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Abstract: Plant antimicrobial peptides from the α-hairpinins family (hairpin-like peptides) are
known to possess a wide range of biological activities. However, less is known about the structural
determinants of their antimicrobial activity. Here, we suggest that spatial structure as well as surface
charge and hydrophobicity level contribute to the antimicrobial properties of α-hairpinin EcAMP1
from barnyard grass (Echinochloa cruss-galli) seeds. To examine the role of the peptide spatial structure,
two truncated forms of EcAMP1 restricted by inner and outer cysteine pairs were synthesized. It
was shown that both truncated forms of EcAMP1 lost their antibacterial activity. In addition, their
antifungal activity became weaker. To review the contribution of surface charge and hydrophobicity,
another two peptides were designed. One of them carried single amino acid substitution from
tryptophan to alanine residue at the 20th position. The second one represented a truncated form of
the native EcAMP1 lacking six C-terminal residues. But the α-helix was kept intact. It was shown
that the antifungal activity of both modified peptides weakened. Thereby we can conclude that
the secondary structural integrity, hydrophobic properties, and surface charge all play roles in the
antimicrobial properties of α-hairpinins. In addition, the antibacterial activity of cereal α-hairpinins
against Gram-positive bacteria was described for the first time. This study expands on the knowledge
of structure–function interactions in antimicrobial α-hairpinins.

Keywords: hairpin-like peptides; plant antimicrobial peptides; antifungal activity; amino
acid substitution

1. Introduction

Plants produce a huge amount of different biologically active compounds. Some of
them participate in ontogenesis; several molecules are known to mediate plant signaling
and interaction [1]. A large group of compounds is engaged in plant defense and plant–
microbe interaction [2,3]. These molecules build plant innate immunity. The group of
plant defense peptides is of particular interest. Plant defense peptides represent a very
special group of metabolites that are synthesized constitutively. They provide a so-called
“first defense line” against a variety of environmental stress factors, primarily of a bi-
otic nature [4–6]. Plant defense peptides are divided into seven families according to
their Cys motif [7,8]. Hairpin-like peptides (α-hairpinins) are one of the youngest struc-
tural families. α-hairpinins have four Cys residues that form two disulfide bonds. Their
structure is represented by a helix-turn-helix motif. Despite the high similarity of spatial
structure, α-hairpinins possess low sequence homology and surprisingly high functional
diversity [9]. Peptides from Fagopurum esculentum, Veronica hederifolia, and Cucurbita maxima
inhibit serine proteinases by entering the enzyme active center [10–12]. Peptides from
Luffa cyllindrica disrupt protein biosynthesis via ribosome inactivation [13]. Peptides from
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Zea mays, Stellaria media, Triticum kiharae, and Echinochloa crus-galli suppress the growth of
bacteria and filamentous fungi [14–17]. The mechanism of antimicrobial activity is still
unclear. However, a few facts are already known. First of all, EcAMP1 an antifungal
α-hairpinin from barnyard grass (E. cruss-galli) seeds, is known to internalize inside fungal
conidia without plasma membrane disruption [18]. Amino acid substitution Pro19Hyp
leads to a decrease in antifungal activity and carbohydrate binding [19]. In addition, the
loss of C-terminal random coil in EcAMP2 leads to a complete loss of peptide activity [15].

In addition, another E. crus-galli homologous α-hairpinin EcAMP2 represents a “natu-
rally designed” variant of EcAMP1 lacking the C-terminal random coil. This modification
led to a complete loss of antifungal activity of EcAMP2 [15]. It became a piece of evidence
of spatial structure contribution significance in the activity of the peptide.

The modification of the peptide structure is widely applied in drug design. The main
purpose of such findings is to find molecules with enchased activity and reduced toxic-
ity [20,21]. Another purpose is to specify peptides to a particular target or to functionalize
peptide molecules [22–24]. Computational mining, prediction of target properties [25] and
chemical and microbiological synthesis [20,26] are being used in peptide design.

Here, we applied rational design to bring out structural determinants, which are
responsible for antifungal activity of α-hairpinin EcAMP1. First of all, and encouraged
by an example of natural EcAMP2, we used chemically synthesized truncated analogs to
estimate the N-terminal and C-terminal random coils as well as disulfide bond integrity on
antifungal properties of peptides. The second part of the research covered the role of single
amino acid substitution in the β-hairpin site and contribution of the total surface charge in
EcAMP1 antifungal activity.

2. Results and Discussion

This study presents the first attempt to show a rational design of plant defense peptides
that belong to the α-hairpinins previously isolated from wild cereals to reveal so-called
minimal structural basis, which is needed for the demonstration of biological activity
(antibacterial and antifungal). α-hairpinin EcAMP1 from barnyard grass (E. crus-galli)
seeds was selected for a model because this peptide revealed significant and specific
antifungal effects according to a test panel of phytopathogenic fungi and oomycetes in vitro
(so, inhibition activity was registered for 11 from 15 microbes) [27]. As mentioned above, the
3D-structure for EcAMP1 was determined before; thereby, this fact was key for the structure–
function correlation based on predominantly spatial–molecular conformation (the structure
was previously deposited to the Protein Data Bank, ID: 2L2R). Furthermore, another
example is the hairpin-like peptide Tk-AMP-X2 isolated from wheat (Triticum kiharae)
that possess antifungal activity relative to obligate parasites from maize (Zea mays) [14].
Interestingly, this peptide displayed high spatial homology with blockers of voltage-gated
potassium channels from scorpion venom, and thus, is a background for site-specific
mutagenesis to generate peptide artificial analogues [23,24]. To minimize the polypeptide
chain, two mutant variants of the EcAMP1 were suggested: firstly, with truncated N- and
C- termini restricted by Cys1–Cys4 (EcAMP1-X1) and, secondly, with potentially truncated
both α-helices restricted by Cys2–Cys3 (EcAMP1-X2) (Figure 1A). Two of these peptides
were obtained by solid-phase peptide synthesis, and the controlling of a correct folding
was performed by analytical reversed-phase HPLC, MALDI-TOF MS, and CD spectroscopy
(see Supplemental Data, Figures S1–S5).

Antimicrobial testing of all the modified EcAMP1 peptides compared with the native
form was conducted according to a line of collected Gram-positive and Gram-negative bacte-
rial strains, as well as yeasts, at a wide range of active concentrations (0.625–80 µM). A linear
α-helical antimicrobial peptide cathelicidin (LL37) was applied as the positive control [28]
(see Supplemental Data, Tables S1–S4). It was shown that the native EcAMP1 (EcAMP1-WT)
was inactive against Gram-negative E. coli and P. aeruginosa. At the same time, EcAMP1-WT
demonstrated distinguishable antibacterial activity on Gram-positive S. aureus at 5 µM (IC50).
Interestingly, EcAMP1-WT demonstrated a weaker antibacterial activity in comparison with
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its closest homologue (~63%), MBP-1 from maize (Zea mays) kernels, with a significant effect
against bacterial cultures (IC50~0.25–2.5 µM) [17].
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Figure 1. Structures of the wild-type EcAMP1 and its truncated synthetic analogs EcAMP1-X1 and
EcAMP1-X2. Modeling of spatial structure of wild-type EcAMP1-WT (A); truncated form of EcAMP1-
X1 restricted up to outer disulfides (B); truncated form of EcAMP1-X2 restricted up to inner disulfides
(C); multiple alignment of EcAMP1-WT, EcAMP1-X1, and EcAMP1-X2 (D); Cys residues are shown
in black boxes, and disulfide bridges are shown as black lines above.

Previously, it was shown that EcAMP1 inhibits the growth of phytopathogenic fungi
and oomycetes [27]. Here, it was found that this peptide can also inhibit opportunistic yeast
C. albicans at 0.625 µM (IC50) and almost completely suppressed it at 1.25 µM (MIC99). Thus,
yeasts are probably more susceptible to EcAMP1 than filamentous fungi and oomycetes
(IC50 ~4.5–18.2 µM) [27].

In contrast to the native form, both truncated peptides (EcAMP1-X1 and EcAMP1-X2) were
absolutely inactive against all microbes tested at concentrations up to 80 µM. Consequently,
the results obtained confirm the hypothesis: the shortening of the N- and C-termini led to the
disruption of the secondary structure forming (α-helices) and influences correct folding.

In the case of the activity of EcAMP-X1 and EcAMP-X2 on phytopathogenic filamen-
tous fungi, it was shown that both peptides maintained the activity against most fungi,
but their IC50 levels were higher. This illustrates the decrease in antifungal activity. In
addition, the fungistatic effect on Fusarium spp. was detected. This maybe appeared in
peptide selectivity (Table 1). Based on the comparative antimicrobial testing of the native
α-hairpinin EcAMP1 and its two truncated forms, we can draw a conclusion about the
critical suppression of the biological action for peptides with a disturbance of secondary
structural elements.

Table 1. Antifungal activity of the native and the truncated forms of EcAMP1 according to a panel of
plant pathogenic fungi (IC50, µM).

Fungus EcAMP1-WT EcAMP1-X1 EcAMP1-X2

Fusarium oxysporum 12.9 ± 1.2 15.4 ± 1.1 23.2 ± 2.6
F. graminearum 6.8 ± 1.0 9.0 ± 1.4 18.1 ± 2.1

F. solani 5.4 ± 1.5 6.9 ± 0.7 11.0 ± 1.9
Aspergillus niger >32.0 >32.0 >32.0

Bipolaris sorokiniana 25.7 ± 3.6 >32.0 >32.0
Alternaria alternata 18.4 ± 2.7 21.1 ± 2.4 >32.0

These data correlate with previous results obtained on a truncated form of the Sm-AMP-X,
another α-hairpinin from common chickweed (Stellaria media). The antifungal activity loss
was detected as a consequence of secondary structure building disturbance and complete
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elimination of the N-terminal and C-terminal fragments that were precisely involved in the
realization of antifungal activity [29].

In the second part of this study, a site-specific mutagenesis of the EcAMP1 structure
was carried out. According to the β-hairpin amino acid residue side chain spatial ori-
entation, it should be hypothesized that they are involved in the binding with the cell
wall and plasma membrane components [27]. In addition, EcAMP1 peptide is positively
charged at a neutral pH, so an investigation as to whether a positive charge plays a key
role in the activity of plant α-hairpinins seems to be important, whereas some of them
are anionic [10,12]. It was also shown that EcAMP2 lacking five C-terminal residues does
not possess antibacterial activity. Therefore, two modified EcAMP1 recombinant analogs
(EcAMP1-X3 and EcAMP1-X4) were produced by heterologous expression in the E. coli
system (Figure 2, see Supplemental Data, Figure S6). EcAMP1-X3 carries one amino acid
substitution Trp20Ala, and EcAMP1-X4 represents a truncated form of EcAMP1-WT lacking
six C-terminal residues. The yield of peptides was 4.5 mg/L for EcAMP1-WT and 2.3 and
0.9 mg/L for EcAMP1-X3 and EcAMP1-X4, respectively. Both forms were tested against
phytopathogenic fungi from the genus Fusarium in compare with the wild-type peptide.
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Figure 2. Structures of the wild-type EcAMP1 and its recombinant analogs EcAMP1-X3 and EcAMP1-
X4. (a) Amino acid sequences of peptides compared to a schematic view of α-hairpinin secondary
structure. Cys residues are shown in black boxes, and disulfide bridges are shown as black lines
above. EcAMP1-X3 sequence Ala that substituted Trp 20 is marked in red. EcAMP1-X4 lacking
C-terminal residues are marked by red gaps. (b) 3D modeling of wild-type EcAMP1 and its modified
recombinant analogs. A–C ribbon models and D–F surface models. Wild-type EcAMP1-WT (A,D);
EcAMP1-X3 (B,E); and EcAMP1-X4 (C,F). Trp20 in EcAMP1-WT and Ala20 in EcAMP-X3 are shown
in red.
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It was shown that both modifications led to a significant decrease in antifungal activity
compared to the wild-type EcAMP1 (Table 2, see Supplemental Data, Figure S7).

Table 2. Comparative antifungal activity of the native and the modified forms of the α-hairpinin
EcAMP1 (IC50, µM).

Fungus EcAMP1-WT EcAMP1-X3 EcAMP1-X4

F. oxysporum 9.4 ± 1.4 15.0 ± 2.1 15.8 ± 1.6
F. graminearum 5.0 ± 1.1 9.9 ± 1.9 8.5 ± 1.2

F. solani 5.6 ± 0.9 8.6 ± 1.5 7.8 ± 0.7

An initial mechanism of EcAMP1 antifungal activity was achieved by the hydrophobic
interaction of the side chain of tryptophan residue with fungal membrane. The substitution
of Trp20 with Ala in the EcAMP1-X3 structure probably led to a significant disturbance
of such interaction and a decrease in peptide activity. In addition, proteins and peptides
are potentially able to bind with hydrophobins that are located on the surface of fungal
conidia [30,31]. In that case, fungal hydrophobins might be firstly considered as molecular
targets for an AMP attack.

Changes in the peptide binding properties also result in a space reorientation of the
second α-helical domain (Figure 2C,F). Interestingly, the mutation of Trp/Ala in the MBP1
structure led to a complete inactivation against E. coli [32]. This confirms a critical role
of tryptophan residue located in the β-hairpin in antifungal and antibacterial activity.
Moreover, the unusual natural form of the EcAMP1 peptide consisting of a substitution
from proline to hydroxyproline at the 19th position demonstrated a weaker activity against
a model plant pathogenic fungus F. solani [19]. In the case of EcAMP1-X4, the removal
of six C-terminal amino acid residues concerns the second α-helix and might lead to a
destabilization of the molecule structure. Thus, the forming of all secondary structural
elements in α-hairpinin is quite important for biological activity.

3. Materials and Methods
3.1. Microorganisms
3.1.1. Bacteria and Yeast

Gram-positive bacterium Staphylococcus aureus, Gram-negative bacteria Escherichia coli,
Pseudomonas auroginosa, and yeast Candida albicans were located in the Collection of Division
of Pharmacognosy, Department of Medicinal Chemistry, Uppsala University, Sweden.

3.1.2. Plant Pathogenic Filamentous Fungi

Fusarium graminearum VKM F-1668, Aspergillus niger VKM F-33, and Bipolaris sorokiniana
VKM F-1446 were purchased in All-Russian Collection of Microorganisms G.K. Skryabin
Institute Biochemistry and Physiology of Microorganisms Russian Academy of Sciences
(Pushchino, Moscow region, Russia); F. oxysporum strain TSKHA-4. F. solani
and Alternaria alternata were isolated from damaged potato plants and were kindly sup-
plied by the Department of Plant Protection K.A Timiryazev Russian State Agrarian Uni-
versity (Moscow, Russia).

3.2. Design of the EcAMP1 Analogs

For these experiments, four modified EcAMP1 analogs were designed to reveal
structure–function relationships in antimicrobial activity (Table 3).
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Table 3. Variants of the modified EcAMP1 peptides. Cys residues are marked in bold. Amino acid
substitution Trp20Ala in EcAMP1-X3 and lacking C-terminal amino acid residues are marked in red.

Peptide Name Amino Acid Sequence Modification

EcAMP1-WT GSGRGSCRSQCMRRHEDEPWRVQECVSQCRRRRGGGD Wild type
EcAMP1-X1 CRSQCMRRHEDEPWRVQECVSQC Truncated form up to outercysteine pair
EcAMP1-X2 CMRRHEDEPWRVQEC Truncated form up to innercysteine pair
EcAMP1-X3 GSGRGSCRSQCMRRHEDEPARVQECVSQCRRRRGGGD Trp20Ala substitution

EcAMP1-X4 GSGRGSCRSQCMRRHEDEPWRVQECVSQCRR------ Remove of six C-terminal amino acid
residues

3.3. Solid-Phase Peptide Synthesis

Chemical synthesis of the truncated EcAMP1-X1 and EcAMP1-X2 was carried out as
described earlier [19] with modifications [33]. Briefly, solid-phase peptide synthesis was
performed on an automatic peptide synthesizer (Agilent Technologies, Santa Clara, CA, USA)
based on the Gilson automated liquid handler system (Gilson Scientific Ltd., Dunstable, UK),
according to Gilson application note 228 (Gilson Scientific Ltd., Dunstable, UK). The pep-
tides were eluted with a linear H2O–MeCN gradient (from 5% to 35% of MeCN), with 0.1%
trifluoroacetic acid, at a flow rate of 30 mL/min. A polystyrene-PEG 2000 block-copolymer
resin (Sigma-Aldrich, St. Louis, MO, USA), modified with carboxy-trytil linker (Tentagel
HL-TRT, Rapp Polymere, Tübingen, Germany) and Fmoc-protected amino acids from
Iris Biotech (Marktredwitz, Germany) were used, except for Fmoc-Hyp(tBu)-OH, which
was from Novabiochem (Sigma-Aldrich, St. Louis, MO, USA). Acetyl chloride, 4-methyl
piperidine, diisopropylethylamine, sym-collidine, and HATU were from Acros Organics
(Morris, NJ, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. C-terminal amino
acid was attached to the Ac-Cl-activated resin, in the presence of Hunig’s base for 2 h.
Peptide assembly was performed by Fmoc methodology, using HATU/collidine activation.
An 8-fold excess of amino acids was used within 30 min of the condensation time. After
the synthesis, the protected peptidyl polymer was washed with diethyl ether, then dried,
and treated with trifluoroacetic acid/dithiothreitol/deionized water/triispropylsilane
(TFA/DTT/H2O/TIS) 150/4/3/0.5 (weight proportion) mixture. Fifteen milliliters of the
mixture was applied to 1 g of peptidyl polymer for 2 h. Then the solution was filtered
out, and the dry peptide was precipitated with a ten-fold volume of diethyl ether and
kept at 4 ◦C for 8 h. The precipitated peptides were centrifuged, washed three times with
diethyl ether, and then dried under vacuum. Crude peptide was purified by HPLC and
then lyophilized. Pure linear peptides were dissolved in 50 mM of ammonium bicarbonate
in water/acetonitrile 90:10 to a final concentration of 0.5 mg/mL. The resulting solution
was stirred in air overnight, and then acetonitrile was evaporated under vacuum, and the
residual solution was acidified by 1% v/v acetic acid and injected for RP-HPLC analysis.

3.4. Heterologous Expression in Escherichia coli System

An original recombinant EcAMP1 was obtained as described previously [15]. To make
nucleotide-directed mutagenesis, the following oligonucleotides were designed: A1w20aF,
cgtcatgaagatgaaccggcgcgtgtgcaggaatgcg; A1w20aR, CGCATTCCTGCACACGCGCCG-
GTTCATCTTCATGACG; A1DcTermF, taataaaagcttgcggccgcactcga; A1DcTermR, ACGACG-
GCACTGGCTCACGCATTCC. Reamplification was provided from a based plasmid vector
pET32B+EcAMP1.

3.5. Cleavage of EcAMP1-X3/X4-Thioredoxin Fusion Protein by Enteropeptidase

A total of 1 mg of freeze-dried fusion proteins were dissolved in 1 mL buffer (50 mM
NH4HCO3 supplied with 1.5 mM CaCl2, pH 8.0). A total of 0.5 EU of an enteropeptidase
light chain from bovine pancreas (Sigma, Burlington, MA, USA) was dissolved in 10 µL
of 1× dilution buffer according to the manufacturer’s recommendations. Cleavage was
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carried at 37 ◦C 24 h in the dark. After that, the reaction was stopped by the addition of
100 µL of 0.1% TFA.

3.6. Analytical Reversed-Phase HPLC

After proteolysis, products were applied on a Jupiter C5 4.6 × 250 mm column (“Phe-
nomenex”, Torrance, CA, USA) pre-equilibrated by 10% buffer B (80% acetonitrile and 0.1%
TFA). The separation was carried out at linear gradient of buffer B (10–50% for 60 min) and a
flow rate of 1 mL/min. Detection was carried at 214 nm.

3.7. MALDI-TOF MS

Molecular masses of the peptides were measured by a matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF/TOF) mass spectrometry on an AutoSpeed
MALDI-TOF instrument (Bruker Daltonics, Bremen, Germany), in a positive ion mode.
2,5-dihydroxybenzoic acid (Sigma-Aldrich, Ronkonkoma, NY, USA) was applied as a ma-
trix for calibration. Mass spectra were analyzed with the mMass version 5.5.0 software
(http://www.mmass.org/).

3.8. Molecular Modeling

Modeling of the spatial structure was accomplished using PyMol v. 2.5.2 (DeLano
Scientific LLC, USA) software.

3.9. Antimicrobial Activity In Vitro

Peptides were tested against opportunistic bacteria and yeasts as well as phytopathogenic
filamentous fungi. All tests were carried out using microdilution assay. Bacteria were grown
on TSA (trypticase soy agar, BioMérieux, Marcy-l’Étoile, France) plates for 24 h. After that,
they were suspended in a standard CA-MHB medium (BBL™ Mueller—Hinton II broth
cation-adjusted, Becton Dickinson, Franklin Lakes, New Jersey, USA) up to 1.5 × 106 Colony
Forming Units (CFU) mL−1. Peptides were diluted to a final concentration of 80–0.625 µM.
Cathelicidin (LL37) was applied as a positive control at the same concentration range. Bacterial
cultures were incubated with peptides at 37 ◦C for 48 h. The minimal inhibitory concentration
(MIC) of each peptide was determined as the lowest concentration required to inhibit bacterial
growth, i.e., to reduce the culture’s OD600 to less than 0.1. OD600 values were measured with
a microplate reader (EnVisionTM Multilabel Plate Reader, Perkin Elmer, Waltham, MA, USA).
Every tested peptide concentration was assayed in triplicate, and the experiment as a whole
was repeated three times [34]. An antiyeast assay was performed in the same way. A YPDA
(yeast–peptone–dextrose agar) was used for maintaining the culture and a YPDB (yeast–
peptone–dextrose broth) for maintaining the antiyeast assay.

An antifungal assay was performed using PDA (potato–dextrose agar) for maintaining
the culture and a PDB (potato–dextrose broth) for a microtiter assay as described previ-
ously [35]. Briefly, fungal colonies were grown on solid media at 25 ◦C for 10 days. Conidia
were washed from the surface of mycelium with approximately 10 mL of potato–dextrose
broth (Sigma, Burlington, MA, USA) and diluted to a concentration of 104–105 conidia per
mL using counting chamber. Fungal suspensions were placed into the wells of microtiter
plates (Sigma, Burlington, MA, USA) containing two-fold serial dilutions of each peptide
(from 1.0 to 16.0 µM). Incubation with peptides proceeded at 25 ◦C for 48 h. Inhibition of
spore germination was examined by light microscopy using an Axio Scope A1 instrument
(Carl Zeiss, Oberkochen, Germany). The degree of inhibition was calculated as the percent-
age of germinated conidia against their total number. The IC50 values were calculated as the
peptide concentration that caused a 50% inhibition of spore germination. All experiments
were carried out in three replicates.

4. Conclusions

This work presents the results of the analysis of structural–functional relationships in
α-hairpinin EcAMP1 molecule. This peptide is known to inhibit the growth of filamentous
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fungi; here it was shown that EcAMP1 possess antiyeast and antibacterial activity against
Gram-positive bacteria. Secondary structural integrity, hydrophobicity, and positive surface
charge were considered to participate in the antimicrobial activity of the α-hairpinin. Here,
it was shown that the modification of all properties assumed led to the antimicrobial activity
loss or decrease in the case of fungi.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27113554/s1. Figure S1, Analytical RP-HPLC
profile for EcAMP1-X1 purification. Figure S2, Analytical RP-HPLC profile for EcAMP1-X2 purifica-
tion. Figure S3, MALDI-TOF mass spectrum for the EcAMP1-X1 peptide. Figure S4, MALDI-TOF
mass spectrum for the EcAMP1-X2 peptide. Figure S5, CD curve for the recombinant EcAMP1-WT
peptide. Figure S6, Semi-preparative RP-HPLC profile illustrated separation of the recombinant
TRX-EcAMP1-X4 fusion protein by L-HEP. Figure S7, Antifungal assays in vitro with optical mi-
croscopy detection: control (A,E,I), EcAMP1-WT (B,F,J), EcAMP-X1 (C,G,K) and EcAMP1-X2 (D,H,L).
Microphotographs for conidia germination are presented: Bipolaris sorokiniana (A–D), Alternaria
alternata (E–H) and Fusarium graminearum (I–L). Table S1, Antifungal activity of the native and the
truncated forms of EcAMP1 against C. albicans. Table S2, Antibacterial activity of the native and
the truncated forms of EcAMP1 against S. aureus. Table S3, Antibacterial activity of the native and
the truncated forms of EcAMP1 against E. coli. Table S4, Antibacterial activity of the native and the
truncated forms of EcAMP1 against P. aeruginosa.
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