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Abstract Membrane proteins are of great interest to plant

physiologists because of their important function in many

physiological processes. However, their study is hampered

by their low abundance and poor solubility in aqueous

buffers. Proteomics studies of non-model plants are gen-

erally restricted to gel-based methods. Unfortunately, all

gel-based techniques for membrane proteomics lack

resolving power. Therefore, a very stringent enrichment

method is needed before protein separation. In this study,

protein extraction in a mixture of chloroform and methanol

in combination with gel electrophoresis is evaluated as a

method to study membrane proteins in non-model plants.

Benefits as well as disadvantages of the method are dis-

cussed. To demonstrate the pitfalls of working with non-

model plants and to give a proof of principle, the method

was first applied to whole leaves of the model plant

Arabidopsis. Subsequently, a comparison with proteins

extracted from leaves of the non-model plant, banana, was

made. To estimate the tissue and organelle specificity of

the method, it was also applied on banana meristems.

Abundant membrane or lipid-associated proteins could be

identified in both tissues, with the leaf extract yielding a

higher number of membrane proteins.

Keywords Chloroform/methanol extraction � Leaf �
Meristem � Non-model � Plant membrane proteomics

Abbreviations

2DE Classical two-dimensional

electrophoresis

C/M Chloroform/methanol

MS Mass spectrometry

S/N Signal-to-noise ratio

(d)SDS PAGE (Double) sodium dodecylsulfate

polyacrylamide electrophoresis

TMH Transmembrane helix

Introduction

Membrane proteins play a crucial role in many physio-

logical processes and are therefore of great interest to plant

physiologists. Classical two-dimensional electrophoresis

(2DE) is the most commonly applied technique to study

plant proteins (Carpentier et al. 2005, 2008b; Agrawal and

Rakwal 2006; Jorrin et al. 2007). Unfortunately, one main

drawback is that 2DE fails to analyze integral membrane

proteins with multiple membrane spanning domains (Braun

et al. 2007; Rabilloud et al. 2008). Indeed, due to their

hydrophobic nature, membrane proteins are difficult to

extract and dissolve in aqueous buffers and tend to pre-

cipitate during isoelectric focusing (Santoni et al. 2000).

The relatively low abundance of membrane proteins is

another challenge to the study of membrane proteins (i.e.,

‘‘the abundance problem’’). The presence of more abundant

soluble proteins makes the detection and identification of

membrane proteins troublesome (Santoni et al. 2000).

Therefore, the addition of a subcellular or biochemical

fractionation step is essential for a successful membrane

proteome study. Commonly used fractionation techniques
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in plant membrane proteomics include differential cen-

trifugations and salt or alkaline treatments, as reviewed by

Ephritikhine et al. (2004).

Proteomics in non-model plant species is currently

restricted to protein separation techniques with sufficient

resolving power (i.e., gel-based separations) combined

with cross-species identification (Wilkins and Williams

1997). In case the resolution is too low, multiple proteins

are digested simultaneously resulting in a complex peptide

pool in which peptides that are derived from the same

protein can no longer be associated with each other (i.e.,

‘‘the identification problem’’). Consequently, a combina-

tion of masses of non-related peptides is used for database

searching, thereby enhancing the risk of false positive

identifications. This is especially true for the shotgun

approach where the protein extract is digested prior to

separation (Haynes and Roberts 2007). Additionally, pro-

teomics studies on non-model plants require the application

of tandem mass spectrometry (MS/MS) to retrieve identi-

fications (Carpentier et al. 2008b). In the MS mode, pep-

tides with a high signal-to-noise ratio (S/N) are selected for

further fragmentation to obtain more informative data on

the parent ion mass, enlarging the probability of obtaining

significant hits. The S/N of a peptide not only depends on

the abundance of the protein from where it is derived, but

also on its ease to desorb and ionize and on its m/z. For this

reason, the peptides with the highest S/N in a complex

peptide mixture might be derived from different proteins.

In case such intense peptides are less or not informative

(i.e., not conserved in a sequenced species), identification

will fail since more homologous peptides with a lower S/N

will not be selected for MS/MS. However, when the pep-

tide mixture consists of a limited amount of peptides,

which are all derived from one protein, the informative

peptides with a lower S/N have a bigger chance of being

selected for MS/MS, making protein identification

possible.

All published methods for membrane proteomics are

limited in resolution (Braun et al. 2007). Therefore, a very

stringent enrichment step is needed prior to protein sepa-

ration. A simple strategy to enrich a protein mixture with

highly hydrophobic proteins is to extract them in a mixture

of chloroform and methanol (C/M). This extraction method

was first presented in 1951 by Folch et al. as a way to

extract lipids from brain tissue (Folch et al. 1951). Now-

adays, the method is still popular as a protein precipitation

method (Jiang et al. 2004). It has been observed that some

proteins do not precipitate and remain soluble in the mix-

ture of chloroform and methanol. Henriques and Park

were the first to characterize C/M-soluble proteins from

spinach chloroplast membranes and demonstrated that the

C/M-soluble fraction is enriched in proteins containing a

high number of hydrophobic amino acids (Henriques and

Park 1976). Joyard et al. thoroughly characterized the

proteins found soluble in the organic phases of different

ratios of chloroform to methanol (Joyard et al. 1982;

Seigneurin-Berny et al. 1999). In the following years, the

method was applied to study hydrophobic proteins of

purified chloroplast envelope (Ferro et al. 2002, 2003) and

thylakoid (Friso et al. 2004) membranes, and of mito-

chondrial (Brugiere et al. 2004), tonoplast (Schmidt et al.

2007) and plasma membranes (Marmagne et al. 2004).

In this study, we evaluate whether C/M extraction is a

suitable method to analyze membrane proteins from total

cellular lysates of a non-model plant. Chloroform/methanol

extraction was combined with one- as well as two-

dimensional gel electrophoresis (dSDS). Resolution of both

separations was compared. The method was applied on a

model (Arabidopsis) and a non-model (banana) plant to

demonstrate the difficulties associated with non-model

studies. To evaluate organelle specificity, the method was

also applied to non-green tissue, namely banana shoot

apical meristems (Musa spp.).

Although banana (Musa spp.) is one of the most impor-

tant food crops in the world, only 1% of the Musa

genome is currently sequenced (http://www.Musagenomics.

org/). Moreover, banana is only distantly related to

sequenced monocots, which makes cross-species identifi-

cation challenging (Aert et al. 2004; Lescot et al. 2008).

Therefore, banana can be considered as a good representa-

tive of a non-model plant. The presence of very high levels

of oxidative enzymes, phenol compounds and carbohydrates

makes the study of the banana proteome even more

challenging (Carpentier et al. 2005).

The aim of this study was to demonstrate the difficulties

encountered in proteomics studies on non-model plants by

comparing results obtained in a model and non-model

plant. Since membrane proteins are very interesting, but

troublesome to analyze, a method to enrich membrane

proteins to facilitate membrane proteomics studies was

evaluated. This overview of the merits and disadvantages

of C/M extraction estimates its value and is a basis for

membrane proteomics studies in non-model plants.

Materials and methods

Plant material

Arabidopsis thaliana var. Columbia plants, kindly provided

by F. Rolland (K. U. Leuven, Belgium), were grown using

a daily cycle of 12-h light (75 lmol m-2 s-1) at 22�C and

12-h darkness at 18�C and 50% relative humidity. After

2 months, leaves were harvested and immediately frozen in

liquid nitrogen. Plantlets of the banana cultivar Mbwazir-

ume (ITC0084) were obtained from the Bioversity
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International Musa collection at K. U. Leuven, Belgium.

Banana plants were grown in the greenhouse with 27� and

20�C of respective day and night temperatures, a 12-h

photoperiod and 80% relative humidity. Leaves were col-

lected from 1-year-old plants. Multiple shoot meristem

cultures were initiated as described by Strosse et al. (2006)

and subsequently maintained on a standard control medium

containing 0.09 M sucrose (i.e., Murashige and Skoog

medium supplemented with benzylaminopurine). All cul-

tures were kept in the dark at 25�C. After 1 month of

culture, meristems were grinded in liquid nitrogen.

Protein extraction

After grinding in liquid nitrogen, 200–400 mg material

(fresh weight) was transferred to 1 ml of ice-cold

extraction buffer, containing 100 mM Tris–HCl (pH 8.3),

5 mM EDTA.Na2, 100 mM KCl, 1% DTT and complete

protease inhibitor cocktail (Roche, Mannheim, Germany).

Samples were added to an ice-cold chloroform/methanol

mixture in the ratio 1/9 as described by Seigneurin-Berny

et al. (1999) and carefully mixed. Different C/M ratios

were tested. Samples were incubated on ice for 30 min

and centrifuged at 16,000g (4�C) for 1 h. Pellets were

washed overnight in ice-cold acetone containing 0.2%

DTT. Organic phases were collected and proteins that

were soluble in these phases were precipitated overnight

at -20�C by addition of 1 ml cold di-ethylether. After

centrifugation at 4�C (16,000g for 1 h), pellets were

solubilized in 100 mM Tris–HCl (pH 6.8), 4% SDS.

Total protein extract was retrieved after trichloroacetic

acid (TCA) precipitation. As much as 100 ll of sample

was added to 1.9 ml of 10% TCA in ice-cold acetone

with 0.2% DTT and precipitated overnight. After 1 h of

centrifugation at 16,000g (4�C), pellets were washed with

ice-cold acetone containing 0.2% DTT. The pellets were

dissolved in the same SDS buffer as the C/M-soluble and

insoluble proteins. The protein concentration was mea-

sured using a micro-Bradford membrane protein assay as

described by Zuo and Lundahl (2000) and samples were

stored at -80�C.

Protein separation

After thawing, loading buffer was added up to a final buffer

concentration of 3% SDS, 75 mM Tris–HCl (pH 6.8), 15%

glycerol, 3.5 M urea, 1% DTT and 0.05% bromophenol

blue. Samples were heated at 37�C for 30 min and briefly

centrifuged. Equal amounts (40 lg) of proteins were loa-

ded and proteins were separated via SDS PAGE. For

dSDS separation of banana leaf proteins, 90 lg of sample

was loaded. For all separations, the Laemmli protocol

(Laemmli 1970) was used.

One-dimensional separation

For 1D separation, a 10–15.5% hyperbolic gradient gel

(18 9 24 cm, 1.5 mm), generated by a 2DE optimizer

(NextGen Sciences, Alconbury, UK) was used. The stacking

gel consisted of 4% acrylamide (Bio-Rad laboratories,

Hercules, CA, USA). Gels were run overnight at 2 W/gel at

12�C.

Two-dimensional separation

For dSDS PAGE, gels were poured manually. The sepa-

rating gel of the first dimension (18 9 24 cm, 1 mm)

consisted of 10% acrylamide, while the second dimension

separating gel (26 9 20 cm, 1.5 mm) contained 15%

acrylamide. Both stacking gels contained 4% acrylamide.

The dSDS protocol was performed as described by Rais

et al. (2004) with slight modifications. Urea was omitted

from the gel since the identification of highly hydrophobic

proteins was desired (Rais et al. 2004). After a first

dimension separation, lanes were excised, swollen for

45 min in buffer (100 mM Tris, 0.2% DTT, pH 2.0) and

placed on top of the second dimension gels. Gaps between

the excised gel lane and the spacer were filled with agarose

sealing solution containing 0.5% agarose, 0.002% bromo-

phenol blue and 19 Laemmli buffer. The first dimension

was run overnight at 2 W/gel at 12�C. Second dimension

gels were run at 20�C. For entering and protein migration

through the stacking gel, 2 W/gel was applied. After 1.5 h,

the power was increased to 16.7 W/gel.

All gels were stained with G-250 Colloidal Coomassie

(Serva, Heidelberg, Germany; Neuhoff et al. 1988).

Image analyses

Gel images were captured with labscan 5 software (GE

Healthcare) and analysis of 1D and 2D images was per-

formed using Quantity One (Bio-Rad) and Image Master

2-D platinum (GE healthcare) software, respectively.

Protein identification

After Coomassie blue staining and image analysis, spots

were manually picked. In-gel digestion with trypsin and

analysis of the tryptic peptides by MALDI TOF-TOF was

performed at the ‘‘Centre de Recherche Public Gabriel

Lipmann’’ in Luxembourg. For digestion, the Ettan dalt

spot handling workstation (GE Healthcare) was used. After

reduction and alkylation, gel pieces were washed and

desalted first in 50 mM ammonium bicarbonate/50% v/v

methanol and subsequently in 75% (v/v) acetonitrile

(ACN). After adding 8 ll of a Trypsin Gold solution

(5 ng ml-1) in 20 mM ammonium bicarbonate (Promega,
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Madison, WI, USA) to the dried gel plugs, samples were

incubated at 37�C for 6 h. After extraction and drying, the

resulting peptides were dissolved in 3 ll of a 50% ACN

solution containing 0.1% trifluoroacetic acid (TFA) and

0.7 ll of each well was spotted on disposable MALDI-TOF

target plates (Applied Biosystems, Foster City, CA, USA).

Spotted peptides were mixed with 0.7 ll of a-cyano-4-

hydroxycinnamic acid (7 mg ml-1, 50% ACN/0, 1% TFA)

and allowed to air dry.

Mass spectrometrical analyses (MS and MS/MS) were

carried out using the Applied Biosystems 4800 Proteomics

Analyzer in positive electron mode, externally calibrated

using the peptide mass calibration kit, according to the

manufacturer’s instructions (Applied Biosystems).

An in-house Mascot platform was used for searching

against the NCBI Viridiplantae database and the NCBI

Musa EST database. The searching parameters allowed two

missed cleavages, a tolerance of 0.50 Da on MS/MS

fragments and 100 ppm on precursor mass, as well as

carbamidomethylation on cysteine as a fixed modification.

Double oxidation and kynurenin formation of tryptophan

and oxidation of methionine were allowed as variable

modifications. The probability score (Mowse score, Perkins

et al. 1999) calculated by the software was used as a cri-

terion for accurate identification. Estimation of false posi-

tive rates was made by searching a decoy database with the

same search criteria. This decoy database was composed of

the proteins present in the NCBI Viridiplantae database and

from which the amino acid composition was randomly

scrambled. Search against this database gave no significant

hits at the MS/MS level.

Prediction methods

Identifications obtained by the NCBI Viridiplantae and

MUSA EST search were blasted in batch against the

Swissprot database using the blastcl3 tool, which interacts

directly with the NCBI BLAST server (http://www.ncbi.

nlm.nih.gov/staff/tao/URLAPI/netblast.html). The ProtParam

tool of the ExPASy server (http://ca.expasy.org/) was used to

calculate the grand average of hydropathicity (GRAVY)

score (Kyte and Doolittle 1982) and other parameters such as

the theoretical pI and Mr. The number of transmembrane

domains was calculated by the TMHMM Server v 2.0 (http://

protfun.net/services/TMHMM/), Phobius (http://phobius.

cbr.su.se/), HMMTOP (http://www.enzim.hu/hmmtop/)

(Tusnady and Simon 2001) and the Aramemnon Web site

(http://aramemnon.botanik.uni-koeln.de).

Sequence alignments were performed using the Clu-

stalW2 tool of the European Bioinformatics Institute

(http://www.ebi.ac.uk/Information/).

Protein location was predicted using the Target P server

(http://www.cbs.dtu.dk/services/TargetP/) and functional

domains were predicted by Pfam (http://pfam.sanger.ac.uk/).

Information on Arabidopsis proteins was obtained from

the ARAMEMNON and TAIR (http://www.arabidopsis.

org/) Web site. Results were evaluated and updated

according to the information found in the plant proteome

database (http://ppdb.tc.cornell.edu/).

Results and discussion

Since C/M extraction was not yet evaluated for use on

whole cell lysates, the ratio of chloroform to methanol

(ranging from 0/9 to 8/1) yielding the highest amount of

proteins was determined for Arabidopsis as well as for

banana, as recommended by Rolland et al. (2006). Because

the C/M method has a bias toward smaller proteins

(Brugiere et al. 2004), the protein patterns of the organic

phases of the different ratios were compared using opti-

mized 1D gradient gels (10–15.5%, hyperbolic gradient).

As illustrated in Fig. 1, only in the C/M ratios of 3/6 to 6/3,

a considerable amount of proteins remained soluble in the

organic phase, irrespective of the plant species. Since the

5/4 ratio resulted in the highest number of bands and the

highest total peak intensity, this ratio was chosen for fur-

ther analyses for both Arabidopsis and banana. As pre-

dicted by Bligh and Dyer (1959), only one organic phase

and a white pellet containing the insoluble proteins was

obtained using this ratio. Since also lipids and pigments

were extracted in the organic phase, they were further

eliminated through protein precipitation with diethylether.

Chloroform/methanol extraction of leaf proteins

of the model plant Arabidopsis to assess

the ‘‘abundance identification’’ problem

Resolution: 1D gradient SDS versus dSDS PAGE

The main constraint for protein identification in non-model

plants is the lack of genomic information. Hence, a suffi-

cient separation power to separate proteins from each other

is indispensable. For that reason, the resolution of a 1D

separation (Fig. 1a, 5/4 lane) was compared with that of a

2D separation (Fig. 2). Double SDS was chosen as 2D

technique, since it is considered to be superior to separate

and visualize highly hydrophobic proteins in comparison

with, for example, benzyldimethyl-n-hexadecylammonium

chloride (16-BAC)-gels (Burre et al. 2006). Proteins solu-

ble in 5/4 C/M were separated on a 10–15.5% hyperbolic

gradient gel (Fig. 1a). A total of 25 bands were picked; 23

gave rise to identifications and in 48% (11 out of 23) of the

bands more than one protein was identified (Online

Resource S2). From the dSDS gel, 29 spots were picked, 27

resulted in identifications and only in 19% of the spots
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(5 out of 27) two or more proteins were identified. This is a

good indication that implementing a second dimension

improves resolution and will thus simplify the final tryptic

digest. Moreover, dSDS allowed the study of protein iso-

forms like the mitochondrial and peroxisomal form of

NAD-dependent malate dehydrogenase (Fig. 2). These

Fig. 1 Proteins from

Arabidopsis (a) or banana (b)

leaves, extracted in organic

phases of different ratios of

chloroform to methanol

separated on a 10–15.5%

(hyperbolic acrylamide

gradient) SDS gel and

Coomassie Brilliant Blue

stained. Molecular masses

(kDa) of a protein standard are

indicated on the left; C/M ratios

are shown on top. At the bottom,

the total peak intensity (91,000)

as calculated by the Quantity

One software (Bio-Rad) is

given. The numbers are

indicative of the bands, which

were cut for protein

identification. Identifications are

given in the Online Resource S2

Fig. 2 Double SDS gel of

proteins from Arabidopsis
leaves soluble in 5/4 C/M. As

much as 40 lg of extract was

loaded. Numbers indicate the

number of the spot,

corresponding to one or more

identified proteins described in

Online Resource S1 and S2.

Molecular masses of standard

proteins are indicated on the

left. The gel was Coomassie

Brilliant Blue stained. The

enlargement in the left lower

corner shows that proteins that

are detected in one band on the

1D gradient gel (Fig. 1a, band

8) are dispersed in two spots on

the 2D gel
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were detected in two different spots on the dSDS gel (spots

48 and 49, respectively), while on the 1D gel they were

located in one band (band 8).

However, the application of dSDS also has its disad-

vantages: the resolution remains limited (Rabilloud et al.

2008) and the introduction of an extra dimension is inev-

itably associated with loss of proteins. Due to this protein

loss and the fact that protein identification depends on

protein abundance and peptide intensities, protein identi-

fications after one- or two- dimensional SDS PAGE com-

plemented each other.

In total, the extraction of Arabidopsis leaf proteins in a

5/4 C/M mixture and 1D and dSDS separation yielded 36

different protein identifications (Online Resources S1 and

S2). This number is of the same order of magnitude as the

37 proteins identified by Ferro et al. in a study of Ara-

bidopsis chloroplasts (Ferro et al. 2003) and the 31 proteins

reported by Brugiere et al. (2004) in a study of the mito-

chondrial proteome. This underlines that the C/M method

is very selective.

As already observed by Henriques and Park (1976) and

Brugiere et al. (2004), only proteins with a low Mr were

present in the C/M-soluble phase. High Mr proteins prob-

ably precipitate during C/M extraction. Schroder and

Hasilik (2006) proposed the addition of a halogenic acid

and an extra phase separation to recover these high Mr

membrane proteins. However, this extra phase separation

is associated with additional significant protein losses

(Schroder et al. 2007).

Increase in abundance of membrane proteins

by chloroform/methanol extraction

One of the major problems in identifying membrane pro-

teins in whole cell lysates is their low abundance compared

to water-soluble proteins. It is therefore important to

evaluate whether C/M extraction indeed results in an

extract that is enriched in membrane proteins and depleted

in highly abundant water-soluble proteins. The total protein

extract from Arabidopsis leaves was compared with the

protein extracts that are soluble and insoluble in C/M

(Fig. 3). Some representative proteins were identified as

proof of principle (Table 1). The most abundant protein in

the total leaf (T) as well as in the C/M insoluble (I) extract

was identified as the large chain of Rubisco (Fig. 3, band

numbers 1 and 2). It was almost completely absent in the

C/M-soluble (S) fraction. The most heavily stained bands

of the C/M-soluble fraction contained proteins associated

with light-harvesting complex II such as chlorophyll a-/b-

binding proteins (band numbers 9 and 10). Those mem-

brane proteins were clearly depleted from the insoluble

fraction, but could be identified in the total protein fraction.

Other membrane proteins, such as the photosystem II

44-kDa protein (band numbers 3 and 4), could also be

identified in the total cell lysate. Less abundant integral

membrane proteins such as photosystem II Qb protein

(band number 6) could only be detected in the C/M-soluble

fraction. This was indicative of an enrichment in integral

membrane proteins in the C/M-soluble fraction.

Fig. 3 Proteins soluble (S) and insoluble (I) in a 5/4 C/M mixture

compared to the total protein content (T) of Arabidopsis leaves on a

uniform 10% acrylamide gel. As much as 40 lg of proteins was

loaded. Gel was Coomassie Brilliant blue stained. Molecular masses

of the protein standard (kDa) are indicated on the left. Some

representative bands (numbered) were cut for protein identification

(Table 1, Online Resource S2)
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Protein extraction of a whole cell lysate: chloroform/

methanol extraction versus classical 2DE

The main motivation to perform C/M extraction combined

with gel electrophoresis was to complement classical 2DE

studies and to find an approach to study membrane proteins

in non-model plants. To evaluate whether membrane pro-

teins were indeed identified, the number of transmembrane

helices (TMH) was determined. Different prediction pro-

grams are available of which TMHMMv2.0 is reported to

be the best (Moller et al. 2001). The TMHMMv2.0 server

predicted that only 22% of the C/M-soluble proteins were

transmembrane proteins. The plant-specific membrane

database, Aramemnon, uses a consensus of 17 prediction

programs and predicted that 58% of the obtained proteins

were integral membrane proteins (Schwacke et al. 2003).

Using the HMMTOP server (Tusnady and Simon 2001),

the number of transmembrane proteins was much higher

and reached 72%. These differences clearly demonstrate

that setting the threshold of the prediction too strict might

result in false negative results, while setting it too broad

might result in false positives. Therefore, Aramemnon was

preferred. However, in silico predictions should be vali-

dated by localization studies, which will be instrumental to

improve the algorithms and make them more plant specific.

We compared our results with a published 2DE map of

Arabidopsis leaf proteins. Giavalisco et al. (2005) pub-

lished such a map. Although the authors took special pre-

cautions to increase the number of membrane proteins on

the 2DE gels, proteins containing more than one trans-

membrane helix were not identified. As much as 70% of

our proteins extracted with C/M could not be found on

Table 1 Proteins identified in the bands depicted in Fig. 3

gia Name Band number GRAVY score TMH

C/M sol (S) Total (T) C/M insol (I)

7525041 Rubisco large chain / 1 2 -0.272 0

7525029 Photosystem II 44-kDa protein 3 4 / 0.252 6

18420348 Probable fructose-bisphosphate aldolase 2 / 4 5 -0.167 0

8131597 Photosystem II Qb protein 6 / / -0.062 8

15240013 33-kDa oxygen-evolving protein / 7 8 -0.327 0

16374 Chlorophyll a-/b-binding protein 9 10 / -0.056 2

a gi number, name, the band where the protein was identified, GRAVY score and number of transmembrane helices (TMH; determined by

TMHMM v2.0) are shown. C/M sol (S) = proteins soluble in a 5/4 C/M mixture; total (T) = total protein extract after TCA precipitation; C/M

insol (I) = proteins insoluble in a 5/4 C/M mixture

Fig. 4 Location of Arabidopsis
leaf (a) or banana leaf (b) and

meristem (c) proteins extracted in

a 5/4 C/M mixture. Information

was retrieved from the Target P

server (http://www.cbs.dtu.dk/

services/TargetP/) and the plant

proteome database

(http://ppdb.tc.cornell.edu)
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this 2DE map (Online Resource S1), which confirms that

C/M extraction complements classical 2DE and leads to an

enrichment of hydrophobic proteins.

Most of the identified proteins were associated with the

chloroplast thylakoid membrane (Fig. 4a) and were

involved in photosynthesis (78%). A detailed study of the

location and function of the obtained proteins was not

performed, as protein functions have already been

discussed in previous papers (Ferro et al. 2003; Friso et al.

2004).

Reproducibility

Because reproducibility of the C/M extraction is essential,

a comparison with related publications on plants was made.

Henriques and Park (1976) reported that more than 50% of

Table 2 Proteins identified after C/M extraction of a whole banana leaf lysate combined with one-dimensional gradient (1D) or dSDS (2D)

PAGE

Accessiona Closest homolog Mr pI TMH AA/TMH GRAVY Location Spot/band number

1D 2D 2 DE

Q40433 Photosystem I psaH protein (Nicotiana
sylvestris)

15.3 9.95 0 / -0.134 Chloroplast thylakoid 44

O24045 Rubisco small subunit (Musa acuminata) 20.5 8.78 0 / -0.242 Chloroplast stroma 17 42 x

Q9SUI4 Photosystem I reaction center subunit XI

(Nicotiana attenuata)

23.1 9.85 0 / 0.31 Chloroplast thylakoid 15

Q41039 Lhca4 (Pinus sylvestris) 26.8 7.12 0 / -0.093 Chloroplast thylakoid 21

Q94JA2 Malate dehydrogenase (mitochondrial)

(Oryza sativa)

35.5 8.74 0 / 0.076 Mitochondrion 37

O49124 Putative serine-glyoxylate

aminotransferase (Fritillaria agrestis)

44.1 7.63 0 / -0.012 Others 3 47 x

Q6V8T3 Chlorophyll a-/b-binding protein type I

(Malus 9 domestica)

15.6 5.05 1 147 0.116 Chloroplast thylakoid 22

MUSF352TF Rieske FeS protein precursor

(Cytochrome b6-f complex iron-sulfur

subunit)

23.9 8.55 1 225 -0.08 Chloroplast thylakoid

O64450 Lhcb1*9 (Nicotiana sylvestris) 28.3 5.48 1 267 0.016 Chloroplast thylakoid 29

P93260 Glycolate oxidase (Mesembryanthemum
crystallinum)

31.3 9.16 1 75 0.011 Peroxisome 4 36

Q0ILQ0 Peroxisomal malate dehydrogenase

(Oryza sativa)

37.4 8.09 1 145 0.181 Peroxisome 6 34 x

Q67HN4 Cytochrome b-559 alpha subunit

(Cartonema philydroides)

8.6 4.75 2 110 0.193 Chloroplast thylakoid 45

MUSO477TF Photosystem I reaction center subunit V 13.2 10.47 2 64 0.192 Chloroplast thylakoid 44

P15192 Chlorophyll a–b-binding protein type 2

member 2 (Pinus sylvestris)

16.1 4.79 2 75 0.156 Chloroplast thylakoid 28

P36494 Chlorophyll a–b-binding protein CP24

(Solanum lycopersicum)

27.8 6.15 2 131 0.085 Chloroplast thylakoid 24

Q6ZF30 Putative chlorophyll a-/b-binding protein

of LHCII type III (Oryza sativa)

28.8 5.82 2 133 0.025 Chloroplast thylakoid 11 26

1908421A Light-harvesting complex IIa protein

(Hordeum vulgare)

31.3 5.33 2 143 -0.149 Chloroplast thylakoid 30

P05643 Cytochrome b6/f complex subunit IV

(Zea mays)

17.5 6.56 3 53 0.551 Chloroplast thylakoid 15

Q8HTU2 Photosystem II D2 protein (Columnea
sp. Lindqvist and Albert 30)

83.2 6.66 9 59 0.372 Chloroplast thylakoid 1,2,5,6,7

Q7YJY8 Photosystem II D1 protein (Calycanthus
floridus)

82.5 6.89 11 67 0.120 Chloroplast thylakoid 33

a Swissprot or MusaEST accession number, the closest protein homolog, physicochemical properties; relative molecular masses (Mr, 91,000), pI,
the number of transmembrane helices (TMH, determined by Aramemnon), GRAVY scores and the location are shown. The number of the bands

on the gradient gel (Fig. 1b) or the spots on the dSDS gel (gel not shown) of the identified proteins are indicated as well as whether the proteins

were also identified on a classical 2DE map of banana leaf proteins (Carpentier et al. 2008a)
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the total C/M-soluble proteins are present in a 25-kDa

band. This band was specified further as containing the

main component of the light-harvesting chlorophyll–pro-

tein complex (LHC). The most abundant proteins found in

the C/M fraction are indeed associated with LHC II and

have a molecular mass of approximately 25 kDa (Figs. 1,

2, 3). The majority of the 36 identified proteins (28) were

previously reported (Online Resource S1), 22 of them in

the study of the thylakoid proteome by Friso et al. (2004).

The other eight proteins were not previously reported to be

C/M soluble, but were not identified as membrane proteins.

This might be an indication that a mixture of chloroform

and methanol extracts a higher number of non-membrane

proteins from a total cellular lysate compared to purified

membrane structures.

Chloroform/methanol extraction applied

to the non-model plant banana

Extraction of leaf proteins to allow comparison

with the model plant Arabidopsis

The above results obtained with Arabidopsis leaf extracts

demonstrated that C/M extraction combined with gel

electrophoresis (1) yielded more than 50% transmembrane

proteins, (2) complemented 2DE studies and (3) was a very

stringent and reproducible method. The latter was desirable

to cope with the limited resolution of gel-based separation

techniques for membrane proteins.

When applying the method on leaf extracts of the non-

model plant banana, 20 different proteins were identified

using both the 1- and 2D approach (Table 2, Online

Resource S2). This corresponds to an average identification

rate of 61%, which was comparable to the identification

rate in our 2DE analyses of banana (Carpentier et al.

2008a), but which was significantly lower than the 92.5%

obtained with Arabidopsis.

Using cross-species identification and the Aramemnon

database, 70% of the identified proteins were predicted to

be transmembrane proteins. However, as stated above, care

should be taken to consider a protein as being a real

transmembrane protein, especially when working with non-

model organisms and consequently relying on cross-spe-

cies identification. As in Arabidopsis, most proteins were

associated with chloroplast thylakoids and participated in

the photosynthesis process.

The majority of the identified proteins (Table 2) could

not be located on our previously generated 2DE map of

banana leaf proteins (Carpentier et al. 2008a). This

map, like most 2DE maps, did not reveal membrane

proteins with more than one transmembrane domain

(Carpentier et al. 2008a). Only the putative serine-glyoxylate

aminotransferase, peroxisomal malate dehydrogenase and

Rubisco small subunit were detected using both classical

2DE and C/M extraction combined with gel electrophoresis.

The identification of the Lhcb1*9 isoform demonstrates

the need of an increased availability of DNA sequences of

more plant species. The plant kingdom is characterized by

the existence of many multigene families, which give rise

to protein isoforms. In case the protein isoform of a non-

model plant slightly differs from that of a model plant,

there is a chance that peptides with the highest S/N are

derived from a region that differs in amino acid sequence.

Indeed, the peptides that led to the identification of

Lhcb1*9 differ from the homologous peptides of the five

Arabidopsis Lhcb1 isoforms (Online Resource S3).

Extraction of meristem proteins to determine the specificity

of C/M extraction

To determine whether C/M preferentially extracts proteins

that are associated with a specific organelle, the method

was applied on total cellular extracts of shoot apical mer-

istems. In contrast to leaves, meristems are non-green tis-

sues containing undifferentiated, but actively metabolizing,

cells. Their cytoplasm contains a large number of cell

organelles, a lot of small vacuoles and an endoplasmic

reticulum that is associated with ribosomes (Helliot et al.

2003). Proplastids are not yet differentiated to chloroplasts,

so a different C/M-soluble proteome was expected in

comparison with leaves (Carpentier et al. 2007).

Fig. 5 Banana meristem

(mer) and leaf (leaf)
proteins soluble in a

5/4 C/M mixture separated

on a 10–15.5% gradient

gel and Coomassie Brilliant

Blue stained. Molecular

masses (kDa) of a protein

standard are indicated

on the left
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First, the optimal C/M ratio was determined as described

above for leaves (data not shown). Again, the 5/4 C/M ratio

was selected. Extracted proteins were separated on a 10–

15.5% gradient gel. Figure 5 clearly demonstrates that

meristem and leaf protein band patterns are highly dis-

similar and that the meristem lane contains a higher

number of protein bands. In total, 35 non-redundant

proteins were identified (Table 3; Online Resource S1 and

S2). As could be expected, protein IDs from the meristem

cells differed from those found in the leaf extract except for

the mitochondrial form of malate dehydrogenase.

Only the most abundant proteins could be identified.

Meristematic cells are fast dividing cells, associated with a

high level of protein synthesis and consequently a high

Table 3 Proteins identified after C/M extraction of a whole banana meristem lysate combined with one-dimensional gradient (1D) SDS PAGE

Accessiona Closest homolog Mr pI TMH GRAVY Location

A7Q777 Chromosome chr18 scaffold_59, whole genome shotgun sequence (Vitis vinifera) 39.18 5.39 1 -0.153 Cell wall

P38076 Cysteine synthase (Triticum aestivum) 34.11 5.48 0 0.07 Cytosol

P48534 L-ascorbate peroxidase, cytosolic (Pisum sativum) 27.06 5.52 0 -0.332 Cytosol

P29448 Thioredoxin H-type 1 (Arabidopsis thaliana) 12.67 5.64 0 0.034 Cytosol

Q5JL11 Putative soluble inorganic pyrophosphatase (Oryza sativa subsp. Japonica) 23.62 5.88 0 -0.31 Cytosol

O23714 Proteasome subunit beta type-2-A (Arabidopsis thaliana) 22.54 5.95 0 -0.034 Cytosol

P34921 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic (Dianthus caryophyllus) 36.9 6.46 0 -0.143 Cytosol

Q9AYP4 40S ribosomal protein S10 (Oryza sativa) 20.26 9.76 0 -0.878 Cytosol-

ribosome

Q8H0X6 Cysteine proteinase inhibitor 6 (Arabidopsis thaliana) 23.47 5.66 1 -0.353 Endomembrane

system

Q07078 Heat shock protein 81-3 (Oryza sativa) 80.18 4.98 0 -0.599 Mitochondrion

Q9FWR4 Glutathione S-transferase DHAR1, mitochondrial (Arabidopsis thaliana) 23.64 5.56 0 -0.173 Mitochondrion

P47922 Nucleoside diphosphate kinase 1 (Pisum sativum) 16.46 5.94 0 -0.064 Mitochondrion

P17783 Malate dehydrogenase, mitochondrial (Citrullus lanatus) 33.24 6.26 0 0.135 Mitochondrion

P27084 Superoxide dismutase [Mn], mitochondrial precursor (Pisum sativum) 25.82 7.16 0 -0.269 Mitochondrion

Q6K548 Mitochondrial outer membrane protein porin (Oryza sativa subsp. Japonica) 29.09 7.21 18 b -0.16 Mitochondrion

O48646 Probable phospholipid hydroperoxide glutathione peroxidase 6, mitochondrial

(Arabidopsis thaliana)

19.61 7.85 0 -0.277 Mitochondrion

A5AHP2 Chromosome chr15 scaffold_37, whole genome shotgun sequence-Putative

uncharacterized protein (Vitis vinifera)

31.95 9.61 1 -0.124 Mitochondrion

Q2PF08 ADP,ATP carrier protein 1, mitochondrial (Trifolium pratense) 39.9 9.84 3 0.007 Mitochondrion

Q9LT08 26S proteasome non-ATPase regulatory subunit 14 (Arabidopsis thaliana) 34.35 6.31 0 -0.243 Nucleus

A7PF22 Chromosome chr11 scaffold_13, whole genome shotgun sequence (Vitis vinifera) 15.69 6.1 1 0.113 Nucleus-cytosol

Q7XLR1 Probable aquaporin PIP2-6 (Oryza sativa) 29.96 9.08 5 0.483 Plasma

membrane

P04907 Glutathione S-transferase 3 (Zea mays) 23.72 6.06 0 0.066 Plastid

Q08682 40S ribosomal protein Sa-1 (Arabidopsis thaliana) 32.29 5.05 0 -0.316 Ribosome

P59263 Ubiquitin (Arabidopsis thaliana) 8.52 6.56 0 -0.445 Ribosome

B9IJE3 Predicted protein (Populus trichocarpa) 35.87 5.55 0 -0.016 Unknown

P49036 Sucrose synthase 2 (Zea mays) 92.94 6.03 0 -0.282 Unknown

P52578 Isoflavone reductase homolog (Solanum tuberosum) 33.85 6.16 0 -0.063 Unknown

Q6L4X6 Os05g0508400 protein (Oryza sativa) 66.32 7 0 -0.448 Unknown

A9PIA4 Predicted protein-Putative uncharacterized protein (Populus trichocarpa) 24.28 7.02 0 -0.028 Unknown

Q0DIK0 Os05g0383000 (Oryza sativa) 17.89 7.7 1 -0.222 Unknown

Q39613 Peptidyl-prolyl cis–trans isomerase (Catharanthus roseus) 18.28 8.36 0 -0.27 Unknown

Q0J8X2 Os04g0683100 protein (Oryza sativa) 29.1 9.82 0 -0.392 Unknown

P21616 Pyrophosphate-energized vacuolar membrane proton pump (Phaseolus aureus) 79.85 5.32 15 0.647 Vacuole

P24091 Endochitinase B (Nicotiana tabacum) 31.47 8.31 0 -0.322 Vacuole

P07979 Lichenase (Nicotiana plumbaginifolia) 37.48 9.63 1 -0.128 Vacuole

a Swissprot accession number, the closest protein homolog, physicochemical properties; relative molecular masses (Mr, 91,000), pI, the number

of transmembrane helices (TMH, determined by Aramemnon), GRAVY scores and the location are shown
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abundance of ribosomal proteins. Moreover, the expression

of proteasome subunit genes is elevated since plant cell

division is linked to a timely proteolysis of several cell

cycle regulators and a rapid formation and removal of

structures such as the spindle apparatus and phragmoplast

(Kurepa and Smalle 2008). This implies a high abundance

of proteins that are involved in the ubiquitination process

and explains the identification of ubiquitin, superoxide

dismutase and proteasome subunits. Due to the presence of

a high number of small vacuoles in meristem cells, vacu-

olar proteins such as endochitinase were detected. Also

cyclophilin (peptidyl-prolyl cis–trans isomerase) is a

highly abundant protein in meristematic tissue (Nuc et al.

2001). Again, mainly low molecular mass proteins were

identified and no correlation between the different physico-

chemical parameters could be demonstrated.

Most proteins were located in mitochondria (Fig. 4c).

However, the location of the identified proteins was more

diverse in meristems compared with leaves (Fig. 4b). This

is of no surprise since leaf cells are specialized in photo-

synthesis, while meristem cells are still undifferentiated.

The number of identified membrane proteins was lower

compared to leaves (29%). Nevertheless, the pyrophos-

phate-energized vacuolar membrane proton pump, which

contains 15 TMH, could be detected.

We hypothesize that also non-membrane proteins are

extracted with a mixture of chloroform and methanol

because proteins soluble in C/M are able to associate with

lipids or contain a short hydrophobic region as mentioned

by Rolland et al. (2006). It was, for example, demonstrated

that the cytosolic form of nucleoside diphosphate kinase

associates with membranes of a wide variety of intracel-

lular compartments in humans (Mitchell et al. 2009). Also,

GAPDH was reported to associate with subcellular mem-

branes in a rather unspecific way (Zinser and Daum 1995).

Mitochondrial and chloroplast proteins could still be

associated with their transit peptide at the moment of C/M

extraction. The monomeric form of malate dehydrogenase

was shown to associate with phospholipid vesicles,

whereas the native dimer did not (Webster et al. 1980).

Also, the phospholipid hydroperoxide glutathione peroxi-

dase is able to bind phospholipds. Glutathione S-transferase

contains a hydrophobic binding site because it links glu-

tathione to a hydrophobic substrate to detoxify endo- and

xenobiotic compounds (Neuefeind et al. 1997). This

hypothesis was also valid for some proteins without a

predicted TMH identified in the C/M-soluble fraction of

leaves. Aldolases are for example major components of

chloroplast plastoglobules, which are lipid-rich structures

(Ytterberg et al. 2006). Also, some proteins of the photo-

synthetic apparatus, like photosystem I psaH and Lhca4

protein, were detected in these globules.

Evaluation of the method

To estimate the value of chloroform/methanol extraction as

a method of studying membrane proteins from total cellular

lysates, a comparison was made with reports that utilized

Table 4 Comparison of the number of membrane proteins identified after chloroform/methanol (5/4) extraction of different samples

Organellea Separation

method

TMH

prediction

NR proteins

identified

Membrane

proteins

Non-membrane

proteins

Percentage

of membrane

proteins

Spinach chloroplast (envelope)

(Ferro et al. 2002)

1D SDS PAGE HMMTOP 53 42 11 79

Arabidopsis chloroplast (envelope)

(Ferro et al. 2003)

geLC HMMTOP 37 34 3 92

Arabidopsis mitochondria

(Brugiere et al. 2004)

geLC HMMTOP 31 22 9 71

Arabidopsis plasma membrane

(Marmagne et al. 2004)

1D SDS PAGE and geLC Aramemnon 59 32 27 54

Cauliflower vacuoles (tonoplast)

pH 4 (Schmidt et al. 2007)

geLC Aramemnon 43 27 16 63

Cauliflower vacuoles (tonoplast)

pH 6 (Schmidt et al. 2007)

geLC Aramemnon 30 19 11 63

Arabidopsis total leaf 1D and dSDS PAGE Aramemnon 36 21 17 58

Banana total leaf 1D and dSDS PAGE Aramemnon 20 14 6 70

Banana total meristems 1D SDS PAGE Aramemnon 35 10 25 29

a The tissue where the extraction was performed on, the method of separating the proteins (geLC: combination of SDS PAGE and liquid

chromatography), the prediction program for TMH and the number of identified proteins [total non-redundant (NR), membrane, and non-

membrane proteins] are shown. The percentage of membrane proteins was calculated based on these numbers
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the same C/M ratio (i.e., 5/4) to study membrane proteins

from purified membrane structures Table 4). These data

indicate that C/M extraction is more suitable for membrane

proteome studies on chloroplasts compared to other

organelles. A possible explanation is the presence of highly

abundant membrane proteins in chloroplasts compared to

other membrane structures in which the proteome is more

diverse (e.g., the plasma membrane). The higher number

could also be partly explained by the less stringent criteria

HMMTOPv2.0 uses for prediction of TMH. Indeed, it

predicted 72% of the C/M extracted proteins from Ara-

bidopsis leaves to be transmembrane proteins.

Extracts from total cellular lysates contain less mem-

brane proteins in comparison with extracts from purified

organelles. In studies on Arabidopsis chloroplasts, 42 of

53 (Ferro et al. 2002) and 34 of 37 (Ferro et al. 2003)

extracted proteins were identified as integral membrane

proteins. In the total leaf extract, 21 of 36 proteins were

predicted to contain at least one transmembrane helix.

This lower ratio can be explained by the presence of

abundant non-membrane proteins in the total extract,

which are removed through purification of the organelle.

The lower number of identified membrane proteins from

meristem samples can be explained by its more diverse

proteome with a smaller number of abundant membrane

proteins.

We conclude that a 5/4 mixture of chloroform and

methanol is able to extract abundant membrane proteins

of up to 15 TMH. In combination with SDS PAGE and

cross-species identification, it can be considered as a

valuable tool to study membrane or membrane-associated

proteins of a non-model plant in a reproducible way.

However, also abundant non-membrane proteins, probably

associated with lipids at the moment of extraction, are

retrieved. Regarding its high selectivity, it is recom-

mended to use the method in combination with other

extraction methods designed for membrane proteins.

Chloroform/methanol extraction can especially be useful

in membrane proteome studies of fractions where one

protein is highly abundant (e.g., chloroplasts). Indeed, it

allows the study of proteins, which are otherwise difficult

to analyze, because they are masked by the presence of

Rubisco.
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