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1. INTRODUCTION 

 

The most common strategy for controlling diseases caused by plant pathogenic bacteria belonging to 

the so called Pseudomonas syringae group still is to apply bactericides, as it was decades ago. 

Formulations active in the control of phytopathogenic bacteria mainly include a variety of copper 

compounds, or other heavy metals, with or without fungicides or other pest-control chemicals added. 

Antibiotics and other organic bactericides are or have also been used, but to a lesser extent: in 

particular antibiotics are not allowed to be used for plant disease control all over EU, while still are in 

USA. Unfortunately, these strategies have never been totally satisfactory, and very heavy crop losses 

were recorded during severe epidemics cause by highly virulent plant pathogenic bacteria. This could 

be in part due to the development and the spread of copper-resistance in bacteria, regulated by several 

genes occurring in the bacterial genomes and that can be transmitted easily among bacteria in different 

environments and by several mechanisms, such as horizontal gene transfer through conjugation of 

plasmids or transposable elements. Genetic exchange of genes and plasmids among bacteria is an 

important process in the selective adaptation of microorganisms to shifting and challenging local 

environmental conditions, such as copper toxicity. The pressure deriving from high copper 

concentrations is important not just for soil microflora, but also for epiphytic bacteria. Plant surfaces 

are colonized by numerous and very different bacterial species, whose communities in the 

phyllosphere are constantly and dynamically interacting (Monier and Lindow, 2005). Epiphytic 

bacteria generally harbour many plasmids, at the basis of the gene exchange in these communities and 

that make the phylloplane a microenvironment favorable for horizontal transfer of genetic material. On 

the same plasmids, genes for streptomycin resistance are often associated to copper-resistance genes. 

Therefore, even if in the EU Member States antibiotic treatment are not allowed in plant protection, 

copper applications also determine a selection for streptomycin-resistant bacteria for a cross-selection 

mechanism, correlated with repeated loading of copper into the agroenvironment. This phenomenon is 

dramatically increasing, because the higher the frequency of bacteria resistant to copper and 

streptomycin in a given agroecosystem, the higher is the probability for horizontal transfer of these 

resistance genes to sensitive bacterial strains (Normander et al. 1998). Thus, periodic application of 

copper-based bactericides on crops to control bacterial diseases increases the selection pressure for the 

development of epiphytic bacterial populations resistant to copper and streptomycin, elevating the 

risks for transfer of these resistance genes within the plant pathogenic bacterial population and also to 

other bacteria belonging to the resident microflora. Once resistance is acquired by the plant pathogen 
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targeted by these chemicals, the frequency of the resistant strains in the pathogen population will 

increase eventually, thus resulting in less effective disease control. 

Over the last years, phytopathogenic strains that are resistant to copper treatments have been detected 

worldwide and are threatening the efficacy of this strategy.  

Many different strategies have been introduced to fight this phenomenon, such as the use of health 

seed, the biological control by antagonistic microorganisms, the soil solarization, and the use of 

natural-occuring antibacterial compounds, in a frame of a sustainable agriculture where the use of 

chemicals is gradually decreasing. 

Antimicrobial peptides (AMPs) have gained popularity for human and plant disease control during the 

past decade and are attractive alternatives to conventional antibiotics. In general, AMPs consist of less 

than 50 amino acids, possess an overall net positive charge and amphipathic topology. The 

amphipathic topology creates clusters of hydrophilic and hydrophobic amino acids spatially separated 

from each other within the molecule selective antibacterial action through specific targeting of 

bacterial membranes having a high density of anionic lipids. Higher organisms are continuously 

exposed to a great variety of pathogens such as viruses, mycoplasma, bacteria, and fungi. To fight 

these microbes they have developed several defense strategies, including the production of natural 

AMP (Zasloff, 2002). AMPs are effective weapons against a wide range of pathogens and are 

distributed throughout the animal and plant kingdom, suggesting that they are critical for the 

successful evolution of complex multicellular organisms (Boman, 2003). Despite their high sequence 

diversity, AMPs share fundamental structural properties such as short size, positive net charge, 

hydrophobic nature and clustering of cationic and hydrophobic amino acids within distinct domains of 

the molecule. Upon contact with pathogen membranes AMPs tend to adopt amphiphilic structures. 

Because of their cationic and hydrophobic features, antimicrobial peptides interact primarily with 

negatively charged biomembranes (Wimle, 2010; Brogden, 2005). 

Many bacterial membranes contain negatively charged components like hydroxylated phospholipids, 

lipopolysaccharides and teichonic acids and are therefore major targets for AMPs. The hydrophobic 

regions of the AMPs support incorporation of the peptides into the membranes, leading to pore 

formation and permeabilization. Several different models have been proposed for peptide insertion, of 

which the barrel-stave model, the carpet model, and the toroidal-pore model are the most popular ones 

(Epand & Vogel, 1999; Hancock & Diamond, 2000; Lai & Gallo, 2009). 

In plant protection, AMPs have attracted the interest of researchers for many years, also for their mode 

of action, namely targeting fundamental features of microbial cell membranes, which is thought to 

reduce the risk of resistance development in bacterial populations. Moreover, the difference in 
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prokaryotic and eukaryotic membrane architecture already imparts selectivity of AMPs for bacteria 

and fungi, thus reducing toxic side effects against cells of higher organisms (Alan & Earle, 2002; 

Montesinos, 2007; Montesinos & Bardaji, 2008). In plants several families of natural AMPs have been 

identified, such as thionins, defensins, lipid transfer proteins, hevein-and knottin-like proteins and 

snakins, differing in structure, size and cysteine content (Thomma et al., 2002). AMPs from animals 

were also analysed for their plant protecting potential. Magainin (from frog), cecropin (from silkmoth) 

and modified or chimeric forms of these two peptides were mainly used in in vitro or ex vivo (i.e. 

detached leaves or fruits) studies against plant pathogens. Moeover, since the cationic and hydrophobic 

characteristics of these AMPs determine their mode of action, direct modification of these features 

allows the rational design of new AMPs, more efficient and targeted and with a low ecotoxicological 

profile.  

Here, we present the design of a novel set of antimicrobial peptides harboring different structural and 

chemical properties and depict their possible use in plant protection. Advances in the study about 

bacterial pathogenicity and virulence factors provided mounting evidences about the essential role of 

Type Three Secretion System (T3SS) for the pathogenicity of a broad spectrum of Gram-negative 

bacteria, that infect both plant and mammalian hosts including humans (He et al., 2004; Mota & 

Cornelis, 2005). Until now, this syringe-like apparatus has been found and deeply studied in over two 

dozen of Gram-negative phytopathogenic bacteria, where it was shown to be very well conserved both 

structurally and functionally (Tegli et al., 2011). Basically, T3SS is essential to cause disease into host 

plants by injecting pathogenicity and virulence effector proteins (named “Type Three Effectors”, 

T3Es) directly into the cytosol of host cells. In other words, without a properly working T3SS, 

pathogenic bacteria are unable to cause disease. This makes T3SS an attractive and ideal target for 

novel antimicrobial drugs, to replace or reduce the use of copper in agriculture, and of antibiotics for 

animal and human health (Clatworthy et al., 2007; Keyser et al., 2008; Baron, 2010; Kline et al., 2011; 

Miles et al., 2012; Lun et al., 2013). Recent studies identified several classes of synthetic compounds, 

as well as natural products, as active T3SS inhibitors in a wide range of Gram-negative bacterial 

pathogens for animals and humans, such as Escherichia coli, Salmonella, Yersinia, Shigella and 

Chlamydia (Kauppi et al., 2003; Oh & Beer, 2005; Oh et al., 2005; Gauthier et al., 2005; Muschiol et 

al., 2009). These inhibitors include salicylanilides, salicylidene anilides, salicylidene acylhydrazides, 

thiazolidinone, sulphonylaminobenzanilides, caminosides and guadinomines, that are likely to target 

T3SS gene expression, conserved outer membrane proteins, effector secretion and needle assembly 

(Wolf et al., 2006; Veenendaal et al., 2009). 
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T3SS is formed by several structural and regulator proteins, included the so called HrpA protein, that 

is the main component of the T3SS translocating pilus in phytopathogenic bacteria belonging to the P. 

syringae group. HrpA protein is characterized by a coiled-coil region. Coiled-coil domains are 

generally involved in protein-protein interaction, particularly in molecular recognition phenomena and 

in the formation of multimeric proteic complexes (Daniell et al., 2001), and there are some 

experimental evidences about the role of coiled-coil domains in the assembly of an HrpA-like protein 

in E. coli (Larzabal et al., 2010). Therefore these domains could be evaluated as specific targets for 

innovative anti-infective peptides against Gram-negative bacteria (Delahay  & Frankel, 2002).  

The AFTER CU project is in this frame, to demonstrate the performances and the positive 

ecotoxicological profile of several peptide-base molecules targeting T3SS HrpA protein of the 

phytopathogenic bacteria here used as a model [Pseudomonas savastanoi pv. savastanoi (Psv), P. 

syringae pv. syringae (Psy) and P. syringae pv. actinidiae (Psa)].  

According to the essential role played by the secondary structure (i.e. percentage composition of  

alpha-helix, beta-strand or "other") of the AFTER Cu anti-infective peptides on the mechanism by 

which they interact and bind to their target, it was supposed to be essential to demonstrate that their 

structure was maintained unaltered when produced both by chemical and recombinant 

biotechnological synthesis. In recent times the use of Fourier Transform Infrared spectroscopy (FTIR) 

to determine the structure of biological molecules such as peptides and proteins has dramatically 

increased to overcome some problems encountered by using other approaches (Chai et al., 2014). For 

instance, the complete three-dimensional structure of a peptide/protein can be determined at high 

resolution by X-ray crystallography, but this technique requires the peptide/protein to form an ordered 

crystal and this is not always possible. Similarly, multidimensional nuclear magnetic resonance (NMR) 

spectroscopy has limits mainly related to the interpretation of the NMR spectra, which is very complex 

and therefore NMR is currently applied to small proteins (~15-25 kDa). Alternative approaches 

include circular dichroism (CD) and vibrational (infrared and RAMAN) spectroscopy, as well as 

FTIR. The main advantages of FTIR spectroscopy are that it requires just small amounts of 

peptide/protein (1mM), with successfull results independently from the size of the peptide/protein and 

without problems of background fluorescence in their spectra.  

The aims of this Action were i) to optimize at laboratory scale the essential steps for the traditional 

chemical synthesis and for the recombinant biotechnological production of the AFTER Cu anti-

infective peptides, and ii) to compare the efficiencies of these two synthesis in terms of qualitative and 

quantitative yields. 
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2. DELIVERABLE ACTION B2 

 

2.1 Experimental procedures 

2.1.1 Reagents 

All Fmoc-protected amino acids, 2-chlorotrityl chloride resin, Fmoc-Rink amide linker, and coupling 

reagents were obtained from GL Biochem (Shanghai, China). 5-Nitro-2-furoic acid, myristic acid, 

trifluoroacetic acid, and piperidine were obtained from Sigma Aldrich. TentaGel S NH2 resin was 

obtained from Peptides International (Louisville, USA). 

 

2.1.2 Peptides chemical synthesis 

Peptides were synthesized following two different strategies, with initial experiments focused on a 

0.05 mmol scale, to be then upgraded. 

The first to be applied was by the solid-phase method following a standard Fmoc protocol using 

custom-made glass reaction vessels with a fritted filter and plastic valve. The peptide amides were 

assembled on TentaGel S NH2 resin (90 mm) with a substitution level of 0.29 mmol=g conjugated to 

Fmoc-Rink amide linker. The peptide acids were assembled on 2-chlorotrityl chloride resin with a 

substitution level of 0.8–1.5 mmol=g. Amino acid couplings were carried out in N,N-

Dimethylformamide (DMF) solution using O-(Benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium 

tetrafluoroborate (TBTU) as the coupling reagent and N,N-Diisopropylethylamine (DIPEA) as the 

base. The side chain protecting groups were tert-butyloxycarbonyl (Boc) for Lys and Trp, 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for Arg, triphenylmethane (Trt) for Cysteine, and tert-

butyl (t-Bu) for Tyr, respectively. Fmoc-Lys(Fmoc)-OH was used as a C-terminal scaffold to achieve 

branched peptide structures. Standard solid phase coupling procedures were used to couple myristic 

acid and 5-nitro-2-furoic acid to the Nterminus. The final peptides were cleaved from the resin, at 

room temperature, using 10 mL of the TFA cocktail mixture (TFA-TIS-Water—95:2.5:2.5 v=v) per 

gram of the resin. The cleavage mixture was concentrated under reduced pressure and the crude 

peptides precipitated with cold diethyl ether. The white solid was resuspended in cold diethyl ether, 

centrifuged thrice, dissolved in water, and freeze dried to give the crude peptides as white fluffy solids. 

The crude peptides were purified to homogeneity by reversed-phase high-pressure liquid 

chromatography (RP-HPLC) using a GE Pharmacia €AKTA purifier 10 system on a Phenomenex 

Luna 5 lmC18 100A ° (250 mm 3 10 mm) column using gradient elution with 0.1% TFA in 

acetonitrile–water at a flow rate of 4.5 mL=min. The purity and identity of the peptides were 

established by analytical HPLC and electrospray ionization mass spectrometry (ESIMS). Analytical 
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HPLC was performed on Phenomenex Luna 5 lm C18 Column 100 A ° (250 mm 3 4.6 mm) using 

acetonitrile and water containing 0.1% TFA as the mobile phase. A linear gradient of eluents A and B 

from lower to higher percentage of B (see Table I) was used where A and B were 0.1% TFA-water and 

99% CH3CN, 0.9% water, and 0.1% TFA. Representative HPLC traces of the purified peptides are 

provided in Figure 1. ESI mass spectra were recorded on a Bruker micrOTOFQmass spectrometer. 

The second strategy was using an Advanced Chemtech (Louisville, KY, USA) 348-Ω peptide 

synthesizer, starting from Fmoc-Ile-Wang resin (0.6 mmol/g). Fmoc deprotection was achieved with 

20% piperidine in DMF (5 + 15 min). Amino acid couplings were performed in the presence of 

HBTU/HOBt/DIPEA (4 equivalents of the carboxyl component, reaction time 45–60 min). A single 

coupling protocol was used to acylate all the residues; peptide was cleaved from the resin with a 90-

min treatment with a TFA/TIS/water/1,2-ethanedithiol mixture (94 : 1 : 2.5 : 2.5 by volume). The 

crude peptide was purified by flash chromatography using a Biotage Isolera Prime purification system 

(Uppsala, Sweden) equipped with a SNAP-C18 cartridge. The desired product was characterized by 

analytical HPLC and ESI-MS. 

 

2.1.3 Peptides synthesis by recombinant DNA-based technology 

The biotechnological synthesis at laboratory scale of AFTER CU anti-infective peptides and of its 

target protein HrpA was set up and optimized. The experimental approach used is based on the 

pET200 D-TOPO expression vector and ProBond purification system (Invitrogen, Life Technologies, 

USA). Briefly, hrpA genes from Psv23 and P. syringae pv. actinidiae, as well as the DNA sequences 

coding for AP17, Li27 and Psa21 peptides, were separately cloned into pET200D-TOPO (Invitrogen) 

expression vector. After having successfully assessed the correct insertion of all these sequences into 

the cloning vector, these recombinant plasmids were used for transformation experiments, using 

several E. coli strains as recipients (BL21 from Invitrogen, USA, and C41 from Novagen). After IPTG 

induction, expression of HrpA protein and of the AFTER Cu peptides was then assessed on whole cell 

lysate and on cultural filtrates, by traditional electrophoretic methods. On the samples showing 

significant levels of expression of the recombinant proteins/peptides, purification was carried out 

through ProBond™ Nickel-Chelating Resin (Invitrogen), using the N-terminal Hys-tag added to the 

recombinant proteins/peptides by pET200D-TOPO (Invitrogen). 

 

2.1.4 Determination of peptide concentration 

Peptides were solubilized in Milli-Q water with 0.1% acetic acid and the UVabsorbance measured at 

280 nm. Peptide concentration was calculated as follows mg peptide=mL 5 (A280 3 DF 3 MW)/[(nW 
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3 5690) 1 (nY 3 1280)], where A280 is the absorbance at 280 nm, DF is the dilution factor, MWis the 

molecular weight (g=mol), and nW and nY are the number of tryptophan and tyrosine residues, 

respectively 

 

2.2 Results 

On the coiled-coil regions of HrpA protein of P. savastanoi Psn23, highly conserved in the other 

species and pathovars belonging to the P. syringae group, several peptides were designed , acting as 

competitors in HrpA assembly. Being HrpA the main constituent of T3SS pilus, these peptides were 

designed in order “to disarm” the pathogenic bacteria, that is to stop the secretion of TTSS effectors 

into the host cells. The anti-infective peptides designed against Psn23 are reported in Figure 1, and 

according to the same strategy, several peptides were also designed against HrpA of P. syringae pv. 

actinidiae. Based on the data obtained in the Action C2, the most biologically active peptides were 

demonstrated to be AP17 and Li27 for Psn23, and Psa21 for P. syringae pv. actinidiae. Therefore, the 

biotechnogical approach was mainly focused and completed on these three peptides, as well as on theri 

targets. 

 

 

Fig. 1 Anti-infective peptides in comparison to their target on HrpA protein. 
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2.2.1 Anti-infective peptides chemical synthesis 

The desired peptides were isolated in 80% average yield (120 mg). Then, by preparative HPLC, 5 mg 

were obtained with a 93% purity and 12 mg at 72% (Figure 2). 

 

. 

Fig. 2 Yields and purity of anti-infective peptides chemical synthesis. As an example, data 

referred to peptide Li27 were reported. 

 

HPLC and ESI-MS spectra of the purified peptides were performed, as shown in Fig. 3. 

 

Fig. 3 HPLC and ESI-MS profiles of anti-infective peptides produced by chemical synthesis. As 

an example, data referred to peptide Li27 were reported. 
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2.2.2 Anti-infective peptides synthesis by recombinant technology 

As briefly described into the previous section, biotechnological synthesis of anti-infective peptides was 

based on the use of pET200 D-TOPO expression vector (Fig.4), which offers the opportunity to add a 

Hys–tag to the protein/peptide to be purified and that is very useful in the last purification steps. In 

fact, after an affinity chromatography step binding just the protein/peptide to be purified, a specific 

digestion can be carried out using enterokinase enzyme, so that the protein/peptide can be eluted at an 

homogeneous state. 

 

Fig. 4 pET200D-TOPO (Invitrogen) expression vector. 

 

Fig. 5 Recombinant expression plasmids pET200D-TOPO+AP17 and pET200D-TOPO+HrpA, 

here taken as an example of AFTER Cu peptide and its target protein. 
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Anti-infective peptide AP17 was the first to be cloned, according to the positive results obtained on its 

biological activity since the beginning of the project and as described in Actions B3 and C2. Its target 

protein HrpA was also cloned in the same expression vector, to be then used in each demonstration 

experiment when a positive control was needed. The same strategy and approach were then used for 

Li27 and Psa21 peptides. In Fig. 5 the maps of recombinant plasmids pET200D-TOPO+ HrpA and 

pET200D-TOPO+ AP17, where the coding sequences for HrpA and AP17 were inserted, respectively. 

Optimization of the expression protocol was set up on pET200D-TOPO+ HrpA expression plasmid, 

because the size of this protein (16 kDa) was more useful to easily check the results obtained than that 

of AP17 (5 kDa).  In Figure 6 the results obtained by gel electrophoresis, using E. coli strains BL21 

and C41 as recipients are reported. It was demonstrated that both strains are good producers, that C41 

strain is more prone to induction with IPTG (1mM), run for 2 and 6 hours. 

 

 

Fig. 6 Optimization of HrpA recombinant protein expression. 

 

 

Because of several contaminants were present on the gel, a preliminary purification step was carried 

out, to concentrate the proteins and peptides produced as a pool by the recombinant E. coli strains 

having a molecular weight higher than 10 kDa, thus included the target protein HrpA (16 kDa) (Fig. 
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7). It was demonstrated that this step is essential to enrich the preparation in the protein/peptide that 

needs to be purified. 

 

 

Fig. 7 Enrichment and preliminary purification of HrpA recombinant protein. 

 

According to the successful results about expression, the peptides’ target protein HrpA was purified by 

affinity chromatography, using ProBond™ Nickel-Chelating Resin (Invitrogen), using the N-terminal 

Hys-tag added to the N-terminal of HrpA. On the same ProBond™ Nickel-Chelating Resin column the 

digestion to eliminate from HrpA the Hys tail was also performed. In Figure 8 the results obtained are 

shown, using for 3 hours different enzymatic units (0.1 and 0.01) of enterokinase enzyme to digest the 

Hys tail, at different incubation temperatures (25°C here indicated as “room temperature”, and 10°C). 

Fram these data, it was demonstrated that the best conditions are 0.1 enzymatic units and at 10°C for 3 

hours, although a partial digestion was always obtained. 
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Fig. 8 Enzymatic digestion of Hys-tag on HrpA recombinant target protein 

 

This procedure was then optimized, by working on the imidazol gradient used to selectively induced 

the binding of the target to the column. In Fig. 9 the results obtained are reported, showing the 

successful purification of target protein HrpA as recombinant and under native conditions.  

 

Fig. 9 Purification of HrpA recombinant target protein 

 

Accordingly, the purification of AP17 peptide (5 kDa) was carried out as shown below in Figure 10. 
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Fig. 10 Purification of recombinant AP17 anti-infective peptide 

 

As far as yields from recombinant technology are concerned, no more than 10 mg of proteins were 

obtained as an average from a 500 mL E. coli culture for Hrpa, AP17, Li27 or Psa21. 

  

A FTIR approach was developed and demonstrated useful to assess the secondary structure of the 

AFTER Cu anti-infective peptides and of its target. In this Action B2, this technique was applied for 

the quality check of the AFTER Cu peptides and of its target proteins obtained from both chemical and 

biological synthesis. The structural characterization was carried out on samples having different 

physical state, as allowed by FTIR approach, such as aqueous solutions or on solid state. The increase 

of the absorbance at 1660 and 1680 cm-1 were selected as parameters to understand the presence of α-

helical and ß-sheet structures. Spectra were recorded using a Perkin Elmer Spectrum 100 FTIR 

spectrophotometer, equipped with a universal attenuated total reflectance accessory (ATRU) and a 

TGS detector. Spectrum software was used to process FTIR spectra. 

 

Fig. 11 FTIR spectra of HrpA protein. 
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The FTIR spectra of the target of the anti-infective peptides AP17 and Li27 are shown in Fig. 11. 

Detailed peak positions and assignments are very complex, containing bands assigned to characteristic 

secondary structures, with the band centered at 1,650 cm−1 assigned to the α helix domains, essential 

for the interaction with the AFTER Cu peptides. In Fig. 12 the main characteristic peaks corresponding 

to the toal secondary structire of HrpA are summarised. Significantly overlapping spectra were 

obtained by peptides and their targets produced by chemical and recombinant synthesis, to demonstrate 

their equivalent structures, in consistent agreement with the results obtained on their stability and 

biological activity in the Action B3 and C2, respectively. 

 

 

 

 

Fig. 12 The 1700-1800 cm−1 region of the FTIR spectra of HrpA and its bands assignment. 
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3. CONCLUSIONS 

 

Chemical and recombinant approaches were carried out and optimized at laboratory level to obtain 

antimicrobial peptides useful in phytoiatry to control bacterial diseases. At laboratory scale the results 

obtained were more than satisfactory for both these strategies, although the extraction of recombinant 

proteins by the bacterial cultures was found more difficult to set up than expected and as generally 

reported in literature. Yields and purity assessment was carried out through HPLC, mass spectrometry 

and also by FTIR. To this concern, a specific protocol was developed, optimised and demonstrated 

useful to compare the main features essential in the interaction between the AFTER Cu peptides and 

their targets obtained by chemical or recombinant synthesis. 
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