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Abstract: The chirality of the polyether ionophore monensic acid A can be successfully used to study
its coordination ability in solution. A complementary approach to gain new insights into the complex-
ation chemistry of the antibiotic (studied previously by circular dichroism (CD) spectroscopy in the
ultraviolet range (UV-CD)) is presented. (1) Methods: The CD spectroscopy in the visible (VIS-CD)
and near-infrared (NIR-CD) range is applied to evaluate the affinity of deprotonated monensic acid
A (monensinate A) towards Ni(II) or Co(II) cations in methanolic solution. Competition experiments
between a variety of colorless divalent metal ions for binding the ligand anion were also performed.
(2) Results: The stability constants of the species observed in binary Ni(II)/Co(II)-monensinate
systems and their distribution were reevaluated with the VIS- and NIR-CD techniques. The data
confirmed the formation of mono and bis complexes depending on the metal-to-ligand molar ratio.
The studies on the systems containing two competing divalent metal cations exclude the formation of
ternary complex species but provide an opportunity to also calculate the stability constants of Zn(II),
Mg(II), and Ca(II) monensinates. (3) Conclusions: The advantages of CD spectroscopy in the VIS-NIR
range (“invisible” ligand and metal salts, “visible” chiral complex species) simplify the experimental
dataset evaluation and increase the reliability of computed results.

Keywords: monensic acid A; circular dichroism; VIS- and NIR-range; transition metal cations; binary
system; ternary system

1. Introduction

The polyether ionophore monensin (monensic acid, MonH) discovered by Agtarap [1]
is a well-known natural veterinary drug produced by Streptomyces cinnamonensis that pre-
vents Eimeria coccidiosis in livestock [2]. Monensin was a target of numerous applied
research [3–9]. In addition, it exhibits various antibacterial [10–15] and antiviral [16–18] ac-
tivity. In some recent publications, its potential as an antitumor agent [19,20] was explored.
Monensin was found to be active against various cancer cells via different mechanisms
of action, such as autophagy inhibition [21], influencing cells’ signaling pathways [22–25],
or enhancing reactive oxygen species (ROS) production [26,27]. The antibiotic belongs to
the polyether monocarboxylic acid chemical family (Figure 1) and possesses the following
important structural features: (i) “head-to-tail” cyclization through H-bonding between
carboxylic and hydroxyl functions placed at both ends of its molecule; (ii) hydrophilic
cage comprising internally oriented oxygen atoms; (iii) lipophilic exterior due to the alkyl
substituents attached to the polyether backbone. The formed macrocycle is able to adopt
a water molecule or monovalent metal cation in its cavity [28]. Crystal structures of the
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free monensic acid [29] as well as its Li(I) [30], Na(I) [31,32], K(I) [33], Rb(I) [34,35], and
Ag(I) [30] complexes have been determined. Nuclear Magnetic Resonance (NMR) was
applied to study the structure of the Na(I) [36] and Tl(I) [37] complexes. Solution studies
revealed a strong preference for the antibiotic for sodium ions [38–40]. The entrapped Na(I)
can be transferred through the lipid cell membranes both in electroneutral and electrogenic
ways, explaining the antibacterial activity of monensin and its derivatives [41].
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The antimicrobial mode of action of monensin appears to be sensitive to the local
cation environment: it was found to be pH-dependent in the case of S. bovis [42] and is
influenced by the presence of Mg(II) [43]. The latter observation can be at least partially
explained by the possible interaction of monensinate with divalent metal ions, which is
why we started systematic research on its complexation ability towards metal cations in
different oxidation states. The studies performed led to the isolation and characterization
of electroneutral coordination species whose composition and structure depend on the
antibiotic form used (deprotonated monensin, Mon−, or sodium monensinate, MonNa) and
the nature of the target metal cation: [M(MonNa)2Cl2] (M = Mn(II), Co(II), Cu(II)) [44,45];
[M(Mon)(H2O)] (M = Hg(II)) [46]; [M(Mon)2(H2O)2] (M = Mg(II), Ca(II), Mn(II), Co(II),
Ni(II), Cu(II), Zn(II), Cd(II)) [47–50]. A limited number of publications on the possible
interaction of divalent metal ions with monensin is available in the literature [51–56]. Re-
cent studies using synchrotron radiation circular dichroism spectroscopy in the ultraviolet
wavelength range (UV-CD) have revealed that it can be successfully applied to evaluate
the properties of monensinate complexes with M(I) and M(II) in methanolic solutions.
The main advantages of the method consist in distinguishing the individual metal ions
(especially the “colorless”) thanks to the conformational changes (albeit in some cases very
fine) in the monensinate structure occurring upon complexation [57,58]. Moreover, the
solution chemistry of the antibiotic in the presence of di- and trivalent metal cations seems
to be much more intricate, involving a number of equilibria in which diverse coordination
species may exist in addition to the already observed and isolated ones. Thus, at compa-
rable or higher metal-to-ligand molar ratio, the ionophore is bound as [M(Mon)(H2O)]+

(M = Mg(II), Ca(II), Mn(II), Co(II), Ni(II), Zn(II), Cd(II)) [58]. The close CD spectral features
of neutral and charged species imply that the monensinate anion retains its coordination
mode similarly to that observed in [M(Mon)2(H2O)2]. The structure elucidation of the
positively charged coordination compounds is still in progress, but their detection for the
first time in solution was only possible by the explicit use of the UV-CD methodology.
Although strong enough to discriminate, at a quality level, the binding of alkali and some
divalent metal cations to monensinate anion, UV-CD spectroscopy has been found to dis-
play disadvantages in probing the competitive reactions between certain individual metal
cations and the ionophore due to the small spectral difference between the corresponding
neutral and positively charged complex species (leading to an increase in uncertainty from
a quantification point of view).
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To overcome the drawbacks that limit the reliable application of UV-CD for quan-
titative purposes in these systems, we developed a complementary approach based on
CD-spectroscopy in the visible (VIS-CD) and near-infrared (NIR-CD) wavelength range.
Our strategy implements the complexation of monensin with the “colored” cations of
nickel(II) and cobalt(II), which, as will be shown later, exhibit well-defined and distinct
spectral patterns when bound as [M(Mon)(H2O)]+ and [M(Mon)2(H2O)2], respectively. The
observed properties of the mono- and bis-monensinates of Ni(II) and Co(II) were further
exploited to study the competition with divalent metal cations of Mg(II), Ca(II), and Zn(II).
Using the combined set of UV-, VIS-, and NIR-CD data, we shed new light on the properties
of the divalent metal complexes of monensinate in methanolic solutions.

2. Results and Discussion

Due to the chirality of monensin molecules, circular dichroism spectroscopy is a
useful method for studying its interactions in methanolic solutions. As an ionophore,
monensin forms various complexes with metal ions. While the species containing colorless
metal ions can be primarily studied using UV radiation, the colored metal ions can be
chirally perturbed by the ligand and, thus, may exhibit optical activity in the range of the
d-d electronic transitions. The appearance of a non-zero CD intensity in the wavelength
region of the visible light unequivocally proves the interaction between the metal ion and
monensinate anion, as none of these components produces a measurable CD spectrum by
itself. This fact simplifies the evaluation of the spectral series recorded during the titration
experiments varying the molar ratio of the ligand and the metal ion.

2.1. Binary Systems of Monensinate with Ni(II) or Co(II)
2.1.1. Interactions with Ni(II)

The stability of Ni(II) monensinates was found to be several orders of magnitude
higher than that of other divalent metal complexes when evaluated with UV-CD spec-
troscopy [58]. This extremely high stability did not check up with the competitive proper-
ties of Ni(II) for monensinate. An ambiguity of the computed UV-CD data may, however,
arise from the similarity of the spectra of the mono and bis complexes normalized to their
ligand content. In the UV region, the main contribution to the optical activity is provided
by the ligand itself, and, seemingly, its conformation is very similar when it is coordinated
to the same metal ion, independent of the composition of the formed species. In order to
overcome this shortcoming, we performed CD measurements using VIS and NIR radiation
in the range from 400 to 1200 nm titrating monensinate anion (obtained by adding one
equivalent of tetramethyl ammonium hydroxide (TMAOH) to MonH) with Ni(II) ions.
The advantage of the extended range CD spectra is that it increases the number of useful
(non-zero intensity) data points. The PSEQUAD program [59] fits the experimental changes
of the absorbances vs. the changes of the concentrations instead of fitting the spectral
pattern. These CD titration curves may have very different shapes at various wavelengths,
which might be of advantage in complicated systems where certain species contribute to
spectral changes at different wavelengths. This is not the case in binary systems, but it
helps the evaluation of the competition experiments of metal ions forming colored com-
plexes. To the best of our knowledge, this is the first experiment carried out in such broad
wavelength ranges.

The spectra demonstrate substantial changes both in their shape and intensity during
the titration, as shown in Figure 2a. While in the presence of excess monensinate, there
are spectral minima at ~680 nm and ~1200 nm and a spectral maximum at ~990 nm, the
picture changes to observe a minimum at ~750 nm and a maximum at ~1080 nm at Ni(II)
ions excess.
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Figure 2. (a) Titration of monensinate with Ni(II), followed by CD spectroscopy; cMonH = cTMAOH =
10.06 mM; Ni(ClO4)2 was used. (b) Species distribution diagram showing the partition of monensinate
(L = Mon−) calculated by the PSEQUAD program [59] from the ellipticity values recorded in the
600–1150 nm range. (c) Residual CD spectra obtained by the matrix rank analysis of the CD data
matrix assuming 0–4 independent chiral species. (d) Molar ellipticity spectra of the obtained mono
(NiL+) and bis (NiL2) complexes from the calculations carried out by PSEQUAD. NiL+ represents
the [Ni(Mon)(H2O)]+ and NiL2 the [Ni(Mon)2(H2O)2] species (the water molecule is included in the
cavity of each ligand, as it was shown previously by solution NMR experiments [46,48,49], in contrast
to the complexes of monovalent metal ions, where this water molecule is replaced [60]).

The evaluation of the spectral data matrix by the MRA (matrix rank analysis) pro-
gram [61] suggests that the consideration of only two species is enough to fully de-
scribe the experimental data (Figure 2c). These two species are [Ni(Mon)2(H2O)2] and
[Ni(Mon)(H2O)]+ bis and mono complexes, respectively. By evaluating the visible and the
NIR spectral ranges of the CD measurements together using the PSEQUAD program [59],
the obtained apparent stabilities for the mono and bis complexes were logβ’ = 5.94 ± 0.07
and logβ’ = 9.81 ± 0.11, respectively. These data differ substantially from the previously
published values but are more reliable due to the significant difference in the CD spectral
patterns of the two colored complex species formed in the solution (Figure 2d). The dis-
tribution diagram of the system using the recalculated conditional stability constants is
presented in Figure 2b. It shows that the major species at metal ion content close to the half
equivalent of Ni(II) compared to the ligand is the [Ni(Mon)2(H2O)2] bis complex, while at
metal ion excess, the quantitative formation of the mono complex is observed.

The visible and NIR-range absorbance measurements were also applied to study
this system in addition to CD spectroscopy. The spectra, however, proved to be highly
unstructured, and as such, they are not applicable for the study of Ni(II) (as well as Co(II),
see below) complexes of monensinate due to the low sensitivity of spectrophotometry
towards the formation of ML+ and ML2 complex species of these two transition metal ions
(Figure S1). In the spectrophotometric titrations, the main contribution to the absorbance
data is provided by the metal ions, as confirmed by the MRA evaluations (Figure S1b–d).
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This suggests that the spectra of the complexes are very similar to that of the uncomplexed
metal ions.

2.1.2. Interactions with Co(II)

The observed significant difference between the stability constants of the Ni(II)-
monensinate species obtained by UV- and VIS/NIR-CD measurements prompted us to
reevaluate the Co(II)-monensinate system as well. According to the characteristic light
absorption of Co(II) complexes containing O-donor atoms, the CD measurements were
performed in the range of 400–800 nm. During the titration of monensinate with Co(II) ions,
the CD spectra containing two positive (~476 nm, ~515 nm) and one negative (~554 nm)
bands were registered, with their intensity increasing up to the addition of 0.5 eqs of
Co(II). These data agree well with the formation of the bis complex between Co(II) and
monensinate (Figure 3a). By adding further Co(II) portions, the intensity of the spectra
decreased, and a new spectral pattern appeared with a single local maximum (~498 nm)
and a single local minimum (~543 nm). Similarly to Ni(II) complexes, the MRA evaluation
of the Co(II) titration data suggested that the consideration of only two chirally active
species, i.e., [Co(Mon)2(H2O)2] and [Co(Mon)(H2O)]+ is enough to describe the system
(Figure 3c). This is also supported by the appearance of an isodichroic point around 550 nm
in the range of the 0.5–10.0 equivalents of the added Co(II).
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Figure 3. (a) Representative titration of monensinate with Co(II) followed by CD spectroscopy;
cMonH = cTMAOH = 9.53 mM; Co(ClO4)2 was used. (b) Species distribution diagram showing the
partition of monensinate (solid lines), (L = Mon−) calculated from the ellipticity values within the
400–600 nm range of three independent Co(II)-monensinate titrations by the PSEQUAD program [59].
Dashed lines represent the distribution diagram using the constants in [58]. (c) Residual CD spectra
obtained by the matrix rank analysis of titrations assuming 0–4 chiral species. (d) Molar ellipticity
spectra obtained for the mono and bis complexes from the PSEQUAD calculations. CoL+ represents
the [Co(Mon)(H2O)]+ mono complex, and CoL2 the [Co(Mon)2(H2O)2] bis complex.
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In contrast to Ni(II), for the Co(II)-monensinate system, the stability constants deter-
mined from the visible range show a good resemblance to the values calculated from the
UV-CD data (Table 1). Thus, in line with the already known [58], a species distribution
diagram can be drawn (Figure 3b). Nevertheless, the precision of these reevaluated data
is better compared to that calculated previously. The molar ellipticity spectra computed
for the bis and mono complexes correspond well with the spectra recorded at 0.5 eqs and
10 eqs Co(II) excess, respectively (Figure 3d).

Table 1. Conditional stability constants (shown as logβ’) of the monensinate complexes with Co(II)
as computed from various CD spectroscopic data by PSEQUAD program [59].

logβ’ [Co(Mon)(H2O)]+ [Co(Mon)2(H2O)2] Ref

UV-range 5.9 ± 0.5 10.2 ± 0.8 [58]

VIS-range 5.74 ± 0.02 9.93 ± 0.04 This work

In earlier experiments, we noticed that chloride anions exhibit significant affinity
for binding Co(II) cations in methanol, as it was detected by UV-VIS spectrometry using
100 mM salt solutions (data not shown). Therefore, we studied the interaction of mon-
ensinate with CoCl2 and Co(ClO4)2, but no significant difference in the stability constants
values or in the pattern of the molar CD spectra (Figure 3d) was observed. This means that
Cl– cannot compete for the metal ion with monensinate anion. In spite of the fact that a free
coordination site is available around the metal ion in the ML+ complex, the Cl– ion did not
even alter the CD spectrum of the ML+ complex, as compared with the spectrum obtained
in the presence of Co(ClO4)2. It suggests that the interaction with the counterion occurs
only in a more concentrated solution.

2.2. Competition between Ni(II) and Co(II) for Monensinate

After characterization of the binary systems, we performed experiments in the ternary
systems containing monensinate, Ni(II), and Co(II) to check whether the new stability
constants data can be applied to describe the competition between the metal ions for the
ligand anion. In these experiments, the first 0.25–0.3 equivalents of Co(II) or Ni(II) were
added to monensinate, and then these systems were titrated with increasing equivalents of
the other metal ion. The changes were followed by CD spectroscopy in the 400–1200 nm
range (Figure 4a,b). In this system, one can observe the NIR bands related to the Co(II)
complexes. However, these are not characteristic, and therefore, we did not carry out
measurements in this range in the binary system. However, since the Ni(II) complexes exert
characteristic bands here, this range was also included in the competition experiments with
Co(II). The two titration series could be well fitted simultaneously by the apparent stability
constants determined for the binary Co(II) and Ni(II)-monensinate systems. The spectral
intensities were allowed to refine during the calculations. As a result of these experiments,
the measured (solid lines) and the calculated (dashed lines) spectra showed almost the
same pattern at all titration points (Figure 4a,b). This observation was further supported by
the fact that the molar CD spectra calculated for the modeled ternary systems are the same
as those obtained from the corresponding binary systems (Figure 4e).

Based on these findings, it can be concluded that no ternary complex formation with
chiral properties occurs at a level higher than the reliably detectable 10% in the course of
the titrations. Nevertheless, the inclusion of all the mono and bis complexes (for both Ni(II)
and Co(II)) was necessary to use to properly describe the experimental data. This is also
clearly reflected in the MRA residual intensity curves, which do not become equal to the
random noise until the fourth species is assumed to be present in the system (Figure 4f).
These experiments proved that the competition reactions are useful to characterize the
solution equilibria in the ternary systems of various metal ions and monensinate. Thus,
such measurements can be applied in the studies of the monensinate complexes of colorless
metal ions in competition with colored metal ions.
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Figure 4. Competition of Ni(II) and Co(II) for monensinate. The change of the CD spectra is
shown by increasing the ratio of Ni(II) (a) or Co(II) (b). Measured spectra are shown by solid
lines, while the spectra calculated with the help of the stability constants obtained from the bi-
nary systems are shown by dashed lines. cMonH = cTMAOH = 10.1 mM; Co(ClO4)2 and Ni(ClO4)2

were used in the experiments. Species distribution diagram showing the partition of monensinate
(L = Mon−) calculated for the Co(II)/Ni(II) (c) and Ni(II)/Co(II) (d) competition titrations. (e) Mo-
lar ellipticity spectra obtained for the mono and bis complexes from the PSEQUAD calculations
of the ternary systems (dashed lines) and binary systems (solid lines). CoL+ and NiL+ represent
the [Co(Mon)(H2O)]+ and [Ni(Mon)(H2O)]+ mono complexes, while CoL2 and NiL2 represent the
[Co(Mon)2(H2O)2] and [Ni(Mon)2(H2O)2] bis complexes, respectively. (f) Residual CD spectra
obtained by the matrix rank analysis of (b) titrations assuming 0–6 chiral species.

2.3. Competition between Ni(II) or Co(II) and Colorless Divalent Metal Ions for Monensinate

The colored Co(II) or Ni(II) monensinate complexes provide a chance to evaluate
the complex formation of otherwise spectroscopically silent metal ions such as Zn(II),
Ca(II), and Mg(II) in the wavelength range of the visible light (Figure 5). From a biological
perspective, the study of Zn(II)-monensinate interactions is essential since Zn(II) is one of
the most abundant transition metals in living organisms.
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Figure 5. Competition experiments of colorless divalent metal ions (Zn(II), Mg(II), and Ca(II))
with Co(II) for monensinate. The decrease of the ellipticity values at 518 nm, attributable to the
decomposition of the CoL2 complex upon the addition of Zn(II), Mg(II), and Ca(II) ions, are plotted
in panels (a,c,e), respectively. Measured data points are represented by blue × symbols, while
the black solid lines show the fitted titration curves based on PSEQUAD calculations. The insets
represent the measured (solid) and simulated (dashed) CD spectra. cMonH = cTMAOH = 11.02 mM;
0.5 eqs Co(ClO4)2. Species distribution diagrams in panels (b,d,f) show the partition of monensinate
(L = Mon−) during the competition between Co(II) and Zn(II), Mg(II), or Ca(II), respectively.

While evaluating the titrations of the Co(II)-monensinate system with colorless metal
ions, the species matrix for the calculations shall be constructed with great care. The
minimal number of species necessary to describe the formation processes cannot be decided
by the MRA procedure since not all the complex species exert CD spectrum in the visible
range in these systems. The fraction of the colorless species can only be deduced from the
ratio of the complexes of the colored competitor. The goodness of fit significantly decreased
in the case of Zn(II) and Mg(II) if only the mono-complex formation with the colorless
metal ions was assumed (Figure S2). Therefore, in each case, the presence of both mono and
bis complexes was also suggested (Table 2), similar to the competition reactions between
Co(II) and Ni(II) ions.
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Table 2. Conditional stability constants (shown as logβ’) of monensinate complexes with various
divalent metal ions obtained from the evaluation of CD spectroscopic Co(II)-competition titrations by
PSEQUAD program [59].

Complex Species Zn(II) Mg(II) Ca(II)

[M(Mon)(H2O)]+ 6.09 ± 0.02 4.81 ± 0.01 5.18 ± 0.01

[M(Mon)2(H2O)2] 10.12 ± 0.02 8.36 ± 0.01 8.40 ± 0.01

The data presented in Table 2 are somewhat different from the stability data calculated
previously from the UV-CD spectra. The study of the Ca(II) complexes is surprisingly
successful by these competition experiments in spite of the lack of the CD spectra of these
species. Here, we were able to determine the stabilities of both mono and bis complexes of
Ca(II) in contrast to the previous results.

In the knowledge of the conditional stability values of the Zn(II)-monensinate com-
plexes, it was also possible to evaluate the Ni(II)/Zn(II) and Zn(II)/Ni(II) competitive
titrations as well, with an acceptable error. Based on the above data, no ternary com-
plex formation was observed in either the Co(II)/Zn(II) or in the Ni(II)/Zn(II) containing
systems (Figure 6).
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Figure 6. Competition of Ni(II) and Zn(II) for monensinate. The change of the CD spectra is
shown upon increasing the ratio of Zn(II) ions related to Ni(II) (a) and Ni(II) ions related to
Zn(II) (b). The measured spectra (solid lines) are compared with the simulated spectra (dashed
lines) using the stability constants obtained from the Co(II)-Zn(II) competition systems for Zn(II).
CMonH = cTMAOH = 10.07 mM; Zn(ClO4)2 and Ni(ClO4)2 were used. (c) Molar ellipticity spectra
calculated for the Ni(II) mono (NiL+) and bis (NiL2) complexes evaluating the ternary (dashed lines)
and binary systems (solid lines) by PSEQUAD.
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3. Materials and Methods
3.1. Materials

Sodium monensinate A (MonNa) was supplied by Biovet Ltd. (Bulgaria), and monen-
sic acid A was prepared as described earlier [62]. The substances were dissolved in pure
analytical-grade methanol (VWR, Avantor, Hungary). Before CD-spectroscopic titrations,
1 equivalent of tetramethylammonium hydroxide (TMAOH) was added to the samples
to deprotonate the carboxylic group of the ligand. The concentration of TMAOH was
determined by acid–base titration.

The analytical grade metal(II) salts (CaCl2, MgCl2, CoCl2·6H2O, Co(ClO4)2·6H2O,
Ni(ClO4)2·6H2O, Zn(ClO4)2·6H2O) were purchased from Sigma-Aldrich Chemie GmbH
(Schnelldorf, Germany). Metal stock solutions were prepared in methanol, and the exact
concentrations were determined by classical complexometric titrations using ethylenedi-
amine tetraacetic acid.

3.2. CD Spectroscopy

A Jasco J-1500 spectrophotometer (JASCO Corporation, Tokyo, Japan) was used for
circular dichroism spectroscopic measurements. A constant nitrogen flow was continuously
applied during the experiments. In the wavelength range of 180–330 nm, utilized for
determination of monensinate concentration, stepwise scanning mode was used, while
within 300–1200 nm, the measurements were performed in a continuous scanning mode
at 200 nm/min speed. In each measurement, 2 s response time was applied with 1 nm
resolution. The samples were measured in 0.2 mm cylindrical quartz cuvette (Hellma,
Müllheim, Germany) in the UV range and in 1 cm standard cuvettes in the visible range.
Based on the intensity of the spectra, 3–10 accumulations were averaged. The PSEQUAD
program was used for fitting the CD spectra and for calculations of the stability constants,
species distribution diagrams, and molar CD spectra of the complexes [59].

3.3. Mathematical Treatment of the Experimental Data

Programs for the calculations of the stability constant fit the experimental data in an
iterative approach based on the mass balance equations. Thus, the output strongly depends
on the species matrix applied for the calculations. An unsatisfactory model will lead to
distorted values of the stability constants and molar intensities (absorbance, ellipticity,
etc.). When too many species are hypothesized, this also may happen since the increasing
number of fitted parameters usually improve the overall fitting parameter, although these
species may be present in negligible amounts. To make the decision about the number of
independent species more straightforward, we carried out a matrix rank analysis (MRA)
procedure with the CD data obtained for individual systems. This kind of treatment has the
advantage that it is fully independent of chemical preconceptions. At the same time, large
data sets, including more reliable chemical information, are difficult to handle without
computer programs. The MRA program [61] applied by us was optimized to treat such
large data matrices. In addition to the calculation of eigenvalues, the significance that
depends on the initial estimation of the standard error of the measured data, this program
provides the so-called residual intensity curves upon hypothesizing the presence of 0,
1, 2, . . . n species with independent intensity patterns. The procedure is based on the
gradual elimination of the rows and/or columns of the data matrix. Briefly, after the (i–1)th
elimination step, the P vector is calculated, and its ith element has the largest absolute value
of the remainder intensity. A serial number of a row and column or directly the applied
independent variables related to these numbers (i.e., the wavelength or the concentration)
can be assigned to these elements. With m being the number of assumed independent
species, we calculate Pm+1. Omitting this row (or column) and carrying out MRA again,
the second most important row (or column) is found, and so on. The resulting Pm+1 can be
plotted as it is shown in Figures 2c, 3c, and 4f. This means that the residual intensity curve
in the procedure assuming m = 0 carries the total recorded intensity. When m = 1, 2, 3, . . .
the intensity values related to the 1st, 1st, and 2nd, first three, . . . species are eliminated,
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respectively. The residual intensities belong to the remaining species. If a residual intensity
curve has a random behavior, i.e., no systematic deviation from the zero line is observed,
there is no need for consideration of further species. While this can be clearly observed in
the figures, for justification of the results, we also carried out two sample F-tests on pairs of
residual curves to see whether their deviations differ or not. The detailed results of these
calculations are described in Figure S3.

4. Conclusions

Circular dichroism spectroscopy proved to be a useful tool for studying the complex
formation of monensinate in solution. At the same time, the absorption spectra recorded in
the visible range are unstructured, and their MRA analysis shows fewer colored species
than were revealed by CD spectroscopy. The complementary CD measurements in the
wavelength interval of the visible light allowed for accurate determination of the apparent
stability constants of the mono and bis complexes formed with Ni(II) and Co(II) directly
and with Zn(II), Mg(II), and Ca(II) indirectly through competition reactions. The newly
determined constants reveal that Ni(II), Co(II), and Zn(II) complexes possess comparable
stability with logβ’(ML) ~6 and logβ’(ML2) ~10, while Mg(II) and Ca(II) display lower
stability with logβ’(ML) ~5 and logβ’(ML2) ~8. The data suggest that the impact of these
divalent metal ions on the biological performance of monensin A shall be proportional to
their local concentrations available for complex formation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11080334/s1, Figure S1: Representative spectroscopic
titration of monensinate with (a) Ni(ClO4)2, (c) Co(ClO4)2, (e) CoCl2; cMonH = cTMAOH = 10.0 mM.
Residual absorbance spectra obtained by the matrix rank analysis of Ni(ClO4)2, Co(ClO4)2, and
CoCl2 titrations are plotted in panels (b), (d), and (f), respectively, assuming 0–4 absorbing species.
The insets represent the magnified residual absorbance spectra assuming 1–4 absorbing species.
Figure S2: Evaluation of the competition experiments of colorless divalent metal ions (Zn(II), Mg(II),
and Ca(II)) with Co(II) for monensinate, assuming the formation of only mono complexes with the
colorless metals. The insets represent the measured (solid) and simulated (dashed) CD spectra of
titrations with (a) Zn(II), (c) Mg(II), and (e) Ca(II). cMonH = cTMAOH = 11.02 mM; 0.5 eqs Co(ClO4)2.
The decrease of the ellipticity values at 512 nm, attributable to the decomposition of the CoL2 complex
upon the addition of Zn(II), Mg(II), and Ca(II) ions, are plotted in panels (b), (d), and (f), respectively.
Measured data points are represented by blue × symbols, while the black solid lines show the fitted
titration curves based on PSEQUAD calculations. Figure S3: (a) Two sample F-tests carried out in
a pairwise manner on the residual CD intensity curves obtained for the Ni(II)-monensinate system
(one-tail evaluation, α = 0.05). Each residual intensity curve calculated by assuming m species was
compared to the one assuming the maximal number of the species during the calculations. Here, the
ratio of the calculated F-values and F critical value obtained from F statistics table was plotted vs. the
number of assumed independent species. The values below 1.0 suggest that there is no significant
difference between the variances of the compared data. The inset represents the enlarged plot with
the value of 1.0 in the focus. (The labels of the axes are the same as the main figure.) Based on this
evaluation, the curves obtained by assuming 0 and 1 species clearly differ from those assuming four
species. This shows that including 0 or 1 chiral species is not enough to describe the data. The value
calculated by assuming 3 species does not differ from that of containing 4 species, indicating that
both represent the variance of the CD measurement itself without any chiral species. The relationship
of the values obtained by assuming 2 and 4 species is ambiguous. F/Fcrit is around 1.0, but slightly
higher. (b) The enlarged version of the residual CD intensity curves from Figure 2 of the main text,
centered around the zero line. That lack of the systematic deviation of the data calculated assuming
the presence of two independent chiral species from the zero value is clearly observed. It suggests
that in spite of the statistical analysis giving a hint of the third species, it shall not be included in the
further evaluation. The tendency of the F/Fcrit values is also in agreement with this suggestion.

https://www.mdpi.com/article/10.3390/inorganics11080334/s1
https://www.mdpi.com/article/10.3390/inorganics11080334/s1
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