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ABSTRACT. To establish a proteomic reference map of Musa 
acuminate Colla (banana) leaf, we separated and identified leaf 
proteins using two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE) and mass spectrometry (MS). Tryptic digests of 44 spots 
were subjected to peptide mass fingerprinting (PMF) by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS. 
Three spots that were not identified by MALDI-TOF MS analysis were 
identified by searching against the NCBInr, SwissProt, and expressed 
sequence tag (EST) databases. We identified 41 unique proteins. The 
majority of the identified leaf proteins were found to be involved in 
energy metabolism. The results indicate that 2D-PAGE is a sensitive 
and powerful technique for the separation and identification of Musa 
leaf proteins. A summary of the identified proteins and their putative 
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functions is discussed.

Key words: Musa acuminate Colla; Proteomics; Two-dimensional gel 
electrophoresis; MALDI-TOF MS

INTRODUCTION

Two key steps in classical proteomics are the separation of proteins and their subse-
quent identification. In a standard approach, two-dimensional polyacrylamide gel electropho-
resis and mass spectrometry are combined (Deutsch 2012). Two-dimensional PAGE, in which 
proteins are separated according to their isoelectric point in the 1st dimension and according 
to their molecular weight in the 2nd dimension, remains the separation technique preferred by 
many researchers for global and comparative analyses of proteins. MS has essentially replaced 
the classical technique of Edman degradation in protein identification because it is more sensi-
tive and can be used for protein mixtures and because it offers much higher throughput (Zuber 
et al., 2010). There are two main approaches to MS protein identification. In peptide mass fin-
gerprinting, the unknown protein is digested with a protease of known specificity, such as tryp-
sin. By determining the masses of the resulting peptides, a mass map or mass fingerprint can be 
obtained. This mass map is then compared with predicted mass maps of proteins within the da-
tabase. The tandem mass spectrometric method relies on fragmentation of individual peptides 
to obtain sequence information (Smith, 2002; Yin et al., 2002; Huber and Rupasinghe, 2009).

Several plant proteomic studies have been published to date. Some have focused on 
organelle or subcellular proteomes, such as the chloroplast (Zybailov et al., 2009; Imad et 
al., 2011) or the mitochondria (Yamaguchi et al., 2002; Cui et al., 2011; Fuchs et al., 2011; 
Klodmann et al., 2011), whereas others have focused on a specific tissue, such as Arabidopsis 
seeds (Rajjou et al., 2008; Hélène et al., 2010), maize roots (Bhakti et al., 2009; Saleem et 
al., 2010), and maize leaves (Bhakti et al., 2009; Majeran et al., 2012). Large-scale projects 
for identifying proteins from multiple tissues of the barrel medic (Watson et al., 2003; Achref 
et al., 2011), rice (Fuhrs et al., 2010; Helmy et al., 2011), and Arabidopsis (Cui et al., 2011; 
Fernandez-Calvino et al., 2011) have also been reported.

Musa acuminate Colla (banana) is one of the most important food crops in the world 
and provides a staple food and source of income for many households. A protein reference 
map has not yet been reported for Musa leaf. As a 1st step to study the stress physiology of 
Musa, we separated and identified Musa leaf proteins from normal plants by using 2D-PAGE 
gels and matrix-assisted laser desorption/ionization time-of-flight MS. 

MATERIAL AND METHODS

Plant material 

Micropropagated Cavendish banana plantlets were obtained from the Musa Germ-
plasm Center of Hainan. All plantlets were transplanted into plastic cups containing water, 
fertilized regularly with a nutrient solution, and were maintained in a greenhouse at 18°/25°C 
with a 16-h natural sunlight/8-h dark photoperiod. After 4 weeks, the plantlets developed a 
strong root structure and were transferred to an aeroponic system. Plants were watered daily. 
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Four biological replicate samples were used for protein extraction and 2D-PAGE analysis. 
Samples were immediately frozen in liquid nitrogen and stored at -80°C prior to analysis. 

Protein extraction from leaves

Frozen leaf samples were homogenized to a fine powder using a pestle in a liquid 
nitrogen-precooled mortar. We used 500 mg powdered tissue. The protocol was performed 
according to a study by Natarajan et al. (2005) with some modifications. The powdered tissue 
was suspended in 2.5 mL extraction buffer I (500 mM Tris-HCl, pH 7.8, 50 mM ethelyne-
diaminetetraacetic acid, 2% β-mercaptoethanol, 2 mM phenylmethanesulfonyl fluoride) and 
vortexed for 5 min at 4°C. An equivalent volume cold Tris-buffered phenol, pH 7.8-8.0, was 
added and vortexed for 5 min at 4°C and centrifuged at 8000 g for 15 min at 4°C. The phenol 
phase was recovered and precipitated with four volumes cold methanol and stored overnight at 
-20°C. After centrifugation at 8000 g for 15 min at 4°C, the pellet was rinsed with cold metha-
nol and centrifuged three times at 20,000 g for 5 min each at 4°C. The pellet was air-dried, 
resuspended in the lysis buffer, and centrifuged at 20,000 g for 60 min at 4°C. The supernatant 
was saved for analysis and stored in aliquots at -80°C.

Protein quantification

The protein concentration was determined using a Bio-Rad Protein Assay (Bio-Rad) 
with bovine serum albumin (BSA) as the standard. 

Two-dimensional gel electrophoresis

2D-PAGE analysis was performed according to the Bio-Rad instrument operating man-
ual. One hundred ninety grams sample protein was diluted with rehydration buffer (7 M urea, 2 
M thiourea, 65 mM dithiothreitol (DTT), 4% 3-[(3-Cholamidopropyl) dimethylammonio]-1-pro-
panesulfonate (CHAPS), 0.5% immobilized pH-gradient (IPG) buffer, 0.002 % bromophenol 
blue) to a final volume of 350 µL and rehydrated overnight onto IPG strips (13 cm, pH 3-10; Bio-
Rad). The isoelectric focusing (IEF) assay was performed with the PROTEAN IEF Cell system 
(BioRad) at 20°C with a current limit of 50 mA/strip: 12 h at 50 V, 3 h at 300 V, 6 h at 1000 V, 3 
h at 5000 V (gradient), and 50,000 Vh at 10,000 V. Before the 2nd dimension separation, the IPG 
strips were equilibrated for 15 min in 10 mL equilibration buffer (6 M urea, 20% glycerol, 2% 
sodium dodecyl sulfate (SDS), 0.002% bromophenol blue, 50 mM Tris, pH 8.8) containing 2% 
DTT, and subsequently for 15 min in 10 mL equilibration buffer containing 2.5% iodoacetamide. 
The 2nd dimension separation was performed on the PROTEAN II xi Cell system (BioRad) on 
12% SDS polyacrylamide gels under the following conditions: 10 mA per gel for 30 min, 25 mA 
per gel for 7.5 h. The gels were stained with the Silver Stain Plus Kit (Bio-Rad). The gel images 
were captured using the VersaDoc Imaging System (Bio-Rad) and analyzed using Image the Mas-
ter 2-D Platinum v. 5.0 software (GE Biosciences, Uppsala, Sweden).

Gel trypsin digestion

Randomly selected spots were excised manually from the gels and transferred into 
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0.5 mL Eppendorf tubes. The samples were digested following the protocol described by 
Wang Ying with some modifications (Wang et al., 2006). Briefly, the spots were washed 
twice with distilled water and destained with 15 mM potassium ferricyanide and 50 mM 
sodium thiosulfate and dehydrated in acetonitrile (ACN) followed by 25 mM ammonium 
bicarbonate. After re-dehydrating in ACN and drying, the proteins were digested over-
night at 37°C with 10 mg/mL trypsin (Promega, Madison, WI, USA) in 25 mM ammo-
nium bicarbonate. Subsequently, the peptides were eluted from the gel plugs and extracted 
in 67% ACN/2.5% trifluoroacetic acid (TFA) and evaporated in a Speedvac (ThermoSa-
vant, Milford, MA, USA).

Mass spectrometry analysis

Mass spectrum analysis was performed as described in the study by Quiala et al. 
(2012) with minor variations. The peptides were suspended in a minimal volume using sample 
diluent (30% ACN/0.1% TFA), deposited onto a MALDI plate, and analyzed with the 4800 
plus MALDI TOF/TOF Analyzer (Applied Biosystems, Foster City, CA, USA). Alpha-cyano 
hydroxycinnamic acid (CHCA) was used as the matrix at 5 mg/mL in 50% ACN/0.1% TFA. 
A PMF was acquired in reflector mode in the mass range of 900-4000 Da, with an accelerat-
ing voltage of 20 kV. The seven most abundant ions from the MS analysis were subjected to 
MS/MS analysis. The 4700 Proteomics Analyzer Calibration Mixture (Applied Biosystems) 
was used as a standard in both MS and MS/MS procedures. The MS (PMF) combined with 
fragment mass (MS/MS) was analyzed using the GPS Explorer software (V3.6, Applied Bio-
systems) in the NCBInr database and using the MASCOT search engine (Matrix Science, 
London, UK). The search parameters were as follows: taxonomy restrictions to Viridiplantae 
(green plants), trypsin digest with one missed cleavage allowed, mass tolerance = 80 ppm, 
fragment mass (MS/MS) tolerance = 0.3 Da, variable modification = carbamidomethyl (C) 
and oxidation (M), monoisotopic, and peptide charge = +1. Proteins with a score above the 
threshold (P < 0.05) were considered to be positive.

RESULTS 

Separation of banana leaf proteins

Protein extraction was performed according to a previously described protocol using 
phenol. We used immobilized pH gradient strip (18 cm, pH 3-10) with relative molecular 
masses of 10-120 kDa. The gel experiments were performed three times, and showed a high 
level of productivity. The arrowed and numbers in the figure refer to spots were identified. 
About 800 protein spots were detected on each gel using the PDQuest 7.1 software. A 
representative 2D-PAGE protein pattern of banana leaf is presented in Figure 1.

Identification and functional classification of the proteins by MALDI-TOF MS

The identified of the proteins were determined using MALDI-TOF MS. Forty-four 
proteins were identified, and showed in Table 1. All of the proteins identified were classed 
into 6 functional categories using the methods of Bevan et al. (1998): immunity and defense, 
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energy/glycolysis/glyoxylate cycle/gluconeogenesis, energy/photosynthesis, metabolism, 
oxidation reduction, amino acid metabolism, and unknown (Figure 2). The most abundant 
proteins were including in the energy category, and some of these proteins appeared as 
multiple spots.

Figure 2. Assignment of the proteins identified to functional categories using the classification described by Bevan 
et al. (1998). A total of 41 spots representing 32 different proteins were classified. If a spot contained two proteins, 
it was counted twice.

Figure 1. Coomassie-stained 2D-PAGE gel of separated banana leaf proteins. Proteins were separated in the 1st 
dimension on IPG strip pH 3.0-10.0 and in the 2nd dimension on 12.5% polyacrylamide SDS gel. The number of 
spots was identified, and the derived data are presented in Table 1.
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The proteins in involved in immunity and defense were beta-1,3-glucanase (spot 5), 
endochitinase (spots 17-20), glucan endo-1,3-beta-glucosidase (spot 3), low molecular weight 
heat shock proteins (spots 1,22 and 23), peptidyl-prolyl cis-trans isomerase (spot 15), and 
stress-induced protein SAM22 (spot 44). The identified proteins involved in glycolysis/gly-
oxylate cycle were Malate dehydrogenase (spot 6), Glyceraldehyde-3-phosphate (spot 21), 
Glycolate oxidase (spot 2), Lactoylglutathione lyase (spot 29), and 26s protease regulatory 
subunit (spot 35). Photosynthesis-related proteins included ferredoxins (spots 10-14 and 43), 
ribulose-1,5-bisphosphate (spot 33), chlorophyll a-b binding protein (spot 4), Oxygen-evolv-
ing enhance protein (spot 7), NADP-malate dehydrogenase (spot 37), and Ribulose-phosphate 
3-epimerase (spot 9). The proteins involved in metabolism were 20S proteasome (spot 32), 
and Chaperonin groEL (spot 40). The oxidation reduction-related proteins were superoxide 
dismutase (spot 26, 27, 28 and 31). Glutamine synthetase (spot 34), and vitamin-b12 indepen-
dent methionine synthase (spot 42) were involved in amino acid metabolism. 

Five proteins were classified as unknown. They are related to protein kinase C 
interacting protein (spot 30), related to tetratricopeptide repeat domain (spot 39), related to 
peptidase M1 family containing aminopeptidase N (spot 41), predicted protein (spot 25), and 
Os01 g0805300 (spot 8).

DISCUSSION

Extraction of proteins from plant tissues is a great challenge because they contain abun-
dant of pigments and secondary metabolites (Koay and Gam; 2011). Banana leaves may contain 
a high level of polyphenols as well as other compounds that coprecipitation with proteins. We 
separated banana leaf proteins using a phenol-based protocol. The 2D-PAGE and subsequent 
mass spectrometry analysis demonstrated that the phenol-based protocol is a suitable method 
for extracting proteins from banana leaf. The use of phenol improves precipitation by reducing 
interference from other compounds in plant samples (Rose et al., 2004; Lei et al., 2007).

In the present study, approximately 49% of the identified protein spots were found 
to be involved in energy metabolism (Figure 2). The main function of a plant leaf is energy 
harvesting, conversion, and storage. Therefore, it is not surprising that a significant number 
of abundant proteins in the leaf proteome are involved in energy metabolism. Rubisco is the 
primary enzyme in photosynthetic carbon fixation and the likely rate-limiting factor for photo-
synthesis under light-saturated conditions and atmospheric CO2 pressure (Makino et al., 1985; 
Taiz and Zeiger, 2002).

Among the spots identified, 12 spots were found to be involved in immunity and 
defense. Immunity and defense proteins are stress-related and are important in cell activities, 
including stabilizing protein folding in response to stimuli, preventing denaturation or refold-
ing of denatured proteins, and regulating many signal transduction pathways (Georgopoulos 
and Welch, 1993; Leone et al., 2000; Muccilli et al., 2009).

In this study, 12 proteins had multiple spots: endochitinase proteins (spots 17-20), 
ferredoxin-NADP reductase (spots 10-14), and superoxide dismutase (Cu-Zn) (spots 26, 27, 
and 28). Several factors may be responsible for this phenomenon. The migration of proteins 
on a 2D-PAGE gel is sensitive to small structural differences. These spots might be different 
isoforms derived from different genes of a multigene family. The complex genome of banana 
is expected to contain multiple copies of many genes, and the distinct biophysical properties 
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might be due to amino acid sequence differences in the different isoforms. Alternatively, one 
gene product may undergo different co- and/or post-translational modifications that can affect 
its pI and/or Mr. The multiple spots corresponding to one protein could also be a consequence 
of artificial modification of proteins, such as carbamylation (Berven et al., 2003). However, ap-
propriate precautions were used to prevent artificial modifications, and the multiple spots were 
reproducible. Therefore, it is unlikely that proteins were damaged during sample preparation.

Bioinformatic protein sequence analysis has shown that proteins with at least one 
transmembrane-spanning domain constitute approximately 20% of all proteins in the eukary-
otic genome (Stevens and Arkin, 2000). These proteins are often underrepresented in 2D-
PAGE analysis because the hydrophobic transmembrane region can cause the proteins to pre-
cipitate during IEF (Molloy et al., 1998; Santoni et al., 2000). The presence of plant proteins in 
2D-PAGE is relative to their average hydropathicity score (Millar et al., 2001). Most proteins 
identified in this study were expected to be soluble, given that phenol precipitation results in 
the loss of integral membrane proteins (Wang et al., 2000). Nevertheless, we found some spots 
that were identified as integral membrane proteins, such as chlorophyll a-b binding protein 
(spot 4) and oxygen-evolving enhanced protein (spot 7). These light-harvesting complexes 
are highly abundant in the thylakoid membranes of plant chloroplasts (Gomez et al., 2000). 
Therefore, a small fraction of these proteins was extracted during the sample preparation.

Banana is an important economic fruit in the tropics, and there are few studies related 
to the banana proteome. This is the 1st report of protein extraction from banana leaf, and the 
results will be useful for further banana proteomics studies.
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