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 2 

Abstract 26 

Peptide-based antibiotics might help containing the rising tide of antimicrobial resistance. We 27 

developed SB056, a semi-synthetic peptide with a dimeric dendrimer scaffold, active against 28 

both Gram-negative and -positive bacteria. Being the mechanism of SB056 attributed to 29 

disruption of bacterial membranes, we enhanced the amphiphilic profile of the original, 30 

empirically derived sequence [WKKIRVRLSA-NH2] by interchanging the first two residues 31 

[KWKIRVRLSA-NH2], and explored the effects of this modification on the interaction of 32 

peptide, both in linear and dimeric form, with model membranes and on antimicrobial 33 

activity. Results obtained against E. coli and S. aureus planktonic strains, with or without salts 34 

at physiological concentrations, confirmed the added value of dendrimeric structure over the 35 

linear one, especially at physiological ionic strength, and the impact of the higher 36 

amphipathicity obtained through sequence modification on enhancing peptide performances. 37 

SB056 peptides also displayed intriguing anti-biofilm properties. S. epidermidis was the most 38 

susceptible strain in sessile form, notably to optimized linear analog lin-SB056-1 and the 39 

wild-type dendrimer den-SB056. Membrane affinity of all peptides increased with the 40 

percentage of negatively charged lipids, and was less influenced by the presence of salt in the 41 

case of dendrimeric peptides. The analog lin-SB056-1 displayed the highest overall affinity, 42 

even for zwitterionic PC bilayers. Thus, in addition to electrostatics, distribution of 43 

charged/polar and hydrophobic residues along the sequence might have a significant role in 44 

driving peptide-lipids interaction. Supporting this view, dendrimeric analog den-SB056-1 45 

retained greater membrane affinity in the presence of salt than den-SB056, despite they bear 46 

exactly the same net positive charge. 47 

48 
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INTRODUCTION 49 

Antimicrobial resistance is a growing public health threat at the global level. A wide range of 50 

infectious agents have developed resistance against most classes of clinically usable 51 

antibiotics, making the choices of alternative treatments very limited or simply non-existent 52 

(1, 2). Alarming rates of multi-drug resistance in bacterial strains that cause common 53 

healthcare-associated and community-acquired infections have been reported worldwide. 54 

Furthermore, many important fungal, protozoan and viral pathogens are also increasingly 55 

resistant to currently available therapies. For example, artemisinin resistance in malaria is 56 

spreading, and increasing levels of transmitted anti-HIV drug resistance have been detected 57 

among patients starting antiretroviral treatment (3). “A post-antibiotic era—in which common 58 

infections and minor injuries can kill—far from being an apocalyptic fantasy, is instead a very 59 

real possibility for the 21st century,” commented a recent WHO report on antimicrobial 60 

resistance (3). Besides the health burden that this situation poses, the wider societal and 61 

economic impact of antimicrobial resistance is also of alarming proportions. 62 

Although antimicrobial resistance is a complex phenomenon due to a host of 63 

circumstances – not least the natural tendency of microorganisms to develop it – it is certainly 64 

accelerated by the selective pressure exerted by use and misuse of antimicrobial agents in 65 

both humans and animals. In addition to the need to protect the efficacy of existing drugs 66 

through a wiser use of their properties, the paucity of new antimicrobial agents on the horizon 67 

to replace those that have become ineffective, calls for the urgent quest for new antibiotic 68 

substances to be developed and deployed in the clinic. 69 

 Antimicrobial peptides (AMP) – also known as host defense peptides – have shown 70 

promise to be these new class of antibiotics, with some of them having already successfully 71 

made their way to the clinic such as gramicidin S and polymixin B, and many more peptidic 72 

molecules that are in developmental stage to replenish the waning arsenal of antibiotics. This 73 
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 4 

is a widely distributed group of molecules expressed by multicellular organisms as effectors 74 

of the innate immune system, making the first line of host defense against invading 75 

pathogens. AMPs are characterized by a wide spectrum of antimicrobial activity, ranging 76 

from Gram-positive to Gram-negative bacteria (including, in several instances, bacteria 77 

resistant to conventional antibiotics), from fungi to enveloped viruses and protozoa (4-6). 78 

Largely diverse in sequence and secondary structures, AMPs generally share a cationic 79 

character and an amphipathic fold. Whereas conventional antibiotics interact with specific 80 

bacterial targets, e.g. inhibiting key enzymes, thus allowing the pathogens to develop 81 

resistance relatively easily, AMPs usually act by physically destroying or permeabilizing the 82 

microbial plasma membrane through unspecific interactions with the lipids (7, 8). In this case, 83 

target substitution/modification, and thus resistance, is less likely to occur, making AMPs and 84 

their derivatives particularly suitable as novel antimicrobial drugs, at least in theory. That is, if 85 

an AMP is designed to exclusively act by destroying the bacterial membrane without 86 

permeating inside the bacterial cell to other possible targets, then the development of the 87 

resistance is less likely to occur. Given the multi-functionality of membrane active peptides, 88 

their intrinsic metabolic unstability and the associated delivery issues, only a handful of 89 

peptides have been clinically approved so far, and mostly for external, topical use. Multiple 90 

hurdles limit the direct development of naturally occurring AMPs into clinically useful 91 

antibiotics, indeed. These include susceptibility to protease degradation and a reduced activity 92 

in the presence of salts at physiological concentrations; and high manufacturing costs are also 93 

of considerable concern (9, 10). 94 

 Since the direct use of naturally occurring AMPs has resulted in poor therapeutic 95 

application, alternative approaches have been pursued to overcome the inherent limitations of 96 

these molecules. The modification of existing peptide sequences to make them proteolytically 97 

more stable, and the de novo synthesis of peptides and/or the design of synthetic molecules 98 
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mimicking the properties and activities of natural AMPs, have both being attempted (11, 12). 99 

To reduce the economical cost of production and to avoid the associated immune response, 100 

significant efforts have been focused on developing shorter, active, less hemolytic sequences 101 

and modifications thereof. In particular, dendrimeric peptides have received much attention in 102 

recent years, as they proved promising candidates for a number of applications. Peptide-based 103 

dendrimers are branched macromolecules consisting of a core and a certain number of 104 

covalently attached functional units (13). Dendrimeric peptides usually display increased 105 

activity compared to their monomeric counterparts, probably because of the higher local 106 

concentration of bioactive units. In addition, short peptides synthesized in oligodendrimeric 107 

form often show high resistance to proteolytic degradation, probably because of protection 108 

against protease action offered by steric hindrance, thus increasing the peptides’ 109 

pharmacokinetic properties and making them suitable for use in vivo (14). A range of peptides 110 

with different sequence and oligodendrimeric design was shown to display broad-spectrum 111 

activity against microbial pathogens – including Gram-positive/negative bacterial strains and 112 

selected viruses – and also the ability of targeting and killing cancer cells (15-20). 113 

 Rational modifications of the sequence of a linear AMP originally identified by selecting a 114 

random phage library against Escherichia coli cells led to SB056, a novel AMP with a 115 

primary sequence [WKKIRVRLSA] capable of forming a dimeric dendrimer scaffold. SB056 116 

is highly active against Gram-negative bacteria, with potency comparable to that of the 117 

clinically used colistin and polymyxin B, but it shows a broader spectrum of activity, with an 118 

interesting activity also against Gram-positive bacteria (21). A thorough biophysical 119 

characterization, combined with membrane affinity assays, showed that this interesting 120 

peptide was indeed membrane-active by folding into an amphiphilic β-type conformation in 121 

lipidic environments (21). Having observed the β-type conformation of SB056, further 122 

modification of the peptidic part of the dendrimeric SB056 by interchanging the first two 123 
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 6 

residues was then performed to promote a more regular β-type conformation with a full 124 

pattern of alternating hydrophilic and hydrophobic amino acids, and thus a perfectly regular 125 

amphipathic analogue [KWKIRVRLSA] was designed (22). Intriguingly, such enhancement 126 

of the amphipathic profile led to the formation of more ordered and stable β-strands when the 127 

monomeric, linear peptide bound to model membranes and to an increased antimicrobial 128 

performance against both Gram-positive and -negative bacterial strains (22). 129 

 Our preliminary observations on the linear component of SB056 and its amphipathically-130 

enhanced analogue (22) were greatly expanded in the present study. In particular, we report 131 

on more recent investigations that have explored the effects of amphiphilic profile 132 

enhancement in the context of a dendrimeris (dimeric) scaffold, especially focusing on the 133 

resulting antimicrobial activity. Noteworthy, activity of both linear and dendrimeric AMPs 134 

was tested against biofilms and in the presence of salts at physiological concentrations, and 135 

their interaction with model membranes assayed. Findings confirm the advantages offered by 136 

dendrimeric peptides over monomeric, unbranched counterparts, and also support the value of 137 

rational modification (enhanced amphipathic profile) of AMPs as driven by detailed 138 

information on structure-function relationships. 139 

 140 

MATERIALS AND METHODS 141 

Materials. Amino acids and a NovaPEG Rink Amide resin (0.67 mmol/g) were purchased 142 

from Sigma-Aldrich-Fluka (St. Louis, MO, USA) and Novabiochem (Merck Chemicals Ltd., 143 

Nottingham, UK), respectively. Peptide synthesis grade N,N-dimethylformamide (DMF), N-144 

methylpyrrolidone (NMP), trifluoroacetic acid (TFA), dichloromethane, diethyl ether and O-145 

(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) were 146 

purchased from ChemImpex (Wood Dale, IL, USA) and Sigma-Aldrich. PC (1-palmitoyl-2-147 

oleyl-sn-glycero-3-phosphocholine) and PG (1-palmitoyl-2-oleyl-sn-glycero-3-148 
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 7 

phosphoglycerol) sodium salt were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, 149 

USA). All other reagents and solvents were purchased from Sigma-Aldrich at the highest 150 

available purity and were used with no further purification. 151 

 Peptide synthesis. Both the monomeric linear peptides were synthesized with the C-152 

terminus amidated [WKKIRVRLSA-NH2] and [KWKIRVRLSA-NH2]. In the following, they 153 

will be referred to as lin-SB056 and lin-SB056-1, respectively. Dendrimeric peptides were 154 

synthesized as a branched dimer on a lysine scaffold with 8-aminoctanamide (Aoc) as an 155 

“anchoring” hydrophobic tail [WKKIRVRLSA]2-K-8Aoc-NH2 and [KWKIRVRLSA]2-K-156 

8Aoc-NH2. Thereafter, they will be referred to as den-SB056 and den-SB056-1, respectively. 157 

Fig. 1 schematically shows such a dendrimeric structure. A manual standard solid-phase 158 

peptide Fmoc (9-fluorenylmethyoxy-carbonyl) strategy was employed, working under 159 

nitrogen flow. Coupling reactions with Fmoc-protected amino acids were activated in situ 160 

using HBTU, 1-hydroxybenzotriazole (HOBt) and diisopropylethylamine (DIPEA) with a 161 

ratio HOBt/DIPEA/HBTU of 1/2/0.9. The branched lysine core was synthesized on the resin 162 

by using (Fmoc)2Lys-OH protected amino acid, and the first amino acid on the core was 163 

amidated with Aoc. A six fold excess of each Fmoc-protected amino acid was employed in 164 

every coupling step of the synthesis, and the following acid-labile protecting groups were 165 

used for reactive side chains: 2,2,4,6,7-pentamethyldihydro-benzofuran-5-sulfonyl for 166 

arginine; tert-butyl ether for serine; tert-butyloxycarbonyl for lysine. The Fmoc group was 167 

removed by using 20% piperidine in NMP. The other protecting groups were removed during 168 

cleavage of the peptide from the solid support by treatment with a 169 

TFA/triisopropylsilane/H2O solution at a 95/2.5/2.5 ratio for 2 h. After cleavage, the solid 170 

support was removed by filtration, and the filtrate was concentrated under reduced pressure. 171 

The crude peptides were precipitated from diethyl ether, washed several times with diethyl 172 

ether, and dried under reduced pressure. RP-HPLC peptide analysis was performed on a 173 
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Jupiter Proteo analytical C12 column (4.6 x 250 mm) supplied by Phenomenex (Torrance, 174 

CA, USA), using 0.1% TFA/H2O as solvent A, and 0.1% TFA/MeCN as solvent B. The 175 

column was equilibrated with an A/B ratio of 95/5 at a flow rate of 1.0 mL/min, and the 176 

concentration of B was raised to 95% (V/V) over 14 min using gradient mode conditions. The 177 

peptide was purified on a Jupiter Proteo semi-preparative C12 column (10 x 250 mm), and the 178 

major peak in the chromatogram was collected by an automatic fraction collector. The 179 

monoisotopic molecular mass of the dendrimer was determined by MALDITOF MS (Bruker 180 

Daltonik, Bremen, Germany), using sinapinic acid as acidic matrix. The instrument was 181 

calibrated with peptides of known molecular mass in the 1000-6000 Da range. 182 

 Minimal inhibitory concentration and killing kinetic assays. Antimicrobial assays 183 

were performed against E. coli ATCC 25922 and Staphylococcus aureus ATCC 25923 by 184 

using the microbroth dilution method in sterile 96-well plates, according to (23, 24). Briefly, 185 

bacteria were grown in Luria-Bertani (LB) medium at 37°C till a mid-log-phase, which was 186 

aseptically monitored by absorbance at 590 nm (OD590 0.8). Afterwards, bacterial suspension 187 

was diluted in Mueller-Hinton broth (MHB) at a final cell density of 2x106 colony-forming 188 

units (CFU)/mL. Aliquots (50 μL) were added to 50 μL of MHB supplemented or not with 189 

150 mM NaCl and containing the peptide at different concentrations. Cells incubated in MHB 190 

containing peptide solvent (water) were used as control. Microbial growth was assessed by 191 

measuring the absorbance at 590 nm of the plate, after an incubation of 16-18 h at 37°C, using 192 

a microplate reader (Infinite M200, Tecan, Salzburg, Austria). The minimal inhibitory 193 

concentration (MIC) was defined as the concentration of peptide at which 100% inhibition of 194 

microbial growth is observed (25). To determine the bactericidal activity of the peptides and 195 

their killing kinetics, 50 μL of the bacterial suspension in MHB (2x106 CFU/ml) were added 196 

to wells of a microtiter plate (each well containing 50 μL of MH broth supplemented with the 197 

peptide at different concentration) (26). The plate was incubated at 37°C. At different time 198 
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 9 

intervals, aliquots of 5 μl were withdrawn from each well, diluted and spread onto LB-agar 199 

plates for counting after overnight incubation at 37°C. Control samples were incubated in 200 

MHB containing peptide solvent (water). Cell viability was expressed as percentage of 201 

survival compared to the control at time zero. The minimal bactericidal concentration (MBC) 202 

was defined as the minimal concentration of peptide causing a reduction in the number of 203 

viable cells  3 log10 within 90 min (27). 204 

Biofilm inhibition assay. The antibiofilm activity of dendrimeric and linear peptides were 205 

tested against Staphylococcus epidermidis ATCC 35984 and Pseudomonas aeruginosa ATCC 206 

27853. First, MIC values of peptides against planktonic cells were determined under the same 207 

experimental conditions used for the biofilm inhibition assay. To this end, bacterial 208 

suspensions were grown overnight in Tryptone soy broth (TSB) (Oxoid, Basingstoke, UK) 209 

supplemented with 0.25% glucose (TSB/Glc) at 37°C with shaking. Following incubation, 210 

stationary phase cells were diluted 1:100 in 50% TSB (TSB diluted 1:1 with sodium 211 

phosphate buffer at pH 7.4) added with 0.25% Glc and incubated for 24 h at 37°C in 212 

polypropylene tubes in a final volume of 100 μL in the presence of different concentrations of 213 

each peptide ranging from 1.25 to 40 μΜ. MIC was determined as the lowest concentration of 214 

peptide at which no bacterial growth was visible. For biofilm assays, the two bacterial strains 215 

were grown overnight in TSB/Glc at 37°C with shaking. Following incubation, stationary 216 

phase cells were diluted 1:100 in 50% TSB/0.25% Glc. 90 L of each diluted bacterial 217 

suspension was dispensed into flat-bottom polystyrene 96 well microtiter plates (Corning 218 

Costar, Corning, Tewksbury, MA, USA) and 10 L of each peptide solution was added to 219 

reach final peptide concentrations ranging from 2.5 to 20 . Wells without peptide were set 220 

up as positive controls. Plates were incubated at 37°C without shaking for 24h. After 221 

incubation, biofilm biomass was assessed by crystal violet (CV) staining as previously 222 

described (28). Briefly, biofilms were washed with phosphate buffered saline (PBS), air-dried 223 
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for 30 min and added with 0.1% CV solution (wt/vol) (bioMérieux, Italy). Following 15 min 224 

of incubation at room temperature, wells were washed, air-dried and CV was extracted with 225 

98% ethanol (Sigma-Aldrich). The absorbance was read at 570 nm in a microplate reader. The 226 

assays were performed in triplicate, and the results expressed as mean OD570 ± standard error 227 

of the mean (SEM). 228 

Hemolytic activity. The hemolytic activity of the peptides was determined using fresh 229 

human erythrocytes from healthy donors. Blood was centrifuged and the erythrocytes were 230 

washed three times with 0.9% NaCl. Peptides dissolved in water were added to the 231 

erythrocyte suspension (5%, v/v), at a final concentration ranging from 0.195 to 50 μM in a 232 

final volume of 100 μl. Samples were incubated with agitation at 37°C for 40 min. The 233 

release of hemoglobin was monitored by measuring the absorbance (Abs) of the supernatant 234 

at 415 nm. Control for zero hemolysis (blank) consisted of erythrocytes suspended in 0.9% 235 

NaCl. Hypotonically lysed erythrocytes (in water) were used as a standard for 100% 236 

hemolysis. The percentage of hemolysis was calculated using the following equation: % 237 

hemolysis = [(Abs sample–Abs blank)/(Abs total lysis–Abs blank)] × 100. The results are the 238 

mean of three independent experiments. 239 

 Preparation of lipid vesicles. Large unilamellar vesicles (LUV) were used for steady-240 

state fluorescence spectroscopy. In order to gradually increase the negative surface charge of 241 

the vesicles, we employed the zwitterionic lipid PC and the negatively charged PG at different 242 

molar ratios, namely, 0%, 25%, 50% and 75% PG. Weighted amounts of the two lipids were 243 

dissolved in chloroform/methanol solution (1/1 vol/vol). The organic solvent was then 244 

evaporated under a gentle stream of nitrogen, followed by overnight vacuum pumping to 245 

remove any residual. The resulting lipid film was hydrated with 10 mM phosphate buffer 246 

(PB) alone or with additional 150 mM NaCl (PBS), at pH 7.4. Multi-lamellar vesicles (MLV) 247 

were formed by vortexing for 5x1 min, followed by 5 freeze-thaw cycles. Afterwards, LUV 248 
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were prepared with the extrusion method, i.e. by passing the MLV dispersion 11 times 249 

through two different pore-size polycarbonate filters (Whatman, Avanti Polar Lipids, Inc.), 250 

namely 400 and 100 nm, using the Avanti Polar Lipids mini-extruder. 251 

 Fluorescence spectroscopy. Binding investigations were performed by steady-state 252 

fluorescence spectroscopy with a LS55 Luminescence Spectrometer (Perkin-Elmer, Waltham, 253 

MA, USA) equipped with a thermostatic cuvette holder. LUV at different PC/PG molar ratios 254 

were prepared as described hereinbefore. Peptide was added at a final concentration of 1 μM 255 

to the buffered vesicles dispersion. Proper aliquots of the LUV stock solution were diluted, in 256 

order to obtain different lipid/peptide molar ratios in the 0-500 range. For each peptide, this 257 

titration was performed either with PB or PBS (thus, in the absence or in the presence of 150 258 

mM NaCl). Tryptophan fluorescence was measured at 27°C (i.e. well above lipids’ phase 259 

transition temperature of -2°C), by recording the emission spectrum between 300 and 450 nm. 260 

The excitation wavelength was set at 280 nm. Beam entry and exit slit width were set at 5 nm. 261 

Each LUV dispersion before peptide addition was used to perform automatic spectrum 262 

background subtraction. 263 

 Statistical analysis. Data were statistically analyzed by one-way analysis of variance 264 

(ANOVA) followed by Tukey-Kramer multiple comparison test. A p value <0.05 was 265 

considered statistically significant. 266 

 267 

RESULTS 268 

Antibacterial activity and hemolysis. The antibacterial activity of the selected peptides was 269 

first analyzed on two representative strains of Gram-negative and Gram-positive bacteria, i.e. 270 

E. coli ATCC 25922 and S. aureus ATCC 25923, respectively, by the microbroth dilution 271 

assay to determine the corresponding MIC. As indicated in Table 1, the linear form of the 272 

designed analog, lin-SB056-1, resulted to have from 4 to 8-fold lower MIC than the linear 273 
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wild-type peptide lin-SB056, either when tested in standard MHB or in MHB supplemented 274 

with salt against E. coli and in standard MHB when tested against S. aureus, while MIC for S. 275 

aureus in MHB + NaCl was >100 µM for both peptides. This suggests a significantly higher 276 

activity, in most cases, of lin-SB056-1 in inhibiting bacterial growth than the parental peptide, 277 

whose effectiveness against E. coli was prevented by the addition of salt to the culture 278 

medium. Interestingly, when the wild-type peptide was synthesized in its dimeric form, the 279 

antibacterial potency against E. coli in MHB was found to increase by approximately 8-fold, 280 

as indicated by the corresponding MIC values (25 μM for the linear form versus 3.125 μM of 281 

the dimer). This difference was even higher when the two peptides were tested in MHB 282 

supplemented with NaCl. A similar trend was shown also against S. aureus. Differently, the 283 

dimerization of SB056-1 did not influence the MIC of this peptide against both bacterial 284 

strains in MHB. However, the addition of salt to the culture medium enhanced by 2-fold the 285 

antibacterial activity of the SB056-1 dimer against both strains, while it had the opposite 286 

effect in the case of wild-type den-SB056. Importantly, as reported in Table 1, the dimeric 287 

form of the analog was found to display the lowest MICs against both bacterial strains and 288 

culture conditions (with the exception of E. coli in MHB), suggesting that this peptide has an 289 

overall better antibacterial activity than the other isoforms either in the absence or in the 290 

presence of salt. 291 

 Table 2 reports the measured lytic activity of linear and dendrimeric peptides against 292 

human red blood cells. In the case of linear, monomeric forms, while the hemolytic activity of 293 

the original lin-SB056 was very low at any tested concentration (max 4% at 50 μM), sequence 294 

regularization led to a slight increase of cytotoxicity for lin-SB056-lin at high concentrations 295 

(max 11% at 50 μM). For both peptides, low hemolytic activity was maintained at peptide 296 

concentrations close to the MIC values for both E. coli and S. aureus (Table 1, in MHB). In 297 

the case of dendrimeric den-SB056 and den-SB056-1, haemolytic activity was generally more 298 
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elevated than the relevant monomeric form, at any peptide concentration. This effect is likely 299 

due to the higher local concentration of bioactive units. However, also for these peptides, at 300 

peptide concentrations close to the MIC values for E. coli and S. aureus, percentage of 301 

hemolysis was relatively low, ranging between 5 and 20%. Intriguingly, up to 12.5 μM wild-302 

type den-SB056 was constantly less cytotoxic than the optimized analog den-SB056-1 but 303 

haemolytic activity of the former increased rapidly at higher concentrations while that of the 304 

analog remained more stable (Table 2). 305 

 Bactericidal activity and killing kinetics. To investigate the bactericidal activity of both 306 

linear and dendrimeric peptides, we first determined their MBC (Table 3). Remarkably, both 307 

dendrimeric isoforms were found to cause 99.9 % killing of the bacterial population at a 308 

concentration equal to the MIC. The only exception was given by den-SB056 against S. 309 

aureus, as a peptide concentration 2-fold higher the MIC was needed to cause 3 log10 310 

reduction in the percentage of living bacteria. In comparison, a peptide concentration 2 to 4-311 

fold higher the MIC was necessary for the achievement of a bactericidal activity by the linear 312 

form of both peptides. Next, studies on the killing kinetics of the peptides at their MBC and 313 

MBC/2 were performed against the two selected bacterial strains. As reported in Fig. 2, while 314 

both linear peptides were able to induce 99.9 % killing of E. coli cells within 30-90 min when 315 

used at their MBC (Fig. 2, A), a much faster killing rate was demonstrated by the 316 

corresponding dendrimeric forms, which were able to provoke the almost complete mortality 317 

of the bacterial population within 5 min (Fig. 2, panel B). When the peptides were analyzed 318 

against S. aureus at their MBC, both lin-SB056-1 and dendrimeric forms were found to cause 319 

99.9% bacterial killing, after 15-30 min (Fig. 2, C-D). Note that when both dendrimer 320 

peptides were used at their MBC/2 (Fig. 2, B-C, empty symbols), a reduction in the number of 321 

bacterial cells between 97% (3*104 CFU/ml) and 99.9% (103 CFU/ml) was however observed 322 

in 90 min. In particular, den-SB056-1 caused 99.7% killing of E. coli cells in 15 min (Fig. 2, 323 
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B). Interestingly, by comparing the killing kinetics of the dendrimers at the same molar 324 

concentration (i.e. 3.125 μM, corresponding to MBC for den-SB056 and MBC/2 for den-325 

SB056-1, as indicated in Table 3), the activity of den-SB056 towards the Gram-negative 326 

bacterium E. coli resulted to be higher than the dimeric analog, whereas an opposite 327 

behaviour was noted against the Gram-positive S. aureus (when the two dendrimers were 328 

used at 12.5 μM, corresponding to MBC/2 for dim-SB056 and MBC for den-SB056-1). 329 

Antibiofilm activity of linear and dendrimeric peptides. Prior to the assessment of 330 

antibiofilm activity, concentrations of dendrimeric and linear peptides able to inhibit growth 331 

of planktonic bacteria were determined in biofilm-like conditions against two reference strains 332 

of S. epidermidis (ATCC 35984) and P. aeruginosa (ATCC 27853) (Table 4). Such strains 333 

are known to be strong biofilm-producers and represent two bacterial species often involved 334 

in biofilm-associated infections. When the peptides were tested under these conditions against 335 

planktonic cells, an overall increment of their MIC values was observed as compared to 336 

standard conditions, against both species (data not shown). In biofilm-like conditions den-337 

SB056 and lin-SB056-1 exhibited MIC values lower than den-SB056-1 and lin-SB056 338 

respectively, against S. epidermidis. MIC values higher than 40 M were recorded for all four 339 

peptides against P. aeruginosa (Table 4). The ability of the peptides to inhibit biofilm 340 

formation was then evaluated against the same strains. The inhibitory effect was assessed as 341 

reduction of biofilm biomass by CV staining, after incubation of the strains for 24 h with 342 

different concentrations of the peptides. As shown in Fig. 3, A, all the peptides, with the 343 

exception of lin-SB056, were able to reduce the biofilm biomass of S. epidermidis of more 344 

than 50% as compared to the control biofilm at concentrations of 5-10 M. den-SB056 and 345 

lin-SB056-1 exhibited the strongest antibiofilm activity, causing a reduction of approximately 346 

98% of the biofilm biomass, when assayed at 10 M. When the peptides were tested against 347 

P. aeruginosa (Fig. 3, B), a poor antibiofilm activity of den-SB056-1 was observed, while 348 
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den-SB056, lin-SB056 and lin-SB056-1 caused a marked reduction of biofilm biomass but 349 

only at the concentration of 20 M. Similarly to what observed with S. epidermidis, den-350 

SB056 and lin-SB056-1 demonstrated the highest activity against sessile P. aeruginosa cells, 351 

causing a reduction of the biofilm biomass of approximately 90% as compared to the un-352 

treated control, at the active concentration of 20 M. 353 

 Fluorescence spectroscopy: peptide-lipids binding. Upon binding, peptide’s tryptophan 354 

moves from the buffered water to the more hydrophobic environment characterizing the lipid 355 

bilayer of LUV. Typically, this leads to a blue shift and an increase in the quantum yield of 356 

tryptophan fluorescence (29, 30). However, fluorescence intensity depends on several 357 

different factors, hard to be quantitatively taken into account. For instance, after the binding, 358 

if peptide oligomerization occurs, tryptophan residues could result in close proximity with 359 

each other leading to fluorescence self-quenching. Another source of quenching might be the 360 

interaction between tryptophan and the positively charged peptide residues (31), like the 361 

tryptophan flanking lysines in the peptides under investigation. Moreover, quenching could 362 

also be due to the charged head group of PG interacting with tryptophan π-orbitals (29). All of 363 

these contributions strictly depend upon the specific secondary structure adopted by the 364 

peptide, possible oligomerization and peptide orientation with respect to the bilayer. Insertion 365 

depth is also fundamental, as well as the specific position of the tryptophan along the peptide 366 

sequence. In addition, the bilayer composition should exert an important influence on the 367 

observed fluorescence intensity. Thus, even if in principle intensity as a function of the 368 

lipid/peptide ([L]/[P]) ratio could be related to peptide binding constant (30), no attempt was 369 

made in the present work to quantitatively estimate the latter, since accurate structural 370 

information about the vesicles-bound state of SB056 peptides is still lacking. Nevertheless, 371 

tryptophan blue shift is able to provide important qualitative information about the relative 372 

affinity of different analogues for the same membrane model. Similarly, the relative binding 373 
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affinity of a given peptide for differently charged membrane models can be evaluated. 374 

Emission wavelength (λ) decreases with increasing [L]/[P] until saturation is usually reached 375 

(29, 30). Although the maximum difference (Δλmax) between saturation and starting λ (in the 376 

absence of lipids) might depend upon several factors similarly to fluorescence intensity, the 377 

higher the peptide affinity for the lipid bilayer, the lower the saturation [L]/[P] value. In 378 

particular, we investigated interaction of the four SB056 analogues with model membranes 379 

with increasing PC/PG molar ratio, since it is known that eukaryotic membranes are 380 

characterized by a very low content of negatively charged lipids, while this is remarkably 381 

higher in bacterial plasma membranes (4, 32). In addition, Gram-negative bacteria typically 382 

have a content of negatively charged lipids around 30%, while it is 70% or more in Gram-383 

positive ones (33, 34). Moreover, as already pointed out for MIC assays, we investigated the 384 

effect of physiological electrolytes concentration on the peptide-lipids interaction by 385 

performing the same experiments in 10 mM PB either in the absence or in the presence of 150 386 

mM NaCl. Fig. 4 shows all results; the absolute value of Δλ is plotted as a function of the 387 

[L]/[P] molar ratio. In all investigated cases, peptide-lipids affinity increased with increasing 388 

the PG content of vesicles. At low ionic strength (thus, in the absence of NaCl), lin-SB056 389 

showed a remarkable affinity starting from 50% PG (Fig. 4, A), while its dendrimeric 390 

counterpart den-SB056 from 25% PG (Fig. 4, B). This might be simply explained with the 391 

dendrimeric peptide having twice the positive charge per mole. Neither the linear nor the 392 

dendrimeric peptide showed a significant affinity for the 100% PC liposomes as expected. 393 

The modified dendrimeric peptide den-SB056-1 (Fig. 4, D) showed a comparable trend, but 394 

resulted to have a not-negligible, although low, affinity for the 100% PC membrane. Quite 395 

surprisingly, lin-SB056-1 was the peptide with the highest affinity for all the investigated 396 

vesicles (Fig. 4, C), as shown by the tryptophan fluorescence shift going to saturation faster 397 

than observed for all the other analogues. The interaction was absolutely remarkable even for 398 
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the 100% PC bilayer. As expected, electrolytes addition decreased affinity of all the peptides 399 

(Fig. 4, A-D, black lines), confirming the fundamental role of electrostatics in the very first 400 

step of peptide action, which is the membrane binding. Nevertheless, similarly to what was 401 

observed for antimicrobial activity, while salt effect was dramatic for both linear peptides, 402 

dendrimeric ones were far less affected. However, by comparing the two dendrimeric 403 

peptides, it is interesting to note that den-SB056-1 retains membrane affinity in the presence 404 

of salt to a higher extent than den-SB056, despite they bear exactly the same net positive 405 

charge. 406 

 407 

DISCUSSION 408 

In this study, analogs of the antimicrobial peptide SB056 have been synthesized and tested for 409 

antimicrobial activity in the presence of physiological electrolytes concentrations and against 410 

biofilms. Analogs have been designed to display an enhanced amphiphilic profile, so to 411 

optimize peptide interaction with target membranes, and the properties of dendrimeric 412 

(dimeric) structures compared to linear, monomeric forms (see Fig 1). SB056 is an 413 

antimicrobial peptide with innovative design and intriguing properties. The results obtained, 414 

confirm this idea. At low ionic strength, den-SB056 resulted to be more active than its linear 415 

counterpart, against both Gram-negative and -positive strains (Table 1). Thus, the original 416 

idea behind dendrimeric peptides design seems to be confirmed. This increased activity is 417 

usually attributed to the higher local concentration of bioactive units due to the branched 418 

dendrimeric structure, besides the greater stability against peptidases and proteases (15, 35). 419 

In the present work, the SB056-1 analogue has been synthesized by exchanging the position 420 

of the first two amino acid residues. SB056 sequence is characterized by an alternate pattern 421 

of hydrophobic and polar/charged residues, suggesting an amphipathic β-type folding upon 422 

interaction with lipid membranes (21), already confirmed for the linear analogues (22). Such 423 
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an alternate pattern is observed throughout the sequence but the first three residues (WKK). 424 

This discrepancy has been removed in the SB056-1 analogue (KWK), based on the hypothesis 425 

that the higher is the intrinsic amphipathicity of the sequence, the higher the structural order 426 

and stability of the β-sheet oligomers on the membrane surface, the higher the antimicrobial 427 

activity (21, 22). Consistently, lin-SB056-1, showed an improved antimicrobial activity 428 

against all the strains investigated when compared to the lin-SB056, resulting to be sometimes 429 

comparable to that of den-SB056. Also, the dendrimeric den-SB056-1 showed similar MIC 430 

values to its linear counterpart, further supporting the hypothesized sequence optimization 431 

which makes it possible to attain a more ordered amphipathic structure. 432 

 The inhibition of activity in presence of physiological salts concentration is still a severe 433 

limitation to AMPs’ applicability as drugs in vivo (9, 10, 36). As usually observed for linear 434 

peptides, by increasing the ionic strength of the environment, lin-SB056 and to a lesser extent 435 

also lin-SB056-1 showed a significant decrease of the antimicrobial activity. This is likely due 436 

to the charge shielding produced by counterions cloud on both the peptide and the membrane 437 

surface, thus reducing their long-range electrostatic interaction. On the other hand, both the 438 

dendrimeric peptides retained their antimicrobial activity (in some cases it even improved) in 439 

the same environment, clearly showing that the dendrimeric structure is somehow able to 440 

overcome such electrolytes shielding effect. This might be explained by taking into account 441 

the two main features of these dendrimeric peptides. Possibly, the increased positive charge 442 

density, due to the two peptide branches, is not as efficiently shielded as for the linear 443 

peptides. In addition, despite the reduced electrostatic interaction with the membrane surface 444 

in an environment with physiological salt concentration, the hydrophobic tail at the C-term 445 

might act as an anchor, stabilizing the peptide bound-state. Thus, the advantages offered by 446 

the dendrimeric structure seem to be fundamental, especially when the environment 447 

approaches the in vivo conditions. The same behavior has been observed for antimicrobial 448 
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peptide dendrimers designed around dendronized ornithine (37). Furthermore, both our 449 

dendrimeric peptides displayed a much faster microbicidal kinetics with respect to their linear 450 

counterparts. Finally, it is interesting to note that, despite a general difference in the content of 451 

negatively charged lipids is known between Gram-positive and Gram-negative bacteria (it is 452 

significantly higher in the former) (33, 34), the relative antimicrobial activity observed for S. 453 

aureus is somewhat lower than that seen for the Gram-negative E. coli. 454 

 Concern regarding biofilm-associated infections is growing rapidly worldwide, as 455 

biofilms are inherently tolerant and resistant to antimicrobial therapies. Moreover, they tend 456 

to develop on medical device surfaces, further increasing the risk of hospital-acquired 457 

infections and of microbial dissemination within the host (38, 39). The need to deploy 458 

additional bactericidal means is particularly urgent in this case, and many AMPs have been 459 

tested for their ability to target specific features of sessile bacterial communities (40). A 460 

dedicated database, BaAMPs (http://www.baamps.it), is available that reports information on 461 

the anti-biofilm activity of AMPs in an organized framework (41). In our hands, SB056 and 462 

analogs proved to be endowed with interesting anti-biofilm properties (intended as inhibition 463 

of biofilm formation). In particular, S. epidermidis was the most susceptible strain in sessile 464 

form, especially to lin-SB056-1 and the wild-type dendrimer den-SB056. The same peptides 465 

showed the best activity among the tested compounds also against P. aeruginosa biofilms, 466 

although with lower overall efficiency with respect to S. epidermidis. Interestingly, the 467 

antibiofilm effect of all the peptides was observed at concentrations equal or lower than the 468 

corresponding MIC values evaluated in biofilm-like conditions (Table 4), suggesting that the 469 

reduction in biofilm biomass was attributable, at least in part, to mechanisms other than a 470 

direct killing effect. Comparing the wild-type peptides, these experiments confirmed the value 471 

of the dendrimeric structure over the linear one, while the optimized structure proved to work 472 

at best when in its linear form. Improvement of the β-sheet stability, as said, seems correlated 473 
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to the antimicrobial activity. However, if exaggerated, it is possibly detrimental to oligomers 474 

dynamics and compromises diffusion and penetration into the biofilm. Overall, it is apparent 475 

that the class of molecules presented here displays good potential to be developed as 476 

antibiotics to fight infections caused by both Gram-positive and –negative strains, even in 477 

biofilm form, but action appears somewhat selective. 478 

 Membrane-binding experiments revealed that in all cases peptide affinity increased with 479 

increasing the PG content of vesicles. This was not surprising, since electrostatics play a 480 

major role in peptide binding and is thought to be responsible for peptide selectivity for 481 

bacterial membranes. Indeed, differently from eukaryotic membranes, prokaryotic ones are 482 

characterized by a significant content of negatively charged lipids, thus strongly attracting 483 

positively charged antimicrobial peptides (4, 10). However, the linear analog lin-SB056-1 was 484 

the peptide with the highest binding affinity for all the investigated compositions, even for the 485 

zwitterionic 100% PC bilayer. This is not compatible with the interaction being driven only 486 

by electrostatics, since the linear peptide has half the positive charge per mole with respect to 487 

the dendrimeric one. In addition, the sequence modification consisted simply in exchanging 488 

the first two residues, thus leaving the total charge unaffected. Nevertheless, lin-SB056 and 489 

lin-SB056-1 showed remarkable differences in their relative affinity for the same membrane 490 

model, the lowest and the highest, respectively, among the four peptides investigated. It is 491 

very interesting to note how these results are in good agreement with the MICs estimated in 492 

the absence of added NaCl (Table 1): the wild-type linear lin-SB056 showed, in general, the 493 

lowest membrane affinity and, indeed, it was the less active, while the analog lin-SB056-1 494 

showed the highest affinity and, correspondingly, it showed an excellent antimicrobial 495 

potency. These results show that, despite electrostatics play a major role, charge distribution 496 

along the sequence may significantly affect membrane interaction. A strong peptide-497 

membrane electrostatic interaction is fundamental to bring the peptide from the aqueous 498 
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environment to membrane proximity. However, in our case, an optimal distribution of the 499 

charged/polar residues along the sequence entails an optimal distribution of the hydrophobic 500 

residues too, explaining the higher membrane affinity observed in the case of lin-SB056-1 501 

even to 100% PC vesicles. By comparing the two dendrimeric peptides, it is interesting to 502 

note that den-SB056-1 retains binding affinity with increasing the ionic strength more than 503 

den-SB056, despite they bear exactly the same net positive charge, further showing that 504 

distribution of charged/polar and hydrophobic residues along the sequence is very important 505 

as peptide behavior determinant. 506 

 Conclusion. A schematic summary of the antimicrobial activities and the affinity for 507 

lipid membranes, either in the presence or in the absence of salt at physiological 508 

concentrations, for the four peptides is presented in Fig. 5. A lot of information is still lacking 509 

on the activity of these novel molecules, such as an in-depth structural investigation either in 510 

free or membrane-bound form, which is currently underway in our labs. Nevertheless, our 511 

sequence optimization based on available structural data resulted to be really effective and the 512 

dendrimeric branched arrangement of the functional units showed their advantages, with 513 

dendrimeric peptides – but not their linear counterparts – having their membrane-binding 514 

properties and antimicrobial activity preserved even at physiological electrolytes 515 

concentration. Despite these positive findings, cytotoxicity studies indicate however that the 516 

optimization process is not complete, and further efforts must be devoted to obtain 517 

dendrimeric peptides with lower hemolytic activity, likely by fine-tuning their affinity for 518 

zwitterionic membranes. Rational modification of AMPs, driven by the study of structure-519 

function relationships, is a powerful tool for the identification of therapeutically useful 520 

antibiotics. 521 
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Figure legends 656 

 657 

Figure 1 Structure of SB056 and analogues. In (A) a schematic representation of the 658 

characteristic dendrimeric structure of the SB056 peptide. In (B) the amphipathic pattern of 659 

SB056 and SB056-1 sequences are presented together with their hydropathicity plot. In 660 

SB056-1, the position of Trp-1 and Lys-2 is inverted. Linear peptides lin-SB056 and lin-661 

SB056-1 comprise only the relevant, monomeric peptide unit. Blue and yellow circles are 662 

used to indicate hydrophilic and hydrophobic residues, respectively. The hydropathicity plot 663 

was calculated using the method of Kyte and Doolittle [42] with a window of three residues 664 

and a weight of 30% at the window edges. The values are normalized between 0 and 1. The 665 

higher the value the more hydrophobic is the residue. 666 

 667 

Figure 2 Killing kinetic of SB056 (square) and SB056-1 (circle) peptides on E. coli ATCC 668 

25922 (A and B) and S. aureus ATCC 25923 (C and D). Bacteria (1x106 CFU/ml) were 669 

incubated at MBC concentrations (filled symbols) and at MBC/2 concentrations (empty 670 

symbols) (see Table 3) in MHB at 37°C. The control (triangle) is given by bacteria without 671 

peptide. Data point represent the mean of triplicate samples ± SD. The dotted lines indicate 672 

99.9% bacterial killing. 673 

 674 

Figure 3 Inhibitory effect of dendrimeric and linear peptides on biofilm formation of S. 675 

epidermidis ATCC 35984 and P. aeruginosa ATCC 27853. Bacterial cells of S. epidermidis 676 

(A) and P. aeruginosa (B) were incubated at 37°C in a 96-well plate in the presence of 677 

different concentrations of the peptides for 24h. Cultures without peptides were used as a 678 

positive control (CTRL). Biofilm biomass was determined by crystal violet staining and 679 

expressed as OD570. Solid lines and dotted lines represent respectively 50% and 90% 680 
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reduction of biofilm biomass, as compared to the control biofilms. Data represent the mean ± 681 

the SEM of at least three independent experiments. Stars indicate statistically significant 682 

differences between the positive control and the biofilms obtained in the presence of the 683 

different peptides. **p<0.01; *** p<0.001 (one way ANOVA followed by Tukey–Kramer 684 

multiple comparison test). 685 

 686 

Figure 4 Peptide interaction with model membranes. The blue shift of tryptophan 687 

fluorescence emission |Δλ| is plotted as a function of [L]/[P] ratio for the four SB056 688 

analogues in the presence of differently charged PC/PG LUVs. The lower the [L]/[P] ratio 689 

needed to reach saturation, the higher the peptide affinity. Measurements were carried out in 690 

10 mM PBS either in the absence (red lines) or in the presence (black lines) of additional 150 691 

mM NaCl. 692 

 693 

Figure 5 Schematic summary of the antimicrobial activity (A and B) and the affinity for lipid 694 

membranes (C and D), either in the presence or in the absence of salt at physiological 695 

concentrations, for the four peptides. Each peptide is represented by a colour and differently 696 

sized segments of the graph reflect differences in the investigated activity. (A) includes anti-697 

biofilm activity, investigated at low ionic strength. As depicted, the wild-type lin-SB056 698 

resulted to be the worst peptide independently of the environment investigated, while its 699 

dendrimeric counterpart, den-SB056, did not show any drastic change going from low to high 700 

ionic strength environment, revealing a good, constant activity. The optimized analogue lin-701 

SB056-1 revealed to be the best peptide at low ionic strength, but these activities decreased as 702 

the electrolytes concentration approached the physiological one. On the contrary, den-SB056-703 

1 increased its activity moving from low to high ionic strength. See main text for further 704 

details and discussion. 705 

706 
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Tables 707 

 708 

 709 
Table 1 Minimal Inhibitory Concentration (MIC) values, expressed in μM, of SB056 and its 710 

analog SB056-1 in their linear and dendrimeric forms against the Gram-negative E. coli 711 

ATCC 25922 and the Gram-positive S. aureus ATCC 25923 in MHB or MHB supplemented 712 

with 150 mM NaCl. 713 

 714 

 E. coli ATCC 25922 S. aureus ATCC 25923 

Peptide MHB MHB + NaCl MHB MHB + NaCl 

 

lin-SB056 25 >100 >100 >100 

lin-SB056-1 6.25 12.5 12.5 >100 

den-SB056 3.125 6.25 12.5 25 

den-SB056-1 6.25 3.125 12.5 6.25 
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 726 

 727 
 728 

Table 2 Hemolytic activities of SB056 and its analog SB056-1 in their linear and dendrimeric forms, 729 

expressed in μM. 730 

 731 

ND. Not determined. The results are the mean of three independent experiments. Data for lin-SB056 and 732 

lin-SB056-1 taken from [22]. 733 

 734 

735 

 % Hemolysis 

Peptide Peptide concentration (μM) 

 50 25 12.5 6.25 3.125 1.56 0.78 0.39 0.195 

 

lin-SB056 

 

4 

 

2 

 

2 

 

2 

 

2 

 

0 

 

ND 

 

ND 

 

ND 

lin-SB056-1 11 11 6 6 2 2 2 ND ND 

den-SB056 62 36 20 14 5 5 4 ND ND 

den-SB056-1 34 24 21 16 15 15 11 8 4 
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 736 

 737 

Table 3 Minimal bactericidal concentrations (MBC), expressed in μM, of SB056 and its 738 

analog SB056-1 in their linear and dendrimeric forms against the Gram-negative E. coli 739 

ATCC 25922 and the Gram-positive S. aureus ATCC 25923 strains after 90 min incubation at 740 

37°C in MHB medium. 741 

 742 

Peptide E. coli 

ATCC 25922 

S. aureus 

ATCC 25923 

lin-SB056 100 >100 

lin-SB056-1 12.5 50 

den-SB056 3.125 25 

den-SB056-1 6.25 12.5 
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 756 

 757 

Table 4 Minimal Inhibitory Concentration (MIC) values, expressed in μM, of SB056 and its 758 

analog SB056-1 in their linear and dendrimeric forms against planktonic S. epidermidis 759 

ATCC 35984 and P. aeruginosa ATCC 27853 in biofilm-like conditions. 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

MIC values obtained in biofilm-like conditions (stationary phase cells in 50% TSB/Glc 769 

0.25%). 770 

Peptide S. epidermidis  

ATCC 35984 

P. aeruginosa 

ATCC 27853 

   

lin-SB056 >40 

10 

40 

>40 

>40 

>40 

>40 

>40 

lin-SB056-1 

den-SB056 

den-SB056-1 
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