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Background: A peptide of 2,733 Da named SP-E, previously isolated from pig saliva and 

already described for its antifungal activity and absence of toxicity against mammalian cells, 

is characterized by a high content of proline residues (70% of entire sequence), that confer 

structural features probably related to peptide activity. 

Purpose: The aim of this study was to evaluate the activity of SP-E against Gram-negative 

bacteria, including drug-resistant clinical isolates.  

Methods: SP-E and shorter fragments of the same peptide were tested in vitro against the 

selected bacteria by colony forming unit assays. Scanning electron microscopy and confocal 

microscopy were also applied. SP-E potential therapeutic activity was evaluated in vivo in a 

Galleria mellonella model of bacterial infection. 

Results: SP-E proved to be active against the tested bacteria with EC
50

 values in the micro-

molar range. Though maintaining antibacterial properties, the shorter peptides showed lower 

activity in respect to the parental molecule. Kinetics of killing action and nonmembranolytic 

internalization within Escherichia coli and Pseudomonas aeruginosa cells strongly suggested 

a cytosolic mechanism of action involving one or more intracellular molecular targets. A single 

injection of SP-E exerted a therapeutic effect in G. mellonella larvae infected with P. aeruginosa. 

Conclusion: The biological properties of SP-E strongly back this peptide as a new promising 

multitasking antimicrobial molecule.

Keywords: antimicrobial peptide, proline-rich peptides, drug-resistant bacteria, confocal 

microscopy, scanning electron microscopy, Galleria mellonella model

Introduction
The increasing need for new drugs able to counteract the emerging threat of resistant 

bacteria makes the study of antimicrobial peptides (AMPs) as possible alternative or 

at least complementary therapeutic agents even more significant. Most of the known 

AMPs exert their activity against bacteria by disrupting and breaking the biophysical 

equilibrium of the plasma membranes through different mechanisms.1–4 However, 

some AMPs kill bacteria by mechanisms different from membrane perturbation.5–7 

These AMPs may interact with molecular cellular targets (DNA, RNA, and proteins), 

impairing some vital biochemical processes (eg, DNA replication, protein synthesis, 

and enzyme activities) with different modes of action.

A peculiar class of these bactericidal molecules is represented by the proline-rich 

AMPs (PrAMPs), the archetype of AMPs, showing nonmembranolytic effects.7–9 The dis-
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covery of PrAMPs firstly occurred in certain insects with the 

identification of apidaecins,10 followed by the characterization 

of additional insect and mammalian PrAMPs. Insect PrAMPs 

include drosocin from Drosophila melanogaster,11 abaecins 

from Apis mellifera,12 pyrrhocoricins,13 metalnikowin 1 from 

the bug Palomena prasina,14 and oncocin from the milkweed 

bug Oncopeltus fasciatus.15,16 Penaeidins are a varied family 

of PrAMPs found in crustaceans. These peptides are peculiar, 

as they are composed of two domains, an N-terminal proline-

rich domain and a C-terminal cysteine-rich domain contain-

ing six cysteine residues engaged in three disulfide bridges. 

Penaeidins are characterized by great structural diversity, 

leading to classification into diverse subfamilies differing in 

antimicrobial features.17 In mammals, bactenecins are the best-

known examples of PrAMPs, together with the PR39 peptide 

isolated from pig neutrophils.18 Similarly to bovine bactene-

cins, the ovine counterparts OaBac5, OaBac6, OaBac7.5, and 

OaBac1119 and goat ChBac5 have been characterized.

Our group isolated from pig saliva two antifungal PrAMPs, 

SP-B and SP-E,20,21 whose structural features were character-

ized by means of circular dichroism and Fourier-transform 

infrared spectroscopy. Both peptides were noncytotoxic when 

challenged against 3T3 and MEWO cells. SP-E has also been 

studied and patented for its anti-HIV1 activity22 and found 

to be a multitarget peptide. In this study, we investigated 

the activity of SP-E peptide against different Gram-negative 

bacterial strains, including multiresistant clinical isolates. The 

modalities of killing and the cell-penetrating properties of SP-E 

strongly suggest that this peptide, as other PrAMPs, exerts 

its bactericidal activity through interaction with intracellular 

molecular targets. Current studies are aimed at revealing the 

molecular mechanisms underlying SP-E antibacterial activity.

Materials and methods
Chemicals
Unless otherwise specified, all chemicals were purchased 

from Sigma-Aldrich (St Louis, MO, USA). Synthesis of 

peptide SP-E (N-DKPKKKPPPPAGPPPPPPPPPGPPPPGP-

C), its shorter fragments SP-E22 and SP-E13, and SP-E 

coupling with 5-carboxyfluorescein (5-FAM) were carried 

out as already reported.21 Eumenitin, a previously described 

cationic linear α-helical AMP,23 was obtained through a pep-

tide-synthesis service (ProteoGenix, Schiltigheim, France).

Bacterial strains
Well-known Gram-negative reference strains and clinical 

isolates were used in this study. Escherichia coli ATCC 

25922, Pseudomonas aeruginosa ATCC 9027, and Salmo-

nella typhimurium ATCC 14028 were the reference strains. 

Six clinical isolates (two Acinetobacter baumannii, the 

first from a blood culture and the second from sputum, two 

E. coli from urine cultures, and two Klebsiella pneumoniae 

from blood cultures) characterized by different antimicrobial 

susceptibility profiles (Table 1) were kindly provided by 

Professor Giulia Morace, University of Milan, Italy; they 

were not specifically isolated for this research but were part 

of the routine hospital laboratory procedure.

Antibacterial assays
Peptide activity in vitro against Gram-negative bacteria was 

assessed by colony-forming unit (CFU) assays. Bacterial 

strains to be tested were grown in Müller–Hinton (MH) agar 

plates at 37°C for 24 hours. Bacterial cells were suspended in 

MH broth, then properly diluted in sterile distilled water (1.5–

3×104 cells/mL) and 10 μL suspensions added to 90 μL H
2
O 

containing the synthetic peptide at different concentrations 

(5–150 μg/mL). H
2
O alone served as control. After incubation 

for 5 hours at 37°C, the bacterial cells were dispensed and 

streaked on the surface of MH agar plates. After incubation 

for 24–48 hours at 37°C, colonies were enumerated. Each 

assay was performed in triplicate. At least two independent 

experiments were performed for each condition, and in all 

cases, variability was <10%. Peptide activity was determined 

as the percentage of CFU inhibition according to the formula 

Table 1 Susceptibility profiles of analyzed Gram-negative clinical isolates

Strain Antimicrobial susceptibility profile

AMK AMC AMP FEP CTX CAZ CIP CS ETP FOS GM IPM MEM F NOR TZP SXT ESBL

Acinetobacter baumannii 1 R R R R S S R S S S S
A. baumannii 2 R R R R R S R R R R R
Escherichia coli 1 S R R I R I R S S S S S S R S R +
E. coli 2 S R R R R R R S S R S S S R S R +
Klebsiella pneumoniae 1 I R R R R R S R S R R R R +
K. pneumoniae 2 S R R R R R S R S I R R R +
Abbreviations: AMK, amikacin; AMC, amoxicillin–clavulanic acid; AMP, ampicillin; FEP, cefepime; CTX, cefotaxime; CAZ, ceftazidime; CIP, ciprofloxacin; CS, colistin; ETP, 
ertapenem; FOS, fosfomycin; GM, gentamicin; IPM, imipenem; MEM, meropenem; F, nitrofurantoin; NOR, norfloxacin; TZP, piperacillin–tazobactam; SXT, trimethoprim–
sulfamethoxazole; ESBL, extended-spectrum β-lactamase; R, resistant; I, intermediate; S, sensitive.
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100 – (average number of CFUs in the peptide-treated group/

average number of CFUs in the control group) × 100. Peptide 

EC
50

 was calculated by nonlinear regression analysis using 

GraphPad Prism 4.01 software. Time kinetics of peptide-

mediated killing of selected bacterial strains were evaluated 

by CFU assays, as previously described, at different times of 

incubation (30, 60, 120, 240, and 300 minutes). The peptide 

was used at a concentration near to the minimal bactericidal, 

as assessed by previous CFU assays.

Evaluation of in vivo therapeutic activity 
of SP-E
In vivo potential therapeutic effects of SP-E were studied in 

the Galleria mellonella model.24,25 Groups of 16 larvae at their 

final instar stage (body weight 300±20 mg) were inoculated 

(10 μL/larva) directly in the hemocoel, via the last left proleg, 

with a P. aeruginosa ATCC 9027 suspension (3×103 cells/

mL). Thirty minutes after infection, larvae (16/group) were 

injected via the last right proleg (single injection of 10 μL) 

with the peptide (6.1 μmol/kg) or water (control). Further 

controls included untouched larvae and larvae injected with 

water alone to monitor the trauma. Larvae were then trans-

ferred to clean petri dishes (one for each experimental group), 

incubated at 37°C in the dark for 6 days, and scored daily for 

survival. Survival curves of peptide-treated and control ani-

mals were compared by the Mantel–Cox log-rank test using 

GraphPad Prism software. P<0.05 was considered significant.

Scanning electron microscopy (SEM)
After treatment with different concentrations of SP-E (3 and 30 

μM), bacteria were fixed in 2.5% glutaraldehyde for 2 hours and 

then dehydrated serially in ethanol solutions. After drying, the 

samples were sputtered with gold and micrographs acquired, 

using a Supra 25 microscope (Carl Zeiss, Jena, Germany).

Confocal laser-scanning microscopy
Confocal microscopy studies were performed with an LSM 

510 metascan head integrated with an Axiovert 200 M 

inverted microscope (Carl Zeiss) as previously described, 

with minor modifications.21 Living bacterial cells were 

incubated with 5-FAM-labeled peptide for 5, 120, and 240 

minutes at room temperature in the dark. After centrifugation 

(5,000 g, 5 minutes), the cell pellet was resuspended in 20 

μL of water with agarose (1%). The suspension was seeded 

on coverslips mounted in a special flow chamber. Propidium 

iodide (PI), a nonvital nuclear stain commonly used for iden-

tifying dead cells, was added. Images were taken immediately 

and after 15 and 30 minutes. Samples were observed through 

a 63 × NA 1.4 Plan Apo oil objective. PI and 5-FAM were 

excited with 543 nm He–Ne and 488 nm argon laser lines, 

respectively. Acquisition was carried out in multitrack mode 

through consecutive and independent optical pathways.

Results
Antibacterial activity in vitro
In the present study, SP-E proline-rich peptide was challenged 

against different Gram-negative bacteria, including multire-

sistant clinical isolates, as shown in Table 1. SP-E proved to 

be active against all the bacterial strains tested (Table 2), with 

the best EC
50

 values toward E. coli ATCC 25922 (3.3 μM) 

and P. aeruginosa ATCC 9027 (2.7 μM). Though to a lower 

extent, SP-E was also active against resistant strains of A. 

baumannii and K. pneumoniae. The dose-dependent effect 

of SP-E against selected bacterial strains of the different 

species tested is shown in Figure S1. Time–killing curves, 

determined against E. coli ATCC 25922, P. aeruginosa 9027, 

and A. baumannii 2 strains with SP-E at concentration values 

corresponding approximately to the previously determined 

minimal bactericidal concentration, demonstrated a slow 

bactericidal effect. In particular, just over 26% and 41% killing 

was observed against E. coli at 30 and 60 minutes, respec-

tively, while killing was virtually nil against A. baumannii at 

30 minutes and only 37% at 60 minutes (Figure 1A and C). 

Faster killing was observed against P. aeruginosa, as almost 

50% and > 70% cells were dead after 30 and 60 minutes, 

respectively, in the presence of SP-E (Figure 1B).

Structure–activity relationship
The primary sequence of SP-E is almost peculiar, being 

formed by an N-terminal highly polar and basic domain 

(one Asp and four Lys residues) and a long proline-rich tail. 

Table 2 In vitro antibacterial activity of SP-E against Gram-
negative bacterial strains

Bacterial strains EC50 (mol/L) 95% CI

Acinetobacter baumannii 1 1.981×10–5 1.946–2.018×10–5

A. baumannii 2 1.053×10–5 0.884–1.254×10–5

Escherichia coli ATCC 25922 3.315×10–6 2.943–3.732×10–6

E. coli 1 4.292×10–6 2.922–6.301×10–6

E. coli 2 8.511×10–6 8.273–8.760×10–6

Klebsiella pneumoniae 1 3.304×10–5 2.712–4.025×10–5

K. pneumoniae 2 2.386×10–5 1.798–3.167×10–5

Pseudomonas aeruginosa ATCC 
9027

2.662×10–6 2.312–3.064×10–6

Salmonella typhimurium ATCC 
14028

1.447×10–5 1.388–1.509×10–5

Note: Tested strains included multidrug-resistant isolates; SP-E activity was 
determined by colony-forming unit assays.
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Therefore, in order to understand if structural determinants 

were present in the sequence, we synthesized two shorter 

forms of SP-E maintaining the basic head, but with shorter 

proline tails: SP-E13 and SP-E22. When the two peptides 

were challenged against the reference strains of E. coli and 

P. aeruginosa, a dramatic decrease in antibacterial activity was 

observed with respect to the parental peptide SP-E (Table 3). 

In particular, activity decreased by some magnitude. More-

over, activity diminished with the length of the peptide chain; 

in fact, the EC
50

 of the 22-mer form was lower than that of 

the 13-mer peptide.

In vivo therapeutic activity
To ascertain the potential of SP-E as a therapeutic agent, we 

adopted an in vivo model of G. mellonella larvae infected with 

P. aeruginosa 9027 strain (3×103 cells/mL). In two independent 

experiments, a single peptide injection (10 µL, 6.1 µmol/kg) 

led to a significant increase in survival of larvae in comparison 

to the control group (P<0.005). In Figure 2, survival curves 

obtained from one representative experiment are shown. 

Median survival was 24 hours in the control group vs 144 hours 

in the peptide-treated group. Notably, at 6 days postinfection, 

14 of 16 larvae of the control group were dead, whereas eight 

larvae of the peptide-treated group were still alive.

SEM and confocal microscopy studies
Time–killing curves evidenced that SP-E acted slowly in 

killing bacteria, resembling in this aspect other PrAMPs that 

exploit their antibacterial activity without a membranolytic 

effect.7–9 With the aim of better understanding the modality 

of killing of SP-E through visualization of the effect on 

bacteria morphology, SEM experiments were performed 

using different SP-E-peptide concentrations, ie, 3 µM (near 

the EC
50

) and an excess of the lethal dose (30 µM). The 

pore-forming peptide eumenitin26 was used at its minimum 

inhibitory concentration (MIC) as a control. SEM images 

of untreated E. coli cells showed a bright, smooth surface 

(Figure 3A). No effect was exerted by SP-E at even the 

higher concentration, well above the lethal one (Figure 3B 

and C). Conversely, eumenitin caused evident damage to 

bacterial cells (Figure 3D). We further investigated the 

possible fate of SP-E in the interaction with bacterial 

cells. SP-E has proved to be internalized by Cryptococcus 

neoformans cells,21 and thus we would expect to observe 

similar behavior, even with bacteria. Confocal micros-

Figure 1 Time kinetics of in vitro activity of SP-E.
Notes: Against Escherichia coli ATCC 25922 (A), Pseudomonas aeruginosa ATCC 
9027 (B), and Acinetobacter baumannii 2 cells (C). Activity expressed as percentage 
killing, calculated as 100 – (average number of CFUs in peptide-treated group/
average number of CFUs in control group) ×100. Mean values from two independent 
experiments; in all cases variability <10%.
Abbreviation: CFUs, colony-forming units.
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Table 3 In vitro activity of peptides SP-E22 and SP-E13 against reference bacterial strains determined by colony-forming unit assays

Bacterial strains SP-E22 (DKPKKKPPPPAGPPPPPPPPPG) SP-E13 (DKPKKKPPPPAGP)

EC50 (95% CI) (mol/L) EC50/EC50 SP-E EC50 (95% CI) (mol/L) EC50/EC50 SP-E

Escherichia coli ATCC 25922 1.005 (0.911–1.108)×10–5 3.03 2.891 (2.699–3.097)×10–5 8.72
Pseudomonas aeruginosa ATCC 9027 1.380 (0.762–2.498)×10–5 5.18 2.121 (1.498–3.005)×10–5 7.97
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copy allowed the investigation of the interaction between 

5-FAM-labeled SP-E and viable bacteria. SP-E was readily 

internalized in both E. coli (Figure 4A) and P. aeruginosa 

(Figure 5A) cells. After 120 minutes, some bacterial cells 

were no longer viable, as assessed by PI internalization (E. 

coli [Figure 4B–D] and P. aeruginosa [Figure 5B–D]). After 

240 minutes of incubation in the presence of SP-E, more 

bacterial cells were dead, but while viable E. coli were still 

fluorescent (Figure 4E–G), most P. aeruginosa cells were 

not labeled, and fluorescence appeared diffused outside the 

cells (Figure 5E–G). Quantitative data obtained in confocal 

microscopy studies are presented in Figure S2.

Discussion
In view of the global spread of antimicrobial-resistant bac-

teria, the urgent need for new and effective drugs is gener-

ally recognized. AMPs play an important role as potential 

candidates to substitute for or be used in association with 

conventional antibacterial drugs. In this study, we focused 

our attention on a proline-rich peptide already studied for 

its antiviral and antifungal activities. It was patented as an 

anti-HIV agent, being able to inhibit the proliferation of the 

virus in vitro and ex vivo,22 then its antifungal properties, 

particularly against C. neoformans, were described.21 In addi-

tion to its antimicrobial features, it must be highlighted that 

SP-E does not present cytotoxic effects toward mammalian 

cells, as previously reported.21,22 The data now presented 

show that SP-E to various degrees is able to kill differ-

ent Gram-negative bacteria, including multidrug-resistant 

K.  pneumoniae, E.  coli, and A. baumannii strains. These 

bacteria are considered highly threatening species, especially 

in nosocomial settings, and are included in the priority 1 

critical group, in the frame of the priority-pathogen list for 

research and development of new antibiotics recently issued 

by the World Health Organization.27 The data collected on 

the effects of SP-E on viability and morphology of the model 

strains E. coli ATCC 25922 and P. aeruginosa 9027 strongly 

suggest that this PrAMP does not exert its antibacterial 

activity acting as a membranolytic agent but likely exploits 

a more specific molecular mechanism of action involving 

one or more intracellular targets.

This hypothesis is supported by two main facts: the 

relatively slow killing action and the lack of simultane-

ity between peptide internalization and death of bacterial 

cells, a typical feature of membrane-disrupting peptides.28 

Amphipathic AMPs exerting a direct effect on membranes 

usually kill bacterial cells rapidly in 5–30 minutes.3 SP-E 

instead reaches its maximal bactericidal effect after 

120–240 minutes, depending on the concentration and 

the target strain, and shows killing kinetics similar to 

other PrAMPs,28–30 even if internalization occurs in a few 

minutes. The difference in the killing kinetics between the 

three bacterial strains tested probably indicates a different 

modality of internalization and/or intracellular action. In 

a recent paper, Runti et al observed how Bac7(1–35) was 

able to kill some P. aeruginosa clinical isolates by disrupting 

bacterial membrane, thus acting in a completely different 

Figure 2 Therapeutic activity of SP-E.
Notes: Groups of 16 Galleria mellonella larvae were infected with 3×103 cells/mL 
of Pseudomonas aeruginosa ATCC 9027 and treated with SP-E (6.1 µmol/kg, single 
injection of 10 µL) or water (control group). The survival curve of peptide-treated 
larvae was significantly different from that of the control group, as assessed by 
Mantel–Cox log-rank test (**P<0.005). Data reported are from one representative 
experiment of two experiments with comparable results.
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mode with respect to E. coli and Salmonella enterica serovar 

Typhimurium. These authors suggest that depending on the 

species and strain treated, different mechanisms of killing 

may occur.31

Previously tested in a phospholipid-vesicle-based assay, 

SP-E showed no ability to perturb membrane integrity in the 

experimental model, even at concentrations up to 100 µM.21 

In this study, SEM experiments involving E. coli ATCC 

25922 cells treated with SP-E up to tenfold the EC
50

 (30 

µM), showed no alteration of bacterial morphology. Confocal 

microscopy images confirmed that SP-E can enter bacterial 

cells of E. coli and P. aeruginosa within a few minutes, yet 

cells maintain their integrity and viability for a long period, 

as assessed by PI staining. Similar behavior was observed 

in our previous study, where SP-E demonstrated its good 

cell-penetrating properties, entering C. neoformans cells and 

causing their death.21

Other PrAMPs proved to exhibit a dual mode of action 

dependent on the concentration used. Bac7, for example, 

when used at a concentration near MIC, behaves as a typical 

PrAMP, entering cells and killing them by interacting with 

intracellular molecular targets.29 Similarly, the peptide arasin 

1 shows a double mode of action, causing membrane disrup-

tion at high concentrations and acting on intracellular targets 

at MIC values.30 Also indolicidin, a proline- and tryptophan-

rich peptide, behaves as a membrane-disrupting peptide when 

used at concentrations > 2.6 μM.32 SP-E behavior seems to 

rely – also at high concentrations – on a different mechanism, 

probably involving specific binding to intracellular molecular 

targets. This hypothesis and mechanisms of entrance and 

killing will be confirmed by further experiments.

The shorter forms of SP-E, SP-E13, and SP-E22 proved 

to be less active than the parental peptide, indicating a strong 

relationship between activity and length of the peptide 

chain. To obtain these peptides, SP-E was shortened in its 

C-terminal portion, leaving intact the N-terminal cationic 

core considered crucial for its activity. The high percentage 

of proline residues allows SP-E to adopt a highly flexible 

structure, while the three intercalated glycine residues act as 

hinges.21 This flexibility may be reduced in shorter peptides 

Figure 4 Internalization of SP-E in Escherichia coli ATCC 25922 cells.
Notes: Confocal images of living bacterial cells incubated in the presence of 5-FAM-labeled SP-E for 5 minutes (A), 150 minutes (B), and 240 minutes (E). SP-E entered most 
bacterial cells within a few minutes; after 150 minutes, some bacterial cells were brightly fluorescent and no longer viable, as assessed by propidium iodide internalization (C 
and D [merge of B and C]). After 240 minutes of incubation in the presence of SP-E, more cells were dead (F and G [merge of E and F]). Bars, 5 μm.
Abbreviation: 5-FAM, 5-carboxyfluorescein.
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derived from SP-E, thus explaining their lower efficacy. In 

fact, it could be hypothesized that a certain flexibility is cru-

cial to allow SP-E targeting of intracellular molecules and 

its function as a modulator/inhibitor of some protein–protein 

interactions, thus leading to dysfunction in bacterial cells.33 

Since SP-E was firstly described as an antifungal peptide, 

the activity of its shortened derivatives SP-E13 and SP-E22 

was also compared against reference yeast strains, likewise 

demonstrating reduced killing ability with respect to the 

parental molecule (Table S1).

Another interesting feature of SP-E is that it lacks the 

typical PRP leitmotif that characterizes most insect and 

mammalian PrAMPs (Table 4). Instead, the presence of the 

sequence of DKP residues shared with oncocin and metal-

nikowin is intriguing. Aspartic acid and lysine residues seem 

to be crucial for the antibacterial activity of oncocin, which 

relies on binding to bacterial ribosomes.34 In particular, 

these residues bind some of the 23s ribosomal nucleotides 

occupying the exit tunnel of the forming polypeptide chain, 

thus presumably blocking peptidyl transferase function. 

Figure 5 Internalization of SP-E in Pseudomonas aeruginosa ATCC 9027 cells.
Notes: Confocal images of living bacterial cells incubated in the presence of 5-FAM-labeled SP-E for 5 minutes (A), 120 minutes (B), and 240 minutes (E). Most bacterial cells 
internalized SP-E within a few minutes; after 120 minutes, some bacterial cells were no longer viable, as assessed by propidium iodide internalization (C and D [merge of B and 
C]). After 240 minutes of incubation in the presence of SP-E, more cells were dead, while fluorescence diffused outside the cells (F and G [merge of E and F]). Bars, 5 µm.
Abbreviation: 5-FAM, 5-carboxyfluorescein.
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Table 4 Comparison of sequences of various antimicrobial proline-rich peptides

Peptide Sequence PDB ID Reference

Bac(1–35) RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP
Bac(1–16) RRIRPRPPRLPRPRPR 5F8K 9
Oncocin VDKPPYLPRPRPPRRIYNR 4Z8C 32
Pyrrochoricin VDKGSYLPRPTPPRPIYNRN 5FDV 9
Metalnikowin 1 VDKPDYRPRPRPPNM 5FDU 9
SP-E DKPKKKPPPPAGPPPPPPPPPGPPPPGP

Abbreviation: PDB, Protein Data Bank.
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Moreover, in other PrAMPs and their variants, the N-terminal 

domain is crucial for ribosome binding and accomplishment 

of their antibacterial activity.35 The DKP motif and following 

three lysine residues may contribute in a similar fashion to 

SP-E antibacterial activity. Interestingly, another proline-

rich peptide previously isolated and characterized by our 

group and named SP-B was shown to possess antifungal 

activity, but when it was challenged with P. aeruginosa, neg-

ligible antibacterial activity was detected at concentrations 

> 100 μM.20 This peptide is characterized by the sequence 

(N-APPGARPPPGPPPPGPPPPGP-C), which lacks both the 

DKP and the canonical PRP motifs, suggesting that these 

short sequences are crucial in exploiting strong antibacte-

rial activity.

Overall, considering the data obtained in this study, SP-E 

seems to act via an intracellular mechanism. This correlates 

with data reported for many other PrAMPs, even if SP-E is 

completely lacking the characteristic PRP pattern usually 

present in PrAMPs with a nonlytic effect. Further studies will 

be carried out to identify the intracellular targets of SP-E, 

both in bacteria and fungi. Given its biological properties, 

SP-E could be considered a promising molecule for the 

development of new antimicrobial agents.
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Supplementary materials

Table S1 In vitro antifungal activity of peptide SP-E and its shortened derivatives SP-E22 and SP-E13 against reference yeast strains

Peptide Fungal strains EC50 (mol/L) 95% CI EC50/EC50 SP-E

SP-E Cryptococcus neoformans 6995 2.215×10–6 1.634–3.003×10–6

Candida albicans SC5314 2.581×10–5 1.658–4.018×10–5

SP-E22 C. neoformans 6995 8.304×10–6 6.532–10.559×10–6 3.75
C. albicans SC5314 3.904×10–5 1.984–7.678×10–5 1.51

SP-E13 C. neoformans 6995 12.251×10–6 9.553–15.715×10–6 5.53
C. albicans SC5314 6.638×10–5 4.194–10.504×10–5 2.57

Notes: EC50 calculated by nonlinear regression analysis using GraphPad Prism 4.01 software. Fungicidal activity in vitro assessed by colony-forming unit assays, as previously 
described.21

Figure S1 Dose-dependent effect of SP-E against selected bacterial strains of the different tested species determined by colony-forming unit assays (CFUs).
Notes: (A) Acinetobacter baumannii 2; (B) Escherichia coli ATCC 25922; (C) E. coli 1; (D) Klebsiella pneumoniae 2; (E) Pseudomonas aeruginosa ATCC 9027; and (F) Salmonella 
typhimurium ATCC 14028. Activity expressed as percentage killing, calculated as 100 – (average number of CFUs in peptide-treated group/average number of CFUs in control 
group) ×100. Mean values from two independent experiments; in all cases, variability <10%.
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Figure S2 Mean fluorescence-intensity data obtained in confocal microscopy studies.
Notes: (A) Escherichia coli ATCC 25922 cells; and (B) Pseudomonas aeruginosa ATCC 9027 cells.
Abbreviations: PI, propidium iodide; 5-FAM, 5-carboxyfluorescein.
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