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Abstract: In bacterial pathology, metallophores fabricated by bacteria such as Staphylococcus aureus
and Pseudomonas aeruginosa are exported to surrounding physiological media via a specific process to
sequester and import metals, resulting in enhanced virulence of the bacteria. While these mechanisms
are understood at qualitative levels, our investigation presents a complementary original view based
on quantum chemical computations. Further understanding of the active centers in particular was
provided for pseudopaline and staphylopine metallophores, which were described chemically and
with vibration spectroscopy. Then, for complexes formed with a range of transition metal divalent
ions (Ni, Cu, and Zn), description and analyses of the frontier molecular orbitals (FMOs) are provided,
highlighting a mechanism of metal-to-ligand charge transfer (MLCT), based on excited-states
calculations (time-dependent density functional theory (TD-DFT)) at the basis of the delivery of
the metallic ionic species to the bacterial medium, leading eventually to its enhanced virulence.
Such investigation gains importance especially in view of stepwise syntheses of metallophores in
the laboratory, providing significant progress in the understanding of mechanisms underlying the
enhancement of bacterial pathologies.

Keywords: chelators; drugs; bacteria; quantum molecular chemistry; frontier molecular orbitals;
vibration spectroscopy

1. Introduction and General Context

Chelation (pronounce “kelation” as it comes from Greek, meaning “pliers”) is a chemical process
through which a complex is formed between a metallic ion and a chemical molecule (ligand) through
ionic and coordination bonding. It is an important mechanism, as it involves research and application
fields of food science, bioscience, biochemistry, bacteriology, and therapy. Regarding the latter,
chelation therapy consists of the patient’s intake of specific drugs (such as ethylenediaminetetraacetic
acid (EDTA)) which bind to toxic metals such as heavy metals (lead, mercury, arsenic, etc.) present in
the organism. Once the metal is chelated (bonded) to the active center of the drug, the body removes
the produced complex through urination and discharge of feces [1].

A significantly important case is the excess of iron overdose incurred through intensive blood
transfusions and in the thalassemia major disease encountered in the Mediterranean population [2].
Here, specific chemical chelators (siderophores) trap free ferrous and ferric ions to eliminate them. Among
others, a recognized drug in this context is 4-(3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl)benzoic acid,
commercially known as deferasirox [2]. Figure 1a shows a representation of the molecule. The chelating
centers created upon removal of the two hydroxyl hydrogens are shown with green lines. Here and
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in the following case studies, the ridding of H from the OH hydroxyl centers prior to chelation with
divalent transition ions (TM**) in the physiologic medium is poorly understood.
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Figure 1. Deferasirox as an iron chelator for therapeutic applications. (a) Single molecule with the
chelating centers created by removing two hydroxyl H as shown with green lines; (b) two molecules
needed to chelate the iron(III) ion (Fe3*) within an octahedral coordination; (c,d) frontier molecular
orbitals (FMOs)—highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs)—obtained with quantum chemical calculations at the 6-31g/UB3LYP level (U stands
for unrestricted needed when a paramagnetic ion such as Fe>* 34° -or Cu?* 34” hereafter- is involved;
cf. text). AE(HOMO — LUMO) =~ 0.26 eV.

It actually takes two molecules to chelate a central iron, forming a distorted octahedron around it
with four planar oxygen ions and two axial nitrogen atoms (Figure 1b). Understanding the interaction
of Fe with its chemical surrounding calls for analysis of the molecular orbitals (MOs), especially the
frontier ones. MO analyses obtained from geometrically unconstrained molecular calculations at
the quantum level (cf. Section 2) lead to the examination of the highest occupied molecular orbitals
(HOMOs; Figure 1c). The overlap of lobes of the Fe d orbital recognized with d,? symmetry can
be observed with the p-O orbitals and less so with N, with which weaker coordination bonds are
expected (i.e., not ionic-like as with O™); the remaining charge density is distributed over the benzoic
COOH regions of the two deferasirox ligands. In the lowest unoccupied molecular orbitals (LUMOs;
Figure 1d), there is a redistribution of electrons over the other regions of the ligand molecule not
involved in the HOMOs. Moreover, iron is clearly much less bonded, as exhibited by the nearly free
d,? lobes. A thorough quantum chemical study of deferasirox and its chelation with different TM is
underway, especially in the context of further properties related to chemotherapy.

The context presented above readily introduces the main topic of the present paper, regarding
bacterial pathology. In all bacteria, transition metals are considered as essential micronutrients;
therefore, their acquisition is vital, especially in metal-scarce conditions, such as in a bacterial
host. Consequently, pathogenic bacteria developed many different mechanisms for their uptake and
homeostasis [3]. Indeed, through a particular process called nutritional immunity framework, the host
tends to sequester metals, and the pathogen, in order to keep up with its metal requirements, increases
its metal uptake efforts [4]. To accomplish this mission, most pathogenic bacteria produce small
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molecules dedicated to metal uptake, called metallophores. The most well-characterized metallophore
family is that of siderophores (sider = iron) [5].

Metallophore molecules are synthesized within the cytoplasm and then exported to the extracellular
medium, where they scavenge iron. Extracellular iron-siderophore complexes can be recognized and
actively transported into the periplasm by TonB-dependent transporters (TBDT) in Gram-negative
bacteria, and are usually transported across the plasma membrane by ATP-binding cassette (ABC)
transporters in both Gram-negative and Gram-positive bacteria [6]. This metallophore is also considered
as a virulence factor in some bacteria, such as pyochelin and pyoverdine in Pseudomonas aeruginosa [7].
Other metallophores were also described in the literature for their ability to uptake metals other than
iron, such as chalcophore for copper [8,9], manganesophore for manganese [10], nickelophore for
nickel [11-13], and zincophore for zinc [14-16]. Recent studies showed two new metallophores, related
to the nicotianamine of plants, in Staphylococcus aureus and Pseudomonas aeruginosa, called staphylopine
(STP) and pseudopaline (PSP), respectively [17,18]. STP is known as a broad-spectrum metallophore
for its ability to chelate different transition metals (TMs) [17], and PSP is known as a narrow-spectrum
metallophore, because it is more specific for the chelation of nickel and zinc [18].

The exportation of the metallophore outside the bacterial membrane and its subsequent
uptake of the chelated complex both underlie in vivo mechanisms which are hard to measure
(e.g., for obtaining infrared (IR), Raman, and ultraviolet-visible (UV-Vis) spectra constituting
spectroscopic signatures). However, in 2017, Zhang et al. [19] reported the stepwise total syntheses of
natural metallophores (staphylopine and aspergillomaramine). This new direction can permit further
quantitative spectroscopic characterization for better understanding the underlying mechanisms.
Nevertheless, substantial input pertaining to getting vibration signatures, as well as the characterization
of the frontier molecular orbitals FMO, highlighting chemical center activities can be obtained at the
quantum chemistry level with ab initio calculations. Specifically, frontier orbitals involving electron
exchange between the metal and the metallophore point to specific regions of the so-formed complex
chemical system, and they describe energetic zones involved with the chemical bonding and its
changes. Calling for frontier orbitals to interpret reaction mechanisms is based on the FMO theory
devised by Fukui in mid-20th century [20].

The mechanism of chelation within metallophores, outside the bacteria, whereby active centers
of the molecule interact with the metal, is not well understood, and our purpose here was
to present original results of a quantum molecular study of PSP and STP molecules and their
interactions with the first series of divalent TM ions, i.e., 3d diamagnetic ions, such as NiZ* and
Zn2*, with the narrow-spectrum metallophore, PSP, and the broader-spectrum STP. Paramagnetic
Cu?* and diamagnetic Ni?* and Zn?* were used in FMO analyses and assessments of IR spectra in a
physiological medium outside the bacterial cell.

2. Frameworks of Theory and Computations

In quantum chemistry calculations [21], it is well established that calling for a density functional
theory (DFT) [22,23] framework brings accurate results regarding the energy (E)-dependent quantities
and E-derived properties. This is because the exchange and correlation (XC) effects are equally treated,
albeit at a “local level”, i.e., at the location of the electron, which then becomes a “quasi-particle”.
In this context, far from nuclear physics, the quasi-particle is defined as the electron surrounded by
an impenetrable space called “the exchange—correlation hole”, which consists of merging the Fermi
hole (exchange) and the Coulomb hole (correlation). Note that exchange is better accounted for in
Hartree-Fock (HF) than in DFT because it is done non-locally. The approximation of XC is usually
accounted for locally with the local density approximation (LDA) [24], and the gradient of XC is
determined using the generalized gradient approximation (GGA) [25]. Taking the best of the HF
and DFT solutions led to improvements in ab initio molecular calculations with so-called “hybrid
functionals”, consisting of mixing exact exchange following HF- and DFT-based correlation. The most
accurate results are found using hybrid functional B3LYP [26] basis sets coupled with all electrons,
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such as the Pople 6-31g split-valence basis set [27]. Results presented herein were obtained using this
hybrid functional /basis set framework. Multiprocessor calculations, massively parallelized, were
done using the Gaussian 09 code [28] (see acknowledgements). Furthermore, in order to account
for the physiological medium, we used the polarizable continuum model (PCM) [29] implemented
within Gaussian 09. The PCM model is based on a self-consistent solution of the quantum mechanical
problem of a molecule immersed in such a polarizable medium (water in this study). Following
fully unconstrained geometry optimization, one gets a minimum energy. This step is followed by the
computation of the vibration frequencies. These are obtained from the energy second derivatives with
respect to the lattice coordinates, before being transformed into mass-weighted coordinates.

Furthermore, to better understand the process involved with the FMOs, an accurate description
of electronic excitations is required. This can be provided using time-dependent DFT (TD-DFT)
calculations, leading to the identification of natural transition orbitals (NTO) [30] which describe
hole—particle transitions. Such (heavy) calculations were used in this study for two specific cases of
Zn** complexes with both metallophores under inspection.

3. Results and Discussions

3.1. Molecular Study of Both Metallophores: Pseudopaline and Staphylopine

The molecular structures of PSP and STP were graphically constructed on computer, capturing
their spatial three-dimensional (3D) representation with respect to the various carbon hybridizations:
tetrahedral sp® involving ~109° H-C-H angles and planar sp? with 120° angles (Figure 2).
This preliminary step was followed by full geometry relaxation using the 6-31g/B3LYP hybrid functional
basis set. The resulting geometries are shown in Figure 2. PSP and STP show resemblance on the basis of
the chemical groups characterizing them, particularly with the presence of a terminal imidazole ring (on
the left-hand side) and several carboxylic groups (COOH)—four in PSP and three in STP. These groups
are mediated by aliphatic C-IN-C chains. The quantum chemical calculations allowed the extraction of
the molecular orbitals, especially the frontier ones (i.e., HOMO and LUMO), as well as the vibrational
spectroscopy signatures (IR spectra). The FMO’s s show the concentrations of electron density in specific
molecular regions, thus pointing to the (re)active zones of the molecules, based on the relationship
between chemical reactions and FMOs. Specifically, they involve the right-hand side containing COOH
... (NH) ... COOH moieties. This is somewhat close to the deferasirox molecular chelating center of
OH ... N(triazol) ... OH (Figure 1d).

Pseudopaline

Figure 2. Cont.
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Staphylopine Q

Staphylopine

FMOs

Figure 2. The molecules of both metallophores under consideration—pseudopaline and staphylopine—and
their FMOs, highlighting the active centers. Chelating centers were created upon removing two
hydroxyl H. Notice the resemblance with the deferasirox active chelating center (Figure 1la).
The numbering of some C and O atoms were used in Table 1 to assign vibrations.

Table 1. Main infrared (IR) frequencies in pseudopaline and staphylopine obtained from the B3LYP/6-31g
quantum molecular calculations. The numbering of some C and O atoms is as shown in Figure 2.

Infrared Wave Number (cm—1)

Designation
Pseudopaline Staphylopine
Whole molecule 9.27 11.62
Stretching all molecule 170.71 157.03
Imidazole torsion 649.81 643.43
COOH stretching torsion 773.97 745.85
Imidazol in-plane distortion 954.73 962.07
C—C stretching 1035.72 1057.10
C-N-C stretching 1125.66 1144.20
C-O-H angular torsion 1216.88 1196.49
CH,/NH dangling 1325, ... ,1515 1315, ..., 1556
C=0 stretching 1718.45: 19C-21 & 2C-2700 1705.68: 17C-190
1776.65: 16C-180 1726.27: 14C-160
1783.79: 24C-260 1751.66: 20C-330
C-H stretching 3027, ...,3225 2953-3525
N-H stretching 3225,...,3439 3525, ... ., 3566
O-H stretching 3548, ...,3633 3587, ...,3635
Imidazol-H stretch 3680.12 3672.13

3.1.1. IR Spectra

The calculated spectra for the two molecules in the geometrically relaxed structure are given in
Figure 3. The attributions of the main bending, torsion, and stretching modes are given in Table 1. As a
general trend, at low frequencies (low wave numbers in cm '), the whole molecule undergoes bending
and torsion, with modes of individual chemical groups appearing most reactive at high frequencies
corresponding to O-H, N-H, and C-H stretching.
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Figure 3. Infrared spectra of pseudopaline and staphylopine. Attributions are provided in Table 1.

3.1.2. Geometry of the Complex

The step following the study of the metallophore consisted of creating chelating centers. This was
done by removing the two hydroxyl hydrogen atoms numbered in Figure 2 as 34H and 29H in PSP,
and 43H and 39H in STP. The resulting anionic molecule was negatively charged (27), enabling it
to be neutralized upon receiving a cationic metal charged 2%, as shown in Figure 4 with Mg?* as an
example, along with actually chelated transition metal cations (Ni2*, Cu?*, and Zn?*). Note that these
cations are frequently found in a planar coordination, i.e., opposite to Fe?*, which is mainly found in
an octahedral environment (cf. Reference [31] and works cited therein). Lastly, regarding the chelating
sites, a resemblance with the deferasirox single-molecule active chelating center can be observed
(Figure 1a). This geometry of the complex is applied in the external region of the bacteria. In fact,
Song et al. [32] determined the crystal structures of CntA /STP /metal for a series of transition-metal
cations within a bacterial host, i.e., where the complex was detected by the bacterial receptor CntA.
In these conditions, a pseudo octahedral-like environment was evidenced. Nevertheless, there is no
crystallographic structure describing the actual geometry of the complex outside a bacterial cell, i.e.,
in the physiological medium where chelation occurs. Trials with computer construction were attempted
by enforcing a folding of the metallophore molecule into an octahedral-like environment around the
metal. This construction was then submitted to full geometry relaxations. The result was a total
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unfolding/reopening of the molecule, as shown herein. Through intensive exchange with the referees,
it can be proposed that the size of the ion is not enough to be completely chelated; thus, depending on
their size and nature, ions may or may not stabilize the octahedral environment. Future systematic
studies of transition metals with these metallophore ligands should enable further assessments.

3.2. Chelating Metal lons Using Pseudopaline and Staphylopine

3.2.1. Attempts of Chelation with Alkaline Earth Mg?*

The specificity of metallophores toward transition metals called for an assessment of this feature
toward a non-transition element, whereby the magnesium divalent ion Mg?* was used as an example.
Full geometry relaxation calculations were carried out with PSP and STP. Hydroxyl H atoms were
removed from both molecules and they were allowed to uptake Mg?*, resulting in charge-neutral
complexes. The FMOs are shown in Figure 4. Clearly, the molecular region surrounding Mg is devoid
of any electron density. This confirms that no chemical interactions took place with an alkaline earth
non-transition element, whether in the HOMO or in the LUMO. The only changes occurred in the
ligand-ligand charge redistribution within the molecule.

Complex

PSP-Mg

STP-Mg

Figure 4. FMOs of pseudopaline (PSP) and staphylopine (STP) complexes with the alkaline earth Mg
ion as an example. Indeed, the respective Mg regions show no MOs around the ion, thus highlighting
the specificity of such metallophores toward transition-metal ions.

3.2.2. Chelation with Transition-Metal Ions (TM**)

Pseudopaline with Divalent Ni and Zn

Figure 5 provides the FMO's. In the case of the PSP-Zn complex, the HOMOs show a large charge
density around the metallic ion. Upon exciting the LUMO (energy in the range of 0.6 eV), charge
density is transferred to the ligand surrounding the metallic ion. The PSP-Ni complex shows electron
concentration in the same region surrounding Ni; however, the mechanism of transfer was different
from the zinc case: the d orbitals in the HOMO had a dx>-y2 characteristic, while a highly intense
green non-bonding lobe was observed for the LUMO, pointing to an unstable ligand-metal complex.
The energy difference (HOMO — LUMO) was lowered to 0.25 eV.

Further assessment of the FMOs can be accessed through a description of the electronic excitations
involved. This can be provided through time-dependent DFT (TD-DFT) calculations. TD-DFT
calculations for the geometry optimized molecular structure (ground-state molecular structure) led to



Computation 2018, 6, 56 8 of 12

the identification of natural transition orbitals (NTO), through an account for particle (occupied initial
state) /hole (formerly unoccupied final state) states. The NTOs corresponding to FMO transition are
shown for PSP-Zn in Figure 6. The left-hand side (NTO particle) is in good agreement with Figure 5 for
the HOMO, and the right-hand side figure shows the transfer of charge density to the ligand, also in
agreement with Figure 5; however, the imidazol region (also observed in the LUMO of the Ni complex
in Figure 5) is implicated. Nevertheless, the results of the excited-state calculations show the trend of
metal-to-ligand charge transfer (MLCT).

Complex

Figure 5. HOMOs and LUMOs of complexes of pseudopaline with divalent Ni and Zn.

e )
PSP -Zn++ ]

NTO -particle TD-DFT NTO -hole

Figure 6. Natural transition (molecular) orbitals (NTOs) corresponding to FMOs of PSP-Zn.

Staphylopine with Divalent Ni, Cu, and Zn

The frontier orbitals are shown in Figure 7. The HOMO of the nickel complex shows similarities
with the PSP complex above, with the dy;_y> characteristic revealing a planar-like coordination.
However, the transition to the LUMO designates an MLCT-type mechanism (see Figure 8), showing a
largely reduced charge density around Ni and a redistribution of electrons over the ligands, including
the imidazole ring. The energy difference (HOMO — LUMO) was ~0.38 eV.

The copper complex shows a typical HOMO-to-LUMO MLCT characteristics, concomitant with
the highest affinity for such TMs observed experimentally [17]. This is demonstrated by the large
electron density around Cu?* (HOMO) and the distribution of electron density over the ligands in
LUMO, while Cu?* is surrounded by hardly any charge density. The energy change (HOMO — LUMO)
was lowered to ~0.23 eV. This low energy magnitude complies with the experimental observation of
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the preference of staphylopine toward copper [17]. Such a mechanism suggests the release of copper to
the Staphylococcus inner physiological medium, following the uptake of the complex by the bacterium.
The case of Zn is very similar to that of Cu; however, other regions of the molecule are implicated in
the LUMOs.

Figure 8 shows the NTO illustration of the excited-state TD-DFT calculations for STP-Zn, as shown
for PSP-Zn (Figure 6). The similarity with the FMO in Figure 7 is even more pronounced than in
PSP-Zn and equally points to an MLCT related mechanism.

Infrared Signature of the Complex

Figure 9 shows the calculated Infrared spectrum of STP-Cu. While main lines remain similar to
the staphylopine in terms of their attribution (Figure 3, Table 1), new modes appear due to the presence
of the copper ion. This is particularly the case for the so-called breathing mode at ~293 cm~!. A movie
showing this mode can be found in the Supplementary Materials. Nevertheless, other metal-related
modes can be of significance upon identifying the spectroscopic fingerprint of the complexes. This can
be relevant upon obtaining experimental spectra in further experiments.

Complexes with Staphylopine (STP)

STP-Ni

STP-Cu

STP-Zn

Figure 7. HOMOs and LUMO:s of transition-metal complexes with STP (Ni, Cu, and Zn).
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Figure 8. Natural transition (molecular) orbitals (NTOs) corresponding to FMOs of STP-Zn (cf. text).

2000

Infra-Red: STP-Cu_ |

1500

1000

I.R. Intensity (a.u.)

500

T T T T 1
0 1000 2000 3000 4000

New low frequencies due to Cu™
breathing mode at 293cm”

Wavelength (cm'1)

Figure 9. Calculated infrared spectrum of staphylopine chelated to divalent copper. Main lines remain
similar to the metallophore infrared spectrum (Figure 3); however, new modes occur due to the presence

of the copper ion, such as the “breathing mode” at ~293 cm™!.

4. Concluding Notes and Future Perspectives

The aim of our investigation was to present a complementary view of a particularly relevant
class of molecules in the field of bacterial pathology, i.e., transition-metal ion metallophores. Based on
quantum chemical computations, further understanding of the active centers was provided for
the following:

e two metallophores (pseudopaline and staphylopine);

e metal-chelated metallophores, mainly reporting on the charge transfers in frontier orbitals
(HOMO to LUMO) where MLCT (metal-to-ligand charge transfer) mechanisms were identified,
firstly inferred from FMOs, and further supported by NTOs from TD-DFT calculations.

The MLCT mechanism could be proposed as the basis of the delivery of the metallic ionic
species to the bacterial medium. While making quantum-chemistry-based hypotheses, the authors are
nevertheless aware that the mechanisms involved within the physiologic medium of the bacterium
could be more complex.

The vibration spectroscopy signatures (infrared in this study) obtained with calculations should
be of relevance once the corresponding metallophores and complexes are prepared at the laboratory
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scale. Raman and UV-Vis signatures can also be obtained from quantum chemistry calculations,
and these will help in further assessing prospective experimental works.

Our work here is only a first step toward a complete understanding of the domain of bacterial
pathology, where experimental investigations are jointly required, especially for in vitro (laboratory)
stepwise syntheses of metallophore molecules identified only within in vivo physiologic media, as well
as computational investigations with other elaborate basis-set/functional frames.

Lastly, one should complementarily carry out multi-scale computations [33] along with further
experimental findings, such as establishing crystal information files (CIFs) and more.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-3197/6/4/56/s1.
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