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The affinity of monensin A to bind monovalent metal cations was evaluated by means of density functional
theory (DFT) combined with polarizable continuum model (PCM) computations. The effect of various
factors on complex formation between the monensinate A anion and group IA and IB metal ions was
assessed. Competition between Na™ taken as a reference and monovalent metal cations was estimated
using the Gibbs free energy for substituting the ligand-bound Na* with its rival ions in the process [M*-
solution] + [Mon~Na*] — [Mon~M?] + [Na*-solution] (M* = Li*, K*, Rb*, Cs*, Cu*, Ag* and Au*). The
calculations revealed that the decrease in size of the cations accompanied by an increase of their
accepting ability enhances the metal selectivity towards ligand donor atoms. In the gas-phase the affinity
of monensinate A decreases in the order Cu* > Li* > Na* > Au* > Ag* > K* > Rb™ > Cs*. The complex
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Introduction

Monensic acid A (monensin A, MonH) belongs to the group of
natural polyether ionophores (PI) - a class of highly active
molecules with pronounced biological efficacy. They are poly-
ether polyalcohol monocarboxylic acids varying in molecular
weight from 700 to 1000 g mol ".** The carboxylic moiety is
placed at the “head” of the polyether chain while at least one
hydroxyl group is located at the “tail” of the molecule. Alkyl
substituents bound to the polyether chain are oriented exter-
nally ensuring the overall lipophilic character of the ligands.
Polyether oxygens are placed inward forming a hydrophilic
cavity able to host water molecules or monovalent metal ions.

The structure of monensic acid monohydrate (MonH-H,0) and
its complexes with monovalent metal cations [Mon M'] (M" = Li",
Na', K', Rb', Ag") has been evaluated by X-ray crystallography on
single crystals.*™ Data revealed that monensin reacts as a carbox-
ylate monoanion (Mon™) and the metal cations are coordinated by
six oxygens of various origin. No participation of carboxylate group
in the internal sphere of the metal ions was observed. Complexation
of M" ions leads to the formation of a pseudochelate structure
secured by a number of “head-to-tail” hydrogen bonds.
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Na™ ions in polar solvents but could become Li* or Cu*-selective in low-polarity solvents.

By wrapping monovalent metal ions as overall neutral
compounds, monensin is able to transfer them through the lipid
membranes into the intracellular space where dissociation of
cations occurs thus disturbing metal homeostasis. Changes in
the gradients of physiologically essential metal ions such as K"
and Ca*" induce a cascade of energy-consuming processes which
lead to ultimate cell death. Monensin A is used as coccidiostat
against Eimeria spp. but also possesses antibacterial, antiviral
and promising antitumor properties.”>"” It was observed that
inclusion of monovalent metal ions into the structure of the
ligand influences it's in vitro and in vivo activity."*>

The striking feature of PI is their selectivity towards mono-
valent metal cations despite similarities between all of them
from structural point of view and biological mode of action. An
extensive study on affinity of monensin A to bind monovalent
metal cations was performed in protic and dipolar aprotic
solvents, in heterogeneous systems (water-organic phase) as
well as in model biomembranes.?*® Experimental data (cyclo-
voltammetry, microcalorimetry, potentiometry)*** revealed
that monensinate complexes of IA cations are very stable with
sharp stability maximum for sodium complex [Mon~Na']. The
observed selectivity was explained in terms of cavity - cation-
size dependence and negative charge of ligand anion, intro-
ducing direct electrostatic stabilization. Generally, affinity of
monensinate A anion toward alkali metal ions in polar solvents
decreases in the order of Na" > K" > Rb" > Cs" although variation
was observed in some cases depending on the reaction phase/
medium and metal cations studied.

Thus, Henderson et al.?° reported affinity order of Na* > K" =
Li" >Rb" > Cs" in membranes and liquid crystals, confirmed by

This journal is © The Royal Society of Chemistry 2020
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studies of Ashton and Stenrauf*”” in model transport systems
(Na" > K" > Li* > Rb"). A slightly different sequence was evalu-
ated by Cornelius et al.?® using biomembranes: Na* > K" > TI" >
Rb" > Cs’. Hoogerheide and Popov*! studied affinity of mon-
ensinate anion to bind monovalent metal ions in anhydrous
methanol, and detected decreased selectivity of the ligand in
the order Ag" > Na" > Tl > K" > Rb" > Cs" > Li*, whereas later
Mimouni et al.*® observed some inversion between particular
pairs of ions in methanol and biphasic systems. Furthermore,
Forbes et al.** studied the gas-phase behaviour of monensin A
towards IA metal ions to assess the maximum stability of
[Mon~K'] as compared to other monovalent metal cations.

Although a substantial body of information has been accu-
mulated on the monensin chemistry/biochemistry, the key
factors governing its metal affinity are still not well defined.
Here, we endeavor to shed light on this issue by employing
a combination of density functional theory (DFT) calculations
and polarizable continuum model (PCM) computations. The
free energies of complex formation between monensinate anion
and group IA and IB metal cations are evaluated and the role of
various factors on the process (metal ion radius, its charge
accepting power, and dielectric properties of the medium) is
assessed. Note that our aim is to evaluate reliable trends of
changes in the thermodynamic quantities rather than repro-
ducing their absolute values. The approach adopted has proven
quite successful in deciphering the mechanism of metal
affinity/selectivity in a number of chemical/biological systems
such as cyclodextrins,* enzymes,* signaling proteins,** and ion
channels.®

Methods

Reaction modeled

The competition between the group IA and IB cations and Na*
(taken as a reference) in monensinate A can be expressed in
terms of the Gibbs free energy for substituting the ligand-bound
Na" with its rival cations:

[M*-solution] + [Mon Na*] — [Mon M"] + [Na*-solution]

1)

In reaction (1), [Mon M'] and [M*/Na*-solution] (M" = Li", K,
Rb", Cs’, Cu’, Ag" and Au") denote the metal cation bound to
monensinate A anion and unbound outside the host polyether
moiety, respectively. The reaction was modeled in various
dielectric media ranging from low polarity solvents character-
ized with ¢ = 2 (cyclohexane) and 4 (diethyl ether) to highly
polar solvents with ¢ = 32 (methanol) and 78 (water). The
positive free energy for reaction (1) implies a Na'-selective
binding site whereas the negative value implies a M"-selective
one. Ranking the free energies evaluated by reaction (1) reflects
the relative affinity of the metal cations for the host molecule.

DFT/PCM calculations

All calculations were performed using Gaussian 09 package of
programs.*® All the structures were fully optimized in the gas
phase at the B3LYP/6-31+G(d,p) level of theory yielding the
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Fig. 1 Optimized geometry of [Mon~Na*] complex at the B3LYP/6-
314+G(d,p) level of theory. Color scheme: C — green, O — red, H — light
grey, Na — purple.

respective electronic energies, Eeje.t Of the studied species. SDD
basis set and effective core potential were used for heavier metal
ions in the series such as Rb', Cs’, Ag" and Au'. This combi-
nation of method/basis set was chosen for the present calcula-
tions as it proved reliable in reproducing the experimental
structural parameters of [Mon Na'] complex used as reference
in this work. The optimized geometry of [Mon Na'] complex
(Fig. 1) is compared with the one determined from X-ray
diffraction.” The interatomic distances between the oxygen
atoms in monensinate ion and the sodium cation as well as
selected bond angles are given in Table 1. As can be seen from
the data in Table 1, the structure obtained from DFT compu-
tations is very close to that determined by X-ray diffraction. The
comparison between calculated structural parameters and
available experimental data shows quantitative agreement
between theory and experiment for the geometry of [Mon Na']
complex (Table 1).

Table 1 Comparﬂison between selected computed and experimental
bond distances (A) and bond angles (°) in [Mon~Na*] complex

[Mon Na']

Bond length/bond

angle Exp’ Calcd”
Na-O; 2.34 2.34
Na-O, 2.33 2.37
Na-O; 2.60 2.60
Na-O,4 2.45 2.45
Na-O; 2.41 2.46
Na-Og¢ 2.38 2.34
Na-O average 2.42 2.42
0,-Na-0, 68.2 68.6
0,-Na-0; 173.3 163.5
0;-Na-Os 117.3 122.8
0,-Na-Og 113.5 111.4
05-Na-0, 76.2 75.5

¢ Optimization at the B3LYP/6-31+G(d,p) level of theory.
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Table 2 Experimental and estimated solvation free energies (kcal mol™) employed in the calculations. Estimated AG® are determined as
a multiple of AG”® (exp) and AG*/AG’® ratio from SMD calculations given on the left of the respective AG® (est) column

Metal ion AG”® (exp)®® AG**/AG”® (calc) AG> (est) AG*/AG”® (calc) AG* (est) AG*/AG”® (calc) AG? (est)
Li* —123.5 0.974 —120.3 0.768 —94.8 0.560 —69.2
Na* —98.3 0.968 —95.2 0.763 —75.0 0.554 —54.5
K —80.8 0.960 —77.5 0.757 —61.1 0.545 —44.0
Rb* —76.6 0.971 —74.4 0.766 —58.7 0.557 —42.7
Cs* —71.0 0.967 —68.7 0.764 54.2 0.554 —-39.3
cu’ —148.7¢ 0.978 —145.4 0.770 —114.5 0.562 —83.5
AgJr —114.5 0.975 —-111.6 0.768 —88.0 0.560 —64.1
Au® —124.8° 0.977 —121.9 0.768 —95.9 0.561 —70.0

“ Estimated from the experimental solvation energy of Ag" and the respective ratio between the calculated AG® of Cu” and Ag™.  Estimated from the
experimental solvation energy of Ag" and the respective ratio between the calculated AG® of Au" and Ag".

Vibrational analysis was performed at the same level of
theory. No imaginary frequency was found for any of the opti-
mized structures indicating a local minimum of the potential
energy surface. The vibrational frequencies were used to obtain
the thermal energies, including the zero-point energy, Et, and
entropy, S. These values were employed in evaluating the gas-
phase Gibbs free energies for reaction (2), AG', at room
temperature, T = 298.15 K, according to (3):

[M*]+ [Mon Na*] —» [Mon M*] + [Na"] 2)
AG' = AE. o + AEr — TAS, (3)

where AEjc, AEr and AS are the respective differences between
the products and reactants. Solvation effects were accounted for
by employing polarizable continuum model calculations at
SMD level* as implemented in Gaussian 09 suite of programs.
Single point calculations of each geometrically optimized
structure were performed in each solvent. The differences
between the gas-phase and condensed-phase energies yielded
the free energies of solvation, AG,,°, of the respective
constructs. These were used in evaluating the reaction free
energies in solution, AG":

AG = AG' + AGyor* ((Mon™M*]) + AGson ([Na*-solution])
— AGyor*((Mon Na']) — AGy,“([M ™ -solution]) (4)

Notably, the experimentally determined solvation free
energies for the metal cations in aqueous solution (where
available) were used in the calculations. For other cations and
solvents estimated values were employed where the depen-
dencies in the theoretically evaluated quantities in combina-
tion with the experimental values were used to determine the
respective AGgo,°([M'/Na'-solution]) (Table 2). Such a meth-
odology (employing thermodynamic cycle with experimental
solvation free energies of some species) has proven quite
accurate in reproducing the experimental thermodynamic
data.*®

The basis set superposition error for the type of exchange
reactions modeled by reaction (1) was found to be insignifi-
cant* and was thus not considered in the present calculations.

Results and discussion
Group IA

Alkali metals form spherical monovalent cations whose ionic
radius gradually increases with increasing the atomic number
(Table 3). The ion charge density decreases in the same direc-
tion thus weakening the ligand affinity of the metal and
rendering the bulkiest Cs* the weakest Lewis' acid (with lowest
ligand affinity) in the group.

Structures of the fully optimized metal complexes with
monensinate A anion are given in Fig. 2. The metal cation binds

Table 3 Structural and electronic characteristics of group IA and IB metal cations with coordination number of 6

Average M-O distance in

Charge transfer to the metal Charge transfer to the metal

Metal ion Ionic radius® (A) [Mon M"] (A) (e) in M"~(CH;OCH,)“? (e) in M"~(CH;0H)**
Li* 0.76 (VI) 2.26 0.286 0.260
Na* 1.02 (VI) 2.42 0.215 0.198
K" 1.38 (VD) 2.81 0.166 0.152
Rb* 1.52 (VD) 2.89 0.142 0.132
Cs' 1.67 (VD) 3.08 0.129 0.119
Cu’ 0.77 (VI) 2.44 0.360 0.338
Ag' 1.15 (VD) 2.56 0.300 0.281
Au’ 1.37 (VI) 2.71 0.412 0.381

“ This work. Calculated from the Hirshfeld population analysis at the B3LYP/6-31+G(d,p) level. ” CH;0CH; is used as a model for the ether group in
monensin A. © CH;OH is used as a model for the hydroxyl moiety in monensin A.
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Fig.2 B3LYP/6-31+G(d,p) fully optimized structures of monensinate A anion bound to (A) Li*, (B) Na*, (C) K*, (D) Rb™ and (E) Cs*. Color scheme:
C - green, O - red, H - light grey, Li — magenta, Na — purple, K — blue, Rb — yellow, Cs — deep olive.

to ether and hydroxyl oxygens. The metal coordination numbers
are 6 in agreement with the experimental observations.*****
The average M"-O bond length increases in the same direction
(spanning the range of 2.28-3.08 A) which is compatible with
the increased ionic radius of the metal species (Table 3). This
result implies that the monensinate A ligand is relatively flexible
and its internal cavity, unlike that of other “rigid” macrocycles
(e.g. crown ethers), can fluctuate in size adapting to the spatial
requirements of the guest cation.

The outcome of the metal ion competition in solution
(reaction (1)) is a balance between electronic and solvation
effects. The role of the former can be assessed by following the

This journal is © The Royal Society of Chemistry 2020

trends of changes in the gas-phase free energies, AG'. As the
data in Table 4 indicate, AG' changes in agreement with the
affinity of the metal cation for the ligands (measured as the
amount of the charge transferred from the ligand to the metal;
the greater the charge accepted, the higher the metal affinity;
Table 3). It is the greatest for Li" ions and gradually attenuates
in going down the group. Accordingly, AG" increases from the
Li" to Cs'/Na" substitution. Thus, the electronic effects align the
affinity of the metal cations for monensinate A anion as Li" >
Na®>K">Rb" > Cs".

The solvation effects, however, affect the affinity order: while
it remains the same in low-polarity solvents (with dielectric

RSC Adv, 2020, 10, 5734-5741 | 5737
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Table 4 Gibbs free energies of M* — Na* metal exchange, AG*, for
reaction (1) evaluated for media with varying dielectric constant &*

Reaction AG* (kcal mol )
[Li*-solution] + [Mon Na'] — AG' = —20.5
[MonLi"] + [Na'-solution] AG® = —5.4
AG'=0.0
AG*? =57
AG™® =59
[K"-solution] + [Mon Na'] — AG' =27.2
[Mon™K'] + [Na"-solution] AG* =17.4
AG* =14.0
AGP? =9.2
AG™® =93
[Rb*-solution] + [Mon Na*] — AG' =617
[Mon Rb'] + [Na*-solution] AG* =49.4
AG* = 44.7
AG* =36.8
AG™ =354
[Cs*-solution] + [Mon Na'] — AG' =76.2
[Mon~Cs'] + [Na'-solution] AG® = 60.7
AG* = 54.3
AG*? =453
AG™® = 43.6
[Cu*-solution] + [Mon Na'] — AG' = —-31.6
[Mon~Cu’] + [Na*-solution] AG* = —2.0
AG' =87
AG*® =15.0
AG™® =14.9
[Ag'-solution] + [Mon Na'] — AG' =13.5
[Mon~Ag'] + [Na"-solution] AG® =23.1
AG* =26.4
AG® = 28.7
AG™® =283
[Au*-solution] + [Mon Na'] — AG' =2.4
[Mon~Au"] + [Na*-solution] AG* =18.4
AG* =241
AG** =273
AG™ = 26.6

“ In assessing the relative metal affinities, the affinity of the reference
metal cation (Na') is taken as 0, whereas that for the rest of the metal
cations follows the trends in AG".

constant 2-4), it changes in polar solvents (methanol and
water). The respective AG*> and AG’® for Li"/Na™ exchange, due
to the high desolvation penalty of Li" (left-hand side of reaction
(1) and Table 2), become positive. The free energies in polar
solvents for the rest of the metals decrease but remain on
a positive ground. Thus, the affinity series in polar solvents
(methanol for example) becomes Na* > Li* > K* > Rb* > Cs". This
is in good agreement with the experimental results indicating
that monensinate A is selective for Na" in polar solvents among
the group IA cations.*"*®

Group IB

The physico-chemical properties of the coinage metal cations
(Cu", Ag" and Au"), as compared to those of the respective alkali
metal ions, are strongly influenced by the presence of d orbitals
in the outer electron shell, which by hybridizing with the
valence s orbitals lower their energy thus reducing the ionic
radius and enhancing their charge accepting ability. Indeed, as

5738 | RSC Adv, 2020, 10, 5734-5741
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the data in Table 3 (last two columns) indicate, the charge
transfer from the ligands donor groups to the group IB metal
cations is greater (meaning higher affinity) than that to the
respective alkali metal ions from the same period. Furthermore,
the Wiberg indices®, evaluated from the NBO population
analysis revealed that the bonds between the group IB metals
and ligating oxygen atoms from monensin A are stronger than
those of the respective IA metal-oxygen counterparts: the mean
Wiberg indices for the Cu’-0O, Ag'-O and Au’-O bonds are
0.0578, 0.0601 and 0.0917 a.u., respectively, whereas those for
the Li*-0, Na™-0, K'-O, Rb"-0 and Cs"-O bonds are 0.0159,
0.0135, 0.0157, 0.0063 and 0.0104 a.u., respectively.

The structures of fully optimized complexes of monensin A
with Cu', Ag" and Au" are presented in Fig. 3. In all the struc-
tures, the metal cation is coordinated to six oxygen atoms.” The
smaller ionic radii of the coinage metal ions are compatible
with shorter M'-O distances in monensinate A complexes
relative to their alkali metal counterparts (Table 3). The gas-
phase M" — Na' substitution energies for Cu’, Ag" and Au"
are much more favorable than those of the respective group IA
metals from the same period (K', Rb" and Cs', respectively;
Table 4). The affinity order for the entire group I in the gas
phase reads Cu’ > Li" > Na* > Au* > Ag" > K" > Rb" > Cs".

In low polarity solvents (for example ¢ = 2) this order
changes in favor of Li": Li* > Cu” > Na" > K" > Au" > A¢g" > Rb" >
Cs'. The sequence changes again in polar solvents (methanol),
this time in favor of Na": Na" > Li* > K" > Cu" > Au’ > Ag" >Rb" >
Cs'. Note that the coinage metal ions, although possessing
higher affinity to the ligand than the respective alkali metal
cations, are relegated to lower positions in the solution affinity
scale due to the high desolvation penalty to be paid in
condensed phase (reaction (1) and Table 2).

Concluding remarks

The calculations performed reveal the following key determinants
of the monovalent metal selectivity in monensinate A anion:

- The metal ion radius: smaller size cations, with higher
positive charge density, are more competitive than their bulkier
counterparts;

- The metal cation charge accepting ability: increasing the
metal charge accepting ability, especially for d-elements, which
translates into increased affinity toward the surrounding
ligands (donor atoms), enhances the metal ion selectivity;

- The dielectric properties of the medium: low-polarity
solvents favor the smaller ions possessing high ligand affinity
(Li* and Cu"); in polar solvents, characterized with high
dielectric constants, the competitiveness of the medium-size
cations, particularly Na", increases.

The size of the internal cavity appears to be a secondary
factor of the metal selectivity as the pore is relatively flexible and
adaptable to certain extent to the spatial requirements of the
incoming metal cations.

Note that the role of the solvent in governing the metal
affinity of monensinate A anion is evaluated for the first time
here (to the best of our knowledge). Our results imply that the
metal selectivity of monensin A can be manipulated by

This journal is © The Royal Society of Chemistry 2020
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Fig.3 B3LYP/6-31+G(d,p) fully optimized structures of monensinate A bound to (A) Cu*, (B) Ag* and (C) Au™. Color scheme: C — green, O - red,

H — light grey, Cu — orange, Ag — cyan, Au — grey.

changing the solvent used: the polyether host selectively binds
Na' in polar solvents (methanol and water) but could become
Li" or Cu'-selective in low-polarity solvents such as alkyl ethers,
hydrocarbons and their halogenated derivatives.
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