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Abstract Plant desiccation-related proteins (DRPs) were

first identified as pcC13-62 from the resurrection plant

Craterostigma plantagineum and it has been suggested

they are involved in plant desiccation tolerance. We iden-

tified and characterized a plant DRP, which we called MS-

desi, in the floral nectar of a subtropical bean species,

Mucuna sempervirens (MS). MS-desi is a major nectar

protein (nectarin) of the bean plant and expresses exclu-

sively in the stylopodium, where the nectary is located. The

full-length MS-desi gene encodes for a protein of 306

amino acids with a molecular mass of 33,248 Da, and

possesses a ferritin-like domain and a signal peptide of 30

amino acids. Structural and phylogenetic analysis demon-

strated MS-desi has high similarity to members of the plant

DRPs, including pcC13-62 protein. MS-desi has a similar

hydropathy profile to that of pcC13-62 with a grand aver-

age of hydropathy index of 0.130 for MS-desi and 0.106 for

pcC13-62 protein, which is very different from those of

dehydrins and late embryogenesis abundant proteins. The

protein’s secondary structures, both predicted from the

amino acid sequence and directly analysed by far UV cir-

cular dichroism, showed that MS-desi is mainly composed

of alpha helices and is relatively temperature dependent.

The structure change is reversible within a wide range

of temperatures. Purified MS-desi and raw MS floral nec-

tar showed dose-dependent citrate synthase inhibition

activity, but insensitivity to lactate dehydrogenase, sug-

gesting that, unlike dehydrins, it does not act as a chaper-

one. The overall results constitute, to our knowledge, the

first study on a desiccation-related protein in plant floral

nectar.
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Abbreviations

ABA Abscisic acid

CBB Coomassie brilliant blue

CD Circular dichroism

CS Citrate synthase

DRPs Plant desiccation-related proteins

DTT Dithiothreitol

GRAVY Grand average of hydropathy

IPG Immobilized pH gradient

LDH Lactate dehydrogenase

LEA Late embryogenesis abundant

MALDI-TOF Matrix-assisted laser desorption

ionization-time of flight

NJ Neighbor-joining

PVDF Polyvinylidene difluoride
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Introduction

The first cDNA of a desiccation-related protein (DRP),

known as pcC13-62 protein, was detected in 1990 from a

resurrection plant, Craterostigma plantagineum. It was

then suggested that pcC13-62-like proteins have a role in

promoting the plant’s tolerance to extreme desiccation.

Hence, its presence has been deemed to be characteristic of

resurrection-type plants (Piatkowski et al. 1990) such as

Xerophyta humilis (Collett et al. 2004), X. viscosa (Ingle

et al. 2007) and Selaginella lepidophylla (Iturriaga et al.

2006). Later, the transcripts and homologues of DRP genes

were also identified, using global gene expression analysis

or proteomic analysis, from non-resurrection plants such as

Gossypium barbadense (Zuo et al. 2005), Oryza sativa

(Swarbrick et al. 2008), Arachis hypogaea (Payton et al.

2009), and hybrid poplar (Bae et al. 2010). DRPs were

found in chloroplast by the immunocytochemical method

(Schneider et al. 1993) and in plant mitochondria by

organelle proteome analysis (Bardel et al. 2002). The DRP

expressions are induced by abscisic acid (ABA) treatment

(Piatkowski et al. 1990), up-regulated in plants infected

by pathogens or a parasitic plant (Zuo et al. 2005; Guo

et al. 2008, 2011), down-regulated when plants transit

from a dormant state to metabolically active states, such

as spore or seed germination (Salmi et al. 2005; Yang

et al. 2007), and highly accumulated in aborted seeds (Liu

et al. 2010). Mutational inactivation of a DRP gene in a

bacterium, Deinococcus radiodurans, greatly sensitizes

this species to desiccation (Battista et al. 2001), but DRP

transgenic plants do not show tolerance to desiccation

(Iturriaga et al. 1992). However, to our knowledge, the

characterization of DRPs has been mainly on genome

sequencing, gene expression analysis, 2D gel separation

and mass spectrometry identification. The contribution of

DRPs to water deficit tolerance has been limited to the

phenotypic analysis in plants in which DRPs were over-

expressed. So far, plant DRPs have not been purified at

protein level, nor has structure analysis been conducted

for DRPs in vitro.

In this study, we first identified a pcC13-62 homologue,

designated as ‘‘MS-desi’’, as a major nectar protein in the

floral nectar of the bean M. sempervirens Hemsl (Fabaceae)

by SDS-PAGE separation and N-terminal sequencing, and

then cloned the full-length cDNA sequence. We confirmed

the identification with evidence from the N-terminal

sequencing, full-length cDNA cloning and MALDI-TOF

mass spectrometry analysis. Bioinformatics analysis was

conducted to show the sequence and structure character-

istics of MS-desi protein and these were compared with

other identified plant DRPs. We note that some authors use

DRP as a common name for diverse proteins that might

have a function in desiccation tolerance (Wang et al. 2003;

Karlson et al. 2004). However, in this paper the term

‘‘DRP’’ only refers to pcC13-62 protein homologues.

Materials and methods

Plant material

The velvet bean or flying vine Mucuna sempervirens

Hemsl (Fabaceae) is a densely foliaged woody climber

species, which is widely distributed in subtropical regions

of China, Bhutan, NE India, Japan, and Burma (Allen and

Allen 1981). M. sempervirens (MS) is biotically pollinated

and, as a consequence, offers nectar. In subtropical regions

of China, it blooms from March to May with typical bean

flag-shaped flowers. The flower begins to secret nectar

about 2–3 days before the stamens and pistil mature. The

nectar and immature stamens and pistil are completely

sealed in the keel, which only opens for 1 or 2 days for

pollen dispersal and pollination. Before the keel opens, MS

nectar is not accessible to common pollinators, such as

bees and flies. However, the MS nectar can be collected

manually in large volumes without contamination from

pollinators and air just before the keel opens (Zha HG,

personal observation) and was used in the current study.

MS floral nectar collection, pH, total sugar and protein

content determination

Six MS plants in Kunming Botanical Garden (Yunnan

province, China) were used in this study. Raw nectar was

collected from nearly opened MS flowers (pre-pollination

stage) from March to June in 2010 and 2011. The floral

nectar samples were pooled, filtered through 0.22 lm

syringe filters (Millipore, Bedford, MA, USA) to remove

dirt and pollen granules from the samples, and stored at

-80 �C prior to use. The pH of fresh nectar from randomly

selected flowers was tested by wide- and narrow-range pH

test strips (Sigma-Aldrich, St Louis, MO, USA). Total

sugar content in the pooled nectar sample was determined

using phenol–sulphuric acid with D-glucose as the standard

(Dubois et al. 1956). The protein content in the pooled

nectar samples was determined according to Bradford

(1976), using bovine serum albumin as the standard. The

average of triplicate total protein content measurements

was presented.

MS nectar proteins separated by SDS-PAGE and N-

terminal sequence identification

Ten microlitres of MS nectar (about 5 lg total protein)

were boiled in a sample buffer under reducing or non-

reducing conditions (with or without 0.1 M dithiothreitol)
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for 5 min. This was then analysed using 12 % (w/v) self-

poured sodium dodecyl sulphate-polyacrylamine gel elec-

trophoresis (SDS-PAGE) as described by Laemmli (1970).

Molecular weight protein markers were used as standards.

Proteins were visualized by staining with Coomassie

Brilliant Blue (CBB) R-250.

Immediately following SDS-PAGE, the proteins were

transferred onto Immobilon PSQ polyvinylidene difluoride

(PVDF) membranes (Millipore) and then visualized using

CBB. The second major band on Fig. 1a was excised from

the membrane and analysed using a PPSQ-31A auto-

mated protein/peptide sequencer (Shimadzu, Kyoto, Japan)

according to the manufacturer’s instructions. A similarity

search of the Edman Degradation-determined amino acid

sequence was applied using BLAST on the National Center

for Biotechnology Information (NCBI) protein database

(http://www.ncbi.nlm.nih.gov/).

MS nectar proteins on 2-D gel and MALDI-TOF mass

spectrometry analysis

MS nectar proteins were precipitated and purified from raw

pooled nectar samples according to Nepi et al. (2011). The

protein pellet was dried in vacuum, redissolved in urea

buffer [7 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 0.5 %

immobilized pH gradient (IPG) buffer, and 3 mg ml-1

dithiothreitol], and subjected to isoelectric focussing using

a Protean IEF cell and ReadyStripTM IPG Strips (Bio-Rad,

18 cm long, with a 7–10 pH gradient). This pH gradient

was used after a trial run with pH 3–10, where most of the

MS nectar proteins were separated in the range pH 7–10.

Before second-dimension separation, the IPG strips were

equilibrated with a DTT buffer (3.6 g urea, 5 mg dithio-

threitol, 1 ml glycerol, 4.4 ml 10 % SDS, and 1 ml 0.6 M

Tris–HCl buffer, pH 6.8, in 10 ml) followed by an iodoa-

cetamide buffer (similar to DTT buffer, with 0.25 g iodo-

acetamide instead of DTT). The product from the first

dimension separation was placed on a shaker for 20 min at

room temperature. SDS-PAGE for second-dimension sep-

aration was performed with 12 % gels and the Bio-Rad

Protean II xi cell at 25 �C. The gels were stained with

CBB. To ensure data reliability, sample preparation and

2-DE were performed in triplicate.

Tryptic-digested peptides were then eluted from the gel

and subjected to MALDI-TOF mass spectrometry using an

Applied Biosystems 4700 Proteomics Analyser (Applied

Biosystems, Foster city, CA, USA). Masses were collected

over a range of 800–4,000 Da.

Nucleic acid extraction

Total RNA samples were isolated from stylopodia (containing

the nectary) from nearly opened flowers of three individual

plants using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA,

USA). Extracted RNA quality and concentration were asses-

sed using a Nanodrop Spectrophotometer (ND-1000, Thermo

Fisher Scientific, Wilmington, DE, USA).

Rapid amplification of cDNA ends (RACE)

The full-length cDNA of MS-desi was obtained from the MS

flower stylopodium RNAs using a 30-Full RACE Core Set

kit and a 50-Full RACE Kit (Takara, Dalian, China)

according to the manufacturer’s instructions. The MS-desi

gene-specific primer (MSdesi1F: 50-CARGCICCIACITC

AGATGC-30) for 30 RACE was designed according to

the identified N-terminal sequence. The primers (MSde-

si1R, 50-CTTTACCCTCAGCACCTTCC-30; MSdesi2R,

Fig. 1 MS nectar proteins and

purified MS-desi on 1 and 2D

gel. a MS nectar proteins on 1D

gel under non-reducing (lane 1)

or reducing conditions (lane 3).

Lane 2 molecular weight

markers. b MS nectar proteins

on 2D gel. Four spots (indicated

by arrows) were chosen for

MALDI-TOF MS analysis.

c Purified MS-desi on SDS-

page. MS-desi on 1D or 2D gel

are indicated by an arrow
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50-TCTGCCACAGTCACTGCATA-30) for 50 RACE were

designed according to the sequence data from 30 RACE. All

RACE products were separated by electrophoresis on 1.5 %

agarose gels. The amplified fragments were purified and

introduced into pMD18-T Vector (Takara) and sequenced.

Semi-quantitative RT-PCR

To investigate the relative expression of MS-desi tran-

scripts in different plant organs, cDNA was synthesized

from total RNA extracted from stems (S), young (YL) and

mature leaves (ML), young flowers (about 3 days before

opening, without stylopodium) (YF), mature flowers (about

1 day after opening with stamens and pistil exposed) (MF),

and stylopodia from young flowers (STY), using a Prime-

Script II 1st Strand cDNA Synthesis Kit (Takara). Gene-

specific primers (MSdesiRTF, 50-ATGGCGTTGCTCC

AGGGTTA-30; MSdesiRTR, 50-ACACAGGAGGGGCA

ACATCA-30) designed according to the cloned full-length

MS-desi sequence were used in semi-quantitative RT-PCR.

The optimal amounts of cDNA and the number of PCR

cycles corresponding to the exponential phase of the

reaction were determined. PCR was performed with the

program: 5 min at 94 �C (1 cycle); 45 s at 94 �C, 45 s at

57 �C and 45 s at 72 �C (30 cycles); and 10 min at 72 �C

(1 cycle). The constitutively expressed 18S rRNA was

amplified as the internal control with primers: MS18SF1,

50-AACGGCTACCACATCCAAGG-30; and MS18SR1,

50-TCATTACTCCGATCCCGAAG-30. The primers were

designed based on the 18S rRNA sequence reported in

other Mucuna species (Genbank accession nos. AF525695,

and AF525699). The negative control with the DNA tem-

plates without the reverse transcriptase was run concur-

rently with the samples. PCR products were separated by

electrophoresis in a 2.0 % agarose gel and visualized after

staining with ethidium bromide.

To investigate MS-desi expression under dehydration

stress and ABA treatment, 20-cm-long M. sempervirens

stems, each with three healthy leaves, were cut and

immediately sprayed with 100 lM ABA (?/- cis,trans

ABA; Sigma) in 0.1 % triton X-100 as surfactant on both

sides of the leaves. All cuttings were placed in a growth

chamber at 25 �C under continuous light (140 lmol pho-

tons m-2 s-1). Leaves were sampled for RNA extraction at

0, 0.5, 1, 2, 4, 8 and 24 h time points after treatment. The

COR47-like Mucuna Dehydrin gene was amplified with the

same PCR program as for MS-desi above and with the

primers: MSDYNF, 50-GACAAAATTAAGGAGAAGC

T-30; and MSDYNR, 50-TCTTGGGGTGATAACCAGG

A-30, which were designed based on the partial cDNA

sequence reported in M. sempervirens (Genbank accession

no. JX912536). The constitutively expressed 18S rRNA

was amplified as the internal control.

Bioinformatics analysis

Protein identification searches were performed in databases

using software tools found in http://www.Expasy.org/.

Deduced MS-desi amino acid sequences were analysed by

Pfam (http://pfam.janelia.org/) to search for protein motifs

(Punta et al. 2012). The software FoldIndex (http://bip.

weizmann.ac.il/fldbin/findex#info) with the default values

was used for unfolded protein prediction (Prilusky et al.

2005). Sequence analysis and grand average of hydro-

pathicity (GRAVY) indexes were computed with the

ProtParam tool from the ExPASy proteomics server. The

hydrophobicity profile of the protein sequence was created

using the program ProtScale (http://web.expasy.org/

protscale/; Kyte and Doolittle 1982). To predict the pres-

ence of the signal peptide and to postulate subcellu-

lar localization, SignalP (http://www.cbs.dtu.dk/services/

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

TargetP/) programs were used (Emanuelsson et al. 2007).

The deduced amino acid sequence of MS-desi was

aligned with plant DRPs collected from ‘‘Uniprot’’ using

the ClustalW program in MEGA 5.05 with the default

settings (Tamura et al. 2011; see Supplementary Fig. S2 for

the alignment). Phylogenetic trees were constructed based

on the neighbor-joining (NJ) method (Saitou and Nei 1987)

with a Poisson correction model using MEGA 5.05.

Bootstrap support was estimated using 5,000 replicates.

MS-desi purification by SDS-PAGE and electroelution

SDS-PAGE of raw MS nectar samples was performed under

non-reducing conditions without boiling nectar samples in

sample buffer prior to loading. The gels were then negatively

stained as described by Castellanos-Serra et al. (1999). The

band corresponding to predicted MS-desi protein molecular

weight was cut from the negatively stained SDS-PAGE gel

and electro-eluted using GeBAflex tubes (Gene Bio Appli-

cation Ltd., Kfar-Hanagid, Israel) according to the manufac-

turer’s instructions. Eluted MS-desi band was subsequently

concentrated in distilled water using an Amicon 10 kDa cutoff

concentrator (Millipore) to a concentration of 400 lg ml-1

which was determined by the Bradford method (1976). The

purity and identity of the electro-eluted MS-desi protein was

confirmed by SDS-PAGE and mass spectrometry.

Secondary structure prediction and direct analysis

by far UV circular dichroism spectroscopy

Secondary structure predictions of MS-desi from its amino

acid sequence were performed with Jpred using default

parameters (http://www.compbio.dundee.ac.uk/*www-

jpred/; Cole et al. 2008). Circular dichroism (CD), which

is becoming increasingly important in structural
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investigations of proteins (Wallace and Janes 2001;

Greenfield 2007), was used to investigate the secondary

structure of MS-desi and protein thermostability. Far UV

CD spectra of the purified MS-desi were determined using

the ChirascanTM Circular Dichroism Spectrometer

(Applied Photophysics, Surrey, UK). All measurements

were performed in a Peltier-controlled cuvette holder for

temperature ramps at a wavelength range from 260 to

180 nm and a scan rate of 60 nm min-1 with a spectral

bandwidth of 1 nm. MS-desi was diluted to a concentration

of 0.1 mg ml-1 in 50 mM sodium phosphate, pH 6.0,

which was close to the pH value of raw MS nectar.

Chirascan Pro-Data software was used for data acquisition.

Each spectrum is the average of five scans corrected by

subtracting the cuvette plus buffer blank signal. Baselines

and protein spectra were separately averaged. The averaged

baselines were subtracted from the relevant averaged pro-

tein spectra and were then smoothed. To deduce the effect

of temperature, the temperature was increased by

1 �C min-1 from 20 to 80 �C followed by cooling back to

20 �C. It was subsequently equilibrated for 5 min before

data acquisition. To estimate the secondary structure,

deconvolution of the spectra was achieved using the

CDSSTR program and Reference Set 7 (Johnson 1999) at

the Dichroweb Server (Whitmore and Wallace 2008).

Citrate synthase inhibition assay

Citrate synthase (CS; EC 2.3.3.1; MW: 48,919 Da) from

porcine heart purchased from Sigma and purified MS-desi

were dialysed against distilled water overnight and adjusted to

a concentration of 300 and 400 lg ml-1, respectively, both of

which were determined with the Bradford method (1976).

The CS activity was assayed according to the methods

of Srere (1966) and Goyal et al. (2005) with minor modi-

fications. To determine MS-desi’s CS inhibition activity,

5 ll of CS with 2, 5 or 10 ll MS-desi (with molar ratio of

ca. 1:1, 1:2.5 and 1:5) were incubated at 25 or 45 �C for

5 min, then added into 1 ml of 50 mM Tris–HCl buffer

(pH 8.0), with 2 mM EDTA, 100 lM oxaloacetic acid,

100 lM DTNB [5,5-dithiobis-(2-nitrobenzoic acid)] and

150 lM acetyl-CoA (disodium salt). Change in A412 was

measured for 1 min at 25 �C. Enzyme activity was

expressed as a percentage of the water control rate. All

samples were assayed in triplicate.

Results

MS floral nectar basic traits and nectarins on gels

Each MS flower produced 50–150 ll of raw nectar about

one day before flower opening. MS floral nectar was acidic

with a pH value of 4.4 ± 0.2 (mean ± SD, n = 30). MS

nectar was found to be concentrated with mean total sugar

concentration of 29 % (w/v). Total protein content in the

pre-pollination nectar samples of six plants was quantified

at approximately 600 lg ml-1. The MS nectar was sepa-

rated using SDS-PAGE, which yielded five distinct bands as

visualized by CBB G-250 staining under reducing condi-

tions, ranging in size from ca. 15 to 67 kDa (Fig. 1a). The

second major band at approximately 30 kDa (Fig. 1a) was

selected for N-terminal sequencing. The 30 kDa protein did

not alter its electrophoretic migration under reducing and

non-reducing conditions (Fig. 1a, lanes 1, 3). On 2D gel,

most of the MS nectar proteins were shown to be basic

proteins and the 30 kDa protein clearly showed pI shift,

ranging from 7.5 to 9.5 (Fig. 1b). The electro-eluted 30 kDa

protein migrated as a single band of 30 kDa in an analytical

SDS-PAGE, confirming its purity to homogeneity (Fig. 1c).

Amino-terminal sequence of MS-desi

The N-terminal sequencing of the 30 kDa band produced

one single fragment (AQAPTSDADLLEFQLNLxY, where

x is unknown). This confirmed its purity and is also con-

sistent with only one protein detected at the 30 kDa posi-

tion on 2D gel (Fig. 1b). BLAST analysis of the Edman

Degradation-determined amino-terminal sequence revealed

a high identity with members of the plant desiccation-

related proteins, including the first identified plant DRP

(pcC13-62 protein identified from Craterostigma plantag-

ineum; accession no. P22242; Piatkowski et al. 1990).

Thereafter, the 30 kDa protein was designated as MS-desi.

Table 1 presents the alignments of the MS-desi N-terminal

sequence with other plant DRPs. The highest sequence

identity (73.7 %) was observed at the N-terminus of a DRP

(XP_003533131) from Glycine max, another bean species.

MS-desi gene cloning and amino acid sequence analysis

The full-length coding region of the MS-desi gene was

cloned from cDNA using the RACE method (GenBank

accession no JQ398671; Fig. 2a). The MS-desi consists of

1,234 bp and encodes a protein of 306 amino acids.

A Pfam search with the full-length deduced MS-desi amino

acid sequence revealed a ferritin-like domain at positions

36–202 (E-value = 6e-25) (Fig. 2a). A ferritin-like domain

was also detected in pcC13-62 protein at corresponding

positions (data not shown).

The deduced MS-desi protein sequence is shown in

Fig. 2, including the N-terminal sequence obtained from

direct experimental N-terminal sequencing in bold. The

first 30 amino acids, as determined by N-terminal

sequencing, function as a signal peptide required for MS-

desi to enter the endoplasmic reticulum and subsequently

Planta (2013) 238:77–89 81
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to have a function in secretion via the endo-membrane

system (Vitale and Chrispeels 1992). This is consistent

with MS-desi being secreted out from the nectary gland,

therefore, presenting as a major protein in MS floral nectar.

The predicted molecular mass for mature MS-desi protein

is 29,956.98 Da and has a basic isoelectric point of 8.07,

although the nectar is acidic. This predicted molecular

mass was consistent with the sizes observed in our SDS-

PAGE data (Fig. 1a), suggesting MS-desi migrates as

monomer in the protein gel. The absence of cysteine in the

Table 1 Alignment of the N-terminal amino acid sequence of MS-desi with other plant desiccation-related protein sequences

Accession no. Species Alignment I (%) P (%)

MS-desi Mucuna sempervirens 31 AQAPTSDADLLEFQLNLxY 49

XP_003533131 Glycine max 38 AAAPESDVDLLEFPLNLEY 56 73.7 73.7

B4G1G1 Zea mays 49 SLLPQSDVDLLEFPLNLEY 67 63.2 68.4

B9HIK8 Populus trichocarpa 38 SPIPQSDIDLLEFPLNLEY 56 63.2 68.4

XP_003579663 Brachypodium distachyon 45 TLLPQSDVDLLEFPLNLEY 63 63.2 63.2

A2Q666 Medicago truncatula 28 KETTLSDVDLLEFPLNLEY 46 57.9 63.2

P22242 (pcC13-62 protein) Craterostigma plantagineum 31 DDIPKSDVSLLEFPLNLEL 49 52.6 52.6

Completely conserved amino acids are marked with asterisks. Gaps were not introduced into this alignment. I The percentage of identical amino

acids, P The percentage of positive amino acids. The numbers flanking sequences are the amino acid positions in the sequence of the peptides

Fig. 2 MS-desi cDNA encodes

a plant desiccation-related

protein. a Nucleotide (GenBank

accession no. JQ398671) and

deduced amino acid sequences

of MS-desi. The nucleotide

sequence is numbered on the

right. The deduced amino acids

are shown in one letter code

above the corresponding

codons. Signal peptide sequence

is shown in italics. The

N-terminal sequence, as

determined by Edman

degradation and stop codon, are

indicated in bold. The ferritin-

like domain is underlined. b A

neighbor-joining tree of MS-

desi and plant DRPs generated

by MEGA 5.05 software. Green

algae Chlamydomonas

reinhardtii DRP (A8HQR8) was

used as outgroup. The bootstrap

values are indicated above or

below each node. The scale bar

indicates an evolutionary

distance of 0.05 amino acid

substitutions per protein. MS-

desi identified in M.

sempervirens in this study is

indicated by a star
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MS-desi amino acid sequence indicated that no disulphide

bonds could be formed to contribute to MS-desi structural

stability. This is in line with the observation that MS-desi

showed the same migration under reducing and non-

reducing conditions in SDS-PAGE gel (Fig. 1a).

Blast searches of the entire deduced MS-desi amino acid

sequence revealed significant affinity with other plant

DRPs. The highest sequence identity (59 %) was with the

soybean DRP (accession no. XP_003533131). We also

performed a phylogenetic analysis of MS-desi with another

15 plant DRPs deposited in the protein database ‘‘Uniprot’’

from dicots, monocots, fern, moss and algae. The phylo-

genetic tree (Fig. 2b) indicates that MS-desi falls into the

clade of dicot DRPs and is closely related to DRPs from

soybean and Medicago truncatula, which, like M. sem-

pervirens, are also bean species. This further supports MS-

desi’s designation as a desiccation-related protein.

MALDI-TOF MS analysis of the MS-desi protein

To confirm the identity of the MS-desi protein, we per-

formed a mass spectrometric peptide fingerprinting analy-

sis on the MS-desi proteins separated in 1D and 2D gels as

well as purified MS-desi, which showed a single band in

SDS-PAGE gel (Fig. 1). All samples showed very similar

profiles of tryptic protein mass fingerprinting and were

proved to come from the same protein. From this analysis

we identified 10 peptides that matched the predicted mas-

ses from the deduced MS-desi amino acid sequence. These

peptides covered 44.9 % of the mature MS-desi protein’s

amino acid sequence. Table 2 shows the peptides that were

identified. Thus, we concluded that the MS-desi cDNA

does encode the MS-desi protein isolated from MS nectar.

MS-desi is expressed in the stylopodia of MS flowers

To analyse MS-desi expression patterns in MS, tissue-

specific expression studies were performed by semi-

qualitative RT-PCR using total RNAs isolated from a

number of floral and non-floral plant organs (Fig. 3a). The

18S rRNA gene was used as internal control and showed an

equal level of expression in each of the organs examined

(Fig. 3a). No MS-desi transcripts were found in young

(YL) or mature leaves (ML), stem (S) or corolla including

stamens and pistils (YF and MF) (Fig. 3a). Interestingly,

the MS-desi transcripts were exclusively detected in the

stylopodium of the MS flower in which the nectary is

located (Bernardello 2007), suggesting that MS-desi is a

major protein in nectar, synthesized in and secreted out

from the nectary.

Under dehydration stress and ABA treatment, the MS-

desi transcripts were not detected in the MS leaves

(Fig. 3b). In contrast, MS dehydrin was constitutively

expressed in MS leaves under normal or dehydration stress

conditions, which is consistent with Arabidopsis dehydrin

COR47, expressed constitutively in vegetative tissues

(Hundertmark and Hincha 2008). It also suggests MS-desi

and dehydrin play roles in different physiological processes.

MS-desi is predicted to be a hydrophobic and structured

protein

MS-desi exhibited 45.1 % amino acids identity and 60.7 %

similarity with pcC13-62 protein from C. plantagineum

(P22242) (Fig. 4a). In addition, MS-desi and pcC13-62

protein showed similar hydropathic profiles. These were

notably different from the hydropathic profile of COR47

protein, a typical dehydrin in a late embryogenesis abundant

(LEA) protein family from Arabidopsis thaliana (accession

no. P31168) (Welin et al. 1995) (Fig. 4b). This would

indicate that MS-desi and pcC13-62 are likely to have a

similar three-dimensional structure under native conditions.

Hydropathy plots of MS-desi and pcC13-62 protein also

showed that a hydrophobic domain exists in the N-terminus

of each protein, which may be used as a signal peptide, and

suggested that both are secreted proteins as predicted by the

Table 2 MALDI-TOF

identification of MS-desi

peptides

a The amino acid ranges

correspond to the full-length

MS-desi amino acid sequence

deduced from the MS-desi

cDNA

Peptide Mass Sequence Rangea

Observed Predicted

1 856.48 855.99 SEGVLVPR 237–244

2 893.99 894.56 ILYGGSER 276–283

3 922.49 922.05 VPGSFYPR 284–291

4 1,107.63 1,107.32 FAILDPYIR 83–91

5 1,208.67 1,208.42 DVIFQFALQK 92–101

6 1,394.78 1,394.59 LVGVESGQHSIIR 186–198

7 1,626.76 1,626.80 ELFADVMDQAFGQR 125–138

8 1,717.94 1,717.98 VAGNVIAADKDSLAFVK 252–268

9 1,801.96 1,802.02 GLDGVAPGLTQGGPPPVGGR 63–82

10 1,955.99 1,956.19 NFVVEPYAVTVAEFTNR 206–222
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SignalP program above. We calculated the grand average of

hydropathicity (GRAVY) index for MS-desi, pcC13-62

protein and dehydrin COR47. Positive GRAVY indexes

were determined for MS-desi (0.130) and pcC13-62 protein

(0.106), which suggested that both MS-desi and pcC13-62

proteins are hydrophobic (Fig. 4b). A negative GRAVY

index (-1.249) was assigned for the dehydrin COR47,

which is highly hydrophilic, in line with previous reports

(Tunnacliffe et al. 2010).

FoldIndex, one of many protein folding prediction pro-

grams, uses a Uversky algorithm based on the net charge

and average residue hydrophobicity of a sequence to pre-

dict whether or not a protein is natively unstructured

(Prilusky et al. 2005). Full-length MS-desi was analysed

using FoldIndex� with default values. The results indi-

cated that the entire sequence of MS-desi occurs in the

folded state (Supplementary Fig. S3). In contrast, dehyd-

rins, COR47 and most LEA proteins are characterized as

intrinsically unstructured (Tunnacliffe et al. 2010).

MS-desi secondary structure determination and protein

thermostability

The prediction of MS-desi secondary structure by Jpred3

suggested that 48.0 % of MS-desi amino acids were

a-helices, 3.9 % were extended strands, and 48.1 % were

random coils. Nevertheless, the full-length amino acid

sequence identity between MS-desi and pcC-13-62 protein

was only 45.1 %. Secondary structure prediction using

Jpred3 showed that the two proteins have a very similar

secondary structure pattern (Fig. 4a). We conducted sec-

ondary structure prediction for MS-desi and pcC13-62

protein using Psipred (Jones 1999) or other prediction

programs on Network Protein Sequence Analysis (NPS)

(Combet et al. 2000), and obtained results similar to those

from Jpred3 (data not shown).

The CD spectrum of purified MS-desi protein was col-

lected at 20 �C between 260 and 180 nm and characterized

by the presence of one maximum at 195 nm and one

negative peak at 208 nm (Fig. 5). With the CDSSTR pro-

gram, the secondary structure of MS-desi was estimated to

be 47 % a-helix, 16 % b-sheet, 15 % b-turn and 22 %

random coil (Fig. 5), which correlates well with the 48 %

helical content predicted by Jpred prediction and other

programs such as SELCON3 and CINTIN, available on the

DICHROWEB website. During the temperature increase

from 20 to 80 �C, CD spectra of MS-desi shown in Fig. 5

were characterized by a substantial decrease in the a-helix

percentage to 8 % and concomitant increases in the random

coil (3 %), b-sheet (3 %) and turns (2 %). After cooling

down from 80 to 20 �C, 5 % a-helical content recovered

from random coil and suggested that MS-desi structure

change is temperature dependent and reversible (Fig. 5;

indicated in the inset).

MS-desi inhibits citrate synthase activity

Both citrate synthase (CS) and lactate dehydrogenase (LDH)

are model enzymes sensitive to diverse stress conditions,

such as heat, due to the formation of insoluble aggregates

(Tunnacliffe et al. 2010). However, inactivation is consid-

erably reduced in the presence of dehydrins or other LEA

proteins, which can function as molecular chaperones to

prevent this process (Kovacs et al. 2008). In this study, MS-

desi or raw MS nectar did not show any inhibitory or pro-

tective effect on LDH (data not shown). On the contrary, MS-

desi strongly inhibited CS activity in a dose-dependent

manner. At a 1:1 molar ratio of MS-desi:CS at 25 �C, CS

activity was almost 70 % inhibited and 80 % inhibited at a

1:5 molar ratio (Fig. 6). Control samples, such as water, BSA

or protein-free nectar, failed to inhibit CS activity. Fresh raw

nectar containing about 100 lg ml-1 MS-desi protein also

showed some inhibition effect. It is notable that at a higher

incubation temperature (45 �C), MS-desi showed relatively

higher inhibition activity (82 % CS activity inhibited at a 1:1

molar ratio). This indicated that heat reinforced the interac-

tion between MS-desi and CS.

Discussion

MS-desi is a pcC13-62 homologue but not related

to LEA proteins

The existence of proteins in nectar has already been

reported. To date, only a handful of nectar proteins have

Fig. 3 Expression analysis of MS-desi in M. sempervirens. a Semi-

quantitative RT-PCR was carried out using total RNA from different

organs: S stems, YL young leaves, ML mature leaves, YF young

flowers (about 3 days before opening, without stylopodium), MF

mature flowers (about 1 day after opening with stamens and pistil

exposed), STY stylopodia from young flowers. b MS-desi and

dehydrin expression analysis in leaves under dehydration conditions

at different time points after the treatment. 18S rRNA was used as a

control
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been discovered and functionally characterized through

experimental observation of biological activity (Peumans

et al. 1997; Carter et al. 1999; Thornburg et al. 2003;

Naqvi et al. 2005; Park and Thornburg 2009; Heil

2011; Nepi et al. 2011; Zha et al. 2012). During our

nectar proteomics survey, we detected a DRP (pcC13-62

homologue) from MS floral nectar by N-terminal

sequencing. Further cDNA cloning, MALDI-TOF mass

spectrometry and phylogenetic analyses confirmed MS-

desi as a DRP.

Fig. 4 Alignment and

hydropathy plots of MS-desi,

pcC13-62 protein and dehydrin-

COR47. a Alignment of MS-

desi and pcC13-62 protein from

Craterostigma plantagineum

(P22242). Amino acids, which

are completely conserved, are

marked with asterisks , the

highly conserved amino acids

are marked with dots or double

dots, and -, gap left to improve

alignment. Numbers refer to

amino acid residues at the end

of the respective lines.

Secondary structure predictions

for MS-desi and pcC13-62

protein, made using Jpred 3, are

shown at the top or bottom of

the sequence. (H, a-helix; E,

b-strand; -, loop). b Kyte–

Doolittle hydropathy plots of

MS-desi, pcC13-62 protein and

plant dehydrin COR47 from

Arabidopsis thaliana (P31168).

Hydropathy coefficient (in Y-

axis) was calculated according

to Kyte and Doolittle (1982).

Positive values are considered

to be hydrophobic and negative

values hydrophilic
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Dehydrins are another well-characterized group of pro-

teins that play roles in plant desiccation tolerance. De-

hydrins belong to the group 2 LEA proteins. They are also

called D-11 or RAB (response to abscisic acid) and can be

induced by ABA (Rorat 2006; Hara 2010). MS-desi’s

sequence is quite different from that of dehydrins (COR 47

protein as a model), with only 6.1 % sequence identity

between them. Another significant difference between DRP

and dehydrins is that DRPs are structured. It is known that

an intrinsic structural disorder is a common biochemical

feature of dehydrins and is also a prevalent feature of

proteins with molecular chaperone activity. Dehydrins can

express a specific function by changing their secondary

structures from the disordered state to the ordered one

when meeting their molecular partner (Battaglia et al.

2008; Hara 2010), indicating that structured MS-desi

protein may not function as a molecular chaperone.

Furthermore, dehydrins are typically highly hydrophilic

with a high proportion of charged and polar amino acids.

We showed that MS-desi and DRPs are hydrophobic

(Supplementary Table S1). Dehydrins are localized in the

cytoplasm and nucleus, and there have been no reports of

them being secreted or containing a signal peptide (Rorat

2006). MS-desi transcripts were not detected in the leaves

under dehydration stress and ABA treatment, but were

expressed exclusively under normal conditions in the sty-

lopodium in which the nectary is located. In contrast, MS

dehydrin was constitutively expressed in MS leaves under

normal or dehydration stress conditions. This difference in

the expression pattern between MS-desi and dehydrin

suggests that they function in different physiological pro-

cesses. Therefore, we concluded that MS-desi belongs to a

DRP family that is different from dehydrins and may

function in completely distinct ways.

In making comparisons between plant DRPs, we found

that they form a special protein family with some common

traits (Supplementary Table S1). Most DRPs that have

been identified, including pcC13-62 and MS-desi, are rel-

atively small, stable and hydrophobic proteins with a fer-

ritin-like domain and a signal peptide (MW, 34,432.5 ±

2,095.0 Da; amino acid sequence length, 319 ± 21;

instability index, 33.02 ± 5.3; GRAVY index, 0.05 ± 0.1;

mean ± SD; n = 41). The similarity between DRP

sequences allows us to predict that they have an a-helix-

dominant secondary structure similar to that of MS-desi

(Supplementary Fig. S2). DRPs also have some common

amino acid composition features, such as a preponderance

of certain amino acid residues, for example Gly, Ala and

Leu, and a very low proportion of Cys and Trp (Supple-

mentary Table S1).

The existence of a signal peptide in DRPs suggests that

they are secretory proteins. This conclusion is consistent

with the preferential expression of a DRP (Unigene

Fig. 5 Far-UV CD Spectra of MS-desi. Spectra were acquired using

purified MS-desi at a concentration of 0.1 mg ml-1 in PBS (0.05 M,

pH 6) at temperatures from 20 to 80 �C. Asterisk indicates the

temperature cooled from 80 �C back down to 20 �C

Fig. 6 MS-desi inhibited citrate

synthase activity
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accession no. TCMT56621), which is more than 140 times

higher in the Medicago secretory trichomes (Dai et al.

2010) than its expression in non-trichome tissues. How-

ever, our study showed that MS-desi was secreted in floral

nectar and expressed exclusively in the stylopodium of the

MS flower.

What is the function of MS-desi?

DRP transcripts have frequently been detected to be up-

regulated in plants under dehydration conditions. However,

they are not sufficient, per se, to increase drought tolerance

in transgenic plants (Iturriaga et al. 1992). In addition,

DRPs have been found to be up-regulated under other

stresses and not just desiccation. To date, their physiolog-

ical function is not known. We tested whether purified MS-

desi proteins could protect fragile citrate synthase (CS), as

dehydrins or other LEA proteins do (Kovacs et al. 2008).

Surprisingly, MS-desi showed a dose-dependent inhibitory

effect on CS activity but not on the activity of LDH,

another typical fragile enzyme. Raw MS nectar was able to

inhibit CS activity but the protein-free nectar did not have

such a function. This indicates that the inhibition effect was

caused solely by MS nectarins.

Previous studies have demonstrated that most proteins

found in floral nectar probably play a significant role in

plant defence against infection by pathogens (Heil et al.

2005; Gonzalez-Teuber et al. 2009; Park and Thornburg

2009; Heil 2011). Indeed, the rich milieu of nutrients found

in floral nectar suggests it may provide a positive envi-

ronment for microbial growth, which may be detrimental to

pollinators as well as their host plants. The floral nectary

has been reported to prevent a route of infection for some

plant pathogens (Kram et al. 2008). Therefore, there may

be a mechanism for nectar to prevent microbial contami-

nation. A good example is what is called the ‘‘Carter–

Thornburg nectar redox cycle’’ in ornamental tobacco

species nectar, in which nearly all nectarins are shown to

be involved in defence (Carter and Thornburg 2004; Park

and Thornburg 2009).

Here we hypothesize that, in floral nectar, MS-desi

might also play an important role in plant defence. First,

citrate synthase exists in nearly all living cells and is a key

enzyme in the glyoxylate cycle and a pace-making enzyme

in the first step of the citric acid cycle (Weigand and

Remington 1986). Recent research has revealed that gly-

oxylate cycle enzymes including citrate synthase identified

in dermatophytes are probably involved in virulence (Peres

et al. 2010), and the glyoxylate cycle is required for fungal

virulence and temporal regulation of virulence by a plant

pathogenic fungus such as Magnaporthe grisea (Lorenz

and Fink 2001; Wang et al. 2003). Also, the CS mutants of

Agrobacterium show attenuated virulence and display

reduced virus gene induction (Suksomtip et al. 2005). MS-

desi is a secreted protein and thus likely to function as an

antimicrobial agent in nectar by inhibiting microbes’ gly-

oxylate cycle. Second, plant DRPs have been detected in

the pea mitochondria where CS is located (Bardel et al.

2002). Third, plant DRPs are up-regulated when plants are

infected by pathogens or a parasitic plant (Zuo et al. 2005;

Guo et al. 2008, 2011). Fourth, high stability makes MS-

desi suitable for performing such a function, especially

after being secreted out in floral nectar under naturally

fluctuating environmental conditions (Fig. 5).

Many questions about the newly isolated DRP, MS-desi,

are still to be answered. What is the general function of

DRPs in plants or other organisms? Is MS-desi a CS-spe-

cific inhibitor or a general inhibitor to many other

enzymes? We now know at least that it was unable to

inhibit LDH, another model enzyme sensitive to several

stress conditions. It is still not clear why MS-desi and other

DRPs, including pcC 13-62 proteins, contain a signal

peptide with some DRPs detected in organelles (Schneider

et al. 1993; Bardel et al. 2002). There is a ferritin-like

domain in MS-desi and other DRP structures, but the

relationship between the domain and the function of DRPs

is unknown.

In conclusion, MS-desi is a DRP and also a major pro-

tein in M. sempervirens floral nectar. MS-desi is a rela-

tively small, stable and hydrophobic protein with a ferritin-

like domain and a signal peptide. It is not related to

dehydrins and does not belong to any groups of the LEA

family. MS-desi can inhibit citrate synthase activity in vitro

and probably functions in the interactions between nectar

and microorganisms contained in it. Further investigations

of MS-desi or other plant DRPs should provide insight into

the exact physiological function of plant DRPs.
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