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Abstract: Antimicrobial resistance continues to be a major threat to world health, with the continued
emergence of resistant bacterial strains. Antimicrobial peptides have emerged as an attractive option
for the development of novel antimicrobial compounds in part due to their ubiquity in nature and
the general lack of resistance development to this class of molecules. In this work, we analyzed the
antimicrobial peptide C18G and several truncated forms for efficacy and the underlying mechanistic
effects of the sequence truncation. The peptides were screened for antimicrobial efficacy against
several standard laboratory strains, and further analyzed using fluorescence spectroscopy to evaluate
binding to model lipid membranes and bilayer disruption. The results show a clear correlation
between the length of the peptide and the antimicrobial efficacy. Furthermore, there is a correlation
between peptide length and the hydrophobic thickness of the bilayer, indicating that hydrophobic
mismatch is likely a contributing factor to the loss of efficacy in shorter peptides.
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1. Introduction

The rapid development of antibiotic resistance has been recognized by the World
Health Organization and the United States Centers for Disease Control (CDC) as one
of the major challenges that global health faces [1]. Beyond the immediate impacts on
human health, numerous NGOs and academic researchers have estimated that, by 2050, the
continued growth of antimicrobial resistance may impact annual global GDPs by up to 5%,
resulting in increased healthcare costs up to USD 1T per year, with more severe impacts
being found in impoverished and less-developed areas of the globe [2,3].

The resistance phenomenon has been observed in numerous organisms including
both Gram-positive and Gram-negative bacteria, fungi, and viruses. While methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) are
widely known, there are many other pathogenic organisms which have been clinically
isolated displaying antibiotic resistance phenotypes [4]. These developments have led
to significant interest in the development of new antibiotics to combat the growing resis-
tance phenomenon. There are numerous different approaches and classes of molecules
being investigated as potential new antimicrobial treatments including traditional small
molecules [5,6], peptides [7–9], peptide and protein mimetics [10–14], hydrogels [15,16], syn-
thetic polymers [17,18], bacterial communication inhibitors [19,20], metals [21–23], nanopar-
ticles [24,25], extracts from natural products [26,27], and combinatorial approaches [28–30].

While many different approaches are being explored for novel antimicrobials, antimi-
crobial peptides (AMPs) represent one of the most thoroughly studied and diverse classes
of potential leads. AMPs represent a broad class of peptides with wide-ranging sources,
structures, and mechanisms of action. While naturally occurring, and although AMPs are
often found as components of the innate immune system (often referred to as host defense
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peptides), there have been many modified and synthetic variants investigated. The most
well studied versions of AMPs are those which adopt an amphiphilic, α-helical secondary
structure when interacting with bacterial membranes. Examples of this class of peptides
include magainin, melittin, LL-37, and cecropins [31,32]. These peptides are typically
short (10–30 amino acids in length), are overall net positively charged, have numerous
hydrophobic groups, and often form facially amphiphilic structures when in an α-helical
conformation. There is significant evidence that these peptides can provoke a disruption of
the bacterial membrane; however, there are also some indications that membrane activity
may only be one component of a multi-faceted mechanism of action [33–36]. Importantly,
AMPs have shown a very low propensity to induce resistance development in bacteria.
Despite these benefits, AMPs have found limited success in clinical applications [37].

Among the many naturally derived AMPs that have been investigated, the peptide
C18G has proven to be a versatile platform for studying AMPs’ mechanism of action.
The C18G sequence was originally developed as a modified extension of the C-terminal
13 amino acids of the platelet factor IV protein [38,39]. Subsequently, C18G was found to
modulate signaling through several different bacterial two-component sensor systems by
the disruption of protein–lipid contacts and that it may be linked to the bacterial “sensing”
of AMPs [40–42]. Biophysical studies from our group on the C18G peptide and derivatives
have demonstrated the importance of overall hydrophobic character as well as the impact
of cationic amino acid side chain length on binding and antimicrobial activity [43–45].
These results demonstrate that C18G can cause the permeabilization of bacterial and model
membranes and this activity is linked to the ability of the peptide to bind to and partition
into the lipid bilayer.

The study presented here extends on the biophysical characterization of C18G with the
goal of further determining the mechanism of membrane disruption. Specifically, a series
of truncated peptides was created which are shorter in length than the parent C18G and
thus have an overall lower hydrophobic character, lower net charge, and an overall shorter
length. Herein, we show that peptide efficacy was directly tied to the length of the peptide
sequence. Moreover, the shortest peptides lost the ability to disrupt model and bacterial
membranes. By varying the bilayer thickness, we demonstrate that a key component of
this phenomenon is linked to hydrophobic mismatch between the peptide and the bilayer.

2. Results
2.1. Peptide Composition

The amino acid sequences and selected physicochemical characteristics of the parent
C18G peptide and the truncated versions are shown in Table 1. The full-length peptide,
C18G-18, was modified from the original sequence by changing the amino acid at position
10 to a tryptophan residue. This change serves two purposes, the first being the incor-
poration of the environmentally sensitive Trp residue allowing for interrogation using
fluorescence methods. The second reason for the incorporation of Trp at position 10 was
to facilitate the synthesis of the series of peptides from a single precursor batch. Since
solid-phase peptide synthesis proceeds from the C-terminus to the N-terminus, all three
peptides would start with the same synthetic protocol, and subsequently batches of resin
can be removed from the synthesis reaction to yield the truncated form while synthesis
continues on the remaining resin to create the longer peptides.

Table 1. Peptide sequences and properties.

Peptide Sequence Length MW Net Charge GRAVY a Hydrophobicity b

C18G-18 ALYKKLLKKWLKSAKKLG-NH2 18 2116.7 +7 −0.45 9.58
C18G-13 LLKKWLKSAKKLG-NH2 13 1512.9 +5 −0.354 7.24
C18G-10 KWLKSAKKLG-NH2 10 1158.5 +4 −0.83 4.97

a—Grand average of hydropathicity calculated from reference [46], b—Total hydrophobic moment calculated
from reference [47]. MW = Molecular weight.
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The full-length and truncated peptides vary in net charge, length, and overall hy-
drophobicity, and all three factors are believed to play a role in the mechanism of action
of many AMPs. The peptide length varies from 18 to 10 amino acids, and it has a re-
sultant effect of varying the molecular weight of the peptides from 2216.7 Da down to
1158.5 Da, while the net charge of the peptides at pH 7 decreases from +7 to +4. The overall
hydrophobic character of the peptides is also impacted because both hydrophobic and
cationic residues are removed with each truncation. The grand average of hydropathicity
calculates the overall hydrophobicity of a sequence, and the calculated values remain rela-
tively similar for each of the peptides ranging from −0.354 (most hydrophobic, C18G-13)
to −0.83 (least hydrophobic, C18G-10), although in the context of the range of the scale
(−4.50 to +4.50), these differences may not be very significant [48]. However, using a more
specialized hydrophobicity scale developed specifically for the partitioning of peptides to
lipid bilayer interfaces, more significant differences are observed in the properties of the
peptides [47]. Helical wheel representations of the peptides can be seen in Supplemental
Figure S1 [49]. These representations show that all of the truncated versions of the peptides
maintain the facial amphiphilicity which is associated with AMP activity.

2.2. Antimicrobial Activity

The overarching goal of this study is to help understand the core physicochemical prop-
erties that drive antimicrobial activity. Thus, the antimicrobial efficacy of the peptides was
evaluated using the standard broth microdilution assay to evaluate the minimal inhibitory
concentration (MIC) of the peptides. MIC values represent the lowest concentration of the
compound able to prevent growth in an overnight assay. The MIC results are shown in
Table 2. The results show that the placement of Trp at position 10 had minimal to no impact
on antimicrobial activity. Additionally, the C18G-13 peptide exhibited mixed antimicrobial
activity compared to the C18G-18, while the C18G-10 peptide lost all antimicrobial activity
against the strains tested over the range of peptide concentrations tested.

Table 2. Minimal inhibitory concentration (µM).

Peptide E. coli S. aureus B. subtilis

C18G 2.5 2.5 2.5
C18G-18 5 2.5 2.5
C18G-13 5 >15 5
C18G-10 >15 >15 >15

2.3. Binding Assays

The first step in the activity of AMPs is the interaction with the bacterial membrane.
This process is driven by both electrostatic and hydrophobic interactions, and it is compli-
cated by the diversity of molecules presented on bacterial cell surfaces such as polysaccha-
rides, complex lipids, and proteins. Tryptophan fluorescence emission was used to monitor
peptide binding to lipid vesicles, as shown in Figure 1A,B. The binding experiments involve
the addition of pre-formed lipid vesicles in which the lipid concentration is controlled to a
sample containing the peptide of interest. In these experiments, we used vesicles containing
100% DOPC lipids, an approximation of mammalian or host cells, and vesicles composed
of 3:1 DOPC:DOPG, an approximation of the bacterial cell membrane. Natural membranes
contain significant complexity in lipid, sterol, and protein components, but these model
systems are meant to replicate the two major components driving the interaction of AMPs
with membranes: hydrophobicity and anionic charge. The Trp emission spectrum exhibits
a blue shift when the Trp moves from a more aqueous environment (in solution) to a more
non-polar environment (bound to the bilayer surface). This is analyzed by monitoring the
barycenter of the emission spectrum. Consistent with previous results on C18G and other
variants, the truncates in this study can interact with liposomes composed of zwitterionic
lipids (Figure 1A) and a mixture of zwitterionic and anionic lipids (Figure 1B). There is a
clear preference for binding to vesicles containing anionic lipids, but all peptides do interact
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with bilayers in the absence of the anionic lipids. Representative emission spectra can be
found in Supplemental Figure S2.
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Figure 1. Vesicle binding assays. (A,B) Peptides C18G-18 (black), C18G-13 (red), or C18G-10 (blue)
were titrated with lipid vesicles composed of (A) 100% DOPC or (B) 75% DOPC 25% DOPG. Trp
fluorescence emission spectra were recorded after each addition, spectra were processed including
barycenter calculation, and the final change in barycenter was calculated from the difference between
the initial, 0 lipid spectra and that from each titration point. (C) Fluorescence intensity changes upon
interaction with lipid bilayers. F/F0 represents the ratio of the fluorescence intensity after binding (F)
compared to the intensity in the absence of vesicles (F0). The ratio was taken at λ = 355 nm and lipid
concentration of 500 µM. All data are the averages of 2–3 independent samples and the error bars
represent the standard deviations.

As C18G-10 and C18G-13 did not exhibit significant spectral shifts, the fluorescence
intensity changes upon addition of vesicles were also examined. In many cases, environ-
mentally sensitive fluorophores will exhibit an increased fluorescence emission intensity
upon binding to the lipid bilayer or other hydrophobic structures [50,51]. The emission
intensity changes for C18G-13 and C18G-13, represented as F/F0 or the final fluorescence
divided by the initial fluorescence, can be seen in Figure 1C. Notably, both peptides exhib-
ited intensity increases upon titration with lipid vesicles 1.5–1.75-fold, indicating binding
to the bilayers. Consistent with the barycenter analysis, the peptides did show a slightly
enhanced fluorescence increase when interacting with anionic vesicles compared to zwitte-
rionic vesicles, although this difference may not be significant.
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2.4. Bacterial Membrane Permeabilization

The mechanism of action of many AMPs has been demonstrated to include bacterial
membrane destabilization or disruption, including C18G. There have been numerous
reported approaches to monitor membrane disruption in live bacterial cells, including
measurement of membrane potential, leakage of DNA-binding dyes into the cell, and
through chromogenic substrate–enzyme pairs [52].

The ability of the peptides to per”eabi’Ize the E. coli inner membrane was assessed us-
ing the cytoplasmic enzyme β-galactosidase and a chromogenic substrate ortho-Nitrophenyl-
β-galactoside (ONPG). Under normal conditions, the bacterial inner membrane is relatively
impermeable to the ONPG substrate; however, if it is disrupted by peptides or other
molecules, the ONPG can more readily cross the membrane, resulting in an increased
degree of substrate conversion. As shown in Figure 2A–C, the peptides induced varying
degrees of leakage across the E. coli inner membrane, and all acted in a dose-dependent
manner. Consistent with the MIC results, the full-length peptide was the most effective at
permeabilization while C18G-10 was the least effective. Results from the control experi-
ments using a membrane-solubilizing detergent can be found in Supplemental Figure S3.
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Figure 2. Bacterial membrane permeabilization. E. coli inner membrane permeabilization is shown
in panels (A–C) where peptide concentrations and corresponding colors are shown in the legends
on the right. Panels represent (A) C18G-10, (B) C18G-13, and (C) C18G-18. Data were recorded in
5 min intervals from triplicate samples and error bars represent the standard deviation. Positive
controls using the detergent CTAB can be found in the supplemental information. S. aureus membrane
permeabilization is shown in (D). The colors associated with each peptide and the control melittin
are shown in the legend. F/F0 is calculated by the ratio of DAPI fluorescence at a given peptide
concentration to the fluorescence prior to peptide addition. Data are from 3–5 independent samples
and error bars represent the standard deviation.

The ability of the peptides to disrupt the membrane of Gram-positive S. aureus cells is
shown in Figure 2D. This assay relies on the passage of the DNA-binding dye DAPI across
the bacterial cell membrane. Under normal conditions, DAPI is minimally permeable across
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the membrane and exhibits very low to negligible fluorescence emission when in aqueous
environments. Upon membrane permeabilization, the DAPI can cross the membrane
and interact with cellular DNA, inducing a dramatic increase in fluorescence emission
intensity. The results in Figure 2D parallel those for E. coli, with both peptide length and
dose dependence being linked to membrane disruption. The bee venom peptide Melittin
was used as a positive control.

2.5. Vesicle Permeabilization

In light of the results of the bacterial membrane permeabilization studies, there appears
to be a link between peptide length and ability to disrupt the bilayer. In an attempt to
gain more insight into this relationship, a series of dye leakage experiments were carried
out in which lipid vesicles were created using lipids with varying acyl chain lengths, thus
varying the thickness of the bilayer. These vesicles were created with the self-quenching
dye calcein trapped in the vesicle lumen which, upon leakage from the vesicle interior, is
diluted, relieves the self-quenching, and results in a large increase in fluorescence intensity.
Leakage was normalized by comparing the intensity before addition to peptide as the zero
value, and after the vesicles were permeabilized with the detergent Triton X-100 as the
complete or 100% leakage value [53].

Here, four different lipids were used to create vesicles: 1,2-dimyristoleoyl-sn-glycero-
3-phosphocholine(14:1 (∆9-Cis) PC; dMoPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(18:1 (∆9-Cis) PC; DOPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0–18:1 PC;
POPC), and 1,2-dierucoyl-sn-glycero-3-phosphocholine (22:1 (∆13-Cis) PC; dEuPC). The
acyl chain lengths and approximate resultant hydrophobic thickness of the bilayers can be
found in Figure 3A, based on the measurements in references [54,55]. The results of dye
leakage can be found in Figure 3B–D. These data show that a given peptide’s ability to
cause membrane permeabilization is linked both to bilayer thickness and peptide length,
indicating a hydrophobic matching effect. The shortest peptide, C18G-10, was able to
permeabilize the thinnest bilayers tested to some extent; however, this ability was lost when
moving to thicker bilayers. C18G-13 displayed significantly enhanced leakage compared
to C18G-10 in all bilayer thicknesses, but still incomplete permeabilization of the thickest
bilayers tested. Finally, C18G-18 was able to disrupt the vesicles of all thicknesses tested,
with a nearly complete disruption of the vesicles at the highest concentrations tested. Taken
together, these data indicate that hydrophobic matching of the peptide to the target bilayer
is an important consideration in the mechanism of AMPs, with shorter sequences being
more susceptible to losing activity.
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and (D) C18G-18. Lipid concentration was 200 µM. Leakage percentage was determined by measuring
calcein fluorescence prior to addition of peptides (zero or baseline leakage), after 60 min of incubation,
and after addition of the detergent Triton X-100 (100% leakage). Data are representative samples from
individual paired experiments.

3. Discussion

Hydrophobic mismatch has been an area of study for many years, primarily focused
on the function of transmembrane proteins and peptides. The concept of hydrophobic
matching proposes that protein transmembrane domains have evolved such that the
length of the transmembrane segments “match” the hydrophobic thickness of the mem-
brane in which they are functionally incorporated [56]. Hydrophobic matching has been
linked to numerous proteins and proper function [57–59], sorting and location in the
membrane [60–64], or transport across the membrane [65–67]. Overall, this phenomenon
is important in normal cellular function for a variety of protein systems.

The effect of hydrophobic mismatch on AMPs has been investigated in some model
systems, but this area is still largely unexplored. Much of the early work on hydropho-
bic matching with AMPs was focused on ion channel-forming peptides. These systems,
such as gramicidin and alamethicin, adopt stable transmembrane orientations in order to
functionally transport ions across the bilayer [4,68,69]. These experimental investigations
were corroborated by simulations which showed similar mismatch dependence [70,71].
These molecules function similarly to traditional transmembrane proteins, and thus it is
not surprising that they are impacted by hydrophobic mismatch. Ulrich and coworkers
used model AMPs based on a repeating sequence of amino acids to investigate the role
of hydrophobic mismatch by varying the number of repeats in the final sequence, and
thus the length of the peptide. Using a combination of leakage experiments and NMR
approaches, they demonstrated that the model AMP peptides modulated the tilt angle at
which they were imbedded in the bilayer in response to hydrophobic mismatch, similar to
the paradigm in transmembrane helices [72–74].

The results from the work presented in this paper parallel the results in Grau-Campistany
et al.’s work, with decreased bilayer permeabilization in the case of negative hydrophobic
mismatch (when the protein segment is shorter than the thickness of the bilayer) [74].
While the structures of these peptides were unable to be experimentally determined, three
independent secondary structure prediction algorithms indicate that all three sequences
are likely to adopt α-helical conformations (Supplemental Figure S4) [75–77]. In this
conformation, the length of the helices formed by the peptides would be 15 Å, 19.5 Å,
and 27 Å, respectively. The permeabilization of the vesicles is completely lost for C18G-10
when the mismatch is greater than 7.5 Å, while for C18G-18 the ability to significantly
destabilize bilayers when the mismatch corresponds to ~10 Å in the dEuPC bilayers is
maintained. There have been reports that some AMPs can induce modest bilayer thinning
(1–2 Å); however, it is unclear how overall peptide mass would impact this phenomenon.
Additionally, the peptide sequences were analyzed using the iTasser algorithm for protein
structure prediction [78–80]. This algorithm also predicted that all three sequences would
adopt helical conformations, and the best fit models are shown in Supplemental Figure S5.
The helical length measurements from these models are 14.3 Å (C18G-10), 18.4 Å (C18G-13),
and 26.2 Å (C18G-18), measured from the Cα of the first helical residue to the Cα of the last
helical residue. Overall, the data indicate that negative mismatch (helices shorter than the
hydrophobic thickness of the bilayer) is more detrimental to the AMP permeabilization of
membranes compared to positive mismatch.

In the context of the AMP’s mechanism of action, the results indicate that peptide
length and subsequent hydrophobic matching are important to consider for the evolution
and design of membrane-disrupting AMPs. Importantly, while the mechanism of action
of many AMPs involved membrane destabilization, there are several physical models by
which this can occur: the barrel-stave pore model, the toroidal pore model, and the carpet
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model [81,82]. However, all these models involve AMPs crossing the bilayer in some sort
of transmembrane architecture, either stably or transiently. While the relationship is clear
between hydrophobic mismatch and stable transmembrane structures, the transient trans-
membrane conformations are also impacted. In the case of a peptide acting by the carpet
model, a key proposed component of the mechanism is the transient membrane crossing
and concomitant pore formation in the bacterial membrane. If the peptide physically
cannot transit across the membrane due to any combination of physicochemical limitations,
then the membrane disruption is compromised, likely leading to decreased antimicrobial
activity. While these results can help guide the design of new AMPs, the key factor in
activity is the interaction with bacterial membranes. Bacterial membranes are inherently
more complex than the model vesicles used in this and many other studies, and they
do not modulate hydrophobic thickness as dramatically as shown using synthetic lipids;
thus, any matching or mismatch would be a result of changing the length of the peptide.
Additionally, the inherent changes in overall peptide hydrophobicity are likely to impact
the cytotoxicity of the molecules. Numerous previous studies have linked net hydropho-
bicity to the hemolytic activity of peptides and peptidomimetic polymers, with increased
hydrophobic character resulting in increased cytotoxicity and/or hemolysis [83–87]. Thus,
there will be a necessary interplay between sufficient length to permeabilize membranes
while trying to optimize the necessary hydrophobicity to allow for membrane interaction
while minimizing cytotoxic effects.

4. Materials and Methods
4.1. Materials

All chemicals and supplies were purchased from VWR (Radnor PA, USA) unless
otherwise noted. The lipids 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine(14:1 (∆9-
Cis) PC; dMoPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (∆9-Cis) PC; DOPC),
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0–18:1 PC; POPC), and 1,2-dierucoyl-sn-
glycero-3-phosphocholine (22:1 (∆13-Cis) PC; dEuPC) were purchased from Avanti Polar
Lipids (Alabaster AL, USA) and were stored at −20 ◦C as stock solutions dissolved in
chloroform. All samples were measured in sodium phosphate buffer (150 mM NaCl, 50 mM
NaH2PO4/Na2HPO4, pH 7.0) unless specifically indicated.

All peptides were synthesized using FMOC solid-phase synthetic methods. A rink-
amide resin was used as the solid support, DMF as the primary solvent, and 20% piperidine
in DMF (v:v) was used for FMOC deprotection. The removal of peptides from the rink-
amide support was achieved by mixing resin with a cleavage “cocktai” of 92.5:2.5:2.5:2.5
trifluoroacetic acid (TFA):water (H2O):triisopropylsilane (TIPS):ethanedithiol (EDT). The
cleaved peptides were isolated from the spent resin by gravity filtration through glass
wool and were subsequently precipitated by dropwise addition into cold diethyl ether
((C2H5)2O). Reversed-phase HPLC (RP-HPLC), using a Jupiter 300 C4 column (Phe-
nomenex, Torrance CA, USA) with the mobile phase being a linear gradient of acetonitrile
and water containing 0.1% TFA, changing from 0–40% acetonitrile over 40 min, was used
to purify the peptides. Confirmation of the peptide identities was performed by ESI-MS in
negative ion mode.

4.2. Bacterial Strains and Culture

The bacterial species used were E. coli D31 [88], B. subtilis ATCC: 6633, and S. aureus
ATCC: 27660. Beginning with a stock culture preserve at −80 ◦C with glycerol, the bacteria
were inoculated and spread on LB–Miller agar (BD-Difco, Franklin Lakes, NJ, USA) plates.
These plates were grown overnight at 37 ◦C to allow for the growth of single, isolated
colonies. A single colony from the plates was subcultured into approximately 3 mL of
fresh LB or Mueller Hinton (MH) media (BD-Difco, Franklin Lakes, NJ, USA) and grown
overnight in a 37 ◦C shaking incubator @ ~250 rpm. After incubation, an aliquot of the
overnight culture was diluted 1:200 in fresh LB or MH media and allowed to grow at 37 ◦C
with shaking until the culture density reached an OD600 of approximately 0.5.
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4.3. Minimal Inhibitory Concentration Assay

Antimicrobial activity was determined using the broth microdilution minimal in-
hibitory concentration (MIC) assay [89]. Briefly, cultures of bacteria were grown as de-
scribed and then diluted to ~105 cfu/mL in fresh MH broth. Next, 90 µL of this diluted
culture was added to each well of a sterile 96-well plate containing 10 µL each of serially
diluted aliquots of the peptides. The plate was covered and incubated at 37 ◦C for 18 h.
After the 18 h incubation, optical density at 600 nm was measured using a Spectramax M5
multimode plate reader (Molecular Devices, San Jose CA, USA). Optical density readings
were compared to untreated controls and sterile media to determine MIC.

4.4. Lipid Binding Assays

Lipid vesicles for the binding assays were created by sonication of multilamellar
vesicles (MLVs). Briefly, the appropriate volumes of lipids in chloroform were dried under
a gentle flow of N2 gas and further dried by incubation in a vacuum dessicator for at least 1 h.
The resultant lipid film was rehydrated by vigorous vortexing immediately upon addition
of the appropriate volume of sodium phosphate buffer to create MLVs. The MLV solution
was then subjected to sonication in a high-power bath sonicator (Avanti) to produce small
unilamellar vesicles (SUVs). Fluorescence experiments were performed using a JY-Horiba
Fluoromax4 (JY Horiba, Edison, NJ, USA) with the emission and excitation slit widths set
to 2.5 nm. The samples were prepared by mixing 2 mM peptides with the phosphate buffer
and then the initial fluorescence spectrum was collected. Samples were excited at 280 nm
with emission recorded over the range of 300–400 nm with 1 nm increments between
measurements in the spectrum. After the spectrum was collected, the appropriate volume
of lipid vesicles was added to the sample, mixed by pipetting, and allowed to incubate for
5 min at room temperature before the next measurement was taken. The spectral barycenter
and ∆barycenter calculations were performed as previously described [44]. All spectra
were corrected for background and dilution before barycenter calculations were performed.
Data are the averages of 2–3 samples and error bars represent the standard deviations.

4.5. Bacterial Membrane Permeabilization

Evaluation of peptide-induced permeabilization of the E. coli and S. aureus membranes
was carried out as described previously [44,45,52,90]. The permeabilization of the E. coli
inner membrane used the chomogenic substrate ortho-Nitrophenyl-β-galactoside (ONPG),
which is broken down by the cytoplasmic enzyme β-galactosidase. A sample containing
E. coli D31 in Z-buffer 0.1 M Na2HPO4/NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.05 M
β-mercaptoethanol, pH 7.0) T was added to a 96-well plate containing serially diluted
peptides, with the cationic detergent cetyltrimethylammonium bromide (CTAB) serving as
a positive control (see Supplemental Figure S3). ONPG was added immediately prior to
the first measurement, and subsequent measurements were taken every 5 min for 90 min
total. Data are the average of 3–5 independent samples.

The permeabilization of the S. aureus membrane using the membrane impermeable
DNA-binding fluorophore 4′,6-diamidino-2-phenylindole (DAPI). DAPI (final concentra-
tion in 85.7 nM) was added to 100 µL of bacterial cells resuspended in HBS in a 96-well
plate. Peptides were added after initial background readings stabilized. As a control,
only buffer with no peptide was added to control wells. The fluorescence was recorded
immediately before (time 0) and after addition (time 1), at 10, 30, and 60 min using the
excitation wavelength = 358 nm and emission wavelength = 461 nm. The pore-forming
peptide melittin was used as a positive control. Data are the average of 3–5 independent
samples and error bars represent the standard deviations.

4.6. Vesicle Leakage Assays

Vesicles containing calcein were prepared as noted above, with 75mM calcein solution
dissolved in HBS as the solvent. Calcein-loaded vesicles were then subjected to five rounds
of freeze–thaw by alternating the sample between a liquid N2 bath and a 37 ◦C water bath.
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Vesicles were then extruded 21 times through a 200 nm polycarbonate filter using a syringe
extruder (Avanti). Loaded vesicles were separated from untrapped calcein by passage
over a G25 Sephadex column equilibrated in HBS. Fractions containing vesicles were used
directly on the same day. Lipid concentration was estimated using a ratiometric method in
which identical preparations containing a fluorescently labeled lipid was used to determine
the dilution factor from the column separation. Final lipid concentration in the samples
was 200 µM. Fluorescence measurements were taken on the Spectramax M5 plate reader
using excitation 495 nm and emission 520 nm. Normalization of leakage was determined
by adding 20 uL of Triton X-100 to each well, incubating in the dark for 60 min, and then
remeasuring fluorescence which was used as the 100% leakage for each sample.

5. Conclusions

Taken together, the results from this study demonstrate that hydrophobic matching
between AMPs and target membranes is an important component of membranolytic
activity. The ability of AMPs to permeabilize target membranes is at the core of many
AMPs’ mechanism of action, and thus critical to maintain when modifying the sequence
or structure of AMPs in the development pipeline. Additionally, the relationship between
AMP and membrane in hydrophobic matching may be a useful tool in the determination of
mechanisms for novel and uncharacterized AMPs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12111624/s1, Figure S1: Helical Wheel models; Figure S2:
Representative Trp emission spectra; Figure S3: Detergent control for bacterial membrane perme-
abilization; Figure S4: helical propensity scores; Figure S5: Structural prediction for peptides (A)
C18G-10, (B) C18G-13, (C) C18G-18. Structural predictions were generated using the iTasser server
and software suite which is based on homology.

Author Contributions: Conceptualization, G.A.C.; Funding acquisition, G.A.C.; Investigation, S.M.,
Z.M.R. and A.L.P.; Supervision, G.A.C.; Writing—original draft, G.A.C.; Writing—review and editing,
S.M., Z.M.R. and A.L.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH R15 GM094330 to Gregory Caputo.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The Data are contained within the article and supplementary materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. CDC. Antibiotic Resistance Threats in the United States, 2019; U.S. Department of Health and Human Services, CDC: Washington,

DC, USA, 2019.
2. Ahmad, M.; Khan, A.U. Global economic impact of antibiotic resistance: A review. J. Glob. Antimicrob. Resist. 2019, 19, 313–316.

[CrossRef]
3. Dadgostar, P. Antimicrobial Resistance: Implications and Costs. Infect. Drug Resist. 2019, 12, 3903–3910. [CrossRef]
4. Antimicrobial Resistance, C. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399,

629–655. [CrossRef]
5. Seethaler, M.; Hertlein, T.; Wecklein, B.; Ymeraj, A.; Ohlsen, K.; Lalk, M.; Hilgeroth, A. Novel Small-molecule Antibacterials

against Gram-positive Pathogens of Staphylococcus and Enterococcus Species. Antibiotics 2019, 8, 210. [CrossRef]
6. Iacopetta, D.; Ceramella, J.; Catalano, A.; D’Amato, A.; Lauria, G.; Saturnino, C.; Andreu, I.; Longo, P.; Sinicropi, M.S. Diarylureas:

New Promising Small Molecules against Streptococcus mutans for the Treatment of Dental Caries. Antibiotics 2023, 12, 112.
[CrossRef]

7. Magana, M.; Pushpanathan, M.; Santos, A.L.; Leanse, L.; Fernandez, M.; Ioannidis, A.; Giulianotti, M.A.; Apidianakis, Y.; Bradfute,
S.; Ferguson, A.L.; et al. The value of antimicrobial peptides in the age of resistance. Lancet Infect. Dis. 2020, 20, e216–e230.
[CrossRef]

8. Zhang, C.; Yang, M. Antimicrobial Peptides: From Design to Clinical Application. Antibiotics 2022, 11, 349. [CrossRef]
9. Makhlynets, O.V.; Caputo, G.A. Characteristics and therapeutic applications of antimicrobial peptides. Biophys. Rev. 2021, 2,

011301. [CrossRef]

https://www.mdpi.com/article/10.3390/antibiotics12111624/s1
https://www.mdpi.com/article/10.3390/antibiotics12111624/s1
https://doi.org/10.1016/j.jgar.2019.05.024
https://doi.org/10.2147/IDR.S234610
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.3390/antibiotics8040210
https://doi.org/10.3390/antibiotics12010112
https://doi.org/10.1016/S1473-3099(20)30327-3
https://doi.org/10.3390/antibiotics11030349
https://doi.org/10.1063/5.0035731


Antibiotics 2023, 12, 1624 11 of 13

10. Teng, P.; Shao, H.; Huang, B.; Xie, J.; Cui, S.; Wang, K.; Cai, J. Small Molecular Mimetics of Antimicrobial Peptides as a Promising
Therapy To Combat Bacterial Resistance. J. Med. Chem. 2023, 66, 2211–2234. [CrossRef]

11. Yasuhara, K.; Tsukamoto, M.; Kikuchi, J.I.; Kuroda, K. An Antimicrobial Peptide-Mimetic Methacrylate Random Copolymer
Induces Domain Formation in a Model Bacterial Membrane. J. Membr. Biol. 2022, 255, 513–521. [CrossRef]

12. Panjla, A.; Kaul, G.; Chopra, S.; Titz, A.; Verma, S. Short Peptides and Their Mimetics as Potent Antibacterial Agents and
Antibiotic Adjuvants. ACS Chem. Biol. 2021, 16, 2731–2745. [CrossRef]

13. Mankoci, S.; Ewing, J.; Dalai, P.; Sahai, N.; Barton, H.A.; Joy, A. Bacterial Membrane Selective Antimicrobial Peptide-Mimetic
Polyurethanes: Structure-Property Correlations and Mechanisms of Action. Biomacromolecules 2019, 20, 4096–4106. [CrossRef]

14. Dos Reis, T.F.; de Castro, P.A.; Bastos, R.W.; Pinzan, C.F.; Souza, P.F.N.; Ackloo, S.; Hossain, M.A.; Drewry, D.H.; Alkhazraji,
S.; Ibrahim, A.S.; et al. A host defense peptide mimetic, brilacidin, potentiates caspofungin antifungal activity against human
pathogenic fungi. Nat. Commun. 2023, 14, 2052. [CrossRef]

15. D’Souza, A.; Yoon, J.H.; Beaman, H.; Gosavi, P.; Lengyel-Zhand, Z.; Sternisha, A.; Centola, G.; Marshall, L.R.; Wehrman, M.D.;
Schultz, K.M.; et al. Nine-Residue Peptide Self-Assembles in the Presence of Silver to Produce a Self-Healing, Cytocompatible,
Antimicrobial Hydrogel. ACS Appl. Mater. Interfaces 2020, 12, 17091–17099. [CrossRef]

16. Edirisinghe, D.I.U.; D’Souza, A.; Ramezani, M.; Carroll, R.J.; Chicon, Q.; Muenzel, C.L.; Soule, J.; Monroe, M.B.B.; Patteson, A.E.;
Makhlynets, O.V. Antibacterial and Cytocompatible pH-Responsive Peptide Hydrogel. Molecules 2023, 28, 4390. [CrossRef]

17. Palermo, E.F.; Kuroda, K. Structural determinants of antimicrobial activity in polymers which mimic host defense peptides. Appl.
Microbiol. Biotechnol. 2010, 87, 1605–1615. [CrossRef]

18. Jones, J.B.; Liu, L.; Rank, L.A.; Wetzel, D.; Woods, E.C.; Biok, N.; Anderson, S.E.; Lee, M.R.; Liu, R.; Huth, S.; et al. Cationic
Homopolymers Inhibit Spore and Vegetative Cell Growth of Clostridioides difficile. ACS Infect. Dis. 2021, 7, 1236–1247. [CrossRef]

19. Brackman, G.; Coenye, T. Quorum sensing inhibitors as anti-biofilm agents. Curr. Pharm. Des. 2015, 21, 5–11. [CrossRef]
20. Wu, B.; Capilato, J.; Pham, M.P.; Walker, J.; Spur, B.; Rodriguez, A.; Perez, L.J.; Yin, K. Lipoxin A4 augments host defense in sepsis

and reduces Pseudomonas aeruginosa virulence through quorum sensing inhibition. FASEB J. 2016, 30, 2400–2410. [CrossRef]
21. Goderecci, S.S.; Kaiser, E.; Yanakas, M.; Norris, Z.; Scaturro, J.; Oszust, R.; Medina, C.D.; Waechter, F.; Heon, M.; Krchnavek, R.R.;

et al. Silver Oxide Coatings with High Silver-Ion Elution Rates and Characterization of Bactericidal Activity. Molecules 2017, 22,
1487. [CrossRef]

22. Grass, G.; Rensing, C.; Solioz, M. Metallic copper as an antimicrobial surface. Appl. Environ. Microbiol. 2011, 77, 1541–1547.
[CrossRef]

23. Pasquet, J.; Chevalier, Y.; Pelletier, J.; Couval, E.; Bouvier, D.; Bolzinger, M.-A. The contribution of zinc ions to the antimicrobial
activity of zinc oxide. Colloids Surf. A Physicochem. Eng. Asp. 2014, 457, 263–274. [CrossRef]

24. Sharmin, S.; Rahaman, M.M.; Sarkar, C.; Atolani, O.; Islam, M.T.; Adeyemi, O.S. Nanoparticles as antimicrobial and antiviral
agents: A literature-based perspective study. Heliyon 2021, 7, e06456. [CrossRef]

25. Urnukhsaikhan, E.; Bold, B.E.; Gunbileg, A.; Sukhbaatar, N.; Mishig-Ochir, T. Antibacterial activity and characteristics of silver
nanoparticles biosynthesized from Carduus crispus. Sci. Rep. 2021, 11, 21047. [CrossRef]

26. MacNair, C.R.; Tsai, C.N.; Rutherford, S.T.; Tan, M.W. Returning to Nature for the Next Generation of Antimicrobial Therapeutics.
Antibiotics 2023, 12, 1267. [CrossRef]

27. Palla, F.; Bucchini, A.E.A.; Giamperi, L.; Marino, P.; Raimondo, F.M. Plant Extracts as Antimicrobial Agents in Sustainable
Conservation of Erythrina caffra (Fabaceae) Historical Trees. Antibiotics 2023, 12, 1098. [CrossRef]

28. Kvich, L.; Christensen, M.H.; Pierchala, M.K.; Astafiev, K.; Lou-Moeller, R.; Bjarnsholt, T. The Combination of Low-Frequency
Ultrasound and Antibiotics Improves the Killing of In Vitro Staphylococcus aureus and Pseudomonas aeruginosa Biofilms.
Antibiotics 2022, 11, 1494. [CrossRef]

29. Sousa, M.; Afonso, A.C.; Teixeira, L.S.; Borges, A.; Saavedra, M.J.; Simoes, L.C.; Simoes, M. Hydrocinnamic Acid and Perillyl
Alcohol Potentiate the Action of Antibiotics against Escherichia coli. Antibiotics 2023, 12, 360. [CrossRef]

30. Yang, D.D.; Paterna, N.J.; Senetra, A.S.; Casey, K.R.; Trieu, P.D.; Caputo, G.A.; Vaden, T.D.; Carone, B.R. Synergistic interactions of
ionic liquids and antimicrobials improve drug efficacy. iScience 2021, 24, 101853. [CrossRef]

31. Tossi, A.; Sandri, L.; Giangaspero, A. Amphipathic, alpha-helical antimicrobial peptides. Biopolymers 2000, 55, 4–30. [CrossRef]
32. Lu, W. Antimicrobial peptides. Semin. Cell Dev. Biol. 2019, 88, 105–106. [CrossRef]
33. Luo, Y.; Song, Y. Mechanism of Antimicrobial Peptides: Antimicrobial, Anti-Inflammatory and Antibiofilm Activities. Int. J. Mol.

Sci. 2021, 22, 11401. [CrossRef]
34. Yeaman, M.R.; Yount, N.Y. Mechanisms of antimicrobial peptide action and resistance. Pharmacol. Rev. 2003, 55, 27–55. [CrossRef]
35. Kumar, P.; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial Peptides: Diversity, Mechanism of Action and Strategies to Improve

the Activity and Biocompatibility In Vivo. Biomolecules 2018, 8, 4. [CrossRef]
36. Zhang, R.; Xu, L.; Dong, C. Antimicrobial Peptides: An Overview of their Structure, Function and Mechanism of Action. Protein

Pept. Lett. 2022, 29, 641–650. [CrossRef]
37. Dijksteel, G.S.; Ulrich, M.M.W.; Middelkoop, E.; Boekema, B. Review: Lessons Learned From Clinical Trials Using Antimicrobial

Peptides (AMPs). Front. Microbiol. 2021, 12, 616979. [CrossRef]
38. Darveau, R.P.; Blake, J.; Seachord, C.L.; Cosand, W.L.; Cunningham, M.D.; Cassiano-Clough, L.; Maloney, G. Peptides related to

the carboxyl terminus of human platelet factor IV with antibacterial activity. J. Clin. Investig. 1992, 90, 447–455. [CrossRef]

https://doi.org/10.1021/acs.jmedchem.2c00757
https://doi.org/10.1007/s00232-022-00220-6
https://doi.org/10.1021/acschembio.1c00626
https://doi.org/10.1021/acs.biomac.9b00939
https://doi.org/10.1038/s41467-023-37573-y
https://doi.org/10.1021/acsami.0c01154
https://doi.org/10.3390/molecules28114390
https://doi.org/10.1007/s00253-010-2687-z
https://doi.org/10.1021/acsinfecdis.0c00843
https://doi.org/10.2174/1381612820666140905114627
https://doi.org/10.1096/fj.201500029R
https://doi.org/10.3390/molecules22091487
https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1016/j.colsurfa.2014.05.057
https://doi.org/10.1016/j.heliyon.2021.e06456
https://doi.org/10.1038/s41598-021-00520-2
https://doi.org/10.3390/antibiotics12081267
https://doi.org/10.3390/antibiotics12071098
https://doi.org/10.3390/antibiotics11111494
https://doi.org/10.3390/antibiotics12020360
https://doi.org/10.1016/j.isci.2020.101853
https://doi.org/10.1002/1097-0282(2000)55:1%3C4::AID-BIP30%3E3.0.CO;2-M
https://doi.org/10.1016/j.semcdb.2018.05.026
https://doi.org/10.3390/ijms222111401
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.3390/biom8010004
https://doi.org/10.2174/0929866529666220613102145
https://doi.org/10.3389/fmicb.2021.616979
https://doi.org/10.1172/JCI115880


Antibiotics 2023, 12, 1624 12 of 13

39. Peck-Miller, K.A.; Blake, J.; Cosand, W.L.; Darveau, R.P.; Fell, H.P. Structure-activity analysis of the antitumor and hemolytic
properties of the amphiphilic alpha-helical peptide, C18G. Int. J. Pept. Protein. Res. 1994, 44, 143–151. [CrossRef]

40. Yadavalli, S.S.; Carey, J.N.; Leibman, R.S.; Chen, A.I.; Stern, A.M.; Roggiani, M.; Lippa, A.M.; Goulian, M. Antimicrobial peptides
trigger a division block in Escherichia coli through stimulation of a signalling system. Nat. Commun. 2016, 7, 12340. [CrossRef]

41. Choi, J.; Groisman, E.A. Activation of master virulence regulator PhoP in acidic pH requires the Salmonella-specific protein UgtL.
Sci. Signal. 2017, 10, eaan6284. [CrossRef]

42. Moskowitz, S.M.; Ernst, R.K.; Miller, S.I. PmrAB, a two-component regulatory system of Pseudomonas aeruginosa that modulates
resistance to cationic antimicrobial peptides and addition of aminoarabinose to lipid A. J. Bacteriol. 2004, 186, 575–579. [CrossRef]

43. Hitchner, M.A.; Necelis, M.R.; Shirley, D.; Caputo, G.A. Effect of Non-natural Hydrophobic Amino Acids on the Efficacy and
Properties of the Antimicrobial Peptide C18G. Probiotics Antimicrob. Proteins 2020, 13, 527–541. [CrossRef]

44. Kohn, E.M.; Shirley, D.J.; Arotsky, L.; Picciano, A.M.; Ridgway, Z.; Urban, M.W.; Carone, B.R.; Caputo, G.A. Role of Cationic Side
Chains in the Antimicrobial Activity of C18G. Molecules 2018, 23, 329. [CrossRef]

45. Saint Jean, K.D.; Henderson, K.D.; Chrom, C.L.; Abiuso, L.E.; Renn, L.M.; Caputo, G.A. Effects of Hydrophobic Amino Acid
Substitutions on Antimicrobial Peptide Behavior. Probiotics Antimicrob. Proteins 2018, 10, 408–419. [CrossRef]

46. Wilkins, M.R.; Gasteiger, E.; Bairoch, A.; Sanchez, J.C.; Williams, K.L.; Appel, R.D.; Hochstrasser, D.F. Protein identification and
analysis tools in the ExPASy server. Methods Mol. Biol. 1999, 112, 531–552. [CrossRef]

47. Hristova, K.; White, S.H. An experiment-based algorithm for predicting the partitioning of unfolded peptides into phosphatidyl-
choline bilayer interfaces. Biochemistry 2005, 44, 12614–12619. [CrossRef]

48. Walker, J.M. The Proteomics Protocols Handbook; Springer: Berlin/Heidelberg, Germany, 2005.
49. Ramsey, J.; Rasche, H.; Maughmer, C.; Criscione, A.; Mijalis, E.; Liu, M.; Hu, J.C.; Young, R.; Gill, J.J. Galaxy and Apollo as

a biologist-friendly interface for high-quality cooperative phage genome annotation. PLoS Comput. Biol. 2020, 16, e1008214.
[CrossRef]

50. Raghuraman, H.; Chatterjee, S.; Das, A. Site-Directed Fluorescence Approaches for Dynamic Structural Biology of Membrane
Peptides and Proteins. Front. Mol. Biosci. 2019, 6, 96. [CrossRef]

51. Raghuraman, H.; Chattopadhyay, A. Interaction of melittin with membrane cholesterol: A fluorescence approach. Biophys. J. 2004,
87, 2419–2432. [CrossRef]

52. Ridgway, Z.; Picciano, A.L.; Gosavi, P.M.; Moroz, Y.S.; Angevine, C.E.; Chavis, A.E.; Reiner, J.E.; Korendovych, I.V.; Caputo, G.A.
Functional characterization of a melittin analog containing a non-natural tryptophan analog. Biopolymers 2015, 104, 384–394.
[CrossRef]

53. Sovadinova, I.; Palermo, E.F.; Huang, R.; Thoma, L.M.; Kuroda, K. Mechanism of polymer-induced hemolysis: Nanosized pore
formation and osmotic lysis. Biomacromolecules 2011, 12, 260–268. [CrossRef]

54. Hills, R.D., Jr.; McGlinchey, N. Model parameters for simulation of physiological lipids. J. Comput. Chem. 2016, 37, 1112–1118.
[CrossRef]

55. Ridder, A.N.; van de Hoef, W.; Stam, J.; Kuhn, A.; de Kruijff, B.; Killian, J.A. Importance of hydrophobic matching for spontaneous
insertion of a single-spanning membrane protein. Biochemistry 2002, 41, 4946–4952. [CrossRef]

56. Killian, J.A. Hydrophobic mismatch between proteins and lipids in membranes. Biochim. Biophys. Acta 1998, 1376, 401–415.
[CrossRef] [PubMed]

57. Foo, A.C.; Harvey, B.G.; Metz, J.J.; Goto, N.K. Influence of hydrophobic mismatch on the catalytic activity of Escherichia coli
GlpG rhomboid protease. Protein Sci. 2015, 24, 464–473. [CrossRef] [PubMed]

58. Soubias, O.; Niu, S.L.; Mitchell, D.C.; Gawrisch, K. Lipid-rhodopsin hydrophobic mismatch alters rhodopsin helical content. J.
Am. Chem. Soc. 2008, 130, 12465–12471. [CrossRef]

59. Windisch, D.; Ziegler, C.; Grage, S.L.; Burck, J.; Zeitler, M.; Gor’kov, P.L.; Ulrich, A.S. Hydrophobic Mismatch Drives the
Interaction of E5 with the Transmembrane Segment of PDGF Receptor. Biophys. J. 2015, 109, 737–749. [CrossRef]

60. Caputo, G.A.; London, E. Cumulative effects of amino acid substitutions and hydrophobic mismatch upon the transmembrane
stability and conformation of hydrophobic alpha-helices. Biochemistry 2003, 42, 3275–3285. [CrossRef]

61. Lin, Q.; London, E. Altering hydrophobic sequence lengths shows that hydrophobic mismatch controls affinity for ordered lipid
domains (rafts) in the multitransmembrane strand protein perfringolysin O. J. Biol. Chem. 2013, 288, 1340–1352. [CrossRef]

62. Milovanovic, D.; Honigmann, A.; Koike, S.; Gottfert, F.; Pahler, G.; Junius, M.; Mullar, S.; Diederichsen, U.; Janshoff, A.;
Grubmuller, H.; et al. Hydrophobic mismatch sorts SNARE proteins into distinct membrane domains. Nat. Commun. 2015, 6,
5984. [CrossRef] [PubMed]

63. Monne, M.; von Heijne, G. Effects of ‘hydrophobic mismatch’ on the location of transmembrane helices in the ER membrane.
FEBS Lett. 2001, 496, 96–100. [CrossRef]

64. Schmidt, U.; Weiss, M. Hydrophobic mismatch-induced clustering as a primer for protein sorting in the secretory pathway.
Biophys. Chem. 2010, 151, 34–38. [CrossRef]

65. Basu, I.; Chattopadhyay, A.; Mukhopadhyay, C. Ion channel stability of Gramicidin A in lipid bilayers: Effect of hydrophobic
mismatch. Biochim. Biophys. Acta 2014, 1838, 328–338. [CrossRef]

66. Hao, B.; Zhou, W.; Theg, S.M. Hydrophobic mismatch is a key factor in protein transport across lipid bilayer membranes via the
Tat pathway. J. Biol. Chem. 2022, 298, 101991. [CrossRef]

https://doi.org/10.1111/j.1399-3011.1994.tb00569.x
https://doi.org/10.1038/ncomms12340
https://doi.org/10.1126/scisignal.aan6284
https://doi.org/10.1128/JB.186.2.575-579.2004
https://doi.org/10.1007/s12602-020-09701-3
https://doi.org/10.3390/molecules23020329
https://doi.org/10.1007/s12602-017-9345-z
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1021/bi051193b
https://doi.org/10.1371/journal.pcbi.1008214
https://doi.org/10.3389/fmolb.2019.00096
https://doi.org/10.1529/biophysj.104.043596
https://doi.org/10.1002/bip.22624
https://doi.org/10.1021/bm1011739
https://doi.org/10.1002/jcc.24324
https://doi.org/10.1021/bi0158674
https://doi.org/10.1016/S0304-4157(98)00017-3
https://www.ncbi.nlm.nih.gov/pubmed/9805000
https://doi.org/10.1002/pro.2585
https://www.ncbi.nlm.nih.gov/pubmed/25307614
https://doi.org/10.1021/ja803599x
https://doi.org/10.1016/j.bpj.2015.07.022
https://doi.org/10.1021/bi026697d
https://doi.org/10.1074/jbc.M112.415596
https://doi.org/10.1038/ncomms6984
https://www.ncbi.nlm.nih.gov/pubmed/25635869
https://doi.org/10.1016/S0014-5793(01)02415-2
https://doi.org/10.1016/j.bpc.2010.04.009
https://doi.org/10.1016/j.bbamem.2013.10.005
https://doi.org/10.1016/j.jbc.2022.101991


Antibiotics 2023, 12, 1624 13 of 13

67. Mehner-Breitfeld, D.; Ringel, M.T.; Tichy, D.A.; Endter, L.J.; Stroh, K.S.; Lunsdorf, H.; Risselada, H.J.; Bruser, T. TatA and TatB
generate a hydrophobic mismatch important for the function and assembly of the Tat translocon in Escherichia coli. J. Biol. Chem.
2022, 298, 102236. [CrossRef] [PubMed]

68. Kelkar, D.A.; Chattopadhyay, A. Modulation of gramicidin channel conformation and organization by hydrophobic mismatch in
saturated phosphatidylcholine bilayers. Biochim. Biophys. Acta 2007, 1768, 1103–1113. [CrossRef] [PubMed]

69. Pan, J.; Tristram-Nagle, S.; Nagle, J.F. Alamethicin aggregation in lipid membranes. J. Membr. Biol. 2009, 231, 11–27. [CrossRef]
[PubMed]

70. Kim, T.; Lee, K.I.; Morris, P.; Pastor, R.W.; Andersen, O.S.; Im, W. Influence of hydrophobic mismatch on structures and dynamics
of gramicidin a and lipid bilayers. Biophys. J. 2012, 102, 1551–1560. [CrossRef]

71. Rui, H.; Im, W. Protegrin-1 orientation and physicochemical properties in membrane bilayers studied by potential of mean force
calculations. J. Comput. Chem. 2010, 31, 2859–2867. [CrossRef] [PubMed]

72. Gagnon, M.C.; Strandberg, E.; Grau-Campistany, A.; Wadhwani, P.; Reichert, J.; Burck, J.; Rabanal, F.; Auger, M.; Paquin, J.F.;
Ulrich, A.S. Influence of the Length and Charge on the Activity of alpha-Helical Amphipathic Antimicrobial Peptides. Biochemistry
2017, 56, 1680–1695. [CrossRef] [PubMed]

73. Grau-Campistany, A.; Strandberg, E.; Wadhwani, P.; Rabanal, F.; Ulrich, A.S. Extending the Hydrophobic Mismatch Concept to
Amphiphilic Membranolytic Peptides. J. Phys. Chem. Lett. 2016, 7, 1116–1120. [CrossRef] [PubMed]

74. Grau-Campistany, A.; Strandberg, E.; Wadhwani, P.; Reichert, J.; Burck, J.; Rabanal, F.; Ulrich, A.S. Hydrophobic mismatch
demonstrated for membranolytic peptides, and their use as molecular rulers to measure bilayer thickness in native cells. Sci. Rep.
2015, 5, 9388. [CrossRef]

75. Chou, P.Y.; Fasman, G.D. Prediction of the secondary structure of proteins from their amino acid sequence. Adv. Enzymol. Relat.
Areas Mol. Biol. 1978, 47, 45–148. [CrossRef]

76. Deleage, G.; Roux, B. An algorithm for protein secondary structure prediction based on class prediction. Protein. Eng. 1987, 1,
289–294. [CrossRef]

77. Levitt, M. Conformational preferences of amino acids in globular proteins. Biochemistry 1978, 17, 4277–4285. [CrossRef] [PubMed]
78. Yang, J.; Yan, R.; Roy, A.; Xu, D.; Poisson, J.; Zhang, Y. The I-TASSER Suite: Protein structure and function prediction. Nat. Methods

2015, 12, 7–8. [CrossRef] [PubMed]
79. Yang, J.; Zhang, Y. Protein Structure and Function Prediction Using I-TASSER. Curr. Protoc. Bioinformatics 2015, 52, 5–8. [CrossRef]
80. Zhang, Y. I-TASSER server for protein 3D structure prediction. BMC Bioinform. 2008, 9, 40. [CrossRef]
81. Jenssen, H.; Hamill, P.; Hancock, R.E. Peptide antimicrobial agents. Clin. Microbiol. Rev. 2006, 19, 491–511. [CrossRef] [PubMed]
82. Wimley, W.C. Describing the mechanism of antimicrobial peptide action with the interfacial activity model. ACS Chem. Biol. 2010,

5, 905–917. [CrossRef]
83. Kuroda, K.; Caputo, G.A.; DeGrado, W.F. The role of hydrophobicity in the antimicrobial and hemolytic activities of polymethacry-

late derivatives. Chemistry 2009, 15, 1123–1133. [CrossRef] [PubMed]
84. Takahashi, H.; Sovadinova, I.; Yasuhara, K.; Vemparala, S.; Caputo, G.A.; Kuroda, K. Biomimetic antimicrobial polymers-Design,

characterization, antimicrobial, and novel applications. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2023, 15, e1866. [CrossRef]
[PubMed]

85. Cuervo-Rodriguez, R.; Munoz-Bonilla, A.; Lopez-Fabal, F.; Fernandez-Garcia, M. Hemolytic and Antimicrobial Activities of a
Series of Cationic Amphiphilic Copolymers Comprised of Same Centered Comonomers with Thiazole Moieties and Polyethylene
Glycol Derivatives. Polymers 2020, 12, 972. [CrossRef]

86. Hollmann, A.; Martínez, M.; Noguera, M.E.; Augusto, M.T.; Disalvo, A.; Santos, N.C.; Semorile, L.; Maffía, P.C. Role of
amphipathicity and hydrophobicity in the balance between hemolysis and peptide–membrane interactions of three related
antimicrobial peptides. Colloids Surf. B Biointerfaces 2016, 141, 528–536. [CrossRef] [PubMed]

87. Phuong, P.T.; Oliver, S.; He, J.; Wong, E.H.H.; Mathers, R.T.; Boyer, C. Effect of Hydrophobic Groups on Antimicrobial and
Hemolytic Activity: Developing a Predictive Tool for Ternary Antimicrobial Polymers. Biomacromolecules 2020, 21, 5241–5255.
[CrossRef] [PubMed]

88. Burman, L.G.; Nordstrom, K.; Boman, H.G. Resistance of Escherichia coli to penicillins. V. Physiological comparison of two
isogenic strains, one with chromosomally and one with episomally mediated ampicillin resistance. J. Bacteriol. 1968, 96, 438–446.
[CrossRef] [PubMed]

89. Wiegand, I.; Hilpert, K.; Hancock, R.E. Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC)
of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [CrossRef] [PubMed]

90. Shirley, D.J.; Chrom, C.L.; Richards, E.A.; Carone, B.R.; Caputo, G.A. Antimicrobial activity of a porphyrin binding peptide. Pept.
Sci. 2018, 110, e24074. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jbc.2022.102236
https://www.ncbi.nlm.nih.gov/pubmed/35809643
https://doi.org/10.1016/j.bbamem.2007.01.016
https://www.ncbi.nlm.nih.gov/pubmed/17321493
https://doi.org/10.1007/s00232-009-9199-8
https://www.ncbi.nlm.nih.gov/pubmed/19789905
https://doi.org/10.1016/j.bpj.2012.03.014
https://doi.org/10.1002/jcc.21580
https://www.ncbi.nlm.nih.gov/pubmed/20589740
https://doi.org/10.1021/acs.biochem.6b01071
https://www.ncbi.nlm.nih.gov/pubmed/28282123
https://doi.org/10.1021/acs.jpclett.6b00136
https://www.ncbi.nlm.nih.gov/pubmed/26963560
https://doi.org/10.1038/srep09388
https://doi.org/10.1002/9780470122921.ch2
https://doi.org/10.1093/protein/1.4.289
https://doi.org/10.1021/bi00613a026
https://www.ncbi.nlm.nih.gov/pubmed/708713
https://doi.org/10.1038/nmeth.3213
https://www.ncbi.nlm.nih.gov/pubmed/25549265
https://doi.org/10.1002/0471250953.bi0508s52
https://doi.org/10.1186/1471-2105-9-40
https://doi.org/10.1128/CMR.00056-05
https://www.ncbi.nlm.nih.gov/pubmed/16847082
https://doi.org/10.1021/cb1001558
https://doi.org/10.1002/chem.200801523
https://www.ncbi.nlm.nih.gov/pubmed/19072946
https://doi.org/10.1002/wnan.1866
https://www.ncbi.nlm.nih.gov/pubmed/36300561
https://doi.org/10.3390/polym12040972
https://doi.org/10.1016/j.colsurfb.2016.02.003
https://www.ncbi.nlm.nih.gov/pubmed/26896660
https://doi.org/10.1021/acs.biomac.0c01320
https://www.ncbi.nlm.nih.gov/pubmed/33186496
https://doi.org/10.1128/jb.96.2.438-446.1968
https://www.ncbi.nlm.nih.gov/pubmed/4877126
https://doi.org/10.1038/nprot.2007.521
https://www.ncbi.nlm.nih.gov/pubmed/18274517
https://doi.org/10.1002/pep2.24074
https://www.ncbi.nlm.nih.gov/pubmed/30637367

	Introduction 
	Results 
	Peptide Composition 
	Antimicrobial Activity 
	Binding Assays 
	Bacterial Membrane Permeabilization 
	Vesicle Permeabilization 

	Discussion 
	Materials and Methods 
	Materials 
	Bacterial Strains and Culture 
	Minimal Inhibitory Concentration Assay 
	Lipid Binding Assays 
	Bacterial Membrane Permeabilization 
	Vesicle Leakage Assays 

	Conclusions 
	References

