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Lithium and gallium (Li* and Ga®") exhibit no known biological functions and are categorized as abiogenic ions.
However, they are used in medicine (in the form of soluble salts) as a first-line drugs for treatment of bipolar disorder
(Li") or cancer-related hypercalcemia (Ga*") as well as a drug with antiproliferative action in clinical trials (Ga’").
Even though their therapeutic effects are well known, there are many unanswered questions concerning their mecha-
nism of action. The main hypotheses posit competition between Li* and the native Mg*, and between Ga*" and the
cognate Fe** ions for binding to some metalloenzymes involved in cell signaling and cell proliferation, respectively.
The conducted theoretical research explains some of the most accepted hypotheses about the therapeutic action of the
two alien cations. The factors governing the competition between biogenic and abiogenic cations in protein binding
sites are also revealed. The theoretical results are in line with experimental data.
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INTRODUCTION

Since the beginning of time mankind has strug-
gled not only to understand the laws of nature but
also to apply them for the general benefit. Over
the centuries, medicine and pharmacy have been
prioritized areas of research/application achiev-
ing tremendous success in their development [1,
2]. Nowadays the term “drug” is usually associ-
ated with a variety of organic/peptide/polypeptide
compounds from different classes of medications.
Inorganic substances, however, such as metal salts
or complexes, can also exert curative effect and be
employed in treating health disorders.

About 40% of all known proteins contain metal
cations, which appear as indispensable players in a
plethora of essential tasks such as protein structure
stabilization, enzyme catalysis, hormone secretion,
signal transduction, blood coagulation, respiration
and photosynthesis [1, 3, 4, 5]. In the course of evo-
lution biological function has been bestowed on
about two dozen metal species based on their bioa-
vailability and chemical properties. They are known
as “biogenic” or “native” ions, among which the
most common are Na*, K*, Mg*", Ca?* and Zn?* and
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the redox-active transition metal cations Mn?>"3"4*,
Fe??* and Cu™?* [3, 4, 5]. Other (abiogenic) metal
ions, excluded from the evolutionary process, such
as Hg?", Pb?*, AI**, upon entering the host organism,
could disrupt cellular functions by competing with
some of the above-mentioned native ions thus in-
toxicating the recipient. On the other hand, there are
a few alien metal cations (Li*, Sr** and Ga**) with no
known vital functions in humans, that exert thera-
peutic effects based on their similarity with some
cognate metals. In this review we focus on lithium
and gallium that have been an object of investiga-
tion of our group for some time. We summarize the
most accepted hypotheses concerning the mecha-
nism of action as well as the applications of Li* and
Ga** in medicine. Using the methods of the theoreti-
cal chemistry we have tried to shed light on the sug-
gested competition between the biogenic and alien
metal ions.

MECHANISM OF ACTION
Lithium

Lithium has been applied in the form of soluble
salts in concentration range of 0.6—1.2 mM to treat
patients suffering from bipolar disorder [6]. This
illness affects 1-3% of the world’s population and
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is characterized by episodes of mania and depres-
sion separated by periods of normal behavior [6, 7].
Although the beneficiary effect of lithium therapy
has been known for decades, its mechanism of action
is still enigmatic. Several hypotheses have been put
forward. Among them, the most accepted one pos-
its competition between the alien Li™ and the native
Mg?* and subsequent inhibition of several overex-
pressed enzymes involved in cell signaling, such as
inositol monophosphatase (IMPase) and glycogen-
synthase kinase 3 (GSK-3f) [4, 6—8]. Lihium’s di-
rect inhibition of IMPase has led to the formation of
the “inositol depletion hypothesis” — by decreasing
the free inositol levels, lithium dampens the activa-
tion of downstream signaling pathways in neurons
[6-9]. The other enzyme of interest — GSK-3p, is
a component of many signaling pathways respon-
sible for specific neurotransmission in the brain
[4, 6, 7,9, 10]. Note, however, that other essential
magnesium enzymes in the cell remain unaffected
by lithium action. Furthermore, another channel of
lithium’s therapeutic action has been recently sug-
gested: lithium not only competes with magnesium
to bind enzymes but it can also associate with mag-
nesium-loaded ATP to modulate the native recep-
tor’s response involved in cell signaling [10, 11].

Lithium is expected to compete mainly with
magnesium due to the similarity in their physico-
chemical properties. The “diagonal rule” brings Li*
closer to Mg?* than to its fellow alkali metals from
group IA. This is proven by the fact that both Li*
and Mg?* are “hard” nonpolarizable cations with
affinity towards hard “O” — containing ligands.
They also have similar ionic radii (R, ) for a given
coordination number (CN): R (Li*) = 0.59 A and
R, (Mg>)=0.57A for CN=4,and R (Li")=0.76 A
and R,_ (Mg>)=0.72 A fora CN =6 [12]. Still they
differ in their ionic charge (+1 for Li and +2 for Mg)
and hydration free energies: —123.5 kcal/mol (Li")
and —455.5 kcal/mol (Mg*) [13]. Although there
are a few experiments proving lithium’s ability to
compete with magnesium for binding the above-
mentioned enzymes and ATP-complexes [6, 7, 9,
11], there still remain questions about the ability of
Li* to substitute for Mg?* in IMPase and GSK-3f
but not in other essential Mg**-containing enzymes
in the cell. Also, the exact geometry/conforma-
tion and protonation state of the active ATP-Mg-Li
complex has not been known.

Gallium

The first use of gallium in medicine was as a tu-
mor-imaging “’Ga-scan which was in time replaced
by the more effective PET-scan [14]. But due to
its ability to concentrate especially in liver cancer
cells it was investigated for antiproliferative action.
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As a side effect it was found that infusion of gal-
lium nitrate reduces blood-level calcium and so it
is nowadays used as Ganite™ to treat patients with
cancer-related hypercalcemia [15]. However, newer
gallium compounds such as gallium maltolate and
tris(8-quinolonato)gallium(Ill) (KP46) have al-
ready passed the preclinical examination with prom-
ising results of their anticancer action [16-20]. Ga**
could also be used in a combination with other anti-
tumor drugs like cis-platinum or tiosemicarbazones
[21, 22]. The rationale behind gallium’s anticancer
effect lies upon its action as an iron mimetic species
[14, 19, 23, 24] and iron-competitor in tumor cells,
that need iron for their fast proliferation. Sharing
the same oxidation state and similar ionic radius
with Fe** (R, ,(Ga*) = 0.620 A in octahedral com-
plexes compared with R, (Fe**) =0.645 A for high
spin complexes as well as tetrahedral ionic radius
0.47 A (Ga**) and 0.49 A (Fe**)) gallium could de-
ceive the cell machinery and be taken up as iron. The
two metal ions have also similar ionization potential
and electron affinity values [5, 14]. However, while
Fe*" may undergo redox-reactions under physiolog-
ical conditions, Ga*" is redox-inactive and cannot
participate in redox reactions in metalloenzymes.

Gallium’s most probable target in tumor cells
is the enzyme ribonucleotide reductase (RR) [5,
14, 18, 19, 24]. RR is a heterodimer which consists
of two homodimeric M1 and M2 subunits. RRM1
contains a substrate (nucleotide diphosphate) and
two effector-binding sites while RRM2 consists of
a binuclear iron center and a tyrosil free radical. Its
main purpose is the de novo synthesis of deoxyri-
bonucleotides from ribonucleotides [25]. The iron
center is of extreme importance because it is respon-
sible for the generation of the radical which is later
used in the redox reaction with the nucleotide-sub-
strates. In the iron center, Fe?*" is oxidized to Fe’*.
Substituting the Fe** cation with the redox-inactive
Ga’* renders the enzyme inactive. Although it is a
widely accepted hypothesis and there is some ex-
perimental evidence [14], the intimate mechanism
of the competition between the two metal ions is
poorly understood.

Another hypothesis of gallium’s therapeutic ac-
tion states that it may compete with iron for human
transferrin (Tf), a glycoprotein, transporting Fe*
in the bloodstream [26], as well as that the newly
formed Tf-Ga* complex may compete with the Tf-
Fe** complex for the Tf-receptor which would lead
to decrease in the native ion’s intracellular concen-
tration level [5, 14, 24].

The last and newest hypothesis concerning gal-
lium’s mechanism of action coincides with the in-
formation that it is able to form complexes with
different nucleotide-diphosphates [14, 26]. Since
the substrates for RR are namely NDP (for example
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ADP) the probable NDP-Ga** complex may directly
inhibit the enzyme by blocking its substrate-binding
site. This hypothesis is an object of ongoing investi-
gation from our group.

METHODS
Models used

Interactions between the metal and ligands from
its first coordination shell are electrostatic in origin
and dominate the energetics of the metal loaded
binding site. Thus, we modeled the first coordina-
tion sphere of the enzymes of interest as a complex
with either the native or the alien cation and evalu-
ated the thermodynamic parameters of the respec-
tive substitution reaction (see below) [4, 5, 10]. The
side chains of Asp7/Glu~, Asn/Gln and the backbone
of the peptide are modeled as acetate (CH,COO"),
acetamide (CH,CONH,) and N-methylacetamide
(CH,CONHCH,), respectively, whereas the neutral
His and ionized Tyr are presented as imidazole and
phenolate, respectively. The preferable coordina-
tion number of the metal ions has been taken into
account. The metal-binding centers of the enzymes
were modeled in accordance with the respective
Protein Data Bank (PDB) X-ray structures.

Reaction modeled

The competition between the native (Mg>"/Fe*")
and alien (Li*/Ga*") cations can be described by the
following model reaction:

[native ion™*-protein]+[alien ion™-aq] —
[alien ion™-protein]+[native ion"-aq] (1)

In eq.1 [native/alien ion™-protein] and [native/
alien ion""-aq] represent the metal cation bound in-
side the enzyme active site and outside binding cav-
ity, respectively. The outcome of the competition
between the two metal cations is assessed by the
free energy evaluated in an environment character-
ized by a dielectric constant € = x:

AG*= AG' + AG_ *([alien ion™-protein]) +

solv

AG,_ . “([native ion™-aq]) — AG_,, *([native

solv solv

ion""-protein]) — AG_, *([alien ion™"-aq]) (2)

solv

A negative value implies an alien-ion selective site,
while a positive one means that the abiogenic ion
cannot substitute for the native metal. AG' is the
gas-phase free energy for the modeled reaction, and
AG,,,* is the free energy for transferring a molecule

solv

from the gas phase to a medium characterized by a
dielectric constant € = x.

DFT/CDM calculations

All calculations in the gas phase were done us-
ing either the Gaussian 03 [27] or the Gaussian 09
[28] programs. For each study the most adequate
combination of DFT functional/basis set was cho-
sen in order to reproduce the experimental data for
the known metal ion-complexes [29-31]. After the
full optimization of each structure and evaluating
its electronic energy (E,,), vibrational frequency
calculations were performed. No imaginary fre-
quencies were found indicating that the optimized
structure corresponds to a minimum in its potential
energy surface. For each method/basis set the vibra-
tional frequencies were scaled by the corresponding
empirical factor [32, 33] and were used to compute
the thermal energies, including the zero-point en-
ergy (E,) and entropy (S) corrections, in line with
the statistical mechanical formulas [34]. The reac-
tion free energy in the gas phase, AG', at room tem-
perature, 7= 298.15 K, was calculated according to
the formula:

AG'=AE,_ + AE, +APV — TAS, (3)

elec

where AE, ., AE;, APV (work term) and AS are the
differences between the products and the reactants.

Continuum dielectric method (CDM) calcula-
tions of the optimized metal constructs were per-
formed [4, 5, 10] mimicking buried protein cavities
characterized with dielectric constant € = 4, partial-
ly solvent accessible active centers with € = 10, or
solvent exposed binding sites with € = 30.

RESULTS

Li*t vs Mg?* in GSK-3f and IMPase
polynuclear sites

Crystallographic data indicates that GSK-3f3
possesses a solvent-accessible binuclear magne-
sium binding site (PDB entry 1PYX), where the
two metals are bridged by an aspartate amino acid
residue. Accordingly, the active site structure was
modeled, optimized and its Li"/Mg?* selectivity as-
sessed (Fig. 1). The calculations reveal that the bi-
nuclear binding site is vulnerable to Li" attack: the
substitution of either of the Mg?* cations by Li* is
favorable in both buried and solvent-exposed sites
(Fig. 1, negative AG*®, ¢ = 4-30).

IMPase, a key trinuclear Mg* enzyme of the
phosphatidylinositol signaling pathway, is another
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Fig. 1. Free energies, AG*® (in kcal/mol) for Mg**—Li" substitution in a model GSK-3f binuclear active center. Calculations are

performed at B3LYP/6-31+G(3d,p) level [4].

putative target for Li* therapy. The calculations
predict that solvent exposed binding sites 2 and 3
(Fig. 2) are prone to Mg?>*—Li" substitution, evi-
denced by negative AG*. Results obtained imply
that displacing Mg?* from binding site 2 is more
thermodynamically favorable than that from bind-
ing site 3 (lower AG* for the former than latter).
These findings are in line with the experimental
Li NMR data which shows that, first of all, Li* can
displace Mg?** from IMPase active centers, and,
second, that the site of the Li* attack is, indeed,
center 2 [35]

The calculations answer the question why Li*
competes successfully with Mg?* in signal trans-
ducing proteins, such as GSK-3B and [MPase,
but not in other essential Mg?*" proteins. This is
because the binding sites of the former enzymes
possess high positive charge density (complex net
charge 3+ for GSK-3f and 2+ for IMPase) and are
solvent-exposed, whereas the binding sites of ma-
jority of the Mg?" essential enzymes have higher
negative charge density (overall charge between
—1 and +1) and are buried into the protein structure
(results not shown) [4].
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Li* in Mg>*-ATP complexes

Lithium has been hypothesized to bind to Mg**-
loaded adenosine triphosphate (ATP) forming a
Mg*-ATP-Li* complex which, when protein-bound,
may elicit different responses from key ATP-
dependent enzymes/receptors involved in cell signal-
ing [36]. The last hypothesis is supported by recent
experiments showing that the Mg*-ATP-Li* com-
plex can indeed modulate the neuronal purine recep-
tor response [11]. The P2X receptor, a ligand-gated
ion channel that mediates the influx of extracellular
Ca* into the cytoplasm, exhibited prolonged activa-
tion when stimulated by Mg?-ATP-Li* as compared
to the ,,native” Mg*-ATP. Therefore, when Mg?* is
already bound to ATP, which phosphate(s) best ac-
commodate Li* binding? Is the native Mg*-ATP
conformation altered by Li* coordination, thus affect-
ing enzyme/receptor recognition?

The calculations reveal how the metal cation
type and its binding mode affect the ATP conforma-
tion. Li* bidentate binding via § and y phosphates
and OH™ metal bridge to Mg**-loaded ATP (Fig. 3)
did not significantly alter the ATP conformation or
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Fig. 2. Free energies, AG® (in kcal/mol) for Mg**—Li* substitution in a model IMPase trinuclear binding site. Calculations are
performed at B3LYP/6-31+G(3d,p) level [4].

ATP-Mg(aB7) ATP-Mg(a: B v )-OHP™%e-Li(B )

Fig. 3. M062X/6-311++G(d,p) optimized structures of the most stable (a) Mg**-ATP complex, where the metal binds in a triden-
tate fashion to the a, B and y phosphates, and (b) Mg>*-ATP-Li* complex where Li* binds to the Mg?*-ATP tridentate complex in a
By-bidentate mode via OH™ metal bridge [9].
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the properties of the P-O bonds: The P-O bond
lengths in the Mg?*-ATP (Fig. 3a) and Mg**-ATP-
Li* (Fig. 3b) complexes are identical (1.693 A),
while the bond polarities, estimated by the differ-
ence between the P and O Hirschfeld charges, are
0.81e and 0.83e, respectively.

These findings have important consequences for
Mg?*-ATP and Mg*-ATP-Li" recognition by cellu-
lar receptors. Since these two types of metal com-
plexes have the same charge, similar overall ATP
conformation and P-O bond properties, the Mg**-
ATP-Li" complex might fit in the host receptor and
trigger cellular response. Indeed, experiments show
that Mg?*-ATP-Li", like the native Mg?>*-ATP con-
struct, is recognized by purinergic receptors and
can activate subsequent signaling pathways [11].
Hence, Li* binding to Mg**-loaded ATP may per-
mit recognition of the Mg?>-ATP-Li* complex by
certain host enzymes/receptors and activate specific
signaling pathways.

Ga** vs Fe’* in transferrin and
ribonucleotide reductase

How selective are the metal binding sites of
transferrin and ribonucleotide reductase, a key Fe**
transport protein and an essential non-heme iron
enzyme, respectively, for the two competing spe-
cies, Ga** and Fe**? In answering this question, we
have modeled the respective metal-loaded binding
sites and evaluated the free energy of metal substi-
tution [5].

The calculations demonstrate that Ga** cannot dis-
place Fe* from a buried metal binding site evidenced
by a positive AG* of metal exchange (= 0.9 kcal/mol)
in Figure 4. This is in line with experimental es-
timates showing that the metal center, which is

AG'=30.8
AG*= 0.9
AG32=-7.2

+ [Ga**(OH),(H,0),]" + H,0

buried, exhibits greater affinity for Fe** than Ga*
(AG®® for Fe**—Ga®" substitution = 2.4 kcal/mol
[37]. However, transferrin remains the main carrier
of gallium in the bloodstream as only one-third of
its binding sites are loaded with Fe* [14, 24] thus
the unoccupied binding centers can accomodate the
incoming Ga** and, subsequently, deliver the alien
metal to its target.

Ribonucleotide reductase contains two ferric-
active centers which both, as the calculations im-
ply, are prone to Fe**—Ga*" substitution in sol-
vent accessible binding pockets (negative AG?*
in Figure 5). The Fe2** binding site, characterized
with lower free energies of metal exchange than
its Fel** counterpart, seems to be the more likely
target for Ga*" attack. Therefore, the active sites
loaded with the redox-inactive Ga*" apper, in line
with the postulated hypothesis (see above), defunct
thus lowering the elevated levels of the enzyme in
malignant cells.

CONCLUSIONS

This review summarizes the most accepted hy-
potheses about the mechanism of therapeutic action
of the two abiogenic cations Li* and Ga*'. Using the
tools of the computational chemistry it sheds light on
the intimate mechanism of the competition between
Li" and Mg*, and Ga*" and Fe*" in protein binding
sites. This, however, does not preclude efforts for
deeper understanding the biochemistry and curative
effect of abiogenic metal cations: The lithium’s use
as a preventive treatment for Alzheimer’s disease or
other neurodegenerative disorders calls for further
investigations. Gallium, on the other hand, is also
known for its antimicrobial and anti-inflammatory

TF - Fe3+ 12~

— [Fe3*(OH);(H,0)5]° — OH~

TF - Ga3*12~

Fig. 4. AG* (in kcal/mol) for Fe**—Ga*" substitution in a model transferrin binding site. Calculations are performed at B3LYP/6-

31+G(3d,p) level of theory [5].
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Fig. 5. AG* (in kcal/mol) for Fe**—Ga’*" substitution in a model ribonucleotide reductase active center. Calculations are performed

at B3LYP/6-31+G(3d,p) level of theory [5].

actions, but the underlying mechanism/s of its cu-
rative effect is/are still enigmatic. The beneficiary
effect of Sr?*, another abiogenic metal, for human
health and its mode of action have still to be eluci-
dated.
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Li* 1 Ga*": UBBOAU OT TEOPETUYHU U3CJIEJIBAHU A

H. Kupuesa, T. lynes*
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(Pesrome)

Jlutusat u ranusat (Li* u Ga*") He nposiBsBar 6HONOrHYHE QYHKIMH B )KUBUTE OPraHU3MH U CE ONPENEIST KaTo
abuoreHHM HoHU. Bbrpekn ToBa Te ce u31oa3BaT B MequnnHara (1moJ1 (hoopmara Ha pa3TBOPUMH COJIM) KaTO JEKapcTBa
OT IIbpBa JIMHUS 32 JICUCHNETO Ha OUIoIsipHO pascrpoiictBo (Li") u Ha XuIepKaleMust TIpH paKoBO OOJIHM TMaIy-
entu (Ga*"), KakToO ¥ KaTo JEKapCTBO C aHTUIPONU(EpaTHBHO AeiicTBHE B KIMHUYHU u3nuTanus (Ga*'). Makap ue
TepaneBTHYHUTE UM e(DeKTH ca 1o0pe M3BECTHH, CHIIECTBYBAT MHOTO BBIIPOCH 0€3 OTTOBOp, 3acsATalld MEeXaHH3Ma
UM Ha jiefictBue. OCHOBHHUTE XHITOTE3H MPEIIoaraT KOHKYpeHIus Mexay Li* u HatuBHust Mg?', kakTo u Mmexay Ga**
u OuoreHHus Fe’* 3a cBbp3BaHe ¢ HAKOM METANOCH3MMH, YYacTBALIM ChOTBETHO B KJIEThYHATA CHTHANU3ALUS WIH
nenene. [IpoBeieHnTe TEOPETHUHM M3CIIEABAHMS OOSICHABAT HAKOM OT Hal-IIUPOKO Pa3NpOCTPAaHEHUTE XUIIOTE3HN 32
TEparieBTUYHOTO JEWCTBHE HA JiBaTa aONOreHHH HoHa. PakTopuTe, yrpapisBalii KOHKYPEHIHATAa MEX/ly OMOTeHHH-
Te 1 aOMOTeHHUTE KATHOHH B AKTHBHUTE LIEHTPOBE Ha IIPOTEHHUTE, CHIIO OMBAT pa3KpUTH. TeopeTHdHUTE pe3ynTaTu
ca B CbOTBETCTBHE C €KCIIEPUMEHTAIHU JAHHU OT JIUTeparypaTta.



