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Cation Dependence of Enniatin B/Membrane-Interactions
Assessed Using Surface-Enhanced Infrared Absorption

(SEIRA) Spectroscopy

Barbara Daiana Gonzalez,” Enrico Forbrig,”’ Guiyang Yao,™ Patrycja Kielb,’®
Maria Andrea Mroginski,” Peter Hildebrandt,” and Jacek Kozuch*®

Enniatins are mycotoxins with well-known antibacterial, anti-
fungal, antihelmintic and antiviral activity, which have recently
come to attention as potential mitochondriotoxic anticancer
agents. The cytotoxicity of enniatins is traced back to
ionophoric properties, in which the cyclodepsipeptidic structure
results in enniatin:cation-complexes of various stoichiometries
proposed as membrane-active species. In this work, we
employed a combination of surface-enhanced infrared absorp-
tion (SEIRA) spectroscopy, tethered bilayer lipid membranes
(tBLMs) and density functional theory (DFT)-based computa-
tional spectroscopy to monitor the cation-dependence (M** =
Na*, K*, Cs™, Li*, Mg®>*, Ca’") on the mechanism of enniatin B
(EB) incorporation into membranes and identify the functionally

Introduction

Enniatins are mycotoxins produced by pathogenic Fusarium
fungi’” and are commonly found contaminants of cereal
grains, animal feeds, and food commodities.*™ Due to their
remarkable resistance against heat, acid and digestion, they can
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relevant EB.:M*® complexes formed. We find that Na*
promotes a cooperative incorporation, modelled via an autoca-
talytic mechanism and mediated by a distorted 2:1-EB,:Na™*
complex. K™ (and Cs") leads to a direct but less efficient
insertion into membranes due to the adoption of “ideal” EB,: K™
sandwich complexes. In contrast, the presence of Li*, Mg**, and
Ca’" causes a (partial) extraction of EB from the membrane via
the formation of “belted” 1:1-EB:M*" complexes, which screen
the cationic charge less efficiently. Our results point to a
relevance of the cation dependence for the transport into the
malignant cells where the mitochondriotoxic anticancer activity
is exerted.

propagate through food and feed chains. This group of
molecules is therefore of increasing concern for human and
animal health at chronic exposure.®”’ However, at the same
time, enniatins have come to attention as potential anticancer
agents® due to their specific cytotoxic properties against
malignant cells.”"® Enniatins are well known for their iono-
phoric behaviour by which they exert antibacterial, antifungal,
antihelmintic and antiviral activity.'*'® The same behaviour is
considered to be responsible for the primary mechanism of
toxicity against cancer cells, which disturbs the physiological
homeostasis by transporting cations through cell membranes
leading to apoptotic cell death.”’ Since enniatins can be
conveniently derivatized using the concept of hybrid modular
non-ribosomal peptide synthetases, they present a promising
class of anticancer agents that need to be explored in terms of
their detailed molecular mechanism of action."®

Enniatins are cyclohexadepsipeptides that are composed of
an alternating structure of three hydrophobic N-methylated
amino acids (such as valine, leucine or isoleucine) and three
hydroxyl acids (typically hydroxyvaleric acid) forming a six-unit
ring structure."? To date, approximately 29 variants have been
found and further biosynthesized to investigate their biomed-
ical applications, with the valine-containing enniatin B (EB)
being one of the most prevalent, active and best studied
example (Figure 1A). Due to the hydrophobicity of the side-
chains, EB and other enniatins can incorporate into cell
membranes, where - as demonstrated by electrophysiological
experiments — they increase the transmembrane flux of mono-
and divalent cations"” similar to beauvericin and
valinomycin.'”'® Furthermore, it was found that EB has a

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 1. A: Chemical structure of enniatin B with hydroxyvaleric acid and L-
valine units highlighted in red and blue, respectively. B, C: Schematic
representations of EB,:M*" 1:1 and 2:1 “sandwich” complex. The metal ion,
amide and ester carbonyl oxygen atoms are depicted in grey, red and blue,
respectively.

preference of mono- over divalent cations and a slightly
pronounced specificity for K* over Na™ ions according to the
conductivity series K™ >Ca®* >Na®>Mg?" >Li"" Interest-
ingly, it has been suggested that this ion flux is accomplished
by the existence of several distinct EB,:M** complexes in the
lipid membrane with different stoichiometries."*'**” Based on
the possible coordination of cations via the three amide
carbonyl groups and the three ester carbonyl groups several
distorted octahedral EB,:M*" complexes have been proposed:
(@) a 1:1 complex where the metal ion is positioned in the
middle of the EB ring (Figure 1B), (b) a “sandwich” 2:1 complex
with the metal cation between two EB rings (Figure 1C), and (c)
a much less likely “double-sandwich” 3:2 complex in which one
EB ring is located between two metal ions that are enclosed by
two EBs. While in the 1:1 complex all carbonyls of one EB
molecule are involved in coordination, in 2:1 and 3:2
complexes either amides or esters (all amide and ester carbon-
yls are pointing towards opposite sides of the ring, see Figure 1)
can contribute to coordination. It was discussed previously that
amide carbonyls are preferable ligands, so that, e.g. amide-
amide-coordinated 2:1 complexes are predominant, which, in
principle, makes the existence of 3:2 complexes in general less
likely.?” Experimental studies of these potential complexes in
organic solvents supported such a situation while crystallog-
raphy of an admixture of EB and K"SCN™ suggests in general
that both coordinations (ester and amide) are viable in a
crystal."'*21 However, even though these studies provided
initial knowledge on the structure of EB,:M** complexes in
various environments, much knowledge is missing regarding
EB’s cation-dependent mechanism of incorporation and its
structure-function relationship in lipid membranes, where it
exerts its natural bioactive function. This understanding is
essential to guide the design of more active derivatives.

In order to address this question, we combine tethered
bilayer lipid membranes (tBLMs)*? on Au supports with surface-
enhanced infrared absorption (SEIRA) spectroscopy,”” which
was demonstrated to provide insight into the structure,
orientation and function of membrane proteins®>" and
membrane-active (antimicrobial) peptides.*>? The particular
strength of this approach lies in the plasmonic enhancement of
IR signals of molecules in close vicinity to the nanostructured
Au support (up to ca. 8 nm), which allows selectively detecting
processes occurring at the membrane interface or inside the
membrane without the interference from the bulk,” while
changing the ion composition or pH.27327
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In this work, we employed the tBLM-SEIRA approach,
complemented by density functional theory (DFT), to character-
ize the effect of different cations on the mechanism of EB
incorporation into membranes and provide insight into the
structure and nature of EB:cation complexes that are respon-
sible for its ionophore function using calculations. We show
that presence of Na™ leads to a positive cooperative process of
incorporation, while interaction with K* leads to a direct but
less efficient insertion into membranes. Furthermore, whereas
our SEIRA data shows that membrane-incorporated EB can
exchange Na®, K* and Cs* reversibly, the cyclodepsipeptide is
(partially) extracted from the membrane by ions according to
the series Ca’" <Mg®" <Li", providing a rationale for the
observed conductivity series. Finally, via comparison of SEIRA
and DFT-based spectra we provide an assignment to different
EB:cation complexes that, in select cases, contradict those from
experiments in organic solvents.

Methods and Materials

Materials

6-Mercaptohexanol (6MH, Sigma-Aldrich), 1-palmitoyl-2-oleyl-sn-
glycero-3-phosphocholine (POPC, Avanti Polar Lipids), bis-tris
propane (BTP), lithium chloride, sodium chloride, potassium
chloride, magnesium chloride, calcium chloride, sodium
tetrachloroaurate(lll) trihydrate (all Sigma-Aldrich), and ceasium
chloride (Merck) were purchased at highest purity grade available.
WK3SH [(B-cholestanoxy)ethoxy)ethoxy)ethanethiol] was synthe-
sized as described previously.” Enniatin B (EB) was synthesized
according to previous work.®® Buffer solutions were prepared using
Milli-Q-water with a resistance of >18 MQcm and were based on
20 mM BTP and 100 mM MCI, at pH 7.4 (with M=Li, Na, K, Cs, Mg,
Ca).

Surface-Enhanced Infrared Absorption Spectroscopy

All spectroscopic experiments were performed using a Bruker
IFS66v/s spectrometer equipped with a MCT photoconductive
detector and a Kretschmann-ATR setup adjusted to an angle of
incidence of 60°. For each spectrum, 400 scans were acquired in
the spectral range of 4000 to 1000 cm ™" and at a spectral resolution
of 4cm™". Nanostructured Au films for SEIRA spectroscopy were
produced by electroless deposition from an a NaAuCl, solution
according to Miyake et al.*!

Tethered Bilayer Lipid Membrane Construction and
Incorporation of Enniatin B

The nanostructured Au film was functionalized with a mixed self-
assembled monolayer (SAM) of WK3SH and 6MH, which was
incubated overnight in a solution of 0.6 mM WK3SH and 0.4 mM
6MH in 1-propanol. Evaluating the capacitance indicated a
WK3SH:6MH ratio of ~70:30 (1.3-1.5 pF/cm? - see Figure ST and SI
section 1 for more details) on the electrode surface as required for
the formation of tBLMs with 6MH-supported free standing BLM
domains.>*2%41 Unilamellar POPC vesicles were prepared accord-
ing to Schmitt etal. at a final concentration of 0.5 mgmL™" by
extrusion through polycarbonate filters with a pore size of 200 nm
in 100 mM NaCl and 20 mM BTP buffer at pH 7.4.? The tBLM was
assembled by addition of the unilamellar vesicles onto the SAM.

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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After two to three hours, the suspension was replaced by a vesicle-
free buffer solution. The formation of the tBLM was confirmed in
each experiment by recording SEIRA spectra as well as the
capacitance and resistance of the membrane as shown previously
(capacitance of well formed tBLM was around 0.9 uF/cm? see
Figure $1).2°323440 Ethanol-dissolved EB was added to the super-
natant buffer solution at a concentration of 100 uM such that the
ethanol solution did not exceed 2 %; the integrity of the membrane
was maintained as assessed via capacitance measurements (Fig-
ure S1).

Calculations of Computational Infrared Spectra

Geometry optimization and vibrational analysis using normal mode
analysis of the EB,:M** complexes was performed with the
functional BP86*** in Gaussian16.*”) Based on related studies on
complexes of (alkali) metals and organic molecules,“**” C, N, O and
H atoms were treated using the 6-31g* basis set,* and the
alkaline and alkaline earth metal ions were described using def2-
TZVP basis set™®” together with its core potential®® for Cs™. In
addition n-pentadecane was specified as solvent in a polarizable
continuum model to mimic the hydrophobic parts of the
membrane.”" Initial structures were based on crystal structures of
belted 1:1 and 2:1 sandwich complexes with Na* and K" from
previous studies (QQQGMD and IHECUT in the Cambridge Structure
Databank®).2"*¥ Infrared spectra were determined through normal
mode analysis and are displayed without corrections using scaling
factors; ester and amide C=0 stretching modes are shown using a
band width (FWHM) of 8 and 16 cm™' to match the experimental
spectral shapes. Optimized structures are deposited under https://
github.com/KozuchLab/Publications/tree/main/Enniatin_DFT.

Results
Cation-Dependent Incorporation of EB Into tBLMs.

Incorporation of EB into cellular membranes represents the
basis for its action as an ionophore. Since Na® and K™ are the
most prevalent cations in the extracellular medium® and K* is
the cation that EB has the highest selectivity towards,"™ we
studied their influence on the EB incorporation mechanism. To
analyse the effect, we constructed tBLMs using POPC as lipid.
These model membranes were assembled on a phase-separated
mixed self-assembled monolayer (SAM) composed of 6-mercap-
tohexanol and the cholestanol-tethered WK3SH, and character-
ized using SEIRA and electrochemical impedance spectroscopy,
similar to our previous studies (Figure $1).%°**3% EB was added
at a concentration of 100 uM into the supernatant solution
containing 100 mM of Na*/K" that covered the tBLM. SEIRA
spectra were recorded taking the spectrum of the tBLM with
the same ions as reference. Due to the distance-dependent
decay of the enhancement in SEIRA (decaying with d~¢),"* bulk
water does not or only weakly interferes with the spectrum.
Therefore, almost exclusively spectral changes originating from
EB (or lipids) are observed in the SEIRA spectrum in the 1850-
1500 cm™' region. In certain cases, these spectral features may
overlap with minor changes of water molecules at the
membrane/solution interface occurring at ca. 1650 cm™' (H,0
bending mode). The correction of such an overlap is straightfor-
ward due to the broad width of this spectral feature compared
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to the much narrower bands of EB and lipids, and the intense
H,0 stretching modes at ca. 3400 cm™' (Figure 52).¥

Figure 2A shows SEIRA spectra monitoring the incorporation
of EB into the tBLM in the presence of Na* or K*. In both cases,
two bands are observed that can be readily assigned to the
C=0 stretching modes of the esters and amides (spectral
position denoted as v(CO,,)/V(CO,mi¢e) in the following), i.e. at
1746/1659 cm™' for Na® and 1747/1665 cm™' for K* (see DFT
section below), showing evidence for association of EB with the
membrane. In contrast to other “regular” peptides, in which
amide | and amide Il modes are characteristic marker bands in
the IR spectrum,®******"1 EB does not have an amide Il mode
(~1550 cm™") due to the methylation of the amide nitrogen
(Figure 1A). The differences in the exact positions of these
modes will be discussed later in this work. A major contribution
of lipid C=0 modes (at ca. 1735 cm™') to the EB ester mode can
be excluded based on the narrow width of the EB-ester
mode.*>?’32 Further CH, modes of lipids are found in the range
3000-2900 cm™" and are used to infer changes to the lipid
membrane.®®** Changes to these modes are small in our
experiments (Figure S2 and S3) suggesting that EB incorpora-
tion does not affect the lipid integrity. A detailed analysis of this
spectral region is not performed herein, due considerable
overlap with EB’s CH,, modes requiring isotope labelling for a
clear deconvolution. In addition to the experiments in presence
of Na™ and K*, we repeated this experiment in the absence of
any ions, i.e. with water as supernatant solvent, but did not
detect any spectral features specific to EB (Figure S3).

The time evolution of both ester and amide signals during
EB incorporation is shown in Figure 2B, C. Comparing both
traces one can observe major differences between EB's
behaviour with Na™ and K*. Accordingly, after an initial burst of
binding that decays rapidly, a plateau is reached immediately
or develops gradually in the presence of Na® or K7,
respectively. However, after ca. 30 min only in presence of Na*
an unexpected and pronounced sigmoidal increase occurs,
which provides evidence for a distinctly different mechanism of
EB incorporation. After a constant amide intensity was reached
at ca. 1.3 mOD and 0.7 mOD (or 60-107% and 25-107° according
to integrated intensity as shown in Figure 2B, C) with Na® and
K*, respectively, the buffer was replaced to remove residual EB
in the bulk, which led to a decrease of the EB signals to roughly
65% of the intensity before the wash in both cases. This
observation indicates a substantial amount of surface-bound EB
on the membrane interface during incubation. At the same
time, the washing step leads to slight changes of both bands in
presence of Na™, where the v(CO, ) shifts from 1659 cm™ to
1658 cm™' as appreciable more clearly in the difference spectra
(grey spectra; after scaling to similar absolute intensities). Since
the amide C=0 groups are more likely to coordinate the ions,
this shift indicates the existence of a mixture of different
EB,:Na* species when covering or incorporated into the
membrane. In the case of K™ no changes are observed to the
amide band, indicating only one species or a mixture of species
with maintained composition. Less pronounced changes are
detectable only for the ester mode with both ions. The
difference band centered around 1740 cm™' can be assigned

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 2. A: SEIRA spectra of EB incorporation in presence of Na* (top) and K* (bottom). Spectra of completed incubation (when plateau is reached) and after
buffer exchange to remove excess EB are shown in black and red, respectively. Grey spectra are scaled difference spectra (“red-minus-black”) where both red
and black are scaled to approximately similar intensity and are enhanced by a factor of 4 for clarity. B, C: Time traces of integrated intensities of ester

(~1745 cm™ in A; triangles) and amide C=0 stretches (~1660 cm™' in A; circles) in the presence of Na™ (B) and K* (C); wash with new buffer solution is
indicated by dashed line. Red lines are results from modelling the time traces with the kinetic model in D; blue dashed lines represent the fraction of EB,
which was incorporated into the membrane core, i.e. the last two states in D. D: Kinetic model to describe the data in presence of Na™ (B; see main text and
Sl section 5 for details); red ellipses represent EB molecules as part of EB,,:M**-complexes. Initially EB molecules adsorb onto the membrane interface weakly
(ks this fraction desorbs then with kge) or strongly (k,q, ), leading to the initial burst. The adsorbed species either enter the membrane spontaneously (k)
or autocatalytically (k,.,) by the presence of already inserted EB molecules. The data in presence of K* (C) were modelled with a truncated version, i.e.
without the autocatalytic incorporation step. Data for EB incorporation in the presence of Cs* and in the absence of any ions are shown in Figure S3. Note
that EB complexes may adopt a range of orientation and not only the ones shown as examples in this figure.

either to minor changes of the lipid's C=0 stretches or can
originate directly from solvatochromic shift (hydrophobic mem-
brane core vs. polar head groups)®¢" of EB's v(CO.y.,) modes
upon removal of solvent exposed EB:K* complexes. Incorpo-
ration in the presence of Cs™ showed a similar behaviour to K*
and is discussed in the SI (Figure S3).

Effect of Cation Exchange on Membrane-Bound EB

To analyse the structural changes of EB involved in conductance
of different cations, we continued with a tBLM system in which
EB was incorporated in the presence of Na* (after at least 1 h of
incorporation) and exchanged ions to K, Cs*, Li", Mg®>" and
Ca** (Figure 3A). lon exchange with Na™, K* and Cs* showed a
reversible behaviour (Figure S4), as apparent by an approx-
imately constant (or increased) SEIRA intensity, so that these
experiments were performed on the same tBLM. However, Li7,
Mg®>* and Ca’* showed irreversible changes (Figure S4) that
decreased the absorbance of EB and led to much less defined
spectral features than in Na*, K* and Cs™ (see enlarged spectra
in Figure 3B). As a consequence, ion exchange to Li*, Mg*" and
Ca’* was performed on separate membrane systems. EB+Na™*
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and EB+K" SEIRA spectra from ion exchange experiments
show same peak positions (1746/1658 cm™  and
1747/1665 cm™, respectively) and line shapes as during the
incorporation (Figure 2A) pointing to a completed replacement
of these ions in EB,,:M* complexes in the membrane (the same
is true for Cs™, see Figure S3). At the same time, the absolute
SEIRA intensities are inverted. EB incorporation in presence of
K* led to 3 times lower intensities than in Na*, whereas here
exchange of ions from Na® to K* induces an increase in
absorbance by 1.4 of both v(CO.,.,) and v(CO,qc) modes. This
effect can be ascribed primarily to an increasing surface
enhancement of the IR signal with proximity to the SEIRA Au
surface, and as such to a relocation of EB towards the
electrode-facing side of the tBLM, or possibly to a more
favourable orientation of the ester and amide C=0 groups with
the surface selection rule?***¥ A change of number of EB
molecules at/in the membrane can be excluded due to
reversibility when ions are exchanged. Interestingly, this change
of intensity is in line with the previously reported preference of
binding K™ over Na™ by a factor of 1.4 and thus may directly
reflect the extent of binding (note that the similarity of both
numbers is coincidental).” Exchange to Cs' only leads to
minor changes in frequency (1746/1659 cm™'), more clearly

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 3. SEIRA spectra of membrane-incorporated EB after buffer exchange from Na* to K*, Cs*, Li*, Mg**, and Ca®* (from top to bottom in both A and B).
A: Black lines show spectra after ion exchange; grey filled spectra represent the difference spectra vs. the spectrum in presence of Na*. Exchange between
Na*, K, and Cs* was reversible, such that spectra from a single experiment are depicted (see Figure S4). Due to irreversible behavior in Li*, Mg®*, and Ca®",
spectra were obtained from individual experiments and are scaled such that the spectrum in Na™ prior to buffer exchange had similar intensities. B: Peak fit to
spectra in A with red lines showing the overall fits, and red, blue and orange filled features depicting band shapes (red, blue and yellow peaks are assigned

via comparison to DFT-based spectra to the species shown in Figure 4).

demonstrated in the difference spectrum, and increases inten-
sity by 1.2 in comparison to the spectrum in presence of Na™.
The associated spectral changes are more clearly visible in the
difference spectra when exchanging from Na®™ to K™ or Cs¥,
where the difference peak of the amide mode displays a
positive lobe at slightly higher frequencies of 1666 or
1660 cm ™', respectively. The v(CO.y,) shows a slight blueshift
and an increase in intensity. Previously, Ovchinnikov et al. have
determined IR spectra of EB,:M™ complexes to identify specific
complexes in acetonitrile as solvent."™ Surprisingly, in their
work IR spectra of EB with Na*, K* and Cs* did not show any
considerable difference (1746-1744/1666-1665 cm™') while the
very similar beauvericin (with phenylalanine instead of valine)
displayed much more significant changes. Apart from a
solvatochromic effect due to different environments, it is
obvious that EB behaves differently when incorporated into a
membrane than in an organic solvent, so that the structural
assignment to complexes of different stoichiometry must be
revisited.

In contrast, exposure to Li*, Mg’ or Ca’" decreased the
spectral intensity considerably (by factors of 5, 3 or 1.7,
respectively) and yielded broadened spectra with less defined
peaks. The irreversibility of the change in absorbance (Fig-
ure S4) points to cation-induced removal of EB from the
membrane core towards the membrane/bulk interface or even
into the bulk solution. These scenarios are further supported by
the difference spectra upon ion exchange, in which the
negative peaks resemble lost signal of the spectral shapes
observed in Na*. As such, we observe the lowest intensities of
EB absorption peaks for Li*, and the least defined spectrum
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with weakly identifiable peaks in the presence of Mg®*. For Li*
and Ca*" peaks are identified at ca. 1745/(1720)/1659 cm™" and
1740/(1722)/1668 cm™', while the position of the “middle” peak
may be inaccurate due its weak intensity and broad back-
ground. With the bivalent Mg?>* and Ca*" an additional broad
band at 1550-1560 cm™' is observed, which is not present with
monovalent cations.

To assess if and how many components are contributing to
the spectra, we modelled the spectra using Gaussian band
shapes (Figure 3B). As obvious from the asymmetric band
shapes in Na*, K*, and Cs*, two components were necessary
for a satisfactory fit to the spectra. However, while in K* the red
components were clearly dominating both v(CO..,) and
v(CO,mige) bands, in Na* and Cs™ a ratio of between approx. 2:1
to 1:2 is adopted between band indicated in blue and red. This
suggests that K* shows a pronounced preference for a single
EB,:M** species, whereas for Na® and Cs™ a mixture of
approximately equally prevalent complexes occurs. The latter
appears to be also the case in Li*, Mg** or Ca** with several
strongly overlapping bands.

Density Functional Theory Calculation of Various EB,: M**
Species

DFT calculations and normal mode analysis have been
performed for a series of possible EB,:M** complexes with
different stoichiometries and free EB in a polarizable continuum
model (PCM) of n-pentadecane. The choice of PCM was to
imitate the environment of the hydrophobic membrane in

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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comparison to the SEIRA spectra. In principle one can imagine
that EB,:M** complexes can preferably reside either in the
membrane core or in the lipid head group region. However, the
anisotropy of the dielectric constant of the head group region
and the complexity of direct intermolecular interactions do not
permit a straightforward and reliable prediction of such
environments using DFT. In order to facilitate the comparison
to the SEIRA spectra, simulated IR spectra are shown using
Gaussian band shapes and FWHM values of 8 cm™" and 16 cm™
for v(CO.) and v(CO,.iqe) Modes, respectively, similar to the
experimental IR bands. For each cation three different structural
models have been simulated (Figure 4): (a) a EB:M*"-1:1 belted
complex (yellow) and (b) a EB,:M?*-2:1 sandwich complex
(red), both shown schematically in Figure 1, as well as (c) a
EB:M**-1:1 open-faced sandwich complex (blue), where one EB
molecule is removed from a 2:1 complex. These structures will
be referred to as EB:M**, EB,:M*", and EB:M**, respectively,
in the following. The open-faced sandwich structure EB:M**
is a probable intermediate in the formation of EB,:M**
complexes or in cation release from both EB,:M** and EB:M**
complexes and therefore may be observed in the SEIRA spectra.
We are aware that in such an open-faced structure the cation
will be ligated from the open face by either water molecules,
anions or carbonyls or phosphate groups of lipids (or a
combination of those) and consequently will reside at the
membrane core/headgroup interface. If present, a mixture of
these species will be detected using SEIRA, but it is not feasible

to model the entire distribution of possible ligations using DFT
for a comparison with experimental spectra. Thus we only
simulated ligand-free EB:M**_, structures in each case as a
representative of these structures.

A successful structural optimization was not achieved in
each EB-cation combination and complex (Figure 4 right).
Accordingly, the “ideal” 1:1 EB:M**,, complex as depicted in
Figure 1 was only stable with Na*, Mg®>" and Ca’*, where the
ions were coordinated by all six oxygen atoms of esters and
amide, with the ion lifted slightly towards the amide groups.
With Li* instead a highly distorted structure was obtained,
where the small ion experiences a pseudo-tetrahedral coordina-
tion by two amide and two ester groups. However, with K™ and
Cs™, this structure was unstable and the cation was released out
of the EB ring to afford a stable amide-ligated EB:M**,,
structure suggesting that 1:1 belted EB:M**;, complexes of
these two cations do not exist. The open-faced EB:M**
structure was stable with all tested ions. The EB,:M** sandwich
complex, as shown in Figure 1 and demonstrated or proposed
previously, was obtained with K*, Cs*, Mg®* and Ca”*. Instead,
with Na™ and Li* distorted structure was formed. Na* was still
coordinated by three amides of one EB ring, but the second
ring “lifted off” and added only two additional amide coordina-
tions creating a displaced EB-EB arrangement. With Li™ the
distortion was even more pronounced, where a trigonal
coordination was achieved by two amides from one and the
third from the other EB ring.

1850 1800 1750 1700 1650 1600 1550 1500
Wavenumber / cm™’

1738 1656
D 1695 EB:M™
| N\ (1642 1580 ) [y %%
YNNG °o 20 %30 ¢ 0* ¢ &
T - 03’020 %
P 232 a9, &» o
.3 o @ o o ‘; 9
EBcNa” /N M = Na*, Mg2*, Ca?* Mn* = L+
: EB:M"*,,
EB.K /I ° o
8 | 3)%&"};
§ Qo ‘0 S
§ Mnr+ = Na*, K*, Cs*, Li*, Mg?*, Ca2*
<
A\ /T EBM™ ° ? ? 9 9
s h P?o2e ..,h; e ® %
_— 30 %9 0 SasSe w2052 %,
N °d o oo 00 %2
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; P : ?g‘" o ’3" %y '&‘
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Figure 4. Left: DFT-based computational IR spectra of EB,:M*" complexes: EB:M**, in yellow, EB:M**, in blue, and EB,:M** in red with ion used in the
experiments; the black spectrum (top) is EB without ions. Labels and dashed lines indicate approximate positions of peaks in the DFT-based IR spectra and are
shown to ease the comparison of spectra with different ions. Right: Representative structures obtained after optimization using DFT. EB:M**;, (yellow) is
obtained with Na*, Mg?*, and Ca?*, but not with K* and Cs*; with Li" a distorted structure is adapted. EB:M**, (blue) is obtained with all tested ions.
EB,:M*" (red) converges with K™, Cs*, Mg?", and Ca’"; with Na™ and Li™ distorted structures are formed. Hydrogen atoms and iso-propyl groups are not

shown for clarity.
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These ion-dependent and diverse structures have conse-
quences on the IR spectra computed via normal mode analysis
(Figure 4 left). Overall, simulated IR spectra support the previous
assignment of the high-frequency and low-frequency bands in
the 1750-1600 cm™' region to the ester (~1738cm™") and
amide carbonyl stretches (1660-1640 cm™), respectively, in
presence of Na*, K™ and Cs*. For C;-symmetric structures, these
bands are dominated by the symmetric mode and a non-
appreciable contribution of the anti-symmetric modes occurring
as redshifted shoulders (by ca. 6 cm™). Non-coordinating ester
carbonyls are predicted to absorb in the range around
1738 cm ™! for EB,:M** and EB:M**_, open-faced complexes. In
EB:M**,, complexes the ester groups contribute to complex-
ation and are thus shifted to ca. 1695 cm™' for Na* and Li,
which can be used as a specific marker for the EB:M**,
complex with monovalent cations. The coordinating v(CO, )
is located at 1660-1625 cm™'. In cases where the amide does
not coordinate to the metal, it is predicted to absorb closer to
1680 cm™'. With bivalent cations the ligating ester and amide
groups are significantly redshifted to roughly 1640 and
1580 cm ™', respectively, as a consequence of the high charge
density of the metal ions.

Comparing the vibrational frequencies within the mono-
valent series for the open-faced EB:M**_, structure (Figure 4
blue spectra and box), which in all cases let to a C;-symmetric
conformations, provides insight into the cation-dependent
trends within one type of complex. Accordingly, the v(CO..,)
frequency is predicted to vary according to the series Ca*™ > Li™*
>Mg®t >Nat >K">Cs" by about 10 cm™. These predictions
are overall in line with expectations from the vibrational Stark
effect® when taking into account the out-facing orientation of
the ester carbonyls, and the changing charge density of the
jons. For the amide stretch we note the inverted trend of Cs™ >
K™ >Na™>Li" >Mg*" ~Ca*" over almost 100 cm™', where one
can expect that additional electronic polarization of the amides
play a considerable role in addition to the vibrational Stark
effect.®®" Importantly, the simulated spectra show that within
similar types of complexes (see EB,:M*" - red spectra; and
EB:M*",, - blue spectra) peak positions with K* and Cs™ differ
by only =1 cm™ and are therefore not easily distinguished; this
is also the case comparing Mg?>" and Ca’". Instead, in the
EB:M*",, (blue spectrum) with Na™ the ester and amide C=0
band are shifted by +1 cm™ and —4 cm™, respectively, relative
to K; with Li™ this shift is more pronounced to +3 and
—16cm™', and with Mg®*/Ca’* to +8 and —82 cm™". Finally,
non-ligating EB gives a very distinctive spectrum, which is easily
distinguished from most EB:ion complexes by closely positioned
ester and amide bands at 1715/1685 cm™". This information
gives valuable guidelines for the analysis of the recorded
spectra.
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Discussion

Kinetics of Membrane Incorporation in the Presence of Na™*
or K*

Sigmoidal trends have been often observed in concentration-
dependent plots and indicate a positive cooperative behaviour,
i.e. an increased activity or interaction at higher concentrations
of a substrate. In enzymatic catalysis, for instance, this indicates
allosteric effects in which binding of a ligand to an allosteric
site increases the binding affinity and/or enzymatic activity
towards its substrate.”*®” Similarly, positive cooperativity in
adsorption isotherms relate to an increased binding in
proximity to other adsorbates.®™ In the present case, an
analogous situation is conceivable where already membrane-
incorporated EB molecules or EB,:M** complexes, in the
presence of Na*, support further integration in an autocatalytic
fashion. Accordingly, due to the observed time delay of ca.
30 min, “regular” or spontaneous incorporation must be
associated with a substantial barrier. To describe the entire
incorporation behaviour, we translated a kinetic model to a
differential equation system accounting for the following key
processes (Figure 2D; for detailed description of this model see
SI section 5). First, EB binds from the bulk to the membrane
surface according to a Langmuir-like adsorption process. To
account for the initial burst, two binding modes are assumed,
i.e. strongly bound species, which do not show any consid-
erable desorption, and weakly bound ones, which desorb from
the membrane interface. Second, the strongly surface-bound
species can transfer into the membrane via two mechanisms:
(a) a spontaneous Langmuir-like incorporation according to

d EBmem
% = ksporl ) [EBadS] : (1 - 0) (1)

and/or (b) an autocatalytic incorporation following the Prout-
Tompkins model®®¢”!

d[EB
% = ka“m ’ [EBads] . [EBmem} : (1 - 9) (2)

where ki, and k,, are the rate constants for spontaneous or
autocatalytic incorporation, [EB,q] and [EB,..] the concentra-
tions of complexes on the membrane surface or inside the
membrane (here SEIRA intensities are used directly as a proxy
for the concentrations), respectively, and 0 the percentage of
occupied space in the membrane. Despite the ability of
monitoring and even quantifying orientational changes using
SEIRA, due to the surface selection rule,”#*¥ in this kinetic
model we do not consider any reorientational processes
explicitly. We assume implicitly that in each of the states of the
model (Figure 2D) a specific but constant orientation distribu-
tion of EB species is adopted and remains unchanged.

The kinetic model was used to fit the traces of v(CO.,) and
V(CO,mi¢e) intensities simultaneously (Figure 2B,C) and demon-
strates a very good description of the sigmoidal evolution of EB
intensity in presence of Na™. At the same time, the truncated
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version of this model, i.e. neglecting the autocatalytic process,
can be used to provide a very good fit for the experiments in
K* buffer showing that spontaneous incorporation is sufficient
in this case (the same is the case in Cs™, Figure S3). Using this
model, we can directly compare the evolution of only the
membrane-incorporated component (blue dashed lines) in
presence of each ion. Accordingly, we note that interaction of
EB with Na™ leads to a considerably delayed incorporation than
with K*, but exceeds in level of incorporation by a factor of ca.
4 judging solely based on SEIRA intensity. Furthermore, this
model and the fitting results are in line with the loss of intensity
after wash with new buffer, which removes surface-bound EB at
the membrane interface and leads to a decrease of intensities
towards the level of incorporated EB according to the kinetic
model (blue dashed lines).

It is now interesting to compare the effective rate constants
of the spontaneous incorporation of EB with both ions.
Accordingly, for Na* a kg, value of 2:107" min~' is obtained
which is smaller by 4 orders of magnitude than the one
determined for K* of 2.5-107> min~". For the sake of compar-
ison: if one assumes similar molecular mechanisms (and all
other parameters being equal), this difference of the rate
constants would translate to a drastically higher effective
activation barrier of EB incorporation in presence of Na* ions
by ca. 23.5 kJ/mol according to

k
AGs*pon Na — AG;on K= RT - ln( SP°”=N‘7) (3)
’ ’ spon,K
where AG;O,,_, are the activation barriers, R is the gas constant,

and T the temperature. Such a pronounced difference points to
the presence of distinctly different EB:cation species responsible
for incorporation. These species shield the cationic charge of K*
very efficiently, but fail to do so for Na™.

Nature of EB,: M** Species in the Presence of Specific Cations

Ovchinnikov et al. showed that K* binds EB as EB,:K™ sandwich
complexes in organic solvents."” Based on these results it was
suggested that Na™ and Ca’" adopt similar structures, as similar
peak positions of 1746-1744/1666-1665 cm™' were observed
with the ions for the v(CO.y.)/V(CO,m¢) Modes. Comparing
these previous FT-IR results obtained from acetonitrile solutions
with the present SEIRA spectra of EB in tBLMs, we note similar
peak positions of 1744/1666 cm™' in presence of K, but not for
Na® and Ca’'. As discussed above and previously,”® amide
carbonyls are thermodynamically preferred ligands, so that in a
2:1 stoichiometry their vibrational frequency is highly sensitive
to the carbonyl-metal interaction, while the ester CO modes
report on the long-range electrostatics originating from the
metal ion and the local electrostatics due to solvation,
according to the vibrational Stark effect.**®" In this way, for K,
a similar ligation pattern in acetonitrile and in tBLMs can be
deduced from the match of amide frequency, whereas the
3cm! difference of the ester vibration can be rationalized
based on a solvatochromic blue-shift due to the more polar
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environment of acetonitrile in contrast to the membrane
core.® As such, we can assign the major species observed in
tBLMs in presence of K™ to a membrane-incorporated EB,:K™
sandwich complex (see summarizing Figure 5). This is consistent
with our DFT-based spectra, in which the EB,:K* showed the
most blue-shifted peak position (amide mode at 1656 cm™') of
all complexes — the remaining 10 cm™' offset between experi-
ments and DFT is acceptable taking into account the level of
theory used herein. Our assignment is further consistent with
SEIRA signals of EB in presence of K* showed band shapes that
were modelled with one dominating Gaussian peak (red peaks
in Figure 3B). Consequently, the additional minor peaks (blue
peaks in Figure 3B) can be assigned to small contributions of
EB:K™, residing at the membrane interface (Figure 5).

The discrepancies between our SEIRA data and previous
results of EB-cation complexes in acetonitrile in presence of Na*
and Cs™ (i.e. the frequencies of amide modes at 1658 and
1659 cm™' vs. 1665 and 1666 cm™' in our results vs. those of
Ovchinnikov," respectively) indicate different species being
adopted in membranes compared to the EB,:M™* as proposed
in acetonitrile. We aim to assign the species observed in our
SEIRA spectra by comparison to the set of spectra obtained
using DFT. First, we can exclude the presence of EB:Na™,
(despite being proposed previously)® or free EB in our SEIRA
spectra in Na*, based on the absence of noticeable signals
between the dominant v(CO.,,) and v(CO,4) bands at ~1740
and ~1660 cm™' (see Figure 2A and Figure 3 vs. Figure 4 left).
Further, in Figure 2A and Figure 3A we noted that SEIRA spectra
in presence of Na* showed redshifts of ester and amide bands
by ~—1 and ~—7 cm™, respectively, when compared to K™ and
washing with fresh buffer led to an additional change observed
in amide range (Figure 2A, difference spectrum in grey).
Satisfying both observations, we can propose the distorted
EB,:Na™ complex at/in the membrane as a main species (red
peaks in Figure 3B and spectra Figure 4), which coexists with an
additional fraction of EB:Na*,,, (blue peaks in Figure 3B and
spectra Figure 4). This interpretation explains the broader band
shape in comparison to the spectra in K*. In Figure S5, we show
that a 2:1 mixture of the DFT-IR-spectra of the distorted
EB,:Na* and EB:Na*,, can satisfactorily reproduce the SEIRA
spectra and the differences with respect to spectra in K™.

In the case of Cs™ we detect similar peak shifts of ester and
amide bands by ~—1 and ~—6cm™, respectively, when
compared to K. Modelling this situation using our DFT-
predicted spectra requires a mixture of EB,:Cs™ and EB:Cs™
(red and blue peaks/spectra, respectively, in Figure 3B and 4;
see Figure S5). By contrast, the pure species would predict
negligible (=1 and —1cm™) or too large changes (+1 and
—12cm™), respectively, with respect to spectra with KT,
contrary to our SEIRA spectra. Figure S5 shows spectra accord-
ing to this interpretation (in a 1:2 mixture), again providing a
satisfactory match to experimental spectra observed in Fig-
ure 2A and 3A.

As obvious from SEIRA spectra with Li*, Mg®*, and Ca®" also
here mixtures of species can be proposed, even though the
assignment is aggravated by the broad spectral features.
However, the observation of several bands in the v(CO..,)
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Figure 5. Membrane-associated EB,:M** complexes suggested by the combination of experimental SEIRA and DFT-computed spectra, and implications for

incorporation and membrane interactions. Left: Na

*, K*, and Cs* form open-faced EB:M* (blue frame) and EB,:M* sandwich (red frame) complexes; the
latter is asymmetric in the case of Na*. The strength of the frame and the equilibrium indicate the predominant species. Right: Li*, Mg?

*,and Ca*" form

predominantly open-faced EB:M"?* (blue frame) and belted EB:M"** (yellow frame) complexes. Middle: EB incorporates into the membrane in the presence

of Na*, K", and Cs™

, and can exchange these ions as a membrane-associated species. Instead, the presence of Li

*, Mg?*, and Ca" is associated with (partial)

removal of EB from the membrane. Note that EB complexes may adopt a range of orientation and not only the ones shown as examples in this figure.

range and the feature at ~1560-1550 cm™' in Mg**™ and Ca’",
which can be assigned to the ligating amide C=0 groups,
indicates the presence of either EB:M**,, or EB:M**, structures
and absence of EB,:M*" (see summary in Figure 5). This
assertion is supported for Mg®>* and Ca’" by the clear
separation of the v(CO,m4) ~1560-1550 cm™" and the bands
> 1600 cm™' in SEIRA spectra, in between which the v(CO,ide)
of EB,:M** would be observed according to DFT-based IR
spectra (i.e. red peak at ~1610 cm™' between yellow and blue
feature in Figure 4). For Li*, this assignment is solely based on
the low probability of the highly asymmetric EB,:Li* in solution
phase, where the singly-ligating EB ring is expected to
dissociate easily.

Implications of the Assignments for the Molecular Mechanism
of EB Incorporation Into Membranes

Based on the assignments in the previous section and the
observed complexes formed with specific cations according to
DFT calculations, it is now interesting to elaborate on the
difference of the observed kinetics in presence of Na™ and K*
in terms of a molecular picture. Here, we want to remind that
EB did not incorporate noticeably into the membrane in the
absence of ions (as judged by SEIRA spectra in Figure S3).

In general, for the spontaneous incorporation process
associated with the apparent rate constant ki, it can be
expected that the better the charge of the cation is screened by
EB molecules, the lower the activation barrier for the incorpo-
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ration into the membrane core will be. Among the possible
structures, the 2:1 sandwich complex provides the highest
degree of charge screening being surrounded by a 5-7 A
organic layer created by two EB molecules. Since EB and K*
adopt such a EB,:K™ complex according to our and previous
assignments (as it is the case for Cs™), it is not surprising that
the spontaneous incorporation occurs efficiently on the similar
time scales as observed previously for peptides forming trans-
membrane channels.?>*¥ In this light, it is therefore also
comprehensible that in presence of Na™ this process is
hindered, since a uniform 2:1 sandwich complex cannot be
formed according to DFT results. Accordingly, our data excludes
the presence of belted 1:1 EB:Na™,, complex, and points to the
predominant presence of the distorted EB,:Na®™ and the
EB:Na*,, as main membrane-associated structures. Since both
structures will screen the ion’s charge less efficiently than an
“ideal” EB,:M™ complex, direct incorporation will be hindered,
and thus the considerable difference in activation barrier is
observed. Importantly, despite its asymmetric structure, only
the distorted EB,:Na® would provide sufficient charge screen-
ing to incorporate into the hydrophobic membrane interior.
The autocatalytic process observed in presence of Na*

much more difficult to rationalize in detail based on the present
data, since components beyond the detection limit of SEIRA
can likely contribute to the mechanism. However, one can
assume that the distorted 2:1 EB,:Na®™ can again play an
important role in the positively cooperative incorporation
behaviour (modelled using an autocatalytic kinetic scheme) as a
the main species within the membrane core. Accordingly, one
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EB ligand of the distorted 2:1 EB,:Na™ sandwich structure will
lack the stabilizing benefits of the kinetic chelate effect of the
3-coordinating EB. As such, EB molecules can get more easily
abstracted due to an increased number of H-bond interactions
with molecules in the head group region or due to the presence
of EB:Na*,, complexes. This potential quick exchange and,
thus, transient spectroscopically non-detectable species (such
as free EB) could act as a mediator for incorporation. In this
context, it is interesting to note that it was demonstrated
previously that Na* ions but not K* ions reside deeply within
the lipid head group region.®®® As a consequence, the local K*
concentrations sensed by membrane-bound EB molecules is
considerably lowered, such that the specific behaviour of EB in
presence of Na® may play an important role for membrane
incorporation.

Further Implications for EB’s Activity

Enniatins have been reported to show specific enzyme inhibit-
ing and mitochondriotoxic properties, which are relevant to
their anticancer activity as well as to potential human and
animal health issues™ A prerequisite for such functions of
enniatins is the entry into the cell such that the specific targets
can be reached. Na® and K™ are main cations in the
extracellular medium and our experiments support that their
presence assists the incorporation into the membrane (Figure 2
and summary in Figure 5). lon exchange experiments using the
mono-valent Na*, K™ and Cs™ allowed detecting the proposed
EB,:M* species, which were adopted reversibly (Figure 3,
Figure S4), suggesting this as a common behavior of EB with
alkaline cations (except for Li™). Instead, we note that Li*, Mg*™,
and Ca’* demonstrated irreversible behavior, in which EB was
extracted from the membrane judging by the overall SEIRA
intensities (Figure 3, Figure S4). As such, overall bivalent cations
could play a relevant role of abstracting EB from the membrane
and thus facilitating the transfer into the intracellular medium.
The observation that Li™ stands as the exception to these
assertions can be rationalized based on the diagonal relation-
ship between Li™ and Mg due their similar charge densities of
100-120 C mm™. Despite the much lower physiological con-
centrations of Mg®>" and Ca®" it is again noteworthy that both
ions (together with Na* and Li*, but not K¥) are enriched
within the membrane headgroup region,*®* providing direct
access to efficiently bind EB. If membrane extraction is
mediated by EB complexes with Mg®>"™ and Ca’* (and Li*), the
belted 1:1 EB:M**,, complex is a likely candidate in this process
as it provide a minimal charge screening for the cations.
Recently, Su et al®®**® used a combination of supported
membranes and infrared spectroscopy to study the ionophoric
mechanism of valinomycin, which enniatins are frequently
compared to. Valinomycin is a K*-selective dodecadepsipeptide
(K*:Na"-selectivity ratio of 100 000:1)"” containing 12 C=0
groups as potential ligands for the complexation of cations. The
studies®® showed that the anion can modulate the K
-transport via additional ion-pairing with the cation-complex. In
our study, we only used ClI~ as counter ion to avoid
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compounding our data with such additional effects. However,
similar counter-ion-based influences can be imagined for
EB,:K"-complexes, and could be even more pronounced for
complexes with other cations with a lower degree of charge
screening. This may not only affect the cation transport, but
also the incorporation and extraction mechanism proposed in
Figure 5.

Conclusions

Enniatins are promising antimicrobial and anticancer agents
based on their ionophoric, enzyme inhibiting and mitochon-
driotoxic properties.” Using the combination of SEIRA spectro-
scopy and tBLMs assisted by DFT-based computational spectro-
scopy, we have characterized the cation-dependent behaviour
of EB,:M*"-complexes modulating the incorporation and inter-
action with the lipid membrane, in which they can act as

ionophores. Overall, we find (as summarized in Figure 5)

- that the monovalent K* and Na* promote EB-membrane
incorporation with distinctly different kinetics. In presence of
K*, a direct incorporation is observed, which we associate
with the a dominating 2:1 EB,:K" sandwich structure.

- Instead in presence of Na*, a sigmoidal shaped kinetics of
incorporation occurs. This can be rationalized in terms of an
positively cooperative/autocatalytic process that is mediated
via a mixture of distorted 2:1 EB,:Na™ sandwich structures
and 1:1 open-faced EB:Na™, complexes.

- In contrast to monovalent ions like Na*, K*, and Cs™, the
bivalent Mg?* and Ca*" (and the similarly high-charge-
density Li™) ions removed EB from the membrane, indicating
a potential role for the transition of EB into the intracellular
medium. One factor contributing to this behaviour may be
the adoption of the belted 1:1 EB:M**,, complexes, which
provide a small degree of charge screening.

As enniatins can be conveniently derivatized using the
concepts such as hybrid modular non-ribosomal peptide
synthetases to tune their bioactivity,"® physicochemical plat-
forms that combine molecular spectroscopy with bilayer lipid
membranes,?*37"73 as the one presented in this work, are
important tools to provide rationale to their molecular mecha-
nisms of action.

Supporting Information

Further data can be found in the supporting information: SEIRA
and impedance spectra of tBLM assembly; water background
correction; EB incorporation SEIRA spectra with Na®, K*, Cs*
and without cations; Cation dependent reversibility in SEIRA
spectra of EB; Kinetic model for EB membrane incorporation;
SEIRA spectra during ion exchange. Additional literature has
been cited in the supporting information.”*”*
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