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The present study aimed to explore the interactions of divalent counterions with biomolecular amphisin using
circular dichroism (CD), ultraviolet–visible (UV–Vis) and density functional theory (DFT). The binding mode of
interactions between metal-amphisin complexes and bovine serum albumin (BSA) were studied using fluores-
cence spectroscopy. The results showed that Cu2+ is coordinated by one oxygen atom of the aspartic acid side
chain and three amide nitrogen atoms, whereas Zn2+, Ca2+ and Mg2+ favour the association with backbone
oxygen atoms of the amphisin. On the other hand, the aggregation of amphisin induced by divalent counterions
was studied by dynamic light scattering (DLS). Our results revealed that the self-assembly process of amphisin
can be controlled by the addition of metal ions. The results of CD spectra demonstrated that the binding of
divalent counterions to the lipopeptide induces conformational changes in amphisin. Further studies using
fluorescence spectroscopy showed that the metal-lipopeptide systems could interact with some functional
groups of BSA, increasing the microenvironment around Trp residues of BSA. Thus, the interaction data acquired
herein for the interesting class of complexes will be of significance in metal-based drug discovery and develop-
mental research.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclic lipopeptides (CLPs) are surface active biosurfactants that are
produced by a variety of microorganisms, including Gram-positive [1]
and Gram-negative [2] bacteria. The best known CLPs are iturins,
surfactins, lichenysins, fengycins and viscosins [3–6]. Due to their chem-
ical structure, as well as biological and physiochemical properties, CLPs
are a particularly promising class of biosurfactants. Indeed, CLPs com-
pounds exhibit activities that make them potentially useful in industry,
environmental protection and medical fields. Previous research has
highlighted their potential use as antibacterial [7], antiviral [8], antifungal
[9], or antitumor agents [10,11]. CLPs are synthesized by multifunctional
non-ribosomal peptide synthetases (NRPS) [12]. The molecular basis of
CLPs biosynthesis has been extensively reviewed by many authors
[13,14].

Amphisin is a lactam containing a β-hydroxydecanoyl fatty acid at-
tached to an undecapeptide sequence (D-Leu-D-Asp-D-aThr-D-Leu-D-
Leu-D-Ser-L-Leu-D-Gln-L-Leu-L-Ile-L-Asp) which forms a cyclic lactone
ring of theD-threoninehydroxyl grouponto theC-terminal carboxylate.
sity, Department of Inorganic

.

Amphisin has a criticalmicellar concentration (CMC) of 0.075mmol L−1

in water at pH 7.0 [15]. Amphisin is responsible for the biological activ-
ities against the important plant-pathogenic microfungi Pythium
ultimum and Rhizoctonia solani. It is worth mentioning that amphisin
belongs to a class of microbial surface active compounds that are low
toxicity and biodegradability [16,17].

Themetal ion coordinationwithmetal chelating surfactant alters the
ionic charge and/or molecular conformation of the surfactant and thus
induces significant phase changes [18]. Recently, several experimental
investigations have been devoted to understanding the biomolecular
interactions between divalent counterions and cyclopeptides [19].
Such lipopeptide–metal complexes have gained greater self-assembly
properties than the lipopeptide itself [20]. Previously, we studied
conformational changes of metal-pseudofactin complexes by means
of surface tension, DLS, computational and spectroscopic techniques.
The addition of counterions was found to change the structure of
pseudofactin, reduce the surface tension, and decrease the antimicrobial
activity of lipopeptide against drug-resistant Staphylococcus epidermidis
and Proteus mirabilis strains [21].

In order to characterize the basic features of metal-lipopeptide
complexes and their potential application in medicine and drug
delivery, we performed a detailed analysis of conformational changes
and self-assembly of amphisin-lipopeptide biosurfactant. In comparison
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with the number of surfactants [22,23], a relatively few metal-
biosurfactant systems have been investigated for BSA-binding activity.
Therefore, the reactivity of metal-lipopeptide complexes towards BSA
is useful in the design of metal-lipopeptide antibacterial and anticancer
therapeutics.

In this work, the biomolecular interactions between divalent coun-
terions and lipopeptide-amphisin were studied by ESI-MS, UV–Vis and
CD spectroscopy. To address the binding of divalent cations to amphisin,
the conformational analysis of their complexes was performed. More-
over, the experimental results were supported by calculations based
on the DFT. A comparative study of the interactions of the metal-
lipopeptide complexes with BSA was performed as well as the related
biological activities were explored theoretically with QSAR techniques.
The studies of the metal-amphisin complexes and its complexes with
BSA are helpful to understand the effects of Mg2+, Ca2+, Cu2+ and Zn2

+on lipopeptide biological properties.
2. Material and methods

2.1. Lipopeptide production and purification

The Pseudomonas sp. strain DSS73 was graciously provided by Dr.
Ole Nybroe (University of Copenhagen, Denmark). The strain DSS73
was grown on Davis minimal media (DMM; 30 mmol L−1 K2HPO4,
14 mmol L−1 KH2PO4, 7.6 mmol L−1 (NH4)2SO4, 0.4 mmol L−1 MgSO4

and 120 mmol L−1 D-glucose. Growth on solid medium was performed
onDMA (DavisMinimal Agar) with the same composition as DMM sup-
plemented with agar (15 g L−1). The bacterial colonies were gently
scraped off after 5 days incubation at 8 °C and resuspended in 15 mL
phosphate-buffered saline (PBS). Crude biosurfactants were produced
by gently stirring the suspensions in solution for 4 h at 8 °C. The super-
natant was lyophilized to dryness, and the crude extract was dissolved
in methanol. Next, the lipopeptide was purified via reversed-phase
high-performance liquid chromatography (RP-HPLC, Hitachi Primaide,
Tokyo, Japan), equipped with an Xterra Prep RP18 OBD column (5 μm,
18 × 100 mm; Waters, USA). The solvent system consisted of solvent
A: 0.1% aqueous trifluoroacetic acid, and solvent B: 0.1% trifluoroacetic
acid in acetonitrile. The lipopeptide was eluted at a flow rate of
4 mL min−1 with 45-min gradient (% A:B v/v): injection start (30:70),
20 min (10:80), 25 min (0:100), 35 min (0:100), 40 min (30:70), and
45 min (30:70). Mass spectrometry of the purified amphisin revealed
over 99% purity (Fig. S1).
2.2. Mass spectrometry

A Bruker compact™ mass spectrometer (Bruker Daltonics, Bremen,
Germany) with electrospray ionization source in positive and negative
ions mode was used. The purified amphisin (1 mM) was dissolved in
aqueous solution (MeOH/ammonium acetate; 50/50; pH = 7.4). The
amphisin was supplemented with CuCl2, ZnCl2, Mg(NO3)2 and CaCl2
(molar ratio metal-amphisin = 1:1 and 2:1). A portion of the solutions
(80 μL) were introduced at a flow rate of 3 μL min−1. The instrument
parameters were as follows: scan range: 50–3000 m/z; temperature:
200 °C, potential between the spray needle and the orifice: 4.0 kV,
drying gas: nitrogen and flow rate: 4.0 L min−1.
2.3. Spectroscopic studies of metal cation complexation

The UV–visible molecular absorption spectra of the metal-amphisin
complexes were monitored between 200 and 450 nm (Varian Carry 50
Bio spectrophotometer; Varian, USA). The concentration of amphisin
(0.5 mM) was diluted in 25 mM ammonium acetate (pH 7.4) for all
divalent metal ions measurements.
2.4. CD spectroscopy

Far-ultraviolet CD spectra (200–260 nm) of amphisin samples were
performed using a spectropolarimeter J-1500 (JASCO, Tokyo, Japan) at
room temperature (25 °C), equipped with 0.5 cm quartz cuvette. The
spectra of amphisinwere collected in the presence of various concentra-
tions on CuCl2, ZnCl2, Mg(NO3)2 and CaCl2 (0.125–1 mM). Bandwidth
was 2 nm and scanning speed was 50 nmmin−1. Each spectrum repre-
sents the average of nine scans. The α–helical and β-strand contents
were calculated using BeStSel algorithm [24].

2.5. Computational analysis

In order to determine the structure of lipopeptide-metal complexes
many different conformations were analyzed. The optimized geome-
tries were identified as a global minimum on the potential energy sur-
face by harmonic vibrational frequencies calculation at the PM6 level
of theory. It was proved by Steward et al. its applicability to estimate
the properties of biocomplexes with transition metals [25]. It is also a
reasonable compromise between cost and accuracy of calculations. In
present study, only the lowest energy conformers were presented. Sol-
vent effects were included by using the polarizable continuum model
(PCM) [26–28]. All calculations have been performed with the version
of the Gaussian 09 program [29].

The molecular volume (Vmon
B3LYP) of the amphisin and its metal

complexes were determined as the volume within a contour of 0.001
electrons/bohr3 density. The CAM-B3LYP/6-31++G** level of theory
was employed to describe the systems [30–33]. The length of the
micellar radii (RHPM6), was taken as the distance between the farthest
carbon atom one of Leu 5 and the carbon of the terminal methyl
group of β-hydroxydecanoyl fatty acid side chain. The simulations of
biological activity were performed using a combination of the 3D/4D
QSAR BiS/MC and CoCon algorithms developed by the ChemoSophia
Company [34–36].

2.6. Surface tension measurements

The surface tension measurements were performed using a Krüss
K100 Tensiometer (Krüss GmbH, Hamburg, Germany) at 25 °C, accord-
ing to the du Noüy's ring method [37]. Amphisin and metal ions were
dissolved in 25 mM ammonium acetate (pH 7.4) and mixed to obtain
several mixtures containing a constant metal ions concentration
(0.5 mM) while the amphisin concentration varied from 0.0022 to
0.09mM. The surface tension of the control sample (25mMammonium
acetate (pH 7.4)) was 70.1 mN m−1. The average equilibrium surface
tension values were obtained by measuring each sample in triplicate.

2.7. Micelles size measurement by DLS

The size of the aggregates was examined by the dynamic light scat-
tering technique using a photon correlation spectrometer Zetasizer
Nano-ZS (Malvern, Worcestershire, UK). The scattering angle was
173°, and the experimental temperature was maintained at 25 °C. The
average equilibrium size micelles were recorded in nine times.

2.8. Fluorescence measurements

The fluorescence quenching spectra and synchronous fluorescence
spectra were obtained by a Cary Eclipse Fluorescence Spectrophotome-
ter. The emission spectra were recorded in the wavelength range of
300–400 nm by exciting protein at 280 nm using excitation and
emission slit width of 3 nm and 5 nm respectively. For synchronous
fluorescence spectra Δλ = 20 or 60 nm, the emission wavelength
ranged from 200 to 400 nm. All the measurements were performed
with the increasing concentrations of metal-amphisin complexes at
25, 30 and 37 °C. All tested compounds were dissolved in 25 mM



Table 1
ESI-MS data of the cyclic lipopeptide amphisin at pH 7.4 with Cu2+, Zn2+, Mg2+ and Ca2+

at a molar ratio of 1:1. L = amphisin.

Complex Calculateda Foundb Relative intensity [%]

Cu2+-amphisin
[L + H]+ 1395.8345 1395.8602 3
[L + Cu-H]+ 1456.7485 1456.7675 100

Zn2+-amphisin
[L + H]+ 1395.8345 1395.8602 2
[L + Zn-H]+ 1457.7480 1457.7816 98

Mg2+-amphisin
[L + H]+ 1395.8345 1395.8553 9
[L + Mg-H]+ 1417.8039 1417.8327 100

Ca2+-amphisin
[L + H]+ 1395.8345 1395.8552 6
[L + Ca-H]+ 1433.7815 1433.8078 100

a Monoisotopic mass of the indicated ion formed by the ligand calculated by Compass
DataAnalysis 4.2.

b Monoisotopic mass found experimentally on a compact™ mass spectrometer.
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ammonium acetate buffer (pH 7.4); The concentration of BSA was
determined from optical density measurements using the values of
ε280 = 44,720 M−1 cm−1. Quenching parameters were calculated
from the Stern–Volmer equation [38]:

F0=F ¼ 1þ KSV Q½ � ¼ 1þ kqτ0 Q½ � ð1Þ

where F0 and F are the fluorescence intensities in the absence and pres-
ence of quencher (metal-lipopeptide complex), respectively, KSV is the
Stern-Volmer quenching constant, [Q] is the concentration of quencher,
Fig. 1. The changes in UV–Vis spectra of amphisin at different ratios of Cu2+
kq is the biomolecular quenching rate constant, and τ0 is the lifetime of
the fluorophore. The fluorescence lifetime of BSA is about 5 ns [39]. For
the static quenching interaction, the binding constant (Kb) and the
number of binding sites (n) can be determined by the following
equation:

log F0−Fð Þ=F½ � ¼ logKb þ n log Q½ � ð2Þ

where F0 and F are the fluorescence intensities in the absence and
presence of quencher (metal-lipopeptide complex), respectively, [Q] is
the concentration of quencher.

3. Results and discussion

3.1. ESI-MS and UV–Vis measurements

The ESI-MSmethod has been used in awide variety of fields to study
the speciation, stoichiometry, and formation of metal-ligand complexes
[40]. The ESI-MS spectra (Fig. S2) obtained for the Cu2+, Zn2+, Mg2+ or
Ca2+/amphisin (molar ratio nMetal:nLigand = 1:1) systems recorded in
the positive mode show dominant molecular ions of the mononuclear
complexes: Cu2+-amphisin (m/z 1456.76 Da), Zn2+-amphisin (m/z
1457.78 Da), Mg2+-amphisin (m/z 1417.83 Da), and Ca2+-amphisin
(m/z 1433.80 Da). As shown in Table 1, the ESI-MS systems support
the formation of themononuclear complexes under theMS experimen-
tal conditions. Addition of an excess of Cu2+, Zn2+, Mg2+ or Ca2+ ions
(molar ratio nMetal:nLigand = 2:1) favours the formation of complexes
with a 1:1 stoichiometry. A previous study of the interaction of natural
lipopeptide gramicidin S with a series alkali metals indicated that
the monovalent cations are bound to the exterior of the peptide ring,
thus avoiding the charge repulsion of two alkali cations in the interior
(A), Zn2+ (B), Mg2+ (C) and Ca2+ (D) to lipopeptide (0.5 mmol L−1).
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of the peptide ring [41]. In our previous work, we observed that
pseudofactin II was also linked with only one metal cation and favours
the formation of mononuclear complexes [21].

In order to confirm complexation of amphisinwith divalent counter-
ions, series of UV–Vis spectra of the amphisin in the presence of Cu2+,
Zn2+, Mg2+ or Ca2+ ions at pH 7.4 were recorded. Fig. 1 presents the
spectral absorbance changes of amphisin upon addition of metal ions.
The UV–Vis spectrum of the amphisin showed one band at 310 nm.
The absorption spectra (Fig. 1A) of Cu2+–amphisin complex solution
shows an absorbance band centered at 360 nm while the peak at
310 nmwas decreased. The results suggest that copper coordination oc-
curred, and stable complexes increased linearly with an increase the
concentration of Cu2+up tomolar ratio of 1:1 and remained as a plateau
Amphisin Cu2+–am

Mg2+–amphisin

Fig. 2. Investigated complexes obtained based on density functional theory. Some hydrogens w
green, calcium in pink, nitrogen in cyan, oxygen in red and carbon atoms in orange. (For inter
version of this article.)
upon adding more Cu2+ metal ions. Absorption spectra were next
recorded with other metal ions, such as Zn2+, Mg2+ and Ca2+

(see Fig. 1B–D), and they exhibited similar absorbance change at
360 nm. Overall, the results of band shifts suggested that amphisin
could bind with divalent metal ions and form mononuclear complexes.

3.2. Conformational analysis

In order to present the structural properties of the amphisin–cation
complexes semi-empirical calculations were performed at PM6 level of
theory. The obtained conformations for free and complexes of amphisin
were presented in Fig. 2. In the present studywe report only the lowest-
energy conformers. The conformational analysis was performed taking
phisin Zn2+–amphisin 

Ca2+–amphisin

ere removed for the sake of clarity. Copper is shown in yellow, zinc in grey, magnesium in
pretation of the references to color in this figure legend, the reader is referred to the web



Fig. 3. CD spectra of amphisin at different concentrations of Cu2+ (A), Zn2+ (B), Mg2+ (C) and Ca2+ (D).
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in to consideration the results of previous research on the impact of
Cu2+, Zn2+, Mg2+ and Ca2+ on the binding properties of lipopeptides
and cyclic peptides [21,42,43]. It should be underlined that for most an-
alyzed conformation we obtained stable lipopeptide-metal complexes
what supports our experimental results. The geometry of metal bonded
conformers strongly correlates with the cation binding manner.

As can be observed in Fig. 2 two hydrogen bonds (equal 1.5 and 2.0 Å)
are involved in stabilization the cyclic structure of free lipopeptide. The
significant change in themutual position of hydrophilic and hydrophobic
groups of amphisin was observed after ion binding. In accordance with
previous findings [42], three amide nitrogens can coordinate Cu2+ ion
in planar configurations. Additionally, in this complex the oxygen atom
from the side chain of the Asp amino acid is directly involved in metal
ion binding (Fig. 2). Three hydrogen bonds (1.5, 1.9 and 2.8 Å) may be
one of the factors that can increase the stabilization of the analyzed
systems. However, another metal bonding manner (see Fig. 2) by four
Table 2
Selected properties of the micellar systems studied. Experimental results represent the mean o

Amphisin Cu2+-amphisin

DLS
PdI 0.132 ± 0.012 0.175 ± 0.009
RH
(DLS) [nm] 2.22 ± 0.12 2.72 ± 0.21

Vmic
(DLS) [nm3] 45.83 84.29

DFT
RH
(DFT) [nm] 2.18 2.51

Vmon [nm3] 1.89 1.99
Vmic
(DFT) [nm3] 43.54 66.80

Nagg
(DFT) 23 33

V ðDLSÞ
mic ¼ 4

�
3 � π � ðRðDLSÞ

H Þ3; V ðDFTÞ
mic ¼ 4

�
3 � π � ðRðDFTÞ

H Þ3; Nagg = Vmic
(DFT)/Vmon

(DFT).
oxygen donor atoms in an almost tetrahedral configuration has been
observed in the case of Zn2+–amphisin complexes. Two oxygens are
from the hydrophilic chain and two from the cycle part of amphisin in
which the calcium oxygen-distances were set to 2.1 Å. The oxygens of
side chains of aspartic acids are not involved in complex formation. In
this case, there is also the largest modification of lipopeptide conforma-
tion due to the binding of metal. We have also found the presence of
two moderate hydrogen bonds both of length 2.0 Å. In Fig. 2 the struc-
ture of amphisin-Mg2+ complex was presented. The conformation of
the complex does not change significantly after magnesium substitu-
tion and the metal is coordinated by four carbonyl oxygens. Similarly,
as in our previous work we were not able to determine stable tri- and
tetra-coordinated complexes with Ca2+ ion [21]. In this case metal is
coordinated by two oxygens and structural differences upon calcium
binding are much smaller in comparison to the changes occurring
upon of zinc ion binding.
f 9 replicates ± SD.

Zn2+-amphisin Mg2+-amphisin Ca2+-amphisin

0.219 ± 0.021 0.177 ± 0.016 0.191 ± 0.009
2.14 ± 0.15 2.32 ± 0.18 2.41 ± 0.09
41.05 52.30 58.63

2.09 2.28 2.36
1.85 2.01 1.94
38.7 49.51 55.49
21 24 28



Table 3
Effect of divalent metal ions on the micellar size distribution of amphisin determined by DLS analysis. The lipopeptide concentration used was 0.3 mM (4 × CMC). Results represent the
mean of 9 replicates ± SD.

Concentration (mM) Cu2+ Zn2+ Mg2+ Ca2+

Size (nm) PdI Size (nm) PdI Size (nm) PdI Size (nm) PdI

0 65.2 ± 0.8 0.092 ± 0.004 65.2 ± 0.8 0.092 ± 0.004 65.2 ± 0.8 0.092 ± 0.004 65.2 ± 0.8 0.092 ± 0.004
0.15 110.4 ± 2.1 0.143 ± 0.012 70.1 ± 1.2 0.212 ± 0.002 74.3 ± 1.8 0.201 ± 0.012 92.5 ± 0.1 0.105 ± 0.012
0.3 131.5 ± 1.1 0.187 ± 0.002 71.6 ± 2.0 0.172 ± 0.006 78.3 ± 1.4 0.142 ± 0.003 107.3 ± 0.5 0.201 ± 0.006
0.6 150.9 ± 0.5 0.156 ± 0.007 72.5 ± 0.2 0.301 ± 0.012 87.1 ± 0.7 0.187 ± 0.015 122.6 ± 1.1 0.199 ± 0.004
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3.3. CD spectroscopy

Fig. 3 shows the effect of Cu2+, Zn2+, Mg2+ or Ca2+ ions on the CD
spectrum of amphisin. This spectrum shows two peaks at 208 and
222 nm, which could be explained by the nπ⁎ transition occurred
within D-amino acids. The broad positive band at 208 nm could
then be interpreted as the inverse α-helical conformation involving
D-amino acids. With the increase of divalent counterions, the α-helicity
of amphisin was changed. CD spectra of free amphisin at 25 °C yielded a
66.42% α–helical and only 0.72% β-strand structure. The addition of
0.5 mmol L−1 of Cu2+ and Zn2+ to amphisin (molar ratio nMe:nL = 1:1)
caused a conformational modification of the amphisin to 36.73%
α–helical/8.21% β-strand and 23.72% α–helical/14.06% β-strand,
respectively. The helical content was found to decrease from 66.42%
α–helical/0.72% β-strand for native amphisin to 62.31% α–helical/
1.71% β-strand and 51.22% α–helical/2.12% β-strand in presence of
0.5mmol L−1 Mg2+ and Ca2+, respectively. In summary, these observa-
tions clearly illustrate that the Cu2+, Zn2+ and Ca2+ play amajor role in
the changes of the secondary structure of amphisin (Fig. 3). This was
Fig. 4. Fluorescence emission spectra of BSA with different concentrations of Cu2+-amph
BSA: 1 × 10−5 mol L−1; metal-lipopeptide (a–j): 1.25 × 10−5, 2.5 × 10−5, 5 × 10−5, 7.5 × 10−5, 1
further confirmed by the studies on the conformational analysis for
metal-amphisin complexes (Fig. 2).

3.4. Surface tension and size of micelles study

In this study, the surface tension profileswere obtained for amphisin
alone and in the presence of metal ions (Fig. S3). In the case of amphisin
with or without metal ions, CMC values can be observed as the satura-
tion of the interface is reached. For the amphisin in ammonium acetate
buffer solution, the CMC value was 0.075 mM. The CMC values for the
metal-amphisin complexes were lower in the presence of Cu2+, Zn2+,
Mg2+ or Ca2+ ions. Compared with the amphisin solution without
metal ions, the CMCs of Mg2+-amphisin and Ca2+-amphisin decreased
from 0.075 mM to 0.03 mM and 0.02 mM, respectively. Similar reduc-
tions in the CMC with increasing concentrations of the Cu2+ and Zn2+

counterions was also observed. The addition of 0.5 mM of Cu2+ and
Zn2+ to amphisin reduced the CMCs to 0.045mMand 0.04mM, respec-
tively. Our studies revealed that all the tested metal ions led to reduc-
tions of the surface tension values of amphisin, being these reductions
isin (A), Zn2+-amphisin (B), Mg2+-amphisin (C) and Ca2+-amphisin (D). Conditions:
× 10−4, 1.25 × 10−4, 1.5 × 10−4, 2 × 10−4, 3 × 10−4 mol L−1; pH= 7.4; and T = 25 °C.
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obtained with Cu2+, Ca2+, Mg2+ and Zn2+ from 29.1.5 mN m−1 up to
24.5, 25.1, 26.3 and 27.9 mNm−1, respectively.

In order to monitor the size of micelles of amphisin altered by
divalent metal ions, the dynamic light scattering measurements were
performed. Besides utilizing the DLS to detect amphisin aggregation,
DFT calculationwas also potentially useful formeasuring hydrodynamic
radius of amphisin aggregates, particle size distribution of the aggre-
gates. The experimental micelle volumes and hydrodynamic radii with
their theoretically calculated counterparts and aggregation numbers,
are shown in Table 2. The experimental hydrodynamic radii (RHDLS)
and theoretically calculated (RHPM6) of amphisin were 2.22 nm and
2.18, respectively. Addition of copper, magnesium and calcium ions in-
creases the size of the aggregation number (Nagg). On the other hand,
addition of Zn2+ reduces the size of the microstructures and aggrega-
tion number by suppressing the formation of large aggregates. In this
case, there are the largest modifications of lipopeptide conformation
due to the binding of Zn2+. It was confirmed through the studies of
the molecular modelling simulations (Fig. 2).

To understand the structure variation of the lipopeptide aggregates,
we have studied the influence of the divalent counterions on the
micelle size of the amphisin at and above the CMC values. The
concentrations of amphisin used in these studies (0.075 mM ~ CMC
and 0.3 mM (4 × CMC)). The obtained RH

DLS of the aggregates of
0.075 mM amphisin with Cu2+, Zn2+, Mg2+ or Ca2+ at molar ratio
metal-amphisin = 1:1 are shown in Table 2.

Metal-amphisin complexes tend to form higher-order microstruc-
tures of different sizes with increasing concentrations of the counter-
ions (Table 3). The experimental data reveals that like ordinary
classical surfactants, our metallolipopeptides also have the tendency
to associate themselves and formmicelles at critical micelle concentra-
tion. It is found that the size of the aggregates only slightly increased
Fig. 5. Stern–Volmer plot of the fluorescence titration of the Cu2+-amphisin (A), Zn2+-amphisin
with BSA (1 × 10−5 mol L−1).
with the supplementation of Zn2+ and Mg2+, whereas the increase of
Cu2+ and Ca2+ concentration led to a more significant growth of
the amphisin micelles. Two main intermolecular forces determine
the micellization of surfactant. Due to the presence of the lipid chain,
the hydrophobic interactions increase their ability to form micelles.
In the absence of metal ions, the negative charged head of amphisin
due to the electrostatic repulsion hinder the micellization. The addition
of metal ions influences self-organization properties of the lipopeptide.
This is related to the electrostatic interactions occurring between
divalent counterions with negative charged side chain of the aspartic
acids which eliminate the repulsion of neighboring amphisin molecules
and support the micelle formation. Our results are consistent with
earlier reports on the self-aggregation ability of lipopeptides with cal-
cium metal ion [44].

3.5. Fluorescence measurements

The effect of metal-amphisin complexes on intrinsic fluorescence of
BSA is shown in Fig. 4. From this figure, it is observed that with increas-
ing concentration of themetal-amphisin complexes thefluorescence in-
tensity of BSA experienced a decreasing tendency which indicates the
binding interaction between the metal-amphisin and BSA. When
metal-amphisin concentration increases, the fluorescence intensity de-
creases and a blue shift from 345 to 331 nm is observed in themaximal
intensity. This interaction takes place adjacent to the Trp in BSA and
changes the polarity around the fluorophore. This phenomenon is
ascribed to the formation of BSA-metal amphisin complex.

Fluorescence quenching can occur through dynamic and static
mechanisms [45]. The involvement of two types of quenching mecha-
nism, dynamic and static can be distinguished by the temperature de-
pendent behavior of their Stern-Volmer quenching constants (KSV).
(B), Mg2+-amphisin (C), Ca2+-amphisin (D) complexes (1.25 × 10−5–3 × 10−4 mol L−1)



Table 5
The binding constant (Kb) and binding site (n) of BSA with metal-amphisin complexes at
25 °C.

Complex Kb (M−1) n R2 SD

Cu2+-amphisin 1.065 × 104 1.17 0.999 0.000521
Zn2+-amphisin 0.144 × 104 0.98 0.998 0.000694
Mg2+-amphisin 0.186 × 104 1.05 0.996 0.000921
Ca2+-amphisin 0.281 × 104 1.11 0.997 0.000321

Table 4
Summary of Stern-Volmer data for BSA quenching by the metal-amphisin complexes.

System T (°C) KSV (M−1) kq (M−1 s−1) R2 SD

Cu2+-amphisin 25 2.731 × 103 5.462 × 1011 0.996 0.03421
30 2.329 × 103 4.658 × 1011 0.999 0.01354
37 1.902 × 103 3.804 × 1011 0.998 0.02612

Zn2+-amphisin 25 1.665 × 103 3.330 × 1011 0.999 0.01521
30 1.319 × 103 2.638 × 1011 0.998 0.02953
37 0.939 × 103 1.878 × 1011 0.996 0.03153

Mg2+-amphisin 25 1.206 × 103 2.412 × 1011 0.998 0.01754
30 0.939 × 103 1.878 × 1011 0.995 0.03871
37 0.671 × 103 1.342 × 1011 0.998 0.01546

Ca2+-amphisin 25 1.156 × 103 2.312 × 1011 0.997 0.02721
30 0.951 × 103 1.902 × 1011 0.996 0.03073
37 0.678 × 103 1.356 × 1011 0.998 0.02147
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The KSV values decrease with an increase in temperature for static
quenching, but the reverse effect will be observed for dynamic
quenching [45]. In order to evaluate the mode of quenching, the Stern-
Volmer equation (Eq. (1)) was used. Stern-Volmer quenching constant
(KSV) values were obtained from the slope of the regression curves. The
linearity of Stern-Volmer plot reveals a single quenching mechanism
operative in the binding process (Fig. 5). The KSV values obtained from
the Stern-Volmer plot (Table 4) decreases with the increase of tempera-
ture represents the involvement of static quenching. The Cu2+-amphisin
complex was found to have a higher quenching constant (Table 4) com-
pared to Zn2+, Ca2+ and Mg2+-amphisin complexes. For BSA, τ0 is
known to be approximately 5 × 10−9 s, thus, kq values were calculated
and are illustrated in Table 4. From this table, it is observed that for all
the BSA–metal-amphisin systems, the kq values are in the order of
1.342 × 1011–5.462 × 1011 M−1 s−1. This higher value of kq indicates
that the quenching of Trp fluorescence occurred via a specific interaction
between BSA and metal-amphisin, and the dominating quenching
process belongs to the static quenching mechanism.

Using Eq. (2), the binding constant (Kb) and the number of binding
sites (n) values were obtained from the intercept and slope of the
plots of log[(F0 − F) / F] versus log[Q] at 25 °C (Fig. 6). As shown in
Table 5, we observed that binding constant value of amphisin with
Cu2+ was found to be greater than the respective amphisin complexes
with Zn2+, Mg2+ and Ca2+. The values of n obtained for metal-
amphisin complexes are approximately equal to 1 which indicates
that there may be the existence of a single binding site for the metal-
amphisin complexes in BSA.

Synchronous fluorescence spectroscopy can give information about
the molecular environment in the vicinity of a chromophore such as
Trp and Tyr and it involves simultaneous scanning of the excitation
Fig. 6.The plots of log [(F0− F) / F] versus log [Q] for BSA-metal(II)-amphisin complexes at
25 °C.
and emission monochromators while maintaining a constant wave-
length interval between them. When the wavelength interval (Δλ) is
set at 60 or 20 nm, synchronous fluorescence generates the characteris-
tic information of Trp or Tyr residues. As shown in Fig. 7, all tested
metal-amphisin complexes increase the fluorescence intensity of Tyr
(Δλ = 20 nm), and decrease fluorescence intensity of Trp (Δλ =
60 nm). The results show similar changes in the fluorescence intensity
of BSA with cationic surfactants [46]. The result of synchronous fluores-
cence indicates that the binding of metal-amphisin complexes induce
considerable conformational changes in the BSA. These observations
illustrate that the metal-peptide group and the β-hydroxydecanoyl
chain of themetal-amphisin complexes play amajor role in the changes
of the polarity around Trp residues.

3.6. Drug potentiality

A number of microbiological lipopeptides have been studied for
their possible therapeutic potential. Lipopeptides have specific physico-
chemical properties that make them successful in medical applications.
Some lipopeptides are suitable alternatives to antimicrobial and antitu-
mor agents and may be used as safe and effective therapeutic agents
[47,48]. In particular, through their ability to disturb the cellmembranes
integrity, destabilizing and permeabilizing them leading to metabolites
leakage and ultimately to cell lysis [10]. Additionally, numerous drug
delivery colloidal systems can be formulated using a mixture of
structurally distinct surfactants, typically due to their self-assembly
properties. This molecular self-assembly ability creates the possibility
to use these compounds to dissolve and protect drugs from adverse
external environments [49].

Coordination of bioactivemolecules tometal ions is a common strat-
egy to improve the therapeutic potency and/or to reduce the toxicity of
drugmolecules. In several cases, the metal-ligand complexes have been
found to present a better biological activity than the ligands themselves
[21]. The resulting metal-ligand complexes frequently possess superior
lipophilicity profiles compared to the free ligands, allowing them to
more easily pass through cell membranes and therefore, to exert their
biological effects. In silico activity testing of metal-amphisin complexes
shows very good activity as antibacterial (88.8% for Ca2+-amphisin) and
anti-cancer (100% for Zn2+-amphisin) agents (Table 6). Amphisin and
metal-amphisin complexes have very good anti-herpes simplex
virus activity. Antitumor anti-mitotic activity of Cu2+-amphisin and
Mg2+-amphisin complexes derivatives are very high (N95%) but
that of Zn2+-amphisin and Ca2+-amphisin derivatives are within the
required value (10–20%). It is also possible for amphisin and metal-
amphisin complexes to be metabolized by CYP450-2D6, which is one
of the most important enzyme which metabolize nearly 25% of clinical
drugs. These in silico results suggest that metal-amphisin complexes
can be used as potential antibacterial and antitumor agents.

4. Conclusions

In the current study, we have investigated the interactions between
divalent counterions and amphisin by ESI-MS and CD spectroscopy,
molecular modelling and DLS. It was found that only mononuclear
complexes were obtained. The result of circular dichroism indicates
that the binding of metal ions induce considerable conformational



Fig. 7. Synchronous scanningfluorescence spectra of the BSAwith different concentrations of Cu2+-amphisin (A, B), Zn2+-amphisin (C, D), Mg2+-amphisin (E, F) and Ca2+-amphisin (G, H).
Conditions: BSA: 1 × 10−5 mol L−1; metal-lipopeptide (a–j): 1.25 × 10−5, 2.5 × 10−5, 5 × 10−5, 7.5 × 10−5, 1 × 10−4, 1.25 × 10−4, 1.5 × 10−5, 2 × 10−4, 3 × 10−4 mol L−1; pH= 7.4;
and T = 25 °C.
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Table 6
Drug potentiality of amphisin complexes: an in silico test using the ChemoSophia [35] package.

Biological activity Success probability (%)

Amphisin Cu2+-amphisin Zn2+-amphisin Mg2+-amphisin Ca2+-amphisin

Anti-adenovirus activity 54.1 96.2 84.7 96.7 51.3
Antibacterial activity 0 0 53.3 0 88.8
Anti-herpes simplex virus activity 100 84.9 78.5 98.9 97.9
Antioxidant activity 71.1 14.9 99.8 98.1 65.9
Antitumor anti-mitotic activity 99.3 96.8 16.9 95.2 10.9
Antitumor dihydrofolate reductase inhibitory activity 27.2 91.2 19.8 40.8 15.7
Antitumor DNA antimetabolitic activity 99.9 100 99.9 99.5 0
Antitumor topoisomerase-I inhibitory activity 98.6 99.8 100 0 32.5
Antitumor topoisomerase-II inhibitory activity 0 0 0 99.3 99.9
Metabolism at CYP450-2D6 2.3 96.4 36.7 87.5 0
Metabolism at CYP450-3A4 78.7 8.3 100 91.7 89.5
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changes in the amphisin. The fluorescence spectra revealed that static
quenching mechanism is operative during binding of metal-amphisin
complexes with BSA. Thus, this study provides a significant perception
towards the understanding of interactions between metal-amphisin
systems and BSA. The biological activities of lipopeptide amphisin, to-
gether with their compatibility with divalent metal ions, make them
promising alternatives to synthetic surfactant in awide range ofmedical
applications.
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