each of the top hits were submitted to TargetP.
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TargetP provides a Reliability Class (RC) value,

which is a measure of the size of the difference

between the highest and the second highest out-

put scores. Of the 16 identified proteins from B.

napus, 12 were predicted to be secretory with a

RC value of 1. Of the 52 proteins identified from

A. thaliana, 25 were predicted to be secretory

with a RC value of 1 (26 proteins in total had an

RC of 1). Six A. thaliana proteins were identified

as secretory with RC value of 2 (15 proteins in

total had an RC of 2).

We identified several proteins in the extracy-

tosolic proteomes of apparently proven function

that were not anticipated to reside in the extra-

cellular environment on the basis of previous

studies (e.g., CuZnSOD—O81352 in B. napus and

H84681 in A. thaliana). The amino acid sequences

also don’t show the presence of an identifiable

signal peptide that could target them for secre-

tion. However, the possibility of alternate splicing

of mRNA, which could be tissue-specific, has to

be considered. An alternative transcript could

encode a signal peptide, which could account for

secretion of the protein. For example, the inter-

leukin-1 receptor antagonist protein exists in two

forms, one is intracellular and the other is extra-

cellular. Both forms are derived from the same

gene by alternate splicing, resulting in one having

a signal peptide for secretion, and the other

lacking the signal peptide and so becoming

localized intracellularly (Vamvakopoulos et al.

2002). In addition, the inevitable errors in

assigning start codons and intron–exon bound-

aries may also explain the apparent lack of iden-

tifiable signal peptides in sequences of the

proteins. Furthermore it is increasingly being

found that proteins can be located in more than

one cellular compartment serving multiple roles

(Slabas et al. 2004).

TMHMM (Krogh et al. 2001), a hidden Mar-

kov model for predicting transmembrane helices

in protein sequences, was used to investigate

whether transmembrane domains were predicted

in the top hits. The majority of the amino acid

sequences that were identified as top hits based

on the analysis from both B. napus and A. thali-

ana extracellular proteins were predicted to con-

tain no transmembrane domains, which is

expected for secreted proteins (Tables 1, 2). A

few of the proteins had 1 or 2 hydrophobic

domains (e.g., Q9ZUJ8, Q96316 in B. napus and

Q8LAP0, Q8LEU7 and O80517 in A. thaliana).

Further analysis of these hydrophobic domains

suggested that they are GPI anchor modifications

regions (based on big-II plant predictior; Eisen-

haber et al. 2003) and/or signal peptides (based on

analysis of TargetP results). Glycosylphosphat-

idylinositol (GPI) anchors are posttranslational

modifications, which act to attach proteins to the

luminal side of the ER membrane and after

vesicular transport to the extracellular leaflet of

the plasma membrane. The B. napus (Q96316)

and A. thaliana (O80517 and I39698) proteins that

were predicted to contain GPI-anchor modifica-

tion sites were also predicted to contain secretory

signal peptides (RC of 1). Proteins that are GPI-

anchored can be released from the plasma mem-

brane to form soluble proteins. The presence of a

signal peptide or GPI anchor modification site

does not always result in the prediction of a

transmembrane domain. Analysis of the big-P
plant predictor results for all of the proteins re-

vealed additional putative GPI-anchored proteins

(Q8H794, Q8LE41, and NP_671770.1 in A. tha-

liana and Q9LY37 in B. napus), all of which were

also predicted to contain signal peptides (RC of 1

or 2, with the exception of NP_671770.1 that had

a RC of 3). Five of the A. thaliana proteins

(Q39131, Q9ZUF6, Q9FLG1, O42342 and

I39698) were predicted to contain a hydrophobic

region for which the possibility of a transmem-

brane domain cannot be excluded.

Functional classification of extracellular

proteins for the prediction of cellular function

Classification of all proteins according to their

function is necessary to get an overview of the

functional repertoire of extracellular proteins. We

completed a functional classification of the extra-

cellular proteins of both B. napus and A. thaliana

(Table 3) using the Pfam protein family database

(Bateman et al. 2004; http://www.sanger.ac.uk/

Software/Pfam/). Pfam is a comprehensive

collection of protein domains and families, with a

range of well-established uses including genome

annotation. Pfam families match 75% of protein

sequences in Swiss-Prot and TrEMBL. The
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extracellular proteins we identified were catego-

rized into different families including glycoside

hydrolases, pathogenesis-related proteins, trypsin

and protease inhibitor, plastocyanin-like domain

proteins, copper zinc superoxide dismutases,

ubiquitin, protease inhibitor/seed storage/lipid

transfer proteins, transcription factors, class III

peroxidase gene, and plant basic secretory pro-

teins, BSP (Table 3).

Construction of a web-accessible protein

database

In order to facilitate future analysis of the extra-

cellular proteome from other plant species, an on-

line database (http://eppdb.biology.ualberta.ca)

containing all of the B. napus identified proteins

was established (Wang et al. 2004). The database

provides an overview of the project, 2-D maps

showing the protein locations, and descriptions of

the identified proteins (which are further cross-

referenced to SWISSPROT/TrEMBL). Protein

tables page containing the data from Table 1

giving information about the pI/MW, peptide se-

quence data obtained after LC-MS/MS and de

novo sequencing of all the proteins with the

accession number of the top hit is included in the

database. We have also included all the protocols

used during the course of this project in this

database (Wang et al. 2004). The database con-

tains protein entries for all B. napus extracellular

root proteins identified to date. The format of

protein entries is similar to that in SWISS-PROT/

TrEMBL and SWISS-2DPAGE. This database

will be further expanded with data from Arabid-

opsis.

Advantages and disadvantages of different

experimental tools for plant proteome analysis

In this study we obtained the identity of extra-

cytosolic root proteins from both sequenced

(A. thaliana) and unsequenced (B. napus) gen-

omes, using two different mass spectrometric

approaches. For most of the proteins identified

from B. napus, peptide sequences from MS-MS

spectra were determined using de novo sequenc-

ing algorithms after filtering out low-quality

spectra. As manual sequencing and validation of

database results is time-consuming and not fea-

sible for the analysis of a large number of pro-

teins, we were successful in obtaining the identity

of 16 proteins from a total of 50–60 proteins in the

B. napus extracellular proteome. In contrast,

MudPIT analysis of extracellular proteins from

A. thaliana resulted in the identification of 52

(from a total of 55–65 proteins).

One of the reasons for the lower number of

proteins identified from B. napus compared to

A. thaliana could be the inherent technical limi-

tations of 2-D gel electrophoresis. These include

the limited ability to fractionate specific classes of

proteins, including hydrophobic proteins and

glycoproteins, or the limited dynamic range of the

technique, which makes it difficult to visualize

low abundance proteins (Rose et al. 2004). The

inability to automate several steps in 2-D gel

electrophoresis limits throughput and results in

greater experimental variability (Rose et al.

2004). Given the limitations, an alternative, ‘gel-

less’ approach (MudPIT) provided an excellent

means to identify proteins from A. thaliana.

However, the connectivity between peptides and

proteins is lost when complex protein samples are

digested in MudPIT analysis. This loss of con-

nectivity does not exist in identification of pro-

teins extracted from 2D gels based on the

digestion of purified protein (Nesvizhskii and

Aebersold 2004). Furthermore, in spite of the

MudPIT technology being more sensitive, it could

not be used for analysis of B. napus extracellular

proteins in the absence of a sequenced genome.

Protein analysis of organisms with incompletely

sequenced genomes is a challenging task. Even

when using well annotated databases, sequence

specific fragmentation or side chain fragmenta-

tion of peptides may result in false positive

identifications. In this context, de novo sequenc-

ing of peptides proved to be a promising tool for

the analysis of data of B. napus.

In summary, experimental evidence for the

existence of specific proteins in root exudates of

A. thaliana and B. napus can serve as a platform

for future work to investigate the role of extra-

cellular proteins in the development and stress

resistance of plants. Engineering the rhizosphere

to elicit benefits such as suppression of soil-borne

crop diseases, phytoremediation, optimization of

374 Plant Soil (2006) 286:357–376

123



nutrient supply, production of plant growth pro-

moting substances, and improvement of plant–

soil–water relations offers a new approach to land

management. Practical manipulation and engi-

neering of the rhizosphere can only be facilitated

by the development of a better understanding of

biological interactions in the root environment.
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