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a b s t r a c t

Bacterial pathogens cause an expressive negative impact worldwide on human health, with

ever increasing treatment costs. A significant rise in resistance to commercial antibiotics

has been observed in pathogenic bacteria responsible for urinary and gastro-intestinal

infections. Towards the development of novel approaches to control such common infec-

tions, a number of defense peptides with antibacterial activities have been characterized. In

this report, the peptide Pg-AMP1 was isolated from guava seeds (Psidium guajava) and

purified using a Red-Sepharose Cl-6B affinity column followed by a reversed-phase HPLC

(Vydac C18-TP). Pg-AMP1 showed no inhibitory activity against fungi, but resulted in a clear

growth reduction in Klebsiella sp. and Proteus sp., which are the principal pathogens involved

in urinary and gastro-intestinal hospital infections. SDS-PAGE and mass spectrometry

(MALDI-ToF) characterized Pg-AMP1 a monomer with a molecular mass of 6029.34 Da

and small quantities of a homodimer. Amino acid sequencing revealed clear identity to

the plant glycine-rich protein family, with Pg-AMP1 the first such protein with activity

towards Gram-negative bacteria. Furthermore, Pg-AMP1 showed a 3D structural homology

to an enterotoxin from Escherichia coli, and other antibacterial proteins, revealing that it

might act by formation of a dimer. Pg-AMP1 shows potential, in a near future, to contribute

to development of novel antibiotics from natural sources.
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1. Introduction

In the last two decades, a significant increase in pathogenic

bacteria with enhanced resistance to commercial antimicro-

bials has been observed. Members of the enterobacteriaceae,

such as Escherichia coli, Klebsiella sp. and Proteus sp., which were

once susceptible to common antibiotics, are now one of the

main causes of hospital infections across developing coun-

tries, with a higher mortality observed in immunosuppressed

patients infected with such bacteria [27]. In response to this

problem, a number of proteinaceous compounds with anti-

microbial activities have been isolated from sources across

plant, mammalian and microbial taxa [2,4].

Bacteria possess a number of mechanisms of resistance to

antibiotics. Studies with methicillin-resistant Staphylococcus

aureus towards vancomycin revealed that bacteria could

enhance the production of N-acetylglucosamine (GlcNAc) in

the cell wall, a murein monomer precursor (UDP-N-acetyl-

muramyl-pentapeptide), and also increase the production of

penicillin-binding proteins [6], forming a thicker layer over the

cell membrane. Consequently, when bacteria strengthen cell

walls, antibiotic passage to the cytoplasm is inhibited,

enhancing resistance [6]. In addition, some bacteria have

developed resistance towards antibiotics such as vancomycin.

This drug usually competes for the same substrates required

by glycosyltransferase to produce peptidoglycan chains, thus

leading to bacterial cell death. However, the acquirement of

different D-alanyl-D-alanine residues (DDR) of lipid II precursor

by these bacteria, which is important for vancomycin

interaction with the cell surface, might work as false targets

to vancomycin, leading to its inefficiency as an antibacterial

product [6].

A number of plant proteins have demonstrated activity

against bacteria and fungi, which usually play a key role in

plant defense, protecting the plant host from phytopathogens

[41]. These proteins have been classified into groups and

families according to their function and structural simila-

rities. Main proteins include cyclotides, defensins, lipid-

transfer proteins (LPTs), lectins, pathogenesis-related pro-

teins, chitin-binding proteins, ribosome-inactivating pro-

teins and digestive enzyme inhibitors, amongst others

[12,36]. Furthermore, five classes of R gene products have

been described that specify resistance to many pathogens,

such as viruses, bacteria and fungi. Resistance genes have

been found across numerous plant species, with the most

common family characterized by a nucleotide binding site

(NBS) and a leucine-rich repeat region (LRR) [25,11]. Another R

gene family contains genes such asCf-9 andCf-4 from tomato,

which recognize the fungus Cladosporium fulvum through an

interaction of a short transmembrane domain with products

of Avr9 and Avr4 genes [17,47]. This recognition leads to the

activation of multiple defense responses that impede fungal

growth [17,47]. Some R gene products do not contain leucine-

rich motifs, although still maintaining function, such as

RPW8.1 and RPW8.2 from Arabidopsis, which demonstrated

the ability to confer resistance to four different pathogens

[51,52]. A group of R genes with receptor-like kinases or

serine/threonine kinase domains have also been described,

such as Xa21 from rice and FLS2 fromArabidopsis, respectively

[9].
A new group of defense molecules from plant sources with

activity against bacteria are the glycine-rich proteins (GRPs).

They were first described as storage proteins, as they are

useful in the plant as a source of essential amino acid residues

[29]. GRPs can be characterized by their high percentage of

glycine residues in their primary sequence, with residue

number varying from one organism to another [29]. GRPs can

be classified into three different groups, according to glycine

content. The first group contains proteins that possess more

than 70% of glycine residues in their primary structure, such as

GRP from A. thaliana and Brassica napus [38]. This group is also

distinct in that proteins possess conserved domains known as

RNA recognition motifs (RRMs), which can be an RNP-1

(ribonucleoprotein motif) or an RNP-2 [32]. GRPs with fewer

glycine residues belong to a second group, with examples in

tomato and saltbush [38]. A third group of GRPs includes

proteins with increased overall content of Gly, without the

presence of glycine-rich domains [38]. GRP are usually more

hydrophobic than hydrophilic, with tyrosine and phenylala-

nine residues possibly responsible for this feature [38].

Previous studies revealed that GRP genes are mainly found

in vascular tissues, especially in xylem [18,19,39], although

they have also been observed in hypocotyls, stems and

petioles [50]. Expression of GRP genes appears to be stress-

induced and influenced by environmental changes, such as

wounding, hormone treatment, water and ozone stresses

[1,5,8,18,21,53]. Activities have been demonstrated in cold

adaptation, enhancing freezing tolerance and also acting as

RNA binding factors [42]. Their involvement in changes in

germination and seedling growth under stress conditions,

such as salt and dehydration have also been noted [20].

Perhaps most interestingly, fungicidal activity against a

number of phytopathogenic fungi has been observed with

GRPs, with eight proteins isolated from Triticum kiharae seeds

displaying fungicidal activity against Helminthosporium sativum

and Fusarium culmorum [10]. Based upon these recent studies, it

appears that such storage proteins might play an important

role in plant defense mechanisms [10,36,49]. It seems that

these proteins perhaps function as storage molecules when

not required for plant defense as antimicrobial components.

This study was conducted to characterize Pg-AMP1 from

guava seed material, a peptide with similarity to glycine-rich

proteins. Inhibitory activity was observed against three Gram-

negative bacterial pathogens, responsible for nosocomial,

intestinal and urinary infections in immuno-suppressed

patients. This is the first report of inhibitory activity in plant

GRP against human bacterial pathogens.
2. Material and methods

2.1. Extraction and isolation of Pg-AMP1

Psidium guajava proteins were extracted from dry seeds, using

a solution of 0.6 M NaCl and 0.1% HCl (1:3, w/v). Crude extracts

were centrifuged and supernatant submitted to precipitation

with ammonium sulphate (100%). Following precipitation, the

rich fraction was centrifuged at 5000 rpm for 20 min at 4 8C.

Precipitate was re-suspended, dialyzed against distilled water

and applied onto a Red-Sepharose affinity column equilibrated
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with 0.15 M Tris–HCl buffer pH 7.0 containing 5.0 mM CaCl2.

The non-retained fraction was displaced with equilibration

buffer and the retained peak eluted with a single step of 3.0 M

NaCl dissolved in equilibration buffer. Following dialyses and

liophilization, 1.0 mg of retained fraction was diluted with

0.1% trifluoroacetic acid and applied onto a HPLC reversed-

phase chromatography (Vydac C-18TP column). Retained

proteins were eluted with a linear acetonitrile gradient (0–

100%). A fraction eluted at 42% acetonitrile was re-chromato-

graphed into a reversed-phase column (HPLC), and samples

were eluted using a linear gradient of acetonitrile (0–100%).

2.2. Molecular mass analyses

Pg-AMP1 was analyzed by 15% SDS-PAGE according to

Laemmli et al. [22], with minor modifications. Gels were

silver stained and bromophenol blue used as tracking dye.

HPLC samples were also analyzed by ESI-Q-TOF (Bruker).

2.0 mg l�1 of peptide solution was injected in a Vydac C-18

column, using two solvents A (0.1% formic acid) and B (0.1%

formic acid; 99% acetonitrile). Peptides were separated using

a linear gradient of solvent B and applied on a mass

spectrometer Electrospray Q-TOF, adjusted in a nanoLock-

Spray source, at a speed of 250 nl min�1. Mass specter was

acquired to am/zof 300–1600 to 1 s, followed by 3 MS/MS scans

of m/s, varying from 50 to 1900 s�1. Collision energy used for

MS/MS varied according to the mass and charge state of

eluted peptide. Leu-enk, a mass calibrator, or Lockmass, was

used in a concentration range of 250 nl/min and acquired

every 2 min through the run [28].

2.3. Amino acid sequencing

Samples obtained from HPLC were dried in order to remove

acetonitrile and trifluoracetic acid compounds. Peptide

sequences were determined using MS analysis as previously

described, with minor modifications [31,48]. Protein samples

were incubated with 10 mg ml�1 bovine trypsin (Sigma)

dissolved in 2.5 mM Tris–HCl pH 8.5 for 24 h at 37 8C. Tryptic

fragments were then eluted in 50% acetonitrile and 0.5%

trifluoracetic acid by facilitated diffusion, using ultrasonica-

tion. Tryptic protein fragments were analyzed by MALDI-TOF

mass spectrometry, using 2 ml of sample, a-cyano-4-hydro-

xycinnamic acid as a matrix (10 mg ml�1 in ethanol/acetoni-

trile; 1:1 (v/v)), and analyzed on an Applied Biosystems Q-STAR

MS/MS mass spectrometer. Spectra were obtained in a

reflection-delayed extraction mode over a mass range of

1000–20,000 Da. Spectra from 64 shots at 20 different positions

were continued to generate a protein mass fingerprint for the

sample. The protein ions generated by autolysis of trypsin

were used as internal standards for calibrating the mass

spectra. Protein masses were analyzed with the MS-Fit

Program using the following parameters: mass tolerance of

0.5 Da, a minimum of four peptide matches, and no missed

cleavages. When isoforms were found for proteins, FindMod

and PeptideMass tools in ExPaSy were used to predict possible

protein modifications. Hydropathy analysis of the deduced

sequences of the novel proteins was performed using

TopPred2, and homology searches performed using FASTA3

and BioEdit.
2.4. In silico analyses and molecular modeling

An alignment using ClustalW [46] and BioEdit [34] was

performed for the proteins in order to analyze primary

sequence similarities in each group. A phylogenetic tree

was visualized using TreeView [15], including protein from P.

guajava and other glycine-rich plant proteins. Alignment

against data bank was conducted to elucidate the 3D structure

of Pg-AMP1 [30]. Bioinfo Meta Server [13] was utilized,

indicating an absence of structures similar to guava peptide.

Consequently, Gromacs for molecular dynamics [24] was

utilized for prediction of protein structures using ab initio

procedures. A primary structure was constructed using Deep

View Swiss PDB Viewer [14] and Modeller [26] programs. This

structure was then placed in a cubic box, with water

molecules. A partial simulation for energy minimization

was executed using 2000 steps from Steepest Descent in

order to remove possible stereochemical disturbances. Com-

plete simulation was performed using temperature and

coupling pressure of 300 K and 1 atm, respectively, and

Newton’s movement equations (MD) as a dynamic method

in 60,000 ps. The final model was visualized using Pymol [7].

All simulations were performed on a Sun AMD Opteron bio-

processor workstation.

2.5. Bacterial bioassays

Bacterial bioassays were performed in micro-plates using

1.0 ml of Luria Bertani medium (10 g l�1 NaCl, 5 g l�1 yeast

extract and 45 g l�1 bactopeptone). Liquid cultures of Klebsiella

sp. and Proteus sp. were grown in LB medium during 18–24 h at

37 8C, prior to initiating peptide evaluations, then subse-

quently challenged by Pg-AMP1 peptide from guava seeds at a

concentration of 40 mg ml�1, for 4 h at 37 8C. Sterile distilled

water was used as a negative control and 40 mg ml�1

chloramphenicol as positive control. Evaluation of bacterial

growth was measured at hourly intervals at 595 nm. Each

experiment was carried out in triplicate. Moreover, the

minimal inhibitory concentrations MIC was also obtained

according to Park et al. [35]. The microorganisms used for MIC

bactericidal assay were E. coli ATCC 8739, Klebsiella pneumoniae

ATCC 13883 and Salmonella typhimurium ATCC 14028. Bacteria

were grown in tryptic soy broth (TSB) at 37 8C, growth

inhibition were measured as described by Bulet et al. [3]. Pg-

AMP1 was dissolved in sterile Milli-Q water and diluted 8-fold

in TSB (OXIOD, England) broth. The standard concentrations

used for the assay were 25, 50, 100 and 150 mg ml�1. The initial

inoculums were approximately 1 � 105 colony forming units

(CFU ml�1) and limit of detection was 102 CFU ml�1. The final

volume was 250, 25 ml of the Pg-AMP1 test in water, 25 ml of the

inoculums in TSB, and 200 ml of TSB broth. The minimal

inhibitory concentration (MIC) was measured for turbidity (OD

at 595 nm) 20 h after all microorganisms were grown in

stationary culture at 37 8C. The lowest concentration of the

peptide in which no growth occurred was defined as the MIC.

2.6. Fungi bioassays

The inhibitory effect of Pg-AMP1 on growth of filamentous

fungi Trichoderma harzianum, Aspergillus fumigatus, Fusarium
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oxysporum and Rhizoctonia solani was assessed according to

Oard et al. [33]. These microorganisms were grown in 20 ml

MYG medium (0.5% malt extract, 0.25% yeast extract, 1.0%

glucose, and pH 6.0) for 48 h, at 25 8C, in the presence of Pg-

AMP1 at concentrations of 25, 50, 75, and 100 mg ml�1. Sterile

distilled water was used as negative control and 0.5% Capitan

as positive control. Evaluation of growth inhibition in

comparison with both controls was obtained by measuring

fungal dry weight 48 h after incubation with test and control

substances.
3. Results

3.1. Purification and molecular characterization of guava
peptide

In order to isolate antimicrobial peptides, the rich fraction

from guava seeds was dialyzed and applied onto a Red-
Fig. 1 – (A) Red-Sepharose Cl-6B chromatography profile of

rich fraction extracted from guava seeds. Black arrows

indicate initiation of protein elution using Tris–HCl buffer

containing 3.0 M NaCl. (B) HPLC reversed-phase

chromatogram profile (Vydac C18-TP) of Red-Sepharose

retained fraction generated from guava seeds. Diagonal

line indicates a linear acetonitrile gradient. Graphics on

the right hand side of both chromatograms represent re-

chromatography of protein fractions using the same

column.

Fig. 2 – SDS-PAGE of samples from retained peak (lane 2)

and purified Pg-AMP1 (lane 3). Lane 1 corresponds to

molecular marker. The black arrow indicates the guava

protein with molecular mass under 10 kDa.
Sepharose Cl-6B affinity column. A single retained peak was

active against Klebsiella sp. and Proteus sp. while samples from

non-retained peaks did not show such antimicrobial activity

(Fig. 1A). The retained peak showed innumerous proteins

when analyzed by SDS-PAGE, with molecular masses ranging

from 5.0 to 80.0 kDa (Fig. 2). A retained fraction from guava

Red-Sepharose was further analyzed via reversed-phase

chromatography (HPLC), revealing a major peak eluted with

42% acetonitrile (Fig. 1B). Samples from this peak were re-

chromatographed using a retard step of a 20–50% acetonitrile

gradient, revealing a purified peptide 42% (Fig. 1B). After re-

chromatography, the HPLC sample was submitted to mole-

cular mass analysis by SDS-PAGE, showing a single peptide

with molecular weight below 10 kDa (Fig. 2). Mass spectro-

metry analysis from peak 1 of HPLC showed a major

monomeric peak with 6184.12 Da and small quantities of a

dimeric form with 12368.25 (data not shown).

3.2. Amino acid sequencing and alignment

Complete sequencing of the guava protein revealed a protein

with a length of 55 amino acid residues (Fig. 3). A search using

FASTA3 revealed 72% identity to glycine-rich proteins. A



Fig. 3 – Alignment of Pg-AMP1 and seven other plant glycine-rich proteins and colicin E3 from E. coli. Gray boxed residues

indicate the glycine-rich region. Black boxed residues correspond to conserved RRM motif. Asterisks indicate conserved

arginine residues. Two points indicate conserved tyrosine.
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comparison of Pg-AMP1 primary sequence with eight addi-

tional glycine-rich proteins from plant sources was performed

using BioEdit [15]. Although the primary sequences between

glycine-rich proteins were, in general, widely diverse, they

showed a well-conserved region where glycine residues are

predominant (Fig. 3). Two positively charged residues in the

sequence were also conserved in most of the analyzed plant

glycine-rich proteins (indicated by asterisks) (Fig. 3). Moreover,

with the exception of colicin E3, a conserved tyrosine residue

was also observed across the alignment (Fig. 3).

Phylogenetic groups based upon peptide data were not

found to be in accordance with current taxonomic status of

the species analyzed. For example, although P. guajava, S.

tuberosum and R. obtusifolius are taxonomically close, they

group separately in the tree (Fig. 4). Although glycine-rich

proteins from Z. mays and O. sativa were phylogenetically

close, which supports current phylogeny for these two

members of the liliopsida, they also unexpectedly grouped

with the guava peptide Pg-AMP1. Moreover, although M. sativa

and B. napus are closely related taxonomically, their glycine-

rich proteins were not so close in the phylogenetic tree. Colicin

E3 was very close to Pg-AMP1, which may be more due to their

functional similarities rather than sequence similarities.

3.3. Molecular modeling

The final model is composed of two a-helices, one at the N-

terminus and the other at the C-terminus, with one loop
Fig. 4 – Phylogenetic tree of eight plant glycine-rich

proteins.
between them (Fig. 5A). Most of the glycine residues are

present within this loop, conferring greater flexibility to this

structure. At the extremities of the a-helices are arginine

residues, which seem to be important for providing the

positive charge to this region (Figs. 5A and C). Several

hydrophobic residues could also be observed along the

structure, which may be important for dimerization

(Fig. 3). In such a case, we could propose that, via in silico

analyses, there is a salt bound formation between Arg7 from

one monomer to Glu108 from the other monomer. Another

interaction mediated by a water molecule can also occur

between Arg45 from one of the monomers with Ser88 from the

other. The other arginine residue seems to be important in

antimicrobial activity, interacting with the pathogen cell

surface (Fig. 5C). Analyses at the electrostatic layer showed

two charged regions, positive at the N-terminal and negative

at the C-terminal. Positively charged regions are mainly

composed of arginine residues, which are located at the core

of the dimer. Some of these amino acids from each monomer

interact to form the dimeric molecule. The negatively

charged region is formed predominantly of glutamic acid

residues and can be found mainly at the external a-helices

(Fig. 5B). These regions may also allow the two Pg-AMP1

molecules to interact with each other, forming dimers. The

structure formed by two Pg-AMP1 molecules was analyzed by

molecular dynamics, with six different positions compared.

Fig. 5A illustrates the different structural possibilities for the

dimerical shape of this peptide. Each color represents a

unique structure. Upon exposure to a water environment, Pg-

AMP1 structure was observed to remain stable, suggesting

the possibility of homodimer formation for antibacterial

activity. Analyses of Pg-AMP1 three-dimensional structure

showed that this molecule showed high similarities with

colicin E3, a protein from E. coli related to antibiotic proteins

with bactericidal properties [43]. Both are formed by a-

helices, which seems to be crucial for interaction with



Fig. 5 – Cartoon representation of Pg-AMP1. (A) Front view of six different structures obtained from molecular dynamics

during different time periods. (B) View of the electrostatic layer of the dimeric molecule. (C) Diagram showing arginine

residues from Pg-AMP1 at dimeric formation. Residues in pink represent one of the monomers, while residues in yellow

correspond to the other monomer.

Fig. 6 – Bacterial bioassays using purified Pg-AMP1 against

(A) Proteus sp. and (B) Klebsiella sp. (^) indicates negative

control, (&) indicates positive control and (~) indicates Pg-

AMP1.
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pathogens and antimicrobial activity. The mechanism of

action of colicin E3 is based on a strong interaction with

receptors, such as BtuB, related to B12 vitamin synthesis in E.

coli. Colicins usually act binding to these receptors at the cell

membrane surface, leading to the entrance of the antimi-

crobial protein into the cell cytoplasm and consequently cell

intoxication [43]. The three-dimensional structure of colicin

E3 is composed of an A domain and two T and C globular

domains. A large antiparallel helicoidal hairpin characterizes

‘‘A’’ domain, which is the region that interacts with the

microorganism cell surface [43].

3.4. Antimicrobial assays of guava seeds peptide

Purified Pg-AMP1 was used for in vitro assays against Gram-

negative bacteria. Pg-AMP1 revealed deleterious effects against

Klebsiella sp. and Proteus sp., showing 90% and 30% inhibition,

respectively, at a concentration of 40 mg ml�1 (Fig. 6A and B).

Results showed specificity to Gram-negative bacteria, while

bioassays against strains of Gram-positive S. aureus did not

reveal inhibitory activity (data not shown). With this prelimin-

ary data, MICs of Pg-AMP1 were obtained against E. coli ATCC

8739, K. pneumoniae ATCC 13883 e S. typhimurium ATCC 14028. In

fact Pg-AMP1 showed a clear bactericidal activity, where MIC

values obtained for this peptide were 72 mg ml�1 for E. coli and

32 mg ml�1 for K. pneumoniae. None activity was obtained

towardsS. typhimurium. This is thefirst report, toour knowledge,

of a glycine-rich protein from plant sources showing anti-

microbial activity against eubacteria pathogenic to humans.

Purified Pg-AMP1 was also tested against human and plant

pathogenic fungi: F. oxysporum, A. fumigatus and R. solani.

Evaluation was also conducted against T. harzianum, a widely

used model filamentous fungus for biochemical studies, once

that it is an entomopathogenic organism. None of these fungi

showed growth inhibition in the presence of Pg-AMP1 (data not

shown), suggesting that its mode of action is specific to

prokaryotic eubacterial cells.
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4. Discussion

Sequencing of Pg-AMP1 revealed a fragment of 55 amino acid

residues with similarity to glycine-rich plant proteins (Fig. 3).

Such proteins form a wide divergent protein family with

different functions and, in general, without primary sequence

similarities. Their main feature is the presence of approxi-

mately 60% glycine residue content in their primary sequence,

although they can be classified into three different groups

according to precise number of Gly residues [29,38]. The first

group shows not only a higher content of glycine in primary

sequences, comprising over 70% of all residues, but also a

number of conserved RRM motifs, namely RNP-1 and RNP-2.

RNP-1 consists of eight amino acid residues (K/R)G(F/Y)(G/

A)FVX(F/Y), while RNP-2 contains six amino acid residues with

a consensus (L/I)(F/Y)(V/I)(G/K)(G/N)L. The second group in this

protein family is also characterized by high glycine content

and the presence of only one of these conserved domains.

Finally, the third group includes proteins with no conserved

motif, but with 60% of the primary sequence composed of

glycine residues [32,42]. Pg-AMP1 seems to be classified into

the third group, given that this protein does not contain RRMs

present in proteins from the first two groups [29,32].

Sequence alignment with eight plant glycine-rich proteins

showed that, despite primary sequence divergence, there is a

considerable similarity in the glycine-rich domain (Fig. 3). A

conserved pattern of glycine and tyrosine residues was

observed in all sequences analyzed. Glycine and arginine

residues seemed to be important for dimer formation, given

that Pg-AMP1 forms a homodimer by interaction with these

amino acids, as observed by mass spectrometry results (data

not shown). A well conserved positively charged residue in the

middle of the glycine-rich sequence was also observed,

followed by a negatively charged amino acid residue (Fig. 3).

Similar structures have been found in other antimicrobial

peptides such as distinctin, a protein isolated from Phyllome-

dusa distincta, which has shown activity against E. coli, S. aureus,

Pseudomonas aeruginosa and Enterococcus faecalis [37]. The mode

of action for this protein seems to be via interaction with the

lipidic layer from the cell wall surface, leading to membrane

permeabilization and cell death [37]. A three-dimensional

structure of distinctin, obtained by NMR in water solution, is

composed of two a-helices, although its’ antimicrobial activity

occurs by the formation of a homodimer. This shape seems to

minimize the exposition of hydrophobic residues, stabilizing

the structure and facilitating antimicrobial activity [37].

Furthermore, the defensin SPE10, isolated from Pachyrrhizus

erosus, also showed similarities to Pg-AMP1 [44]. Its’ activity

against filamentous fungi Aspergillus flavus, A. niger and

Bipolaris maydis seems to be mediated by the formation of a

homodimer, where the interaction of each monomer occurs

between hydrophobic residues at loop 2 (Ala7, Phe10, Pro3,

Phe15 and Phe39) [44]. Moreover, it has been reported that

dimeric conformations are important for antimicrobial activ-

ity in mammal defensins [40].

A phylogenetic tree of 20 glycine-rich proteins was

generated. Proteins possessing the conserved domain (K/

R)G(F/Y)(G/A)FVX(F/Y) were clustered in the tree, which

included GRPs from P. pattens, B. napus, S. tuberosum, M. sativa,

R. obtusifolius and E. esula, classified into the second group of
GRPs. GRPs from group 2 contain, in addition to a glycine-rich

region in the amino acid sequence, a single conserved domain,

in contrast to the first group that possesses two conserved

domains. Pg-AMP1 proteins from Z. mays and O. sativa do not

show such conserved domains, and as such are classified into

the third group of GRPs, where members present only the

glycine-rich region in their sequence. Pg-AMP1 is closely

positioned to GRPs from these monocotyledons, given that the

guava peptide does not present any conserved domain.

Correlations between species epithet and glycine-rich protein

identity may indicate that this group of proteins evolved from

a common ancestor, diverging between species during

evolution. Although colicin E3 is a protein not directly related

to glycine-rich proteins, it showed an unexpectedly high

similarity and proximity to Pg-AMP1, confirming structural

identity between both proteins (Fig. 4). Colicin E3 may pertain

to glycine-rich protein group three, as it showed a sequence

with a high content of glycine residues, without any conserved

motifs or arginine contents. Given such similarity with colicin

E3, the role of the peptide Pg-AMP1 in defense mechanisms

may have been maintained during evolution from a common

ancestor across both microorganisms and plants.

Through comparison of colicin E3 and Pg-AMP1 structures

and analysis of arginine residue positions, it was possible to

suggest that these residues at the external region of the dimer

with the negatively charged part of bacterial membrane

surface phospholipids. In order to confirm the mechanism

of action of Pg-AMP1, nuclear magnetic resonance and

molecular dynamics at the cell membrane surface are

warranted as future studies. Continued discovery of novel

glycine-rich proteins able to inhibit Gram-negative bacterial

growth will likely provide new insights into antimicrobial

mechanism of action in this protein group and also its modus

operandi. Given that the antimicrobial peptide analyzed in this

study is typically associated with storage, such plant proteins

might present a secondary function in plant defense, acting

against different pathogens. Numerous proteins, which have

already been described in the literature, might therefore

present such features, if screening for antimicrobial activities

were to be conducted.

To date, there have been only few reports describing plant

glycine-rich proteins with antimicrobial activities. Proteins

from wheat were recently described with antimicrobial

activities against filamentous fungi [10,49]. The glycine-rich

protein curcumoschin from pumpkin also showed antifungal

activities against Botrytis cinerea, F. oxysporum and Myco-

sphaerella oxysporum [16]. Glycine-rich proteins from oat

(Avena sativa) and Ginkgo biloba have also been described,

with the presence of chitin-binding domains suggested to be

responsible for growth inhibition of a number of filamentous

fungi [16,23]. Antiviral activity has also been described, with

gene expression coding for a glycine-rich RNA-binding

protein from Nicotiana glutinosa upregulated when the plant

was infected with TMV [30]. As far as the authors are aware,

prior to this current study there were no reports of proteins

from this class with inhibitory activities against human

bacterial pathogens.

Other members of plant storage proteins have also been

described with antimicrobial activity, such as the 2S albumin

groups, known typically as allergenic and storage proteins. For
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example, 2S albumins from the Brassica family also showed

inhibitory activities against F. oxysporum, F. culmorum, Alter-

naria brasicola, B. cinerea, Pyrularia oryzae and Verticillium dahliae

[45]. Considering that glycine-rich proteins and 2S albumins

contain members with antifungal and antibacterial activities,

a future re-classification of these groups may be justified, as

storage function might only be a secondary activity.

In conclusion, current control strategies against human

pathogenic bacteria associated with urinary and gastro-

intestinal infections are becoming increasingly less effective

as a result of selection for antibiotic resistance in pathogen

populations. On the basis of our results, Pg-AMP1 appears to be

the first glycine-rich plant protein with activity against human

pathogenic Gram-negative bacteria. Discovery of this novel

peptide able to inhibit Gram-negative eubacteria will facilitate,

in the near future, in depth analysis of the mechanism of

action of this protein group. Application in pathogen inhibi-

tion will likely include genetic engineering-derived antibiotic

production or development of novel disinfectants for hospital

environments.
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