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The C-terminus of the GKY20 antimicrobial
peptide, derived from human thrombin, plays
a key role in its membrane perturbation capability

Rosario Oliva,®® Marco Campanile,” Pompea Del Vecchio,® Elio Pizzo,°
Andrea Bosso,“ Roland Winter ©2° and Luigi Petraccone () *°

Previously, we characterized in detail the mechanism of action of the antimicrobial peptide GKY20,
showing that it selectively perturbs the bacterial-like membrane employing peptide conformational
changes, lipid segregation and domain formation as key steps in promoting membrane disruption. Here,
we used a combination of biophysical techniques to similarly characterize the antimicrobial activity as
well as the membrane perturbing capability of GKY10, a much shorter version of the GKY20 peptide.
GKY10 is only half of the parent peptide and consists of the last 10 amino acids (starting from the
C-terminus) of the full-length peptide. Despite a large difference in length, we found that GKY10, like
the parent peptide, retains the ability to adopt a helical structure and to induce lipid segregation upon
membrane binding. Overall, our results suggest that the amino acid sequence of GKY10 is responsible
for most of the observed behaviors of GKY20. Our results shed further light on the mechanism of action
of the full-length peptide and provide useful information for the design and development of new

rsc.li/pcecp

1 Introduction

Antimicrobial peptides (AMPs) are an interesting class of
bioactive peptides with a broad spectrum of activity against
various microorganisms, including bacteria, fungi and even
cancer cells." AMPs were first reported during the 80s of the
last century, and, since then, an increasing number of new
molecules have been identified in all life forms and even in
viruses.>® Today, more than 3000 AMP sequences are known,
which are conveniently reported in the APD3 database, which is
constantly updated.” AMPs are short peptides of variable
lengths (typically from 10 up to 80 amino acid residues) and
usually contain a high fraction of positively charged as well as
hydrophobic residues.®® The exact mechanism of action of
AMPs is still under debate. Most of them are membranolytic
and three different putative models have been proposed to
explain their action: “carpet”, “toroidal” and “barrel-stave”
models.? Despite the particular mechanism of action of a given
AMP, it is believed that the primary target of AMPs is
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peptides that serve as antimicrobial agents.

represented by the lipid bilayer of the membrane of patho-
gens.*'® However, it is important to note that the mechanism
depends strictly on the physicochemical properties of the peptide
sequence and that a peptide does not necessarily act exclusively by
only one of the mechanisms stated above. Interacting in a non-
specific way (i.e., in the absence of any membrane receptor) with
the lipid matrix of the membrane, AMPs can overcome the
problem of resistance to antibiotics in bacteria and other
microorganisms."'""> Thus, understanding the molecular basis
of the interaction process of AMPs with membranes is of funda-
mental importance for the development of new AMP-based drugs
with an improved selective antimicrobial activity as well as a
reduced cytotoxicity towards host cells.

In a previous paper, we explored the mechanism of action of the
antimicrobial peptide GKY20."* This peptide, composed of 20
residues, is modelled on the Gly*”* to 1le**® sequence of human
thrombin, whose structure is shown in Fig. 1A and exhibits strong
antimicrobial activity especially against Gram-negative bacteria but
also a hemolytic effect on eukaryotic cells."* Through a compre-
hensive biophysical characterization of its interaction with model
membranes, we showed that GKY20 selectively perturbs the
bacterial-like membrane via a carpet-like mechanism employing
peptide conformational changes, lipid segregation and domain
formation as key steps in promoting membrane disruption.'®

Here, we characterized the interaction of a short version of
this peptide limited to the last 10 amino acids starting from the
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Fig. 1 (A) Crystal structure of human thrombin (pdb: 3U69). Highlighted in
red is the portion of the protein corresponding to the sequence of GKY10.
The N-terminal region of the parent peptide GKY20 is highlighted in
yellow. Together, the yellow and red portions constitute the full sequence
of GKY20. The remaining structure of the protein is drawn in blue. The
representation was prepared using VMD (visual molecular dynamics)
software.2® (B) The primary sequences of the GKY20 and GKY10 peptides.
The figure also depicts where GKY20 was ideally cut to obtain the
sequence of the GKY10 peptide. (C) Helical wheel projection of the
GKY10 peptide. The mean hydrophobic moment, (uH), is also reported.
The amino acids are shown using a one letter code: hydrophobic residues
in white, polar charged residues in green and polar non-charged residues in
light green. The projection and the value of (uH) were obtained by means of
the Heliquest software available at https://heliquest.ipmc.cnrs.fr/X°

C-terminus of GKY20 (Fig. 1B) with a bacterial-like membrane.
The resulting peptide, denoted as GKY10, has a net positive
charge of +4 at a physiological pH of 7.4 (one positive charge
less than GKY20), a molecular weight of 1311.7 g mol ™" and no
protecting groups (such as amide or acetyl) at termini. The
choice of this variant of the original peptide is motivated by
several considerations. First of all, a systematic study carried
out on the antimicrobial potency of GKY20-analog peptides of
different lengths showed that the peptide composed of the first
10 amino acids (GKYGFYTHVF sequence) shows no antimicro-
bial activity,"* suggesting that this portion plays a minor role in
the activity of the full-length peptide. This portion showed very
moderate hemolytic activity and no information about the
secondary structure was available. Second, we noted that, in
the full-length sequence, only the 10 amino acid residues
RLKKWIQKVI on the C-terminus side of GKY20 have the
possibility to form a perfect amphipathic structure as judged
by the helical wheel projection (Fig. 1C) with a calculated
hydrophobic moment (uH) of 0.778. Remarkably, the same
region adopts an a-helical conformation in human thrombin,
whereas the remaining 10 residues assume a small B-strand
with turns and unstructured portions (Fig. 1A). Consistently, we
experimentally found that upon binding to the membrane
about half of the bound GKY20 forms an a-helical structure.
Based on these observations, we speculated that the region
which adopts the amphipathic a-helical structure of the peptide
membrane-bound GKY20 is the C-terminus portion with the
sequence RLKKWIQKVI (representing half of the peptide) and
that this part is the one that plays the main role in the
mechanism of action of GKY20. Indeed, it is well known that
the ability to perturb the integrity of the membrane is related to
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the ability of the peptide to adopt amphipathic helical struc-
tures upon binding.’>"” Motivated by these considerations we
characterized the interaction of GKY10 using POPC/POPG lipo-
somes (8/2 mol/mol) as a bacterial model membrane, looking
for differences compared to the full-length peptide, previously
studied.'® Although we found that the antimicrobial activity of
GKY10 is generally lower than that of GKY20, our results show
that the truncated peptide behaves qualitatively like the parent
peptide retaining the ability to adopt a helical structure and to
induce lipid segregation upon surface membrane binding.
Overall, our data suggest that the amino acidic sequence of
GKY10 is responsible for most of the observed behavior of the
full-length peptide GKY20.

2 Materials and methods
2.1 Materials

The synthetic peptide GKY10 (sequence: RLKKWIQKVI) was
obtained from Primm Srl (Milano, Italy) with a purity of >95%.
Lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
(DPPG), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)  (sodium
salt) (POPG) were purchased from Avanti Polar Lipids (Alabaster,
United States). Fluorescent probes 1,6-diphenylhexatriene (DPH)
and 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan), chloro-
form, methanol and dimethylformamide (DMF) were acqui-
red from Merck (Darmstadt, Germany). Trifluoroethanol (TFE)
was purchased from ROMIL Ltd (Cambridge, United Kingdom).
Sodium phosphate buffer (10 mM pH 7.4) was prepared using
deionized water.

2.2 Liposome preparation

An appropriate amount of lipids was weighed in an amber vial
and dissolved in a chloroform/methanol mixture (2/1 v/v). The
organic solvent was removed by gentle evaporation under
nitrogen flux to produce a thin film. To eliminate traces of
the organic solvent, the sample was placed under vacuum for at
least 4 hours. An appropriate amount of sodium phosphate
buffer was then added for hydration and multilamellar vesi-
cles (MLVs) were obtained by vigorous mixing. MLVs with
embedded DPH were prepared as previously described by
adding a DPH solution in chloroform to the lipid mixture at a
lipid/DPH molar ratio of 150. MLVs containing Laurdan were
produced likewise, adding a Laurdan solution in DMF to the
mixture at a lipid/probe molar ratio of 30. Large unilamellar
vesicles (LUVs) with a diameter of 200 nm were produced by
extruding MLVs 21 times through a porous polycarbonate
membrane using a Mini-Extruder (Avanti Polar Lipid). To check
the size of the vesicles after extrusion, dynamic light scattering
(DLS) measurements were performed by means of a Zetasizer
Nano ZS from Malvern Instruments (Malvern, United States).
The obtained hydrodynamic radius was in agreement with the
size of LUVs. Liposomes with different compositions were
prepared: (a) DPPC/DPPG (8/2 mol/mol), (b) DPPC/POPG

Phys. Chem. Chem. Phys., 2022, 24, 7994-8002 | 7995


https://heliquest.ipmc.cnrs.fr/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp05857f

Open Access Article. Published on 08 March 2022. Downloaded on 1/18/2026 6:13:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

(8/2 mol/mol), and (c) POPC/POPG (8/2 mol/mol). Samples in
the presence of the peptide were prepared by adding an
appropriate amount of peptide solution to the liposome sus-
pension at a desired lipid-to-peptide molar ratio (L/P).

2.3 Circular dichroism (CD)

Far-UV CD spectra were acquired using a Jasco J-715 spectro-
polarimeter from Jasco Corporation (Tokyo, Japan). All the
experiments were performed in a 0.1 cm path length quartz
cuvette at a scan rate of 20 nm min ", a response time of 4 s
and a bandwidth of 2 nm. Three spectra were collected for each
sample to improve the signal-to-noise ratio. All the samples
were prepared with a final peptide concentration of 26.6 uM.
Experiments were carried out in water and solutions at TFE
percentages of 20, 50 and 70. Mixtures of the peptide and
POPC/POPG LUVs suspension were prepared at L/P = 10, 50,
and 100 using sodium phosphate buffer (10 mM pH 7.4). For
each measurement, the corresponding blank spectrum was
subtracted prior to data analysis.

2.4 Differential scanning calorimetry (DSC)

DSC thermograms of DPPC/DPPG and DPPC/POPG were
recorded using a high sensitivity nano-DSC from TA Instru-
ments (New Castle, USA) equipped with two twin gold capillary
cells of 300 pL. MLVs were used in all the experiments in order
to enhance the phase transition resolution.”® All experiments
were performed in the temperature range of 25-55 °C with a
scan rate of 1 °C min~" under a pressure of 3 atm. A buffer-
buffer scan was subtracted from each sample-buffer thermo-
gram prior to baseline subtraction. Reproducibility and rever-
sibility were verified by comparing at least four heating and
four cooling scans for each sample. Lipid suspensions were
diluted up to 500 uM with sodium phosphate 10 mM at pH 7.4
in the absence and presence of the peptide at L/P = 10. Data
were analyzed using Nano-Analyze software provided by the
manufacturer and plotted using Origin Lab software (OriginLab,
Northampton, MA, USA).

2.5 Steady-state fluorescence spectroscopy

Fluorescence spectroscopy experiments were performed using a
Fuoromax-4 spectrofluorometer from Horiba Scientific (Edison,
USA). To study the interaction between the peptide and POPC/
POPG LUVs, the intrinsic fluorescence of the peptide trypto-
phan was monitored at an increasing concentration of lipids
(up to 1 mM). All the experiments were performed at 25 °C in a
1 cm length quartz cuvette with stirring. For each sample, at
least three spectra were recorded until a superimposition was
obtained, indicating that an equilibrium was reached. The
peptide concentration was fixed at 7 uM. The excitation wave-
length was set to 280 nm and the emission was collected
between 295 and 500 nm. The slits were set to 6 for the
excitation monochromator and 10 for the emission monochro-
mator. Cross-oriented polarizer configuration (Ex = 90° and Em
= 0°) was adopted in order to reduce the background scattering
produced by the lipid vesicles.”* The binding curve was con-
structed by plotting the emission intensity normalized with
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respect to the emission intensity of the peptide alone as a
function of lipid concentration. The curve was fitted as pre-
viously described to obtain a mole-fraction partition constant
K. Fluorescence anisotropy experiments were performed on
DPPC/DPPG LUVs containing DPH or Laurdan at a total lipid
concentration of 50 uM and at an increasing peptide concen-
tration (up to about 50 pM). The anisotropy was recorded in a
1 cm path length quartz cuvette equipped with darkened
windows to reduce the scattering interference. DPH was excited
at 355 nm and its anisotropy was collected at 425 nm, while
Laurdan was excited at 340 nm and its anisotropy was collected
at 476 nm. Fluorescence anisotropy (r) was calculated using
the equation r = (Iyy — Glyn)/(Iyv + 2GLyy), where Ly is the
fluorescence intensity when both the excitation and emission
polarizers are in a vertical orientation, Iy is the intensity when
the excitation polarizer is in a vertical orientation while the
emission polarizer is in a horizontal orientation, and G is a
factor correcting for the detector’s different responses to verti-
cally and horizontally polarized light.*®

2.6 Antimicrobial activity

The antimicrobial activities of GKY20 and GKY10 were evaluated
by measuring their minimal inhibitory concentrations (MIC;qo)
on the following bacterial strains: Pseudomonas aeruginosa PAO1,
Salmonella enterica ATCC 14028, Klebsiella pneumonia ATCC
700603, Salmonella enteriditis 706 RIVM, Acinetobacter baumannii
ATCC17878, Enterococcus faecalis ATCC 29212, methicillin resis-
tant Staphylococcus aureus WKZ-2, Staphylococcus aureus ATCC
6538P, and Staphylococcus aureus ATCC 12600. The assay was
carried out as already described.*” Briefly, bacteria were grown to
the mid-logarithmic phase in Luria Bertani broth (LB) at 37 °C.
Cells were then diluted to 1 x 10° CFU mL ™' in Difco 0.5x
Nutrient Broth (Becton-Dickenson, Franklin Lakes, NJ) containing
increasing amounts of GKY20 or GKY10 (0.75-50 uM). Following
overnight incubation, MIC;,, values were determined as the
lowest peptide concentration responsible for no visible bacterial
growth.

3 Results and discussion

3.1 Interaction of GKY10 with POPC/POPG liposomes

First, we evaluated the ability of GKY10 to interact with appro-
priate model membranes.>' Indeed, the lipid bilayer of the
pathogen membrane is considered the primary target of anti-
microbial peptides.® To evaluate the interaction of the peptide
with the lipid bilayer, we followed the fluorescence intensity
changes of the Trp residue of GKY10 upon increasing the lipid
concentration. Upon the addition of POPC/POPG liposomes to
a GKY10 solution, an increase of the fluorescence emission
intensity of the Trp residue and a blue shift of the maximum of
emission of ~12 nm were observed (Fig. 2), revealing that the
Trp residue experiences a more hydrophobic environment.>*>*
Remarkably, this result reveals that GKY10, despite its much
shorter length, retains the ability to bind the lipid bilayer. We
then evaluated the mole fraction partition constants (Ky) by
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Fig. 2 Fluorescence emission spectra of a 7 uM solution of GKY10 at
increasing concentrations of POPC/POPG 8:2 (mol/mol) unilamellar
vesicles. The black line represents the GKY10 spectrum in the absence
of lipid vesicles. The upward pointing arrow indicates the increasing
amounts of POPC/POPG ranging from 0 to 1 mM. The leftward pointing
arrow highlights the blue shift of Zax in the GKY10 spectrum upon binding
to model membranes. The inset shows the binding isotherm obtained by
following the fluorescence emission at 340 nm. The red line is the best fit
of the experimental data points according to the binding model equation
reported in the reference in the Materials and Methods section. The
experiment was carried out at a temperature of 25 °C in 10 mM phosphate
buffer, at pH 7.4.

fitting the corresponding binding isotherms, as reported in ref. 13
(see the insets in Fig. 2). The obtained value was K, = 2.4 x 10°, a
value that is approximately one order of magnitude smaller than
the value determined for the longer GKY20 under similar
conditions."® Although GKY10 retains the ability to interact with
the lipid bilayer, this result clearly reveals that the first 10 residues
of GKY20 have a non-negligible contribution in favoring the
membrane-peptide interaction. This can be due to an enhanced
electrostatic contribution, as the full-length peptide carries one
more positive charge, and/or to additional membrane-peptide
interactions established by the additional 10 N-terminus residues.

In order to obtain information about the conformational
behavior of the peptide in the absence (i.e., in neat buffer) and
presence of the POPC/POPG model membranes, circular
dichroism (CD) spectroscopy was employed. Circular dichroism
is a powerful technique that allows the study of the secondary
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25728 1t is known

structural changes of proteins and peptides.
that most of the disordered, linear AMPs are able to adopt a
helical conformation upon binding to membranes®'”* and it
appears that the formation of a helical structure is related to
the ability of the peptides to perturb the integrity of the
membrane and exert their biological function.”"® To this end,
we first evaluated the propensity of GKY10 to adopt a helical
conformation by recording its CD spectra upon increasing the
concentration of the helical structure-inducer solvent 2,2,
2-trifluoroethanol (TFE) in water.>** Fig. 3, panel A, shows
the CD spectra of GKY10 in the water/TFE mixture at TFE
concentrations of 0, 20, 50 and 70 vol%. The peptide alone
shows a negative band at about 200 nm, indicating that the
peptide is mainly unstructured in solution, i.e., adopts a ran-
dom coil like structure. Interestingly, on increasing the TFE
concentration, only minor changes in the shape of the CD
spectrum were observed, suggesting that the organic solvent is
not able to induce the formation of the helical structure. This
result clearly indicates that the peptide has a very low intrinsic
propensity to adopt a helical conformation, as expected for
such a kind of short peptide. Conversely, the addition of POPC/
POPG unilamellar vesicles results in a drastic change of the CD
spectra of GKY10 (Fig. 3, panel B). Particularly, at L/P = 10, a
shift of the minimum from 199 nm to 202 nm was detected and
a positive band starts to rise at around 190 nm. In addition, a
small band at around 222 nm is also present. These observa-
tions suggest that, upon binding to lipid vesicles, the peptide
changes its conformation, most likely moving towards a helical
structure. According to the value of K, reported above, under
these conditions, about 50% of the total peptide should be
bound to the vesicles. Thus, the spectrum at L/P = 10 can be
considered a combination of the spectra of the free (random
coil) and bound peptides. Conversely, in the presence of large
excess of lipid vesicles (L/P = 50 and 100), the saturation has
been reached and the observed spectrum corresponds to that of
the bound peptide. Under these conditions, the spectrum
shows two well defined minima located at about 208 nm and
220 nm and a maximum at around 195 nm, confirming that
GKY10 partially adopts a helical structure upon binding. Con-
sidering the very low intrinsic helical propensity of GKY10, this
result is remarkable and it strongly suggests that the o-helix is

)
I
o)

&

'
S
o

[6]urw (deg dmol'cm?)*1073
3

)
=1

=
©
=3

200 210 220 230 240 250 260
Wavelength (nm)

(A) Far-UV CD spectra of the GKY10 peptide (a fixed concentration of 26.6 uM) in water/TFE mixtures: pure water (black line), 20 vol% TFE

(red line), 50 vol% TFE (blue line) and 70 vol% TFE (green line). (B) Far-UV CD spectra of the GKY10 peptide (a fixed concentration of 26.6 uM) in the
absence (black line) and in the presence of POPC/POPG unilamellar vesicles at lipid-to-peptide ratios of 10 (red line), 50 (blue line) and 100 (fuchsia line)
in 10 mM phosphate buffer, at pH 7.4. All the experiments were performed at a temperature of 25 °C.
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induced by the selective electrostatic and/or hydrophobic inter-
actions with the POPC/POPG model membrane. Similar obser-
vations were reported for the full-length GKY20 peptide, which
showed a pronounced ao-helical conformation upon membrane
binding as inferred from CD spectra. The comparison of our
data with the data obtained for GKY20 supports our initial
hypothesis that the C-terminus of GKY20 is strongly involved in
the membrane interaction and subsequent ao-helix formation.

3.2 Effect of peptide binding on the membrane structure and
stability

We then explored the effect of the peptide on the stability of the
lipid bilayer employing differential scanning calorimetry (DSC)
measurements. Since POPC and POPG bilayers do not have a
gel-to-fluid phase transition temperature suitable for DSC
measurements, they were replaced by DPPC (1,2-dipalmitoyl-
sn-glycero-3-phosphocholine) and DPPG (1,2-dipalmitoyl-sn-gly-
cero-3-phospho-1’-rac-glycerol). The DSC thermogram of pure
DPPC/DPPG MLVs in the absence of peptide is characterized by
two well-defined phase transitions (Fig. 4, panel A): a gel-to-gel
pre-transition at 36 °C (involving the rearrangement of polar
head groups) followed by the main gel-to-fluid transition cen-
tered at 42.1 °C (involving mainly the melting of the lipid
chains).>*** The addition of the peptide results in a complete
disappearance of the pre-transition peak whereas the main
transition peak appears to be shifted to a higher temperature.
Remarkably, the enthalpy change accompanying the main
transition increases slightly, indicating a more efficient lipid
packing upon peptide binding (Table 1). Altogether, these
observations suggest that the peptide strongly interacts with
lipid polar heads at the membrane surface but does not
penetrate significantly into the hydrophobic core of the
membrane. Furthermore, the main peak appears to be sharper
upon peptide binding, indicating a higher cooperativity of the
gel-to-liquid transition. This observation suggests that the
peptide reduces the lipid heterogeneity of the melting domain
of lipids, maybe by means of specific lipid segregation. Unfor-
tunately, the liposome composed of DPPC and DPPG does not
allow proving unambiguously the lipid segregation phenom-
enon as the melting temperatures of two separate DPPG and
DPPC domains are very similar and thus even complete

304A
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Table 1 Thermodynamic parameters obtained by means of DSC for the

phase transitions of DPPC/DPPG and DPPC/POPG multilamellar vesicles in
the absence and presence of GKY10 at a lipid to peptide ratio of 10

System AHSK mol™t  PT,/°C AHp“/KkJ mol™*  Ty/°C
DPPC/DPPG 1.73 36.0 31.4 42.1
+GKY10 — — 35.6 43.0
DPPC/POPG — — 31.8 35.8
+GKY10 — — 35.2 38.2

“ AH,, and AH,, represent the enthalpy change, normalized by the total
lipid moles, for the pre-transition and the main transition, respectively.
b T, and Ty, represent the temperature for the pre-transition and the
main transition, respectively.

segregation of the two lipids from their mixture should not result
in a drastic change of the DSC profile. To verify the ability of GKY10
to induce the formation of lipid domains, the DSC experiment was
repeated by replacing DPPG with POPG, producing multilamellar
vesicles composed of DPPC/POPG (8/2 mol/mol). The substitution
of DPPG with POPG has the advantage that pure POPG has a gel-to-
liquid transition temperature far below (~—5 °C) that of pure
DPPG (~41 °C); thus, its segregation in the DPPG/POPG mixture
should lead to a significant modification of the overall DSC
profile."* Fig. 4, panel B, shows the DSC thermograms of a
mixture of DPPC/POPG (8/2 mol/mol) in the absence and presence
of GKY10. The DSC profile of this lipid mixture in the absence of
the peptide shows a single broad peak with a transition tempera-
ture for the gel-to-liquid phase transition at about 35.8 °C. After the
addition of GKY10, the peak is severely affected and it is now
composed of at least two transitions with a main peak centered at
38 °C and with a clear shoulder at a lower temperature. This result
is consistent with a preferential interaction of the cationic peptide
with negatively charged POPG lipids, leading to the formation of
domains within the bilayer. Indeed, the higher temperature sharp
peak should correspond to the DPPC-enriched domain. Conversely,
the broad shoulder corresponds to the POPG-enriched domain that
melts at a lower temperature (compared to the DPPC/DPPG 8:2
reference composition)*® and where the short peptide is, most
likely, localized. Furthermore, as already observed for DPPC/DPPG
liposomes, the total enthalpy change increases slightly, pointing
towards a surface binding of the peptide without penetration into
the hydrophobic core of the membrane, ie., the lipid packing is
maintained (Table 1).*” It is also important to note that the longer

p

<AC >/ kJ mol'K"
DIJ »

o

20 24 28 32 36 40 44 48
T/°C

(A) DSC thermograms of multilamellar vesicles of DPPC/DPPG in the absence (black line) and presence (red line) of the GKY10 peptide at a lipid-

to-peptide ratio of 10. (B) DSC thermograms of multilamellar vesicles of DPPC/POPG in the absence (black line) and presence (red line) of the GKY10
peptide at a lipid-to-peptide ratio of 10. All the experiments were performed in 10 mM phosphate buffer at pH 7.4.
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peptide GKY20 is able to induce the formation of lipid domains.
However, comparing the data obtained for GKY10 with the DSC
data previously reported for the longer GKY20,"® it seems that the
ability to induce lipid segregation of GKY10 is less prominent. This
could be related to the smaller net negative charge and the lower
affinity of GKY10 compared to the longer peptide that can reduce
the extent of the lipid segregation and the consequent formation of
domains. This could have an impact on the biological activity of the
peptide. Indeed, accordingly, the biological activity of GKY10 is
lower compared to that of GKY20 (see Table 2).

To further monitor the degree of peptide penetration into the
lipid bilayer, we performed fluorescence anisotropy experiments
of the probe 1,6-diphenyl-1,3,5-hexatriene (DPH), a fluorescent
molecule that partitions inside the hydrophobic interior of the
bilayer.*®* The fluorescence anisotropy of the DPH embedded in
the DPPC/DPPG liposome slightly increases on increasing the
peptide concentration (Fig. 5, panel A), thus confirming that the
peptide does not significantly perturb the lipid packing. This
observation is consistent with the DSC results and reveals that the
peptide does not penetrate deeply into the hydrophobic core of
the membrane, but it is rather localized at the membrane surface.
To directly monitor the peptide binding to the lipid head group
region, we performed additional fluorescence anisotropy mea-
surements using the Laurdan probe embedded in DPPC/DPPG
vesicles (Fig. 5, panel B). The fluorescent polarity-sensitive moiety
(naphthalene) of Laurdan is mainly localized close to the bilayer/
water interface, thus becoming a selective probe of this bilayer
region.**™** Consistent with binding at the membrane surface, we
observed an increase of the Laurdan anisotropy on increasing the
peptide concentration, which indicates a reduced degree of
mobility (or a higher degree of order) of the lipid head groups
upon peptide binding. Interestingly, surface binding coupled with
anionic lipid segregation together with a membrane rigidification
was also observed for the full length GKY20 peptide."® Taken
together, these results show that the half-length GKY10 shares
with the GKY20 the ability to bind at the membrane surface and
to induce anionic lipid segregation which is a critical step in the
GKY20 action mechanism."

3.3 Antimicrobial activity

Finally, we compared the antibacterial activity of the full-length
GKY20 and its truncated version GKY10 by evaluating their
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minimal inhibitory concentrations (MIC,o0) on different bac-
terial strains including both Gram-negative and Gram-positive
bacteria (Table 2). An increase of the MIC,q, values of the
truncated version compared to the full-length of about 8 times
was observed, except for Staphylococci and Acinetobacter bau-
mannii, for which the activities of GKY20 and GKY10 are more
comparable. This observed lower antimicrobial activity on the
bacterial strains studied seems to be rather consistent, with few
exceptions, with the observed difference in the affinity con-
stants for the lipid bilayer (close to one order of magnitude).
Taken together, our data suggest that the 10 N-terminus
residues in GKY20 act to increase the peptide affinity for the
membrane, whereas the 10 C-terminus residues are more
involved in the membrane-perturbing capability of the peptide.
Indeed, the reported data showed that the N-terminus region is
more than just a flanking region and, even if it does not play a
leading role, it can be involved to a lesser extent in the
antimicrobial activity of the full-length peptide.

It is interesting to compare the activity of GKY10 with other
truncated peptides present in the literature. For example,
removing 5 residues from the peptide LFampin 265-284, pro-
ducing the peptide LFampin 270-284, causes a complete inac-
tivation of the peptide.*® It is remarkable that LFampin 265-284
adopts a helical structure upon binding to model membranes.
Conversely, the peptide LFampin 270-284 is not able to fold
into any ordered structure upon binding to the bilayer, high-
lighting that conformational changes are fundamental in deter-
mining the biological activity of peptides. Instead, removing
four residues, starting from the C-terminus (obtaining LFam-
pin 265-280), causes a decrease of the antimicrobial activity
against E. coli but not inactivation and the peptide retains the
ability to fold into a helical structure.”’> These results are
consistent with those observed for GKY20 truncations: when
the ability to fold into an amphipathic helical structure is
preserved (as for GKY10), the antimicrobial activity is also
partially preserved. However, it is important to note that
LFampin 265-280 is a truncation of about 20% of the length
of the parent peptide whereas GKY10 results from a 50%
truncation of GKY20. In this regard, a comparable case is the
one reported for the peptide dCHAT.** The parent peptide
showed a remarkable antimicrobial activity against several
bacterial strains (MIC values between 2 and 8 pM). If the length

Table 2 Antibacterial activities of GKY10 expressed as the minimum inhibitory concentration (MICy00) leading to no visible bacterial growth. For
comparison, the activity of the GKY20 peptide was also evaluated and is reported in the table

MIC values (uM)

Bacterial strain GKY-20 GKY-10
Gram negative Pseudomonas aeruginosa 01 3.1 25
Salmonella enterica serovar Typhimurium ATCC 14028 3.1 25
Klebsiella pneumonia ATCC 700603 6.2 25
Salmonella enteriditis 706 RIVM 3.1 25
Acinetobacter baumannii ATCC17878 3.1 6.2
Gram positive Enterococcus faecalis ATCC 29212 3.1 25
Methicillin resistant Staphylococcus aureus WKZ-2 3.1 >50
Staphylococcus aureus ATCC 6538P 1.5 6.2
Staphylococcus aureus ATCC 12600 3.1 12.5
This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 7994-8002 | 7999
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(A) Fluorescence anisotropy values of the probe DPH embedded in DPPC/DPPG unilamellar vesicles at increasing concentrations of the GKY10

peptide. (B) Fluorescence anisotropy values of the probe Laurdan embedded in DPPC/DPPG unilamellar vesicles reported as a function of GKY10 peptide
concentration. All the experiments were performed in 10 mM phosphate buffer pH 7.4 at a temperature of 25 °C.

of the peptide is reduced to about half of the original one (as in
the case of GKY20), a complete loss of antimicrobial activity
against the same bacterial strains was observed. In light of
these observations, it is remarkable that GKY10, despite the
strong truncation, is still active highlighting the central role
played by this peptide portion in the full-length peptide. We
speculate that this result can be justified by the ability of this
peptide portion to participate in the amphipathic helical for-
mation in GKY20 as well as in the full thrombin protein (see the
“Introduction” section). On the other hand, when truncations
represent a small percentage of the parent peptide, the effect on
the antimicrobial activity can be very different. For example, in
the case of peptides from marine organisms, the truncation in
some cases led to peptides with an improved activity, as in the
case of peptide GE (pardaxin).*® This is particularly interesting
because, on removing 6 residues from the C-terminus, 4 times
higher antimicrobial activity against Vibrio alginolyticus was
observed. In other cases, instead, the deletion of some residues
causes a reduction of activity, as observed for the peptide
SALF-1.*> Removing the last 5 residues from the SALF-1 pep-
tide, obtaining the SALF-5 peptide, causes a decrease of the
antimicrobial activity by 2 times against Staphylococcus sp. and
by 4 times against Vibrio harveyi.

In summary, the reported examples show that, generally, the
truncation of peptides could have a strong impact on the
antimicrobial activity, leading to an increase or decrease of
the MIC value, depending on the physicochemical properties of
the removed amino acids. Overall, this approach is very helpful
in identifying the key residues responsible for the observed
biological activities in order to produce shorter and more
economically convenient sequences for medical applications.

4 Conclusions

In this study, we characterized the membrane interaction and
the biological activity of the 10-residue peptide GKY10, which is
derived from the C-terminus of the known antimicrobial pep-
tide GKY20. Despite its much shorter length, GKY10 retains
modest antimicrobial activity, albeit with higher MIC,,, values
in comparison with GKY20. The difference in the activity
with respect to the full-length peptide appears, with some

8000 | Phys. Chem. Chem. Phys., 2022, 24, 7994-8002

exceptions, to be consistent with the difference in the affinity
constants towards the negatively charged bacterial model
membrane, as measured by fluorescence titration experiments.
DSC and fluorescence experiments using DPH and Laurdan as
probes consistently show that the peptide binds at the
membrane surface and induces anionic lipid segregation as
previously observed for the GKY20 peptide. Despite the large
difference in length, GKY10 retains the ability to adopt an
a-helical structure upon membrane binding. Overall, our data
show that GKY10 behaves qualitatively like the longer GKY20
peptide, suggesting that its sequence is the one that plays the
major role in GKY20-induced membrane perturbation capabil-
ity. Our results therefore shed further light on the mechanism
of action of the GKY20 peptide and provide useful information
for the development of new peptides that serve as antimicrobial
agents.

Abbreviations

AMPs  Antimicrobial peptides

CD Circular dichroism

DMF  Dimethylformamide

DPH 1,6-Diphenylhexatriene

DPPC  1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
DSC Differential scanning calorimetry

Laurdan 6-Dodecanoyl-2-dimethylaminonaphthalene

LUV Large unilamellar vesicles

MLV~ Multilamellar vesicles

POPC  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPG  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
TFE Trifluoroethanol.
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