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ARTICLE INFO ABSTRACT

Keywords: VmCT1 is a cationic antimicrobial peptide (AMP) from the venom of the scorpion Vaejovis mexicanus. VmCT1
Antimicrobial peptide and analogs were designed with single substitutions for verifying the influence of changes in physicochemical
VmCT1

features described as important for AMPs antimicrobial and hemolytic activities, as well as their effect on
VmCT1 analogs resistance against proteases action. The increase of the net positive charge by the introduction of
an arginine residue in positions of the hydrophilic face of the helical structure affected directly the antimicrobial
activity. Arg-substituted analogs presented activity against Gram-negative bacteria from the ESKAPE list of
pathogens that were not observed for VmCT1. Additionally, peptides with higher net positive charge presented
increased antimicrobial activity with values ranging from 0.39 to 12.5umol L™ ' against Gram-positive and
Gram-negative bacteria and fungi. The phenylalanine substitution by glycine (position 1), and the valine sub-
stitution by a proline residue (position 8) led to analogs with lower hemolytic activity (at concentrations 50 and
100 umol L™ 7, respectively). These results revealed that it is possible to modulate the biological activities of
VmCT1 derivatives by designing single substituted-analogs as prospective therapeutics against bacteria and
fungi.

Structure-activity relationship
Scorpion venom peptide

1. Introduction spectrum activity ranging Gram-positive and Gram-negative bacteria

[6], fungi [7], enveloped viruses [8], and parasites [9]. Toxicity against

Antimicrobial resistance is a major healthcare problem, therefore
the search for the development of new antimicrobial agents has become
crucial. The multi-drug resistance against Gram-positive and Gram-
negative bacteria is a challenging obstacle, considering the availability
of treatment with conventional antibiotics are losing effectiveness.
Versatile biomolecules, such as peptides, emerge as promising alter-
natives to slow down the evolution and the spread of antibiotic re-
sistance [1].

AMPs are biologically active molecules produced by a wide variety
of organisms as an essential component of the innate immune response
[2,3]. AMPs are usually small, cationic, and amphipathic structures that
exhibit a heterogeneous amino acid composition, frequently classified
according to their secondary structures [4,5]. AMPs have a broad-

human cell lines, such as human erythrocytes [2,10], is one of the
limitations for the application of AMPs as therapeutics.

Erythrocytes and microbial cell membranes present different lipid
content, which influences AMPs-membranes interaction and mode of
action. Mammalian erythrocyte cell membranes contain zwitterionic
phospholipids, as sphingomyelin and phosphatidylcholine (PC), besides
sterols, such as cholesterol that regulates membrane fluidity [11]. Dif-
ferently, the cytoplasmic membrane of bacteria is constituted by an-
ionic lipids, such as phosphatidylglycerol (PG), cardiolipin, and phos-
phatidylserine, along with zwitterionic lipid, as
phosphatidylethanolamine (PE), which are important for the membrane
organization [11]. The lipid content is different from one species to
another. Frequently, Gram-negative bacteria show higher PE content
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than Gram-positive bacteria. However, Gram-positive bacteria exhibit a
higher amount of anionic lipids (PG and cardiolipin) [12]. The presence
of charged portions in lipids favors the electrostatic interactions with
cationic AMPs, followed by insertion of peptides in the lipid bilayer. In
most of the cases AMPs destabilize the membrane making it permeable
or disrupting it. Additionally, fungal membranes contain neutral
sterols, such as ergosterol, and their cell walls are constituted by
polysaccharides, such as chitin and 3-glucan [7], possibly AMPs pro-
mote the disruption of membrane which results in the leakage of in-
tracellular content [13].

Cationic and amphipathic AMPs are among the most active com-
ponents of scorpion venoms. They are usually 13-56 amino acid re-
sidues-long, what favors these AMPs to undergo helix-coil transitions in
the presence of helical inducer environments, such as biomembranes
[14,15]. VmCT1 (Phe-Leu-Gly-Ala-Leu-Trp-Asn-Val-Ala-Lys-Ser-Val-
Phe-NH,) is an a-helical scorpion venom AMP isolated from Vaejovis
mexicanus smithi, which exhibited antimicrobial activity against Gram-
positive and Gram-negative bacteria ranging from 5 to 25 umol L™,
besides of hemolytic activity at 12.5 pmol L~! [16]. Pedron et al. de-
scribed VmCT1 analogs aiming to verify the effect of changes in phy-
sicochemical features in the antimicrobial and hemolytic activities with
single and double substitutions at the hydrophilic and hydrophobic
portions of the amphipathic structure of VmCT1. The most promising
antimicrobial activity results were displayed by Lys-substituted analogs
with high helical content [17]. However, VmCT1 Lys-substituted ana-
logs were more hemolytic than Glu-substituted analogs, which pre-
sented lower helical tendency, and consequently, lower antimicrobial
activity than Lys-substituted analogs.

Therefore, we leveraged a rational design strategy of AMPs de-
scribed by Torres et al. [18,19], where the authors analyzed how the
most well-known physicochemical features affect the antimicrobial
activity of small cationic peptides. As a result, we proposed single-
substituted VmCT1 analogs targeting to improve antimicrobial activity
and suppress hemolytic activity. To achieve this, we promoted changes
in helical content, net positive charge and hydrophobicity-related fea-
tures (Fig. 1).

The influence of net positive charge in the biological activities was
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verified with Arg-substituted analogs. The variants were designed with
Arg residues substitutions in positions Gly3, Asn7 and Serll in the
VmCT1 hydrophilic face, which was shown as the most susceptible
region of the sequence for the replacements by basic residues according
to Pedron et al. [17].

The first step of AMPs interaction with biomembranes is through
electrostatic interactions of the hydrophilic face of the amphipathic
structure after the hydrophobic face interacts with the nonpolar
membrane portion [20]. Lys residues are frequently found in scorpion
venom peptide [21-23], so we proposed to verify whether the Arg side
chain (guanidyl group) influences in activities of this peptide’s family.
Additionally, we designed analogs with substitutions in positions Phel,
Val8, Ala9, and Vall2 (hydrophobic face), aiming to analyze the in-
fluence of changes in hydrophobicity-related features, such as mean
hydrophobicity and mean resultant hydrophobic moment in the biolo-
gical activities (Supplementary Table 1).

Gly substitution at position 1 was chosen to decrease hydro-
phobicity and hydrophobic moment values, besides increasing flex-
ibility in the N-terminal extremity of the peptide, modifying its helical
content and positive charge availability [24]. The Pro residue was
chosen for the substitution at position 8 because of its structure dis-
ruptor features. The replacement by Pro aimed verifying the im-
portance of helical structure in the biological activities. Leu and Phe
residues for the substitutions at position 9 were chosen to increase
hydrophobicity and hydrophobic moment mean values, whereas Leu
and Tyr residues at position 12 were selected aiming to promote de-
creased hydrophobicity values for the analogs compared to the wild-
type. Besides, Leu and Phe are residues frequently found in scorpion
venom peptides, while Gly (at position 1), Tyr and Pro do not occur
with frequency (Supplementary Table 1) [25-27].

2. Material and methods
2.1. Solid-phase peptide synthesis (SPPS), purification and analysis

The peptides were synthesized on a peptide synthesizer (PS3-Sync
Technologies) using solid-phase peptide syntheses methodology and

Fig. 1. Schematic of the structure-function-
guided design used to generate biologically
active AMPs derivatives. The scorpion
venom derived AMP VmCT1 was subjected
to structure-function analyses to evaluate
the importance of the physicochemical fea-
tures in secondary structure tendencies, an-
w  timicrobial and hemolytic activities.
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[Pro]®-VvmCT1-NH, [Leu]®>-VmCT1-NH,

[Phe]®-VmCT1-NH,

[Leu]">-VmCT1-NH, [Tyr]'2-VmCT1-NH,

Fig. 2. Helical wheel projections of VmCT1 and its analogs. Yellow circles refer to aromatic and aliphatic hydrophobic residues; gray circles indicate residues with
hydrophobicity close to zero; blue circles indicate basic positively charged residues; purple circles represent polar uncharged residues; red circles refer to acidic
negatively charged amino acid residues; green circles represent the restricted pseudo amino acid proline; and pink circles represent polar uncharged amino acid
residues. Black arrows indicate the direction and intensity of the hydrophobic moment [32]. P indicates hydrophilic face and N refers to the hydrophobic face of the

amphipathic projection.

fluoromethyloxycarbonyl (Fmoc) strategy, detailed by Torres et al.
[28].

The peptides purification assays were carried out by semi-pre-
parative reverse-phase high-performance liquid chromatography (RP-
HPLC) on a Delta Prep 600 (Waters Associates). Selected fractions
containing the purified peptides were pooled and lyophilized. The
purity was evaluated on an Alliance HPLC (Waters Associates system),
and characterized by liquid-chromatography electrospray-ionization
mass spectrometry (LC/ESI-MS) using a Model 6130 Infinity mass
spectrometer coupled to a Model 1260 HPLC system (Agilent), ac-
cording to Torres et al. [28].

2.2. Antimicrobial activity of VmCT1 and derivatives

The peptides were tested against Escherichia coli SBS 363, Serratia
marcescens ATCC 4112, Enterobacter cloacae (3-12, Pseudomonas aerugi-
nosa ATCC 27853, Micrococcus luteus A270, Staphylococcus aureus ATCC
29213, Bacillus megaterium ATCC 10778, Bacillus subtilis ATCC 6633,
Candida albicans MDM8, and Candida tropicalis IOC 4560. The micro-
organisms were obtained from the American Type Culture Collection
(ATCC) and Instituto Butantan, Sdo Paulo, Brazil.

Antimicrobial activity was determined by liquid growth inhibition
assay, as previously described by Pedron et al. [17]. Briefly, it was used
Peptone Broth and Potato Dextrose Broth (Invitrogen) for antibacterial
and antifungal assays, respectively. Microorganisms were incubated
with peptide two-fold serial dilutions (0.09-50 umol L™!) at 37 °C for
18 h. The microbial growth was assessed by measurements of the ab-
sorbance at 595 nm.

2.3. Hemolytic activity assays

Assays against freshly collected human erythrocytes were per-
formed according to Pedron et al. [17]. Briefly, aliquots at a con-
centration of 0.1-100 pmol L™! of the peptides were incubated with a
suspension of erythrocytes. The surfactant SDS was used as positive
control [29,30], and PBS buffer was used as the negative control. After
that, the samples were incubated at room temperature for 1h. The
samples were centrifuged and the absorbance of supernatant was

measured at 405 nm.
2.4. Circular dichroism (CD) spectroscopy

CD assays were performed by a Spectropolarimeter Jasco Mod. J-
815 (JascoCorp.). CD spectra were obtained in Far-UV (195-260 nm),
and analyzed in the following solutions: water, 2,2,2-trifluoroethanol
(TFE) in water (3:2, v:v), palmitoyloleoylphosphatidylcholine (POPC —
10mmol L™1), and palmitoyloleoylphosphatidylcholine: palmitoylo-
leoylphosphatidylglycerol (POPC:POPG, 3:1, mol:mol, 10 mmol L™1) at
50 umol L~'. Experiments conditions and detailed information are
presented by Pedron et al. [17].

2.5. Stability assays

Stability assays were performed with GIBCO fetal bovine serum
diluted to 25% in water according to Torres et al. [28]. Briefly, peptide
solution was added to the serum solution and kept at 37 °C. The ex-
periments were made in three independent replicates and aliquots were
taken at 0, 0.5, 1, 2, 4 and 6 h. The degradation kinetics was monitored
by liquid chromatography and the percentage of remaining peptide was
calculated by integrating the peptide peak area.

3. Results and discussion

Microorganisms that are resistant to antibiotics are a global health
problem, which can be associated with high morbidity and mortality
rates [31]. The development of new alternatives to the treatment of
these infections is crucial, and several authors recognized AMPs as a
promising alternative [4].

We considered membrane content to choose VmCT1 as a template
for structure-guided analyzes. VmCT1 is an AMP isolated from the
venom of the Vaejovis mexicanus smithi scorpion, with reported anti-
microbial activity against Gram-positive and Gram-negative bacteria
[16]. Single-substituted VmCT1 analogs were designed (Fig. 2) to
evaluate the effect of changes in physicochemical properties on anti-
microbial and hemolytic activities, as well as resistance to degradation
when exposed to serum peptidases.
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Pedron et al. described VmCT1 analogs with single and double
substitutions in the hydrophilic and hydrophobic portions of the am-
phipathic structure of VmCT1. The most active peptides were obtained
by inserting a Lys residue in the hydrophobic face. CD measurements
showed that Lys-substituted analogs presented higher helical content in
TFE/water solution, zwitterionic (POPC 10 mmol L™ 1) and negatively
charged (POPC:POPG, 3:1, mol:mol, 10 mmol L™ 1) lipid vesicles.

Furthermore, the authors described a study on the effect of Glu-
substitutions along both hydrophobic and hydrophilic portion of
VmCT1 original sequence. [Glu]*-VmCT1-NH, analog was described as
the less hemolytic peptide designed by them, confirming the im-
portance of the helical structure of these peptides to hemolytic and
antimicrobial activities. This behavior was not observed for [Glu]’-
VmCT1-NH,, the peptide presented hemolytic activity values at the
same range of concentrations of other toxic analogs. [Glu]’-VmCT1-
NH, presented antimicrobial activity was higher than [Glu] 4.VmCT1-
NH,; although, it was higher than the wild-type molecule.

Additionally, Pedron et al. observed the effect of hydrophobicity-
related features evaluated through the substitution of residues from the
original sequence by Trp residues. The Trp-substitution led to higher
antimicrobial activities. The increase of hydrophobicity and hydro-
phobic moment generated by the substitution by a Trp residue led to
higher antimicrobial activities compared to Glu-substituted analogs,
and similar to MIC values observed for the wild-type molecule. [Trp]°-
VmCT1-NH, and [Glu]*[Trp]°>-VmCT1-NH, analogs presented lower
helical content in the presence of vesicles, however, their hemolytic
activity was similar to the model molecule [17]. The authors also at-
tributed the higher toxicity against erythrocytes to the higher hydro-
phobicity of Trp-substituted analogs compared to the wild-type.

In this study, the peptides were designed to improve the balance
between antimicrobial activity and cytotoxicity. Supplementary
Information Table 1 presents important considerations for the design of
each one of the analogs synthesized in this work. The main physico-
chemical features of AMPs, such as net charge, hydrophobicity and
amphipathicity were appraised for the design of the analogs.

We proposed to evaluate the effects of net positive charge by de-
signing Arg-substituted analogs (Table 1). The modifications were
planned according to the original helical structure of the model mole-
cule at positions 3 (Gly), 7 (Asn), and 11 (Ser) in the hydrophilic face.
The Arg residue was chosen as a result of its guanidyl group interactions
with water molecules, dragging them inside the membrane and desta-
bilizing the lipid bilayer. The guanidyl group also interacts with lipid
head-groups by the formation of multiple hydrogen bonds that can lead
to disruption and permeabilization of membranes [33].

The importance of net positive charge to peptide-membrane
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electrostatic interactions was evaluated by antimicrobial (Fig. 3) and
hemolytic (Fig. 4) assays. [Arg]>-VmCT1-NH,, [Arg]’-VmCT1-NH, and
[Arg]''-VmCT1-NH, analogs presented higher activity against C. albi-
cans (1.6-3.1 umol L™H, C tropicalis (1.6 pumol L™Y, E cloacae
(6.3-12.5umol L™1), and P. aeruginosa (6.3-25pumol L™) than the
wild-type. Furthermore, [Arg]®>-VmCT1-NH, and [Arg]’-VmCT1-NH,
analogs were equipotent than VmCT1 against S. marcescens (0.4 pmol
L™Y, S. aureus (1.6 umol L™Y), E. coli (1.6 pmol L™Y, and B. subtilis
(0.8 umol L™1). The exception was [Arg]u—VmCTl—NHz against the
Gram-positive bacteria: M. luteus (3.1 pmol L™YH, B megaterium
(3.1 pmol L™Y, S. aureus (3.1 pmol L™ Y, and B. subtilis (1.6 pmol LY.
The antimicrobial activity of Arg-substituted peptides against the Gram-
negative bacteria E. cloacae and P. aeruginosa was of particular interest.
The model molecule and the other analogs proposed in this work were
not active against these bacteria that are part of ESKAPE list of bacteria
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp.). The ESKAPE pathogens are a group of bacteria that are resistant
to a diversity of antibiotics and responsible for relevant nosocomial
infections [34,35]. These results point the net positive charge of this
family of peptides coupled to physicochemical properties of the Arg
guanidyl side chain group as the most relevant properties for the gen-
eration of VmCT1 analogs that can be use as therapeutics against Gram-
negative ESKAPE pathogens. Supplementary Information Table 2 lists
the antibiotic-resistance profile for the bacterium genera used by us.
Despite the higher antimicrobial activities, the Arg-substituted peptides
also exhibited high hemolytic activity (1.6, 3.1, and 3.1 umol L™ for
[Arg]®>-VmCT1-NH,, [Arg]l’-VmCT1-NH,, and [Arg]'-VmCT1-NH,,
respectively) (Supplementary Information Table 3). These results cor-
roborate with the ones reported by Pedron et al. [17], demonstrating
that the introduction of one positive charge unit to VmCT1 original
sequence was important to favor not only the interaction with microbial
membrane but with mammalian membranes as well.

Arg-substitutions also led to peptides with lower helical content
(Table 2) when compared to the Lys-substituted analogs described
previously [17]. Arg-substituted analogs presented lower helical con-
tent in the presence of zwitterionic vesicles (Fig. 5 and Table 2) and
helical inducer medium compared to VmCT1. However, two of the
analogs, [Arg]®-VmCT1-NH, and [Arg]’-VmCT1-NH,, presented higher
helical content than the wild-type molecule when exposed to negatively
charged vesicles (Fig. 5 and Table 2). The same behavior was not ob-
served for the [Arg]'’-VmCT1-NH, analog, probably due to the in-
tramolecular stabilization effect of the hydroxyl group from the side
chain of the Ser residue that was suppressed by the Arg residue sub-
stitution.

Table 1

Peptides sequence, molecular characterization and physiochemical properties.
Peptide Sequence Molecular Weight (Da) H pH 6 z

Theoretical Observed

VmCT1 Phe-Leu-Gly-Ala-Leu-Tep-Asn-Val-Ala-Lys-Ser-Val-Phe-NH, 1450.7 1450.9 0.82 0.58 83.3 +2
[Arg]>-VmCT1-NH, Phe-Leu-Arg-Ala-Leu-Trp-Asn-Val-Ala-Lys-Ser-Val-Phe-NH, 1549.9 1550.8 0.65 0.65 73.0 +3
[Arg]”-VmCT1-NH, Phe-Leu-Gly-Ala-Leu-Trp-Arg-Val-Ala-Lys-Ser-Val-Phe-NH, 1492.8 1492.9 0.71 0.60 81.0 +3
[Arg]''-VmCT1-NH, Phe-Leu-Gly-Ala-Leu-Trp-Asn-Val-Ala-Lys-Arg-Val-Phe-NH, 1519.8 1520.9 0.66 0.62 85.9 +3
[Gly]'-VmCT1-NH, Gly-Leu-Gly-Ala-Leu-Trp-Asn-Val-Ala-Lys-Ser-Val-Phe-NH, 1359.8 1360.8 0.59 0.48 101.4 +2
[Pro] 8-VmCTl-NH2 Phe-Leu-Gly-Ala-Leu-Trp-Asn-Pro-Ala-Lys-Ser-Val-Phe-NH, 1447.8 1449.8 0.70 0.55 89.0 +2
[Leu]°-VmCT1-NH, Phe-Leu-Gly-Ala-Leu-Trp-Asn-Val-Leu-Lys-Ser-Val-Phe-NH, 1492.8 1492.3 0.85 0.67 82.7 +2
[Phe]®-VmCT1-NH, Phe-Leu-Gly-Ala-Leu-Trp-Asn-Val-Phe-Lys-Ser-Val-Phe-NH, 1526.8 1527.0 0.86 0.67 82.4 +2
[Leu]"2-VmCT1-NH, Phe-Leu-Gly-Ala-Leu-Trp-Asn-Val-Ala-Lys-Ser-Leu-Phe-NH, 1464.7 1465.3 0.78 0.61 75.0 +2
[Tyr]2-VmCT1-NH, Phe-Leu-Gly-Ala-Leu-Trp-Asn-Val-Ala-Lys-Ser-Tyr-Phe-NH, 1513.8 1515.8 0.72 0.55 70.7 +2

H (hydrophobicity), puy (hydrophobic moment), 6 (polar angle®), z (net charge) according to Heliquest helical wheel projection [32]. Mass obtained under the
following conditions: Phenomenex Gemini C18 column (2.0 mm X 150 mm, 3.0 pm particles, 110 A pores). Solvent A was 0.1% TFA in water, and solvent B was 90%
ACN in solvent A. Elution with a 5-95% B gradient was performed over 20 min, 0.2 mL min~* flow and peptides were detected at 220 nm. Mass measurements were
performed in a positive mode with the following conditions: mass range between 100 and 2500 m/z, ion energy of 5.0 V, nitrogen gas flow of 12.0 L min~?, solvent

heater of 250 °C, multiplier of 1.0, capillary of 3.0kV and cone voltage of 35V.
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Fig. 3. Antimicrobial activities of VmCT1 and its analogs against fungi, Gram-
positive and Gram-negative bacteria. Experiments were made in three in-
dependent replicates. Absorbance values in red represent maximal inhibition of
microbial growth. Absorbance values related to microbial growth are presented
in blue.

The Gly residue was chosen for substituting Phe in position 1 of
VmCT1 original sequence in the hydrophobic face because of its ten-
dency to increase the flexibility of helical structures, besides slightly
altering the helical propensity of peptides [24]. This substitution led to
decreased hydrophobicity and hydrophobic moment values (Table 1)
that might be responsible for [Gly]'-VmCT1-NH, lower helical content
in the presence of zwitterionic vesicles compared to VmCT1 (fy: 0.08
and 0.42, respectively, Fig. 5 and Table 2). The substitution by Gly at
the N-terminal extremity of AMPs is well-known for increasing avail-
ability of a formal positive charged leading to higher interactions in
negatively charged molecules, such as phosphate groups from bio-
membrane phospholipids [18,24]. Contrarily, the helical content values
of the Gly-substituted analog were similar to the wild-type in the pre-
sence of helical inducer medium (fi: 0.37 and 0.30, respectively) and
negatively charged vesicles (fi: 0.27 and 0.25). This effect is usually
observed for AMPs with the Gly residue in the first position of the
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Fig. 4. Hemolytic activities of VmCT1 and analogs against human red blood
cells in different peptide concentrations (0.1-100 pmol L~Y, in PBS at room
temperature for 1h. Experiments were performed in three independent re-
plicates. Surfactant (1% SDS in PBS) was used to ensure complete hemolysis
and PBS was used as control preserving erythrocyte integrity. Absorbance va-
lues in red represent the hemolytic activity. Absorbance values related to non-
hemolytic activity are presented in blue.

Table 2
Helical fraction of the wild-type and analogs in four different media calculated
used Lifson-Roig helix-coil theory.[55]

Peptide Helical fraction (fy)
Water 60% TFE/Water POPC POPC:POPG

VmCT1 0.05 0.30 0.42 0.25
[Arg]®-VmCT1-NH, 0 0.23 0 0.35
[Arg]”-VmCT1-NH, 0 0.22 0.03 0.43
[Arg]*'-VmCT1-NH, 0.02 0.25 0.03 0.19
[Gly]'-VmCT1-NH, 0.02 0.37 0.08 0.27
[Pro]®-VmCT1-NH, 0.02 0.12 0.05 0.08
[Leu]®-VmCT1-NH, 0.03 0.62 0.31 0.04
[Phe]®-VmCT1-NH, 0.01 0.32 0.28 0.30
[Leu]'>-VmCT1-NH, 0.02 0.23 0.05 0.26
[Tyr]*2-VmCT1-NH, 0.02 0.24 0.28 0.88

sequence. As the a-amino group net positive charge is more exposed to
intermolecular interactions. As a result of the higher helical tendency in
negatively charged and hydrophobic environments, such as biomem-
branes, which contain phospholipids with polar head group and ali-
phatic tail. Gly residue is the most common first residue of AMP se-
quences [24], as examples we highlight AMPs such as anoplin [36],
aurein [37] and StCT2 [38].

[Gly]'-VmCT1-NH, exhibited activity against fungus C. albicans and
C. tropicalis at 25pumol L™, and antimicrobial activity ranging from
1.56 to 3.12umol L™ ! against the Gram-positive bacteria M. luteus, B.
subtilis and B. megaterium, except against S. aureus, where its MIC value
was 25umol L™, However, against the Gram-negative bacteria E.
cloacae and P. aeruginosa, the Gly-substituted analog was not active
within the concentration range tested, and its MIC values against S.
marcescens and E. coli were 0.8 umol L™ ! and 50 umol L™ 1, respectively
(Supplementary Information Table 3). [Gly]l-VmCTl-NHz was not he-
molytic in the concentration range assessed. The low toxicity against
erythrocytes was most likely correlated with the decreased hydro-
phobicity, which is tied to peptides affinity for the erythrocyte mem-
brane [39,40].
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concentration at 50 ymol L™ 1.

The substitution of the Val residue at position 8 by a Pro residue, led
to a peptide with low hemolytic activity (MHC > 100 umol L™' —
Fig. 4). This position was chosen based on results obtained previously
by a Pro residue substitution in the scorpion venom AMP IsCT that
presents high homology to VmCT1. The insertion of a Pro residue in the
middle of the original sequence of IsCT, led to maintenance of anti-
microbial activity and lower hemolytic activity, despite lower helical
content [41]. The Pro-substituted VmCT1 analog presented decreased
hydrophobicity compared to the model molecule (Table 1). The Pro
amino acid is a well-known structure disruptor that leads to the dis-
tortion of the helical conformation, because of the presence of its pyr-
rolidine side chain group, which is responsible for the lack of hydrogen
bond forming proton in addition to the rigid five-membered ring
[42,43]. This effect was confirmed by the lower helical fraction ob-
served for this analog in all media studied here. The lower helical
content of the [Pro]®-VmCT1-NH, analog affected directly its anti-
microbial activity at the concentration range tested, exposing the direct
correlation of this peptide family’s antimicrobial activity with its helical
content (Supplementary Information Table 3).

Except for [Pro]®-VmCT1-NH, and [Gly]l-VmCTl-NHz analogs, all
the other peptides presented high hemolytic activity (ranging from 0.8

to 6.3 umol L™1), similar to the wild-type molecule. This outcome is
closely related to the strategy adopted for designing the peptides, where
the physicochemical features were tuned to favor peptides interactions
with negatively charged membranes [28].

Pedron et al. also substituted the Alanine residue at position 9 by a
Trp residue [17] to increase the mean hydrophobicity of the analogs
compared to the model peptide. This change led to increased anti-
microbial activity. However, the Trp-substituted peptide presented
higher hemolytic activity, which was an expected behavior as Trp-
containing peptides present intrinsic toxicity [28,44]. The Trp residue
plays an important role in the hydrophobic interactions with the acyl
chains of phospholipids, destabilizing the lipid bilayers [45].

As the helical content of the peptides proved to be important for
VmCT1 analogs activity, the Trp residue at position 9 reported pre-
viously by Pedron et al. was substituted by a Phe residue. The Phe re-
sidue was chosen because of its similar helical penalty values compared
to Trp (0.54 and 0.49 kcal mol ™}, respectively) [46] and the preserva-
tion of the hydrophobic side chain which leads to stronger interactions
with the lipid portion of the membrane.

The Phe-substitution led to slightly increased mean hydrophobicity
and mean hydrophobic moment values compared to the model
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Fig. 6. Resistance to degradation of the wild-type and designer analogs in fetal bovine serum for 6 h. Experiments were performed in three independent replicates.

molecule (Table 1). [Phe]®-VmCT1-NH, exhibited similar helical con-
tent than the wild-type in TFE/water solution (fy;: 0.32 and 0.30, re-
spectively — Fig. 5 and Table 2), and in negatively charged vesicles (fy:
0.30 and 0.25, respectively). While it presented lower helical content
than VmCT1 in the presence of zwitterionic vesicles (f: 0.28 and 0.42,
respectively). The lower helical content was expected once the original
Ala residue at this position is described as a well-known helical stabi-
lizer. [Phe] 9—VmCT1—NH2 analog showed similar antimicrobial activity
compared to the wild-type against M. luteus (0.8 umol L™ ") and S.
marcescens (0.4 umol L™Y). However, the Phe-substituted analog pre-
sented higher antimicrobial activity against C. tropicalis (1.6 umol L™*
and 12.5 umol LY and S. aureus (0.8 pmol L™ ' and 1.6 umol L™H
compared to the wild-type (Supplementary Information Table 3). Al-
though its hemolytic activity was higher (0.8 umol L™ ) than the model
molecule (6.3 pmol L™Y, it is likely related to the higher mean hy-
drophobicity values caused by the phenyl side chain group insertion,
causing higher number of hydrophobic interactions with vesicles
composed by zwitterionic lipids that mimic erythrocytes membranes
[47]. The hemolytic activity was comparable to the Trp-substituted
analog previously reported by Pedron et al. [17]

In order to compare the effects of different hydrophobicity at po-
sition 9, we designed a Leu-substituted analog that would not impair
peptide helical tendency, and at the same time, increase mean hydro-
phobicity and mean hydrophobic moment values (Table 1). Leu was
chosen over Ile as its symmetric aliphatic side chain group is deeply
inserted into the acyl chain region of the lipids. Additionally, Leu re-
sidues are recognized as strong helix formers [48], what was proved by
structure analyses in helical inducer medium where the Leu-substituted
analog showed higher helical content than the wild-type (fi: 0.62 and
0.30, respectively — Fig. 5 and Table 2). However, in the presence of
both vesicle formulations, the helical content values were lower than
the VmCT1 (zwitterionic vesicle fy: 0.31 and 0.42, and negatively
charged vesicle fi: 0.04 and 0.25, respectively) (Supplementary
Information Table 3).

The second Leu-substitution was proposed at position 12, replacing
the original Val residue. This modification led to a decreased mean
hydrophobicity value (Table 1), and lower helical contents in helical
inducer medium (fi: 0.23 and 0.30, Fig. 5 and Table 2) and zwitterionic
vesicles (fy: 0.05 and 0.42) if compared to VmCT1 (0.30 and 0.42, re-
spectively). Although, [Leu]'>-VmCT1-NH, presented equivalent he-
lical content in the presence of negatively charged vesicles compared to
VmCT1 (fy: 0.26 and 0.25, respectively). The antimicrobial activities of
both leucine-substituted analogs were similar to the activity of the wild-
type molecule. The analogs presented higher activity against C. albicans
(3.1 umol L™ 1), C. tropicalis (3.1 pmol L™ 1), E. coli (0.8 pmol L™ %) and S.
aureus (0.8umol L™1), and equipotent activity against M. luteus

- VmCT1-NH,

[Arg]>-VmCT1-NH,
[Arg]’-VmCT1-NH,
[Arg]"'-VmCT1-NH,
[Gly]'-VmCT1-NH,
[Pro]®-VmCT1-NH,
[Leu]®-VmCT1-NH,
[Phe]®-VmCT1-NH,
[Leu]'2-VmCT1-NH,
[Tyr]'2VmCT1-NH,

(0.8umol L) and S. marcescens (0.4umol L™ %) (Supplementary
Information Table 3).

The Val residue at position 12 was also substituted by a Tyr residue.
This substitution was designed to generate an analog with decreased
mean hydrophobicity compared to VmCT1 (Table 1). The Tyr residue
was chosen based on its aromatic side chain with the presence of a
hydroxyl group. The Tyr residue presents similar helical propensity to
Trp and Phe residues [46], but its side chain phenol group has a greater
affinity for membrane polar/nonpolar interfaces than Phe and Trp side
chains [49]. [Tyr]*2-VmCT1-NH, analog presented the lower hemolytic
activity (6.3umol L™') among the aromatic-substituted analogs pro-
posed here and also the ones described by Pedron et al. [17]. Its anti-
microbial activity was equipotent to VmCT1 against M. luteus (0.8 umol
L™Y, S. marcescens (0.4pumol L™) and C. tropicalis (12.5umol L™1).
However, the Tyr-substituted analog presented the higher helical con-
tent in the presence negatively charged vesicles (fy: 0.88) compared to
the wild-type. Although, [Tyr]*2-VmCT1-NH, presented lower helical
content compared to the model molecule in the presence of zwitterionic
vesicles (fy:0.28 and 0.42) and helical inducer medium (f:0.24 and
0.30) (Supplementary Information Table 3).

Peptides resistance to degradation was assessed by adding the de-
signed peptides and the template molecule to a fetal bovine serum so-
lution from 0 to 6 h (Fig. 6). Essentially, VmCT1 and analogs were not
stable in the presence of serum proteases, common behavior of natural
small linear peptides [50,51]. [Tyr]m—VmCTl—NHz, [Leu]®-VmCT1-
NH,, and [Leu]'2-VmCT1-NH, analogs were the most resistant pep-
tides, with more than 50% of remaining peptide after 30 min of ex-
posure. However, less than 20% of the peptides remained after 1h of
the start of the experiment (Supplementary Information Table 3). Cy-
clization [52,53], modification of the terminal regions [37], replace-
ment of -amino acids for ,-amino acids [54] and utilization of unusual
amino acids [51] are the most common approaches to overcome serum
proteases activity, and can be coupled to our rational design metho-
dology for the design of future protease-resistant VmCT1 analogs.

As well as for other well-known AMPs, the helical content is not the
only feature closely related to their antimicrobial activity. For example,
Decoralin analogs with higher net positive charge and hydrophobicity
presented higher activity when compared to the wild-type. However,
Decoralin most active analogs besides of increased net charge and hy-
drophobicity presented higher helical content than the wild-type,
showing that the antimicrobial activity depends on the combination of
the main physicochemical properties of AMPs [28].

We showed that by means of a structure-activity relationship study,
it is possible to identify important physicochemical features or combi-
nations of features that might help to turn cytotoxic AMPs into selective
peptides. We envision that the principles and approaches exploited here
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can be applied to other structure-activity studies in order to rationalize
and better understand the role of physicochemical features and which
approaches fit better to each family of peptides.

4. Conclusions

VmCT1 analogs were designed and synthesized to verify the effect
of changes in physicochemical parameters such as net positive charge,
mean hydrophobicity, and mean hydrophobic moment on the anti-
microbial and hemolytic activities.

The increase of the net positive charge from +2 to +3 by in-
troducing Arg residues in the hydrophilic face of VmCT1 resulted in
higher antimicrobial activity values compared to the wild-type. Arg-
substituted analogs showed activity against Gram-negative bacteria
from the ESKAPE pathogens list, while VmCT1 and other analogs were
not active at the concentration range tested.

[Gly]'-VmCT1-NH, analog was less cytotoxic against human ery-
throcytes and it preserved the antimicrobial activity of the wild-type for
most of the strains tested in this study, except against E. coli, E. cloacae,
and P. aeruginosa. [Pro]8-VmCT1-NH2 analog was not active in the
concentrations range tested against most of the microorganisms.
However, it presented the lower hemolytic activity, showing that the
Pro residue helical destabilization effect was important to confirm that
the antimicrobial and hemolytic activities of VmCT1 and analogs is
closely related to its secondary structure.

The replacement of Ala (position 9) and Val (position 12) by ali-
phatic and hydrophobic amino acid residues showed that the Leu-sub-
stituted analogs presented similar antimicrobial and hemolytic activ-
ities compared to the model molecule. Although, Phe-substituted
peptides were more hemolytic activity than other analogs and main-
tained the antimicrobial activity, most likely because of the favored
hydrophobic interactions of the side chains aromatic rings with ery-
throcyte membranes. The Tyr-substituted analogs were not as hemo-
lytic as the Phe-substituted derivatives.

The approaches used here are useful tools for designing and pre-
dicting small cationic AMPs biological activities for the generation of
synthetic peptides candidates to antimicrobial therapeutics. Some of the
peptides designed in this work outranked the activity of the model
molecule and presented activity at low concentrations against patho-
genic bacteria that are responsible for serious nosocomial infections,
pointing us to the direction of new analogs that might be used as ver-
satile antibiotics.
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