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Abstract: Almost half of all known to date proteins contain metal co-factors. Over the course of 3–4 billion years of organism evolution, 

several metal species of different oxidation state (Na+, K+, Mg2+, Ca2+, Zn2+, Mn2+, Fe2+/3+, Co2+/3+, Ni2+ and Cu+/2+) have been chosen to 

participate in key biological processes. They are known as “native”, or “biogenic” metals.  On the other end stand toxins like mercury and 

lead, which poison the recipient by competing with the natural co-factors for binding the essential proteins. As a third example, however, 

should be outlined some abiogenic metal species, which exert a curative effect on the host organism, and are, therefore, applied in medicine 

as novel drugs. Such are silver (Ag+), strontium (Sr2+), and gallium (Ga3+). The current study investigates their ability to compete with the 

native cuprous (Cu+), calcium (Ca2+), and ferric (Fe3+) cations, respectively, by exploiting the methods of the computational chemistry.  

Nowadays, silver finds broad application in many areas of medicinal use, e.g. being added to dressings of burn wounds as a concomitant 

therapy of skin ulcers, as a potential water disinfectant, or even in ophthalmology as an active component in eye drops. Strontium prevents 

the destruction of bones and contributes to their restoration. Sr2+ salt of ranelic acid is a medication (under the names Protelos, Protos, 

Strontium ranelate Aristo) used for treatment of osteoporosis in postmenopausal women and very elderly patients. Gallium, in its cationic 

form (Ga3+), is well known for its anticancer activity. Nonetheless, recent experimental studies have considered the employment of gallium 

as a promising “Trojan horse” strategy against pathogenic microorganisms. Herewith, we set on a quest for deciphering the most acclaimed 

mechanisms of therapeutic action of the aforementioned metal cations at atomic level. The obtained results shed light on the intimate 

mechanisms of metal recognition, thus revealing key factors governing the processes of native/abiogenic metal rivalry. This approach serves 

not only for explaining already existing experimental findings, but also as a first step in designing/engineering novel drug molecules of 

potential therapeutic value. 
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1. Introduction

Since the beginning of time, humankind has struggled not only 

to understand the laws of nature but also to apply them for the 

general benefit, thus developing prioritized sciences such as 

medicine and pharmacy. Nowadays a variety of organic/ peptide/ 

polypeptide compounds are the most common examples of “drugs”. 

Inorganic substances, however, such as metal salts or complexes, 

can also possess curative effect and, consequently, find application 

in treating health disorders. Metal cations are indispensable players 

in building about 40% of all known proteins, being therefore 

essential for protein structure stabilization, hormone secretion, 

enzyme catalysis, blood coagulation, signal transduction, 

photosynthesis and respiration. Over the course of 3-4 billion years 

of evolution biological function has been bestowed on about two 

dozen metal species known as “biogenic” or “native” ions. Among 

them the most common are Na+ , K+ , Mg2+, Ca2+ and Zn2+ and the 

redox-active transition metal cations Mn2+/3+/4+, Fe2+/3+ and 

Cu+/2+[1], [2]. On the other end stand toxins like mercury and lead, 

which poison the recipient by competing with the natural co-factors 

for binding the essential proteins. As a third example, however, 

should be outlined few alien metal cations with no known vital 

functions in humans, that exert therapeutic effects based on their 

similarity with some cognate metals. They are applied in medicine 

as novel drugs. In this report we focus on silver, strontium, and 

gallium (Ag+ , Sr2+ and Ga3+, respectively) that have been an object 

of investigation of our group for some time.  

Fig. 1 Chemical forms of the applied in medicine complexes of the three 
investigated in this study metal cations AgNO3(A), Sr-ranelate(B) and 

Ga(NO3)3(C).   

Silver finds broad application in many areas of medicinal use, 

since it possesses antifungal[3], antiviral[4], and antibacterial 

activities[5]. It is added to dressings of burn wounds, serving as a 

concomitant therapy of skin ulcers. According to a recent report 

from WHO Ag+ could be employed as a water disinfectant[6]. In 

ophthalmology, the precious metal is an active component in eye 

drops. Being in the monovalent group 11 triad, silver is expected to 

be able to compete with copper (in the form of cuprous ions, Cu+) 

for binding in the center of its proteins. Strontium is positioned 

along with calcium in the group 2 of the periodic table. Therefore, it 

finds use in the Ca2+-coordinating structures, thus preventing the 

destruction of bones and contributing to their restoration. Under the 

names Protelos, Protos Aristo, strontium ranelate (Sr2+ salt of 

ranelic acid) is a medication used for treatment of osteoporosis in 

postmenopausal women and very elderly patients[7]. Gallium, in its 

cationic form (Ga3+), has been known for its anticancer activity 

since the middle of the twentieth century[8]. Nonetheless, recent 

experimental studies have considered the employment of gallium as 

an innovative “Trojan horse” strategy against multi-drug resistant P. 

aeruginosa, A. baumannii and M. tuberculosis[9]. Its mechanism of 

both antitumor and antibacterial effects stems in its ability to 

compete with the native ferric ion (Fe3+) for binding with particular 

enzymes, aiming at specific fast proliferating cells. Using the 

methods of the theoretical chemistry, we have tried to shed light on 

the suggested competition between the biogenic and alien metal 

ions. This approach has proven to be quite reliable in order to reveal 

specific metal-ligand interactions at atomic level. 

2. Computational Methodology

Models used 

Computational and theoretical chemistry serves as a first step in 

computer design of new drugs. It reveals important tendencies and 

is applied to outline dependencies in the reactions. It suffers, 

however, some limitations due to restrictions in computational time 

and resources. Therefore, it is of great importance to employ 

reliable models for the bigger molecular structures. Thus, amino 

acids are modeled as their shorter counterparts keeping the metal-

binding moieties in closest proximity since the electrostatic 

interactions play the most crucial role in coordination chemistry. 

Therefore, it is widely accepted to substitute Asp-, Glu-, Ser, His 

and Cys- with CH3CH2COO-, CH3CH2CH2COO- CH3CH2OH,

(CH3)-imidazole and CH3S
- respectively, while the metal-

coordinating backbone peptide group is modeled as N-

methylacetamide (CH3CONHCH3). The metal-binding moieties in 

the corresponding proteins were structured in accordance to 

available data in PDB (see below). 
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Reactions Modeled 

The aim of the conducted study is to delineate the ability/ 

disability of the abiogenic cations to compete with the native ones 

along with the distinct conditions that may favor a different 

outcome. Consequently, the reactions were modeled as a 

competition between a native metal bound to a protein surrounding 

(NMe-Protein) and an attacking abiogenic metal coming from the 

solution (AMe-hydrated). As a result, the alien contender removes 

its counterpart by binding to its ligands (AMe-Protein), while the 

native ion proceeds to the solution (NMe-hydrated). This reaction 

can be generalized for the three studied cations as follows: 

NMe-Protein + AMe-hydrated → AMe-Protein + NMe-hydrated 

(reaction 1) 

The competition between the metals can be expressed in terms 

of the change in Gibbs free energy upon replacement of the cognate 

cation bound to the site by the alien one. A positive free energy 

change for reaction 1 implies a native metal-selective site, whereas 

a negative value suggests an outer cation-selective one. 

DFT Calculations 

The Gaussian 09[10] package of programs was employed in 

order to perform all calculations. As the study focuses on three 

different groups of metal cations, a specific approach had to be 

applied in each case.  Hence, a particular combination of method/ 

basis set was chosen, namely B3LYP/6-31+G(3d,p) in addition with 

an empirical dispersion; M06-2X/6-311++(d,p); B3LYP/6-

31+G(3d,p) for the Ag+/Cu+, Sr2+/Ca2+, and Ga3+/Fe3+ competition, 

respectively. The SDD basis set/effective core potential for the 

heavier Ag+ and Sr2+ was employed in the calculations. All 

structures underwent full optimization and frequency analysis. No 

imaginary frequencies were found, and the evaluated thermal 

energies, ETH, along with the zero-point energy and entropy, S, were 

retrieved. They were implemented in the equation:  

∆Gε = ∆Eelε+ ∆Ethε − T∆Sε (eq.1), 

where the ∆ symbol stands for the difference between the products 

and the reactants. All reactions were considered under temperature 

of T=298.15K. The upper index ε stands for the dielectric constant 

of the medium, corresponding to ε=1 (gas phase), ε=4 (deeply 

buried in the protein shell center), ε≈30 (relatively exposed to the 

medium protein center), and ε=78 (water). The solvation effects 

were accounted for by using the solvation model based on density 

(SMD)[11] continuum dielectric model at the same level of theory. 

Either a full optimization of each structure in the corresponding 

solvent was conducted (in the case of the Ag+/Cu+and Ga3+/Fe3+ 

competition), or a calculation through a thermodynamic cycle was 

employed (for the Sr2+/Ca2+ rivalry). In the second case, additional 

single point calculations at the same level of theory were employed 

and the following equation 2 was used: 

∆Gε = ∆G1 + ∆Gsolv
ε ([Sr2+-Ligands]) − ∆Gsolv

ε ([Ca2+-Ligands]) − 

∆Gsolv
78 ([Sr2+-hydrated]) + ∆Gsolv

78 ([Ca2+-hydrated]) (eq.2). 

This different approach is indispensable as all three studies 

investigate distinct metal cations possessing specific qualities. The 

chosen calculation protocol was thoroughly validated and calibrated 

according to provided in literature experimental data.  

3. Results and Discussion 

Silver/ copper competition 

Silver stays close to the trace metal copper in organisms. 

Therefore, we modeled the Ag+/Cu+ competition where the 

otherwise redox-active copper is in its mono cationic form 

corresponding to multiplicity of 1. A detailed checkup in literature 

shows that hisitdines, cysteines and amino-acid residues from the 

backbone usually surround the cuprous ions. Hence, we investigated 

the effect of the different ligands around the native cation, as well 

as the influence of the media. All results are shown in Figure 2.  

 

Fig. 2 B3LYP/6-31+G(3d,p)//SDD optimized structures of  Cu+ 

(pink)/ Ag+(grey) with models of (A) histidine; (B) backbone; (C) 

cysteine, and free energies of metal exchange (in kcal mol-1). The 

upper index indicates the dielectric constant of the media. 

The results clearly show that the presence of cysteine strongly 

promotes silver‟s attack on the protein (highly negative values of 

the Gibbs energies of metal exchange in Figure 2C). This is most 

probably due to silver‟s greater preference toward soft Lewis bases 

such as the sulfur atom. On the other hand, neutral N-, and O-

containing ligands such as histidine or the peptide residue from the 

backbone protect the native cuprous ion from alien attack (positive 

∆G values in Figure 2A and 2B). Interestingly, the effect of the 

dielectric constant of the media is not very strong.  

Strontium / calcium competition 

  Fully optimized models of Ca2+/Sr2+-loaded CD and EF sites 

of parvalbumin (PA) are shown in Figure 3. Both metals were 

coordinated by seven ligands.  The glutamates in positions 62 (CD 

site) and 101 (EF site) bind Ca2+/Sr2+- in a bidentate mode, while 

the other carboxylic groups coordinated the metals in a 

monodentate manner, corresponding to the observed in the X-ray 

structure 1PAL.  
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Fig. 3 M06-2X/6-311++G(d,p)//SDD optimized structures of  

Ca2+ (light green)/ Sr2 (orange) - loaded CD (A), EF (B), EF with 

8-coordinated Sr2+(C, D), sites of PA, and free energies of metal 

exchange (in kcal mol-1). The coordination number is indicated in 

parentheses in the complex name. Sr2+ acquires an additional bond 

at the expense of either bidentate Asp binding (C) or an additional 

water molecule (D). The upper index indicates the dielectric 

constant of the media. 

The free energies calculated upon substitution of Ca2+ for Sr2+ 

(∆Gε in Figure 3) have positive values confirming that Sr2+ binds 

more weakly to the both sites of PA than does Ca2+, in accord with 

the experimental observations[12]. Notably, the free energies of 

metal exchange for the CD site were smaller than those for the EF 

site (1.2/1.6 vs 4.1/2.3 kcal mol-1, respectively). This result is in line 

with the experimental finding that the difference in Ca2+/Sr2+-

affinities of the CD site (Ka equals 4x109 for Ca2+ and 2x107 M-1 for 

Sr2+) is smaller than that for the EF site (Ka equals 4x109 for Ca2+ 

and 2x106 M-1 for Sr2+). Furthermore, the theoretical results indicate 

that changes in the dielectric constant slightly affected the metal 

competition for the CD site (similar ∆G4 and ∆G29 values for buried 

and solvent-exposed binding sites, respectively; Figure 3A), 

whereas a decrease in the dielectric constant enhanced EF site 

protection against Sr2+ attack (∆G4 exceeds ∆G29 in Figure 3B).  

The abovementioned results were predicted for the fully 

optimized metal complexes, suggesting a certain flexibility of the 

CD/EF site to allow the incoming Sr2+ to affect the coordination 

geometry. How will the metal competition be affected in the case of 

a „rigid‟ binding site? To answer this question, we substituted Ca2+ 

ions in the fully optimized sites with Sr2+, followed by single point 

calculations. The increase in the resultant free energies (shown in 

parentheses in Figure 3A and 3B) provides evidence that the „rigid‟ 

binding pocket favors its selectivity towards Ca2+. Notably, EF-

hand motifs are known to possess relatively stiff/inflexible 

structures that promote Ca2+ binding and increase selectivity 

towards the native cation.  

Sr2+ ions can accommodate more ligands in their first 

coordination sphere as they are bulkier compared to Ca2+. To study 

the effect of an increased coordination number of Sr2+ on its 

competition with Ca2+ for the EF site of PA, we modeled a Sr2+ 

complex with this site where Sr2+ was 8-coordinated at the expense 

of an extra bond donated by either a bidentate aspartate (Figure 3C) 

or an additional water molecule (Figure 3D). The increase in the 

resultant free energies relative to the values for the 

heptacoordinated Sr2+ (Figure 3B) implies that in both cases the 

increase in coordination number of Sr2+ to 8 was unfavorable for 

competition with Ca2+. 

Gallium/ iron competition 

Gallium is a poorly explored abiogenic cation, although it 

exhibits some curious characteristics allowing it to mimic the native 

ferric ion[13]. The rapidly proliferating cells require great amount 

of iron, which is crucial for the enzyme ribonucleotide reductase 

(RR). Hence, the observed antitumor effect of Ga3+ is widely 

accepted to be due to inactivation of this particular enzyme when 

substituted with the redox-inactive abiogenic cation. The reaction of 

metal exchange in both of RR‟s binding sites is given in Figure 4.  

 

 

 

Fig. 4 B3LYP/6–31 + G(3d,p) optimized structures of Fe3+ and 

Ga3+ ions bound to a model ribonucleotide reductase active site at 

pH ≅ 7, and free energies, ΔGε, (in kcal mol-1) for metal exchange 

in the binding pocket.  

The diferric binding site of RR was modeled in accordance with 

the existing X-ray structure of the enzyme deposited in the Protein 

Data Bank (PDB; entry 1MXR; resolution 1.42 Å). The two Fe3+ 

ions are bridged by a glutamate side chain (represented by an 

acetate) and an oxo (O2-) ion, while the rest of the metal 

coordination spheres are complemented by His (here modeled as 

imidazole), Asp/Glu (modeled as acetates) and water ligands (Fig. 

4). The structures of the diferric binding pocket (RR-Fe13+-Fe23+) 

and the alternative constructs with Ga3+ ions replacing either the 

first (RR-Ga13+-Fe23+) or the second (RR-Fe13+-Ga23+) ferric ion 

were optimized at B3LYP/6–31 + G(3d,p) level of theory and used 

for subsequent thermodynamic evaluations. Exchanging the 

“native” Fe3+ ions for abiogenic Ga3+ ions shortens the respective 

bond distances between the newcomer and its first-shell ligands (by 

~0.1 Å in average) but leaves the overall shape of the metal 

complex virtually unaltered. Thermodynamic data obtained indicate 

that Ga3+ ion could displace the Fe3+ ion in either RR metal centers 

if they were solvent accessible (negative ΔG32s in Fig. 4). However, 

the two binding sites differ in their affinity toward the “alien” Ga3+ 

cation: the second binding site, containing more negatively charged 

protein ligands than the first one, exhibits greater propensity to Ga3+ 

ions and appears to be the more likely target for Ga3+ ion attack. It 

is proved by the ΔG4/ΔG32 values for the RR-Fe13+-Fe23+ → RR-

Fe13+-Ga23+ exchange, which are - 9.8/- 16.3 kcal mol-1, thus lower 

than those for the RR-Fe13+-Fe23+→ RR-Ga13+-Fe23+ substitution, 

which are 0.6/- 6.4 kcal mol-1 (Fig. 4 A, B respectively). The second 

metal center, even buried in the protein structure, could favorably 

accommodate the alien Ga3+ ion (negative ΔG4; Fig. 4B). 

In addition to its anticancer activity, gallium is also known to 

exert bacteriostatic and bactericidal effects on different 

opportunistic bacteria (e.g., Pseudomonas aeruginosa, 

Mycobacterium tuberculosis, Acinetobacter baumannii, Francisella 

tulerensis, Klebsiella pneumoniae), especially the antibiotic-

resistant types[14]. Employing gallium as an antibacterial is 

considered a novel “Trojan horse” strategy. Of  vital importance for 

bacterial growth and survival are the low-molecular-weight organic 

substances, known as siderophores. They are synthesized and 

secreted by bacteria to scavenge Fe3+ from the environment. In 

order to prove/ deny the theory that gallium owes its antibacterial 
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effect to its ability to outcompete the native ferric ion for binding its 

siderophores, we modeled a reaction of metal exchange in the 

siderophore secreted by the bacterium A. baumannii. Interestingly, 

it is the most prone to gallium treatment bacterium when the 

experimental conditions reproduce the real situation to the greatest 

extent.  

 

 

 

Fig. 5 ΔGε values (in kcal mol-1) of the reaction of Ga3+/Fe3+ 

competition for binding the siderophore preacinetobactin in acidic 

environment (pH ≈ 6). All structures are fully optimized at the 

B3LYP/ 6–31 + G (3d, p) level. 

The results obtained suggest that gallium, indeed, can remove 

iron from its complex, thus depriving the bacteria (in this particular 

case) from this essential element. Note that other bacteria that have 

been shown to be susceptible to gallium-based therapy, such as 

different mycobacteria species, synthesize a structurally very 

similar siderophore – carboxymycobactin [15], [16]. Therefore, 

bacterial siderophores comprising the same structural moieties, 

found by theoretical modeling to promote gallium‟s attack, appear 

to be very suitable for the “Trojan horse” strategy. 

4. Conclusion 

The last hard two years of global pandemic showed humankind 

that an innovative strategy against diverse microorganisms should 

be considered. The antibiotic era declines in order to be replaced by 

novel drugs that are even more sophisticated. One such opportunity 

is the use of metals in the form of either cations, or nanoparticles. 

The current study investigated the possible mechanisms of 

therapeutic action of three abiogenic metal cations (Ag+ , Sr2+ and 

Ga3+) and their ability to compete with the native ones (Cu+, Sr2+, 

and Fe3+, respectively) at atomic level. Governing factors of high 

importance concerning the metal rivalry have been outlined and 

have showed, consequently, the future perspectives in the 

coordination/ protein binding.  
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