Computational Biology and Chemistry 106 (2023) 107936

ELSEVIER

Contents lists available at ScienceDirect
Computational Biology and Chemistry

journal homepage: www.elsevier.com/locate/cbac

s

Computational
Biology and
| Chemistry

Check for

Theoretical investigation of hydroxylated analogues of valinomycin as e

potassium transporter
Lucia Sessa "

Stefano Piotto "

, Simona Concilio ®", Francesco Marrafino *, Arkadeep Sarkar?, Rosita Diana

& Department of Pharmacy, University of Salerno, Via Giovanni Paolo II 132, 84084 Fisciano, SA, Italy
b Bionam Research Centre for Biomaterials, University of Salerno, Via Giovanni Paolo II 132, 84084 Fisciano, SA, Italy
¢ Department of Agricultural Sciences, University of Naples Federico II, Via Universita, 100, 80055 Portici, Italy

ARTICLE INFO ABSTRACT

Keywords: Valinomycin is a potent ionophore known for its ability to transport potassium ions across biological membranes.
Valinomycin The study focuses on the hydroxylated analogues of valinomycin (HyVLMs) and compares their energy profiles
Metadynamics

and capabilities for transporting potassium ions across phospholipid membranes. Using metadynamics, we
investigated the energy profiles of wild—type valinomycin (VLM_1) and its three hydroxylated analogues
(VLM_2, VLM_3, and VLM_4). We observed that all analogues exhibited energy maxima in the centre of the
membrane and preferred positions below the phospholipid heads. Furthermore, the entry barriers for membrane
penetration were similar among the analogues, suggesting that the hydroxyl group did not significantly affect
their passage through the membrane. Transition state calculations provided insights into the ability of valino-
mycin analogues to capture potassium ions, with VLM_4 showing the lowest activation energy and VLM_2 dis-
playing the highest. Our findings contribute to understanding the mechanisms of potassium transport by
valinomycin analogues and highlight their potential as ionophores. The presence of the hydroxyl group is of
particular importance because it paves the way for subsequent chemical modifications and the synthesis of new

Hydroxylated VLM analogues
Free energy
Transition state

antiviral agents with reduced intrinsic toxicity.

1. Introduction

Valinomycin is a nonribosomal peptide first isolated and charac-
terised in 1955 from Streptomyces fulvissimus. Specifically, VLM is a
cyclic depsipeptide consisting of D—valine, D—a-hydroxyvaleric,
L—valine, and L—lactic acid in the cycle sequence [(L—Val —D—Hyv —
D—Val — L—Lac)3]. Valinomycin was initially discovered as an anti-
biotic compound that exhibited antibacterial effects against Mycobac-
terium tuberculosis (Brockmann and Schmidt-Kastner, 1955). Later, in
vitro studies have shown that VLM exhibits a wide range of antibacterial
activity. Cell growth inhibition has been extensively tested on several
bacteria strains, particularly Gram—positive bacteria, such as Staphy-
lococcus aureus (Tempelaars et al., 2011). However, none of the
Gram—negative bacteria tested was inhibited by VLM. The lack of sus-
ceptibility of Gram—negative bacteria to VLM is attributed mainly to the
outer membrane of the cell wall, which acts as a selective barrier by
limiting access to the peptide (Ryabova et al., 1975).

Furthermore, VLM is the first naturally occurring compound

identified as an ionophore with antibiotic function. VLM can selectively
transport alkali metal ions across biological and synthetic membranes
(Su et al., 2019). This ion transport property is mainly due to the for-
mation of an ion—peptide complex. VLM forms stable complexes with
K*, Rb" and Cs*, although with a definite preference for potassium
(Ross et al., 2019). X—ray diffraction data of the valinomycin—K™*
complex revealed that the cation resides in the central cavity of the VLM
ring and is coordinated with the oxygen atoms of the six ester carbonyls
(Neupert-Laves and Dobler, 1975) (Fig. 1a). The cavity size is suitable
for hosting a K* ion but no other metal ions in the cytoplasm, making the
VLM an ionophore specific for potassium (Ross et al., 2019). It is well
known that the valinomycin—K" complex can be incorporated into
biological membranes, which allows K* transport across the phospho-
lipid bilayer. VLM dissipates the potassium gradient across membranes,
potentially killing bacterial cells (Leitch et al., 2013; Surewicz and
Mantsch, 1988). The mechanism of action of VLM as a potassium
ionophore within biological membranes is schematized in Fig. 1b
(Huang et al., 2021).
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VLM is responsible for the dissipation of the mitochondrial mem-
brane potential and the subsequent cell apoptosis (Inai et al., 1997);
simultaneously, it is described as an inducer of uncoupling of cellular
respiration and depolarization of mitochondria isolated in vitro (Furlong
et al., 1998). In solution, VLM can assume different conformations
depending on the polarity of the medium and the potassium ion con-
centration. The antibacterial action of VLM has been attributed to ion-
ophore—mediated loss of K from the bacterial cell, leading to impaired
protein synthesis (Huang et al., 2021). The effectiveness of valinomycin
is pH—dependent and influenced by the concentration of potassium ions
in the cultivation medium.

A diverse spectrum of valinomycin biological activities was demon-
strated, ranging from antifungal, antiviral, and insecticidal to antitumor
efficacy. Membrane—active peptides and proteins have essential bio-
logical functions, such as electron and proton transfer, volta-
ge—dependent ion translocation, drug direction and release, and
antibiotic activity (Scrima et al., 2014; Sessa et al., 2020). VLM is a
potent antiviral agent in vitro against various viruses, including coro-
naviruses, enteroviruses, and flaviviruses (Sandler et al., 2020; Zhang
et al., 2020). Studies have shown that VLM was the most effective in-
hibitor against SARS and MERS, with a high potency against
MERS—CoV (Fatoki et al., 2021; Huang et al., 2021; Wu et al., 2004).
Recent studies have also demonstrated that VLM has a high binding
affinity to SARS—CoV—2 proteins. However, its mechanism of action
against SARS—CoV—2 is still unknown (Fatoki et al., 2021). In addition,
its antitumor efficacy has been evaluated against multiple cancer cell
lines (Inai et al., 1997).

Although it is not an FDA—approved antiviral drug for humans,
modification of its structure may reduce drug toxicity while maintaining
bioactivity in vivo. Structure—activity relationships studied with vali-
nomycin analogues indicated that the cyclic 12-residue peptide is
crucial for bioactivities. Changes to the valinomycin structure, such as
altering the size of the rings or modifying the amino acid residues,
significantly reduce its ability to form a stable complex with potassium
ions, decreasing its antimicrobial activity (Shemyakin et al., 1973).
Therefore, conjugating VLM with specific ligands that target diseased
cells could be a highly effective approach to enhance its therapeutic
potential while reducing its cytotoxicity (Srinivasarao and Low, 2017).
By selectively delivering VLM to targeted cells, the treatment can be
more efficient and minimize harm to healthy cells. This strategy is
promising because it allows for the use of VLM’s potent antimicrobial
activity against specific disease—causing agents while underestimating
its adverse effects on healthy cells. A recent study reported the synthesis
of chemically modified hydroxylated VLM analogues carrying an OH
group on the isopropyl side chain of a D—Hyi, D—Val, or L—Val residue
(Fig. 2) (Annese et al., 2013). Hydroxylation is a well—known mecha-
nism for modulating the physical state of the membrane (Friedman
et al., 2018; Piotto et al., 2014; Piotto et al., 2018). Therefore, it opens
the possibility of further chemical modification of VLM using the reac-
tivity of the OH group. Annese et al. (Annese et al., 2013) evaluated the
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effect of OH group addition for various hydroxylated analogues
(HyVLMs) on the bioenergetic parameters of rat liver—isolated mito-
chondria (RLM). The results of these studies clearly showed that
HyVLMs are less bioactive than VLM. However, they retain the ability to
chelate potassium ions, and the extent of the reduced bioactivity de-
pends on the hydroxylation site (Annese et al., 2013). Adding an OH
group on the side chain of D—Val and L—Val residues leads to de-
rivatives that more closely resemble the behaviour of wild—type VLM.
However, the decrease in bioactivity is exceptionally marked when
hydroxylation involves the side chain of a D—Hyi residue.

We analysed several aspects concerning the impact of the hydroxyl
group that need to be clarified to understand the mechanism of vali-
nomycin and rationalise the activity of the analogues.

First, hydroxyl groups in valinomycin analogues can impact mole-
cule solubility, potentially limiting their ability to cross the cell mem-
brane. The log P value is a valuable metric for predicting a compound’s
solubility in different solvents. Therefore, the hydroxyl group’s impact
on valinomycin analogues’ solubility should be considered in designing
potential therapeutic agents.

Then, the presence of hydroxyl groups may alter the binding of
valinomycin analogues to potassium ions. To study this aspect, the
transition state of wild—type valinomycin in the bound and unbound
state was analysed, and the orbitals involved in potassium complexation
were identified. The differences among the four molecules offer insights
into the potential effects of hydroxylation on the ion binding.

Finally, hydroxylation can affect the ability of valinomycin ana-
logues to cross the cell membrane. The energy profile of membrane
crossing for loaded and unloaded valinomycins was reconstructed using
metadynamics.

Metadynamics is a computational technique widely used to study
various molecular phenomena, including protein folding, ligand bind-
ing, and membrane transport. The method allows overcoming “slow”
degrees of freedom, requiring currently inaccessible computational
times to explore complex free energy landscapes in ordinary MD simu-
lations. In addition, the technique involves using a bias potential to
overcome energy barriers, which enables the system to explore a
broader range of conformational space. The concept of metadynamics is
to overcome barriers in the free energy landscape by defining one or
multiple so—called collective variables (CVs) along which accelerated
sampling is desired (Bussi and Laio, 2020). In the case of mem-
brane—crossing peptides, one of the important collective variables to
monitor during metadynamics simulations is the peptide’s position
along the membrane’s Z—axis. This variable reflects the peptide’s depth
within the lipid bilayer and can help identify the pathways and ener-
getics involved in peptide translocation across the membrane.

We performed a metadynamics study of VLM and HyVLM derivatives
on a membrane model of POPC (palmitoyl—oleoyl—phosphatidylcho-
line), the most widely used component in model membranes (Sugita
et al.,, 2021). Simulations allowed the reconstruction of the complete
pathway for the VLM to leave the cytosol, cross the membrane surface,

Extracellular

Fig. 1. (a) Valinomycin—K" complex. (b) valinomycin acts as potassium—selective ionophore.
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Fig. 2. VLM and hydroxylated analogues. VLMK _1 is the complex between VLM and K*; a hydroxyl group was added on D—hydroxyvaleric acid for VLMK 2, on

D—Valine for VLMK_3, and L—Valine for VLMK _4.

and position itself between lipid chains. These results can provide in-
sights into potential modifications to VLM to improve membrane
crossing and optimize the biological activity of valinomycin analogues.
Overall, understanding the impact of hydroxyl groups on solubility, ion
binding, and membrane crossing can aid in the rational design of more
effective valinomycin—based therapeutic agents.

2. Materials and methods
2.1. System preparation

The structure of valinomycin complexed with a potassium ion,
labelled VLMK_1, was downloaded from the Swiss—PdbViewer website
(Guex et al., v4.1). The ionophore appears as a 36-member chain of
amine and hydroxy acid residues that are able, by folding over the po-
tassium ion, to expose hydrophobic portions outward. This trans-
formation allows the VLM to cross a lipid bilayer quickly. Then, three
hydroxylated analogues were prepared from the VLMK _1 structure. The
geometry of all systems was optimised to avoid overlapping. The
structures were minimised by running combined steepest descent and
simulated annealing techniques using the software YASARA Structure
21.6.16 (Krieger and Vriend, 2014). More details on the protocol used

are presented in Sessa et al. works (Sessa et al., 2020; Sessa et al., 2021).

The analogues were labelled: VLMK 2 (OH on D—hydroxyvaleric
acid), VLMK _3 (OH on D—Valine) and VLMK 4 (OH on L—Valine),
respectively. The four structures are shown in Fig. 2. The corresponding
unloaded analogues non—complexing K+ were labelled VLM_2, VLM_3,
and VLM _4.

2.2. Computation of the free energy of valinomycin and its analogues

The different activity on cell membranes of valinomycin and its de-
rivatives is attributed to their different penetration (and solubility) in
the bilayer. We calculated the changes in free energy during passage
through a membrane of 100 % POPC using metadynamics calculations.
We analysed the four valinomycins with (VLMK _1-4) and without the
K* ion (VLM_1-4). The energy profiles were then compared with those
of the free potassium ion.

We employed GPU—accelerated Desmond software on an NVIDIA
GeForce GTX 980 graphic card obtained through Desmond academic
license (Bhachoo and Beuming, 2017; Bowers et al., 2006; Release,
2017). The parameters representing the height and width of the
Gaussians were set as default, respectively, at 0.03 keal/mol and 0.05 A.
RESPA integrator was used with a time step of 2.0 fs (Humphreys et al.,
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1994). For coulombic interactions, short—range cutoff radius was
defined at 9 A. We used the Nose—Hoover chain thermostat (Hoover,
1985) at a temperature of 300 K and 1 atm with an isotropic Marty-
na—Tobias—Klein barostat (Martyna et al., 1994) with a relaxation time
of 2.0 ps. For all simulations, the complex was first embedded in a 100 %
POPC model membrane (Fig. S1). Next, the systems were solvated in an
orthorhombic box (60x60x40 ;\) using the TIP3P water model with
0.15M NaCl to simulate the physiological concentration of salts in
biological cells. The OPLS2005 force field implemented in Desmond was
used to model the systems (Shivakumar et al., 2010). Finally, the sys-
tems were minimized and equilibrated at a temperature of 300 K and a
pressure of 1.013 bar. A wall was placed in each run at 50 A. The free
energy profiles across the lipid bilayer were calculated using the pro-
jection of the position of the molecules on the axis orthogonal to the
membrane as the collective variable (CV). The CV used in this work
consists of the distance along the z—axis (defined as z—dist) between
the centre of mass of the atoms of the VLM molecule (or analogues),
excluding hydrogen atoms, and the centre of mass of the carbon atoms of
the lipid tails of the membrane. The trajectory frames were recorded at
intervals of 100 ps for a simulation time of 100 ns. For each system, we
ran three metadynamics; each run shares the same starting point but
uses a different random seed.

The one—dimension free energy profile (FEP) of each run (namely
the primitive FEP) was calculated. The calculation of the primitive FEP
of an individual run is part of the standard metadynamics in Desmond.
We calculated the average FEP derived from a set of primitive FEP of
three replicas (Fig. S2). We considered a CV range from 0 to 44 A, then
from the centre of the membrane to the aqueous region. For intervals of
2 A, the free energy value was calculated following the procedure re-
ported by Wang et al. (Wang et al., 2022).

To assess the convergence of the simulations for the wild—type VLM
(both loaded and unloaded), we examined the similarity between the
free energy profiles generated from simulation durations of 50 ns,
100 ns, and 200 ns. Therefore, all simulations reached convergence at
least within a simulation time of 100 ns.

2.3. Transition state calculation

All the quantum mechanical calculations were carried out using the
GUIDE plugin (Sarkar et al., 2023) for YASARA Suite (Krieger and
Vriend, 2014). GUIDE is a plugin that enables users to perform ORCA
Version 5.0.2 (Neese, 2012) and MOPAC2016, Version: 22.111 L
(Stewart, 1990). We performed geometry optimization of hydroxylated
analogues using PM7 semiempirical methods followed by DFT calcula-
tion using B3LYP functional and DEF2-SVP basis set information
(Barabas et al., 2019; Sarkar et al., 2023).

QM—based TS (quantum mechanical transition state) calculations
were performed in vacuum using the semiempirical GFNn—xTB method
(Bannwarth et al., 2019) using the GUIDE plugin. A fully hydrated
membrane represents an extremely heterogeneous and anisotropic sys-
tem that cannot be easily simulated using COSMO solvation. For this
reason, it was decided to conduct this analysis in vacuum, although it
represents a crude approximation of the real situation.

All the DFT levels (with B3LYP functional and DEF2-SVP basis set)
geometry—optimized valinomycin analogues were considered the
endpoint product for the TS calculation. In this study, we initiated the
exploration of the valinomycin—K complex structure by first obtaining
the DFT—optimized geometry of the system. The starting point is vali-
nomycin obtained from the Swiss—PdbViewer website (Guex et al.,
v4.1). To build the endpoint, we moved 10 A away from the potassium.
Both structures have been optimized using the GFNn—xTB tight binding
semiempirical QM method (Bannwarth et al., 2019).

We used the nudged elastic band method (NEB) for the TS calcula-
tions, setting the RMSD—push and pulling pathfinder values to 0.003
and —0.015, respectively (Dohm et al., 2020). This information was
provided to the TS calculation as the pathfinder input file. Intrinsic bond
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orbitals (iboexp = 2) are generated using IboView (Knizia, 2013). The
isosurfaces enclose 80 % of the total electron density.

2.4. Solubility descriptor

Octanol—water partition coefficients were calculated by Materials
Studio 2020 using the ALogP function on the QSAR menu (Ghose et al.,
1998). AlogP is a molecular descriptor related to the hydrophobic
character of the molecule.

3. Results and discussion

AlogP is commonly utilized as a significant physicochemical
parameter in drug discovery. It indicates a compound’s capacity to cross
biological barriers, particularly cell membranes composed primarily of
lipids. Moreover, AlogP plays a crucial role in balancing a compound’s
solubility and permeability. Highly hydrophilic compounds may exhibit
favourable solubility but often possess inadequate membrane perme-
ability, constraining their effectiveness as therapeutic agents. The
calculated AlogP values are 5.27 for VLM_1 and 4.11 for the three
HyVLMs analogues. These results show that hydroxylation of valino-
mycin increases its solubility in water and leads to a reduction in the
AlogP value. This reduction in logP is advantageous for oral drug
administration, as it increases the likelihood that the compound will
possess adequate membrane permeability (Lipinski et al., 2001). It is
worth noting that cyclic peptides containing D-amino acids, such as
cyclosporine, have been successfully administered orally despite their
relatively high molecular weight and lipophilicity. Therefore, the
hydroxylation-induced decrease in AlogP observed in the HyVLMs an-
alogues may enhance their potential as oral therapeutic agents, offering
improved solubility in water while still maintaining the capacity to cross
biological barriers effectively.

3.1. Free energy profiles: comparison between loaded and unloaded
wild—type VLM

The free energy profile was calculated by varying the distance be-
tween the centre of mass of valinomycin and that of the membrane.

40 — VLM 1
— VLMK _1
K+
30

FEP (kcal/mol)
S
1

-
o
1

0 I 10 20 30 40
z-dist (A)

Fig. 3. Free energy profiles of the loaded and unloaded VLM (red and black
lines, respectively) and potassium ions (blue line). The shadow under each
curve indicates the error calculated by the primitive FEP. The approximate
positions of lipid and solvent molecules are depicted in the background. Solvent
molecules are shown as small red balls. The lipid leaflet molecules are drawn as
a ball and stick model. The position of the phosphatidylcholine head is in the
18-28 A zone.
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(Fig. 3). On the x-axis of the graph is the z—dist. On the y—axis is the
value of the free energy of the potassium ion or valinomycins. The zero
of the z—dist axis corresponds to the centre of the phospholipid mem-
brane. The overall membrane thickness (averaged among the phos-
phorous atoms on both membrane leaflets) is 38.7 & 2.1 A. The region
at the interface, populated by the polar heads of POPC, is at a distance of
about 20-30 A. The region beyond 30 A is cytosolic bulk.

The energy of the K™ ion in bulk is set equal to 0 kcal/mol. Minimum
energy is observed near the membrane surface due to electrostatic in-
teractions with the zwitterionic lipid heads (blue line in Fig. 3). Inside
the membrane, the energy of the potassium ion reaches a maximum of
about 38 kcal/mol. In its energy profile, the potassium ion shows a
minimum at 22 A from the centre of the membrane, indicating a pref-
erence to reside near the phosphatidylcholine headgroups. As widely
reported in the literature, the energy profile and the AG values confirm
that cations must be transported across the non—polar region and
released on the opposite side of a membrane (Su et al., 2021).

In bulk, VLM_1 uses six of its carbonyl groups and one of the ester
oxygens to establish hydrogen bonds with water molecules (Fig. S3).
Near the bilayer surface, AG increases and reaches an energy maximum
(AG = 12.8 kcal/mol) in the membrane core. The relatively low energy
barrier allows VLM_1 to move freely from one side of the membrane to
the other. The energy profile of VLM_1 shows a minimum at 16 A from
the centre of the membrane, then below the lipid heads (black line in
Fig. 3). This indicates that VLM can efficiently recruit a metal ion from
the interphase and translocate it to the other side of the membrane.
VLMK _1, being charged, has a maximum of about 23 kcal/mol in the
centre of the membrane, and it slowly decreases, proceeding toward the
water (red line in Fig. 3). Because of the shield offered by valinomycin,
the presence of potassium significantly decreases the energy in the
centre of the membrane; the energy is more than 15 kcal/mol lower than
that of the potassium ion. However, the energy barrier to be overcome is
much lower than for the isolated potassium ion not shielded by vali-
nomycin. The energy barrier separating the two sides of the membrane is
reduced by more than 3 times, allowing rapid and effective
depolarization.

(a)
30
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20 ——VLM_4
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3.2. Free energy profiles: comparison between VLM and its three
hydroxylated analogues

We compared the energy profiles of VLM_1 and its hydroxylated
versions (Fig. 4a). In addition, we analysed the energy profiles of
K'—loaded valinomycins, denoted as VLMK _ and shown in Fig. 4b. For
easier comparison of the free energy profiles, the energy was set to zero
in bulk (z = 40 A).

The results observed in Fig. 4a indicate the presence of a significant
energy barrier at the centre of the membrane. Compared to VLM_1, the
unloaded analogues exhibit more pronounced energy maxima in the
membrane. The centre of the membrane corresponds to z = 0 A, where
the free energy barrier increases from 12.8 (of VLM_1) to 18.8 kcal/mol
for the hydroxylated analogues. The higher energy belongs to VLM_2,
implicating that it is more challenging to cross the membrane for VLM_2
than the other analogues. All VLMs analogues showed interesting
behaviour, with a minimum at about 16 A distance from the centre of
the membrane, just below the phospholipid heads. In addition, another
energy barrier was observed near the interface between the membrane
and water. We set the entry barrier as the energy required for the VLMs
to move from the aqueous environment to the lipid head region, as
presented in Table 1. The barrier at the centre of the membrane corre-
sponds to the difference between the maximum (at O A) and the

Table 1
The free energy costs of VLMs.

Molecule AG (kcal/mol)*
Barrier at the membrane centre Entry barrier

K" 427 £1.1 41+1.0
VLM_1 15.6 £ 1.2 9.2+1.4
VLM_2 20.3£1.0 10.0 +£ 1.0
VLM_3 16.7 + 0.8 9.4+0.8
VLM_4 175+ 1.1 9.5+ 1.0
VLMK_1 26.0 £1.1 6.7+ 1.3
VLMK 2 289 +1.2 55+1.2
VLMK 3 27.2+1.1 7.1+1.0
VLMK _4 27.6 +1.0 6.8 +1.2

? The free energy was obtained by metadynamics. The error reported is the
standard deviation of the mean of 3 independent simulations with 3 different
seeds.

(b)

30

N
[
1

FEP (kcal/mol)
]

0 10 20 30 40
z-dist (A)

Fig. 4. Comparison among the energy profile of the wild—type VLM_1 (black line) and the three hydroxylated analogues (VLM_2 red line, VLM_3 blue line and
VLM_4 green line) (a); and of the loaded VLMK _1 (black line) and its three hydroxylated analogues (VLMK 2 red line, VLMK_3 blue line and VLMK _4 green line) (b).
In both panels, the shadow under each curve indicates the error calculated by the primitive FEP. The approximate positions of lipid and solvent molecules are
depicted in the background. Solvent molecules are shown as small red balls. The lipid leaflet molecules are drawn as a ball and stick model. The position of the
phosphatidylcholine head is approximately at 18-28 A from the centre of the membrane.
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minimum energy at about 16 A (see Fig. 4a).

The analogues studied show remarkable similarities in their energy
profiles. The energy patterns shown in Fig. 4a indicate an energy
maximum in the centre of the membrane and a preferred position below
the phospholipid heads. Furthermore, a closer examination of Table 1
reveals that the input barrier values for each analogue are highly similar.
Considering the high structural similarity between the analogues, these
results are not unexpected. The molecules share common structural
motifs, differing mainly in the presence of an additional hydroxyl group.
However, VLM_2 has the highest barrier to entry among all the ana-
logues studied. In contrast, VLM_3 and VLM_4 show comparable barriers
to entry, with a trend more similar to that of the wild—type.

The energy profile of the four complexes is shown in Fig. 4b. The
K'—loaded hydroxylated analogues show high energy at the mem-
brane’s centre, with a free energy maximum between 23 and 30 kcal/
mol. On the other hand, the loaded VLMK structures exhibit a common
trend that includes a minimum near the membrane surface. This ener-
getically favourable position facilitates the release of potassium ions into
the cytosol. Despite showing a slightly higher energy barrier in the
membrane (approximately 29 kcal/mol), also the analogue VLMK 2 is
still able to fulfil its function as a potassium transporter in the mem-
brane. It is found that all four compounds significantly decrease the
energy barrier required for the passage of metal ions across the mem-
brane. The mechanism by which VLM depolarizes the membrane con-
sists of three successive steps. The first step involves the insertion of the
valinomycin into the membrane, and as mentioned above, all analogues
can insert into the bilayer (Fig. 4a). The second step involves valino-
mycin getting close enough to the cytosol to capture a potassium ion.
Finally, the third step is valinomycin coordinated with the potassium ion
to cross the membrane (Fig. 4b). The differences between the membrane
entry barriers and the barriers at the membrane centre for the four an-
alogues are minimal. Therefore, the presence of the hydroxyl group does
not seem to affect the passage of valinomycin through the membrane
significantly (Table S1 for p-values comparison).

3.3. Transition state calculation of VLMK and HyVLMK complexes

Transition state (TS) calculation is an essential parameter for un-
derstanding the mechanisms of any chemical reactions (Madarasz et al.,
2016). TS calculations can identify the most favourable reaction path,

(a)
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the energy barriers for each reaction step, and the energy landscape of
the reaction. The results of TS calculations can be further used to predict
reaction rates, reaction selectivity, and the overall yield of the reaction
(Zinovjev et al., 2018).

The reaction coordinates represent the progression of the reaction
from the reactant state (VLM_; + K™) to the product state (VLMK ;). We
denote both systems as VLM_i and VLMK ;, where ";" goes from 1 to 4 to
distinguish the four analogues. The reaction coordinates represent the
various steps involved in the complexation process (Fig. 5a).

TS analysis shows that the valinomycin—potassium ion complex is
always favoured energetically (see Fig. 5a and Table 2). In the initial
stage, the potassium ion approaches valinomycin (VLM_;) to form a
temporary encounter complex characterized by weak interactions and
high translational and rotational freedom. Successively, the encounter
complex undergoes a transition state in which the potassium ion begins
to coordinate with valinomycin binding sites, forming the valinomycin-
potassium complex. This transition state represents a local energy
maximum on the reaction pathway. Finally, the complexation process
progresses to the product state when the potassium ion becomes fully
coordinated with valinomycin (VLMK ;).

The energy barrier to overcome (activation energy, E,.¢) required to
effectively coordinate the potassium ion is highest in VLM _2, being
nearly 40 kcal/mol, whereas it is lowest in VLM_3 and VLM_4. This
disparity in activation energy results in an enhanced ability for VLM_3
and VLM 4 to coordinate the potassium ion with their respective hy-
droxyl groups. Based on this finding, we can infer that hydroxylation of
D-Valine or L-Valine leads to a reduction in the activation barrier, while
hydroxylation of D-hydroxyvaleric acid appears to raise the activation
barrier.

Table 2
Calculated activation energies.

System AG (kcal/mol)+1.5" Eact (kcal/mol)+0.6"
VLM_1 -60.1 23.5
VLM_2 -56.8 37.8
VLM_3 -66.2 10.5
VLM_4 -59.3 11.8

# Standard error of the protocols (Dohm et al., 2020)
b Standard error of the protocols (Bannwarth et al., 2021).

(b)

Reaction coordinates

Fig. 5. (a) Reaction coordinates for potassium complexation (b) Intrinsic Orbitals of VLMK_1 at minimum energy.
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Overall, our TS calculations provide insight into the ability of vali-
nomycins to capture potassium ions, highlighting the differences in
activation energy among the analogues and their potential as metal
binders.

The conformational changes undergone by VLM_1 during the
complexation process of the potassium ion are shown in Fig. S4. The
potassium ion is located away from the valinomycin in the initial state.
During the complexation process, the potassium ion is captured within
the molecule. The key to this process is the coordination of the potas-
sium ion with six oxygen atoms in the molecule. To get a qualitative
picture of the complexation of the potassium ion, we showed the
intrinsic bonding orbitals (IBOs) (Fig. 5b). Analysis of the IBOs of the
oxygen atoms involved in the interaction with potassium indicates a 2
per cent contribution for the potassium atom per metal—oxygen inter-
action. The most relevant structures along the TS are shown in Fig. 54 to
compare the four analogues better.

4. Conclusions

The wild—type VLM (VLM_1) is the most effective ionophore, and
studies have shown that it can transfer large amounts of ions across
phospholipid membranes. The desire to reduce its intrinsic toxicity led
to the evaluation of chemical modifications, such as site-specific hy-
droxylation of VLM, which could be a quick way to tune the bioactivity
of the wild-type molecule finely. In this work, we considered three hy-
droxylated analogues: VLM 2, VLM 3, and VLM 4. Metadynamics
allowed the energy profile of the wild—type molecule and its hydrox-
ylated analogues in the cytosolic bulk and membrane to be evaluated.
VLM _1 easily penetrates the membrane due to the change in the polarity
of its outer surface. VLM_1 remains between the phospholipid heads
until it captures a K' ion, which is present in high concentrations on the
cytosolic side. Once the cation has been chelated, VLMK 1 easily crosses
the POPC membrane. The concentration gradient of potassium ions
drives the crossing. VLM can significantly reduce the energy required to
cross the membrane and leads to rapid release of ions inside the mito-
chondrion. The energy profile of the four molecules reveals that among
the hydroxylated analogues, VLMK _3 and VLMK 4 are those with the
most regular energy profile, suggesting high bioactivity. On the other
hand, VLM_2 is an analogue that shows the most difficulty in recovering
K" ions from the cytosol and crossing the membrane. In vitro analysis
revealed the lowest bioactivity among the four molecules compared.

We used transition state calculations to evaluate the ability of the
valinomycins to capture potassium ions. The complexed form was found
to have lower free energy than the potassium—free forms in all four
cases. VLM_4 and VLM_3 had the lowest activation energy, suggesting
they might be the more efficient transporters of potassium ions. VLM_2
had the highest activation energy and might be the least efficient
transporter.

The initial hypotheses proposed in this study included the possibility
that the different activity of the analogues was related to solubility,
ability to shuttle in the membrane, or ability to complex potassium. Our
results suggest that the hydroxylation has no effect on membrane
permeation and the latter hypothesis is the most plausible explanation.
The presence of an additional hydroxyl group on the residues D-Valine
for VLMK 3 and L-Valine for VLMK 4 drives the complexation of po-
tassium by steering the ion towards the carbonyl groups responsible for
hexa-coordination. In addition, the hydroxyl group plays a crucial role
in facilitating future chemical modifications and developing potential
new active molecules. This versatility allows researchers to finely tune
the bioactivity of the molecule and explore different structural
variations.

It is important to note that this conclusion was drawn based on ex-
periments conducted on model POPC membranes, and that the calcu-
lations of complex formation in this study were only investigated in
vacuum. Although these membranes are an extreme simplification of
real cell membranes, they have been widely used in previous studies and
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provide valuable insights into the properties and behaviour of ana-
logues. However, further studies using more complex membrane
models, more detailed potassium complexation analysis and in vitro or in
vivo experiments are needed to validate these results fully.

Although the mechanism of action of VLM in the treatment of
SARS—CoV—2 has not yet been elucidated, considering its higher
bioactivity, the analogue VLMK 3 is of particular interest. Its lower
cytotoxicity in vitro would make it an ideal candidate for developing and
optimising guide compounds for synthesising analogues with potential
antiviral activity for therapy to benefit COVID—19 patients.
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