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Abstract

Metalloids have vital importance for some organisms. The particular relationship between the metalloid and specific
biological functions should be investigated further, though there are somewhat limited scientific studies on the subject.
Among the roles of this specific class of chemical elements, silicon, for instance, plays an important role in the formation of
valve structures in diatoms. Boron is an essential element for plants and known to be toxic for living cells when present
above a certain threshold. Arsenic and antimony are toxic metalloid elements in numerous respects. Therefore, the cells
have developed biochemical and molecular strategies to protect and escape from these metalloids. Another metalloid,
germanium, is one of the rare elements and although its inorganic form is toxic, its organic form is used to treat many
diseases. Studies have shown that there is a high proportion of Germanium metalloid in the structure of Ganoderma lucidum
used in the treatment of some diseases. In addition, tellurium-containing proteins were found in the structure of some
tellurium-resistant fungi. Thus, considering all this information collectively reflects the significance of the metalloids in
biological life. The aim of this study is to present the importance and roles of some metalloids in biological life.
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BiYOLOJiK YASAMDA BAZI METALLOIDLERIN ONEMI

0z

Metalloidlerin bazi organizmalar igin hayati 6neme sahip oldugu bilinmektedir. Metalloidlerin biyolojik fonksiyonlar ile
arasindaki iliskilerin bilinmesi énem arz etmekte olup, nispeten az olmakla birlikte bu konuda bilimsel ¢calismalar vardir
ve calismalarin artmasi gerekmektedir. Ornegin; Silikon, diyatomlardaki valfyapilarinin olusumunda énemli bir rol oynar.
Bor, bitkiler icin vazgecilmez bir elementtir. Ote yandan, belirli bir esigin iizerinde mevcut oldugunda canl hiicreler icin
toksik oldugu bilinmektedir. Bir diger 6rnek, arsenik ve antimon bir¢ok yénden toksik metalloid elementlerdir. Bu nedenle,
hiicreler metaloitlerden korunmak ve kacmak icin biyokimyasal ve molekiiler stratejiler gelistirmektedirler. Bir diger
metalloid olan germanyum nadir bulunan elementlerden olup, inorganik formu toksik olmasina karsilik organik formu
bircok hastaligin tedavisinde kullanilmaktadir. Yapilan ¢alismalar, bazi hastaliklarin tedavisinde kullanilan Ganoderma
lucidum’un yapisinda yiiksek oranda Germanyum metalloidinin oldugunu gostermistir. Ayrica bazi telluryuma direngli
mantarlarin yapisinda telluryum iceren proteinlere rastlanmistir. Bu bilgiler g6z 6éniinde bulunduruldugunda,
metaloidlerin biyolojik yasamda énemli yerleri oldugu dikkat cekmektedir. Bu calismadaki amacimiz, bazi metalloidlerin
biyolojik yasamdaki énem ve rollerini derleyerek sunmaktir.

Anahtar Kelimeler: Metalloid, Bor, Silikon, Arsenik, Antimoni, Telluryum, Germanyum
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1. Introduction While the elements classified as metalloids are similar to
Metalloid is a term used in chemical science to classify the metals with some properties, some properties are
some chemical elements. This term was first used to refer similar to the non-metals.
to the non-metals. Until 1940-1960, the metalloids were Each element can be classified as nonmetal or metal
not defined as hybrid elements, but later on the term was based on its chemical and physical properties. Metalloids
adopted [1]. contain the elements which are not fully located in these
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two basic classifications and are also called semi-metals.
Metalloids are physically similar to metals, but
chemically similar to nonmetals.

2. Metalloids and Their Status in Cellular Biology:
Two Concepts
For some organisms, metalloids have vital importance.

For example; Boron is an essential metalloid for plants [3].
Silicone has an important role in the formation of valve
structures in diatoms [4]. Some metalloids are harmful to
cellular life at certain doses. For example; arsenic and antimony
are toxic metalloid elements in numerous respects [5].
Therefore, the cell has developed biochemical and molecular
strategies to protect and escape from such metalloids.

2.1.Boron (B)

Boron is mostly found in nature as borates [6]. It is difficult to
use boron in practical applications because it is very fragile in
its pure form. Boron is found within wide range in the earth's
crust (5-100 mg/kg) [7].

At neutral pH, it is most commonly found in the form of boric
acid (B(OH)3). The next most common form is borate (B(OH)4-
) [8]. Boron does not exist by itself, it is present as a compound
with other atoms.

One of the important properties of boron is its ability to
form diester bonds between cis-hydroxyl containing
molecules. Owing to this attribute, it can play a role as a
"molecular binder" [9].

2.1.1. Boron containing biomolecules

Some quorum sensing molecules such as auto inducer 2 are
known to contain boron and are functional in some bacterial
species [10].

It is also involved in allowing the polysaccharides of the
Rhamnogalacturonan II structure to cross-link on the cell walls
of the plants. This molecular binding ability of Boron in the
cross-linking of rhamnogalacturonan is an important
component of plant cell walls and thus making this semi-metal
“essential” for the vascular plants [11].

In these examples, Boron is found in the form of a borate ester.
Boron is also found in the structure of antibiotics Boromycin
[12], Tartrolon A, Tartrolon B [13], Aplasmomycin [14] and
Borophycin [15]. Another molecule is the Phenyl Boronic Acid
(PBA) molecule found in the bacterium species Arthrobacter
nicotinovarans [16].

2.1.2. Boron and plants

Boron-polysaccharide complexes have been isolated from the
stem cell walls of tomato leaf and radish (Raphanus sativus). In
addition, some molecules containing boron ester bonds have
been detected in plant cells [17].

While boron is an essential element for the plants, relatively
higher concentrations cause toxicity.

Therefore, in order to keep the boron concentration at a
relatively constant and harmless level in the cell, some proteins
that control the movement of boron in and out of the cell are
needed and some have been identified.

Boric acid, the uncharged form of boron, can also be
transported through the cell membrane by passive diffusion
[18,19] and active transport [20,21].

In addition, facilitating abilities of aquaporin and
aquaglyceroporins have been shown to be involved in the
uptake of boron into the cell [22].

The form boron carried actively on the cell membrane is the
form B(OH)s (boric acid) [18, 19, 23].
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Some of the Boron carrier proteins are called BOR1, BOR4,
NIP5;1, Atrl proteins [23, 24, 25].

2.1.3. Boron and Human

The essentiality of boron for human has not been fully proven
due to the lack of convincing biochemical evidence. Therefore,
the debates are ongoing and this particular subject is
controversial. Currently, accepted notion is that "Boron is
certainly beneficial at specific doses and is probably essential”
for humans and animals.

Besides this, there is evidence that Boron is nutritionally
important to humans and animals. It has been shown that
boron affects mammalian life processes through the use of
metabolism or a multitude of substances [26, 27].

Boron plays a role in the regulation of body minerals, including
calcium and vitamin D, and protects bone structure by
preventing calcium and magnesium depletion [26].

2.2.Silicon (Si)

Silica is one of the most commonly found elements in the earth’s
crust ranking second to oxygen. Si is present in aqueous
solutions in the form of Si(OH)a (silicic acid) [28].

Silicon exhibits many properties similar to the carbon element
and is the most commonly suggested element for an alternative
biochemical system.

The reason for this suggestion is the ability of the atom to form
4 bonds, which makes it convenient to build many compounds
with different combinations, and furthermore, as in the case of
methane (CH4), can also form silane (SiH4) with hydrogens [29].
Silicon forms 4 connected structures similar to the carbon
element in the earth's crust [30].

Along with the oxidation of silicon, each silicon atom becomes
solid silicon with a chemical structure in the form of a lattice
surrounded by 4 oxygen atoms [28].

The elemental form of silicon is not found in nature alone [29].
2.2.1. The biogenic element Silicon

Although the contents of silicon in living things are not very
high, silicon is considered as a biogenic element [31]. However,
the biological role of silicon is much more limited than that of
carbon. Diatoms, Radiolaria, Siliceous sponges use biogenic
silica as a structural material to form the skeleton [32].

Some bacterial species called "silicate bacteria" such as some
species of Bacillus genus have been shown to release silicon
from aluminosilicates [33].

Biodegradation of organosiliums, which are the synthetic
materials obtained by using silicon, is carried out by some
microorganisms and responsible microbial enzymes have been
reported [34].

Equisetum telmateia (great horsetail), Equisetum arvense
(common horsetail), Phalaris canariensis has high silicon
accumulation in the lemma (head) part [35]. In addition, rice is
one of the plants with high silicon accumulation [36].
Accumulation of about 10% of silicon is observed, and this
accumulation is necessary to protect the plant against biotic
and abiotic stress factors [37].

The beneficial effects of the silicium for the plants are generally
seen in the plants that accumulate and this accumulation is
usually seen in the surface of the tissues [38].

2.2.2. Diatoms and Silicon

Diatom cells are hold in a single silicate (cellulosic) cell wall
containing two separate valves (or shells) [39].
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Biogenic silica, which is formed in the cell walls, is synthesized
intracellularly by polymerization of silicic acid monomers. It is
then extracellularly extended and attached to the cell wall [40].

When the concentration of silicic acid is low, SIT proteins are
less visible in the cell membrane, and when the concentration
is increased, the number of SIT in the cell membrane also
increases. The SIT proteins are also found in the organism, in
the transport silicon vesicles and in the vesicle membranes of
the calcification of the silicon [41].

Silicon can be polymerized to form polysilicic acid at high
concentrations. This form is used in the defense mechanism
against biotic and abiotic stresses [39, 40].

2.2.3. Silicon related proteins

Lsi transporters belong to the NIP subfamily of aquaporins
(nodulin26 like intrinsic proteins) [42].

This protein is regulated by the conformation of the
extracellular matrix of the silicon [43].

HvLsil and ZmNIP2-1, ZmNIP2-2, ZmNIP2-3 homologous
proteins also contribute to the uptake of silicon [44]. Although
the aquaporins are bi-directional in water transport, they have
been shown to have no extracellular transport in the silicon
transport [44].

SITs are the proteins that actively transport silicon into the
diatoms [45].

2.2.4. Medical importance

Silicon has been shown to have a specific positive effect on the
hardness of the skin, hair and nails [46, 47].

Silicone dioxide, a suspension medium, tablet and capsule
diluent, is used as a thickener in the pharmaceutical fields [48].

2.3. Arsenic (As)

Arsenic is found in arsenate and arsenite anions in natural
waters and is generally considered to be toxic to biological
systems [49].

In the earth's crust, there are 4 oxidation forms which are most
common; 0, -3, +3 and +5 valued forms.

From a structural and chemical point of view, arsenate is
similar to phosphates [33].

2.3.1. Arsenic in cellular environment

When the forms of arsenic in the cell are evaluated, it is
observed that arsenate (pentavalent form) is reduced to
arsenite (trivalent form) [50].
If arsenic (As(OH)s) is present in aqueous solutions, it is
predominantly more harmful than the arsenate form, and the
element has a toxic effect [51].

No basic biological functions have been described for arsenic,
but arsenic has been found in the structure of complex organic
molecules such as arsenopyrite and arsenobetaines in the
organisms such as marine algae and invertebrates [52]. Fungi
and bacteria have been shown to produce volatile methylated
arsenic compounds [53].

2.3.2. Intracellular uptake and chemical
modifications

Arsenite is generally taken up by the aquaglyceroporins,

arsenate uptake usually takes place via phosphate transport

systems [54].

When it is taken into the cell, the arsenate form is reduced to

arsenite by arsenate reductase enzyme with ArSC (in pl258

plasmid in S. aureus), Acr2p (in S. cerevisiae), ArsC (in plasmid

R773 in E. coli) [55].

The arsenate form (AsV) of arsenic, H2AsO is similar in size to

H2PO4 (phosphate), so the phosphate transporters may allow
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the entry of arsenate into the cell. The examples to the
phosphate transporters include PstC ABC transporters in E. coli
and PiT-1 and PiT-2 phosphate transporters. After As(V) enters
the cell, it is converted to As(III) by ArsC (arsenate reductase)
[56].

Pho84p (phosphate transporter) is also capable of allowing the
arsenate to pass through. [57]. The Acr2p protein encoded by
the ACR2 gene is an arsenic reductase [58]. Another alternative
route for As(III) is via the Ycf1p ABC transporter [59].

2.3.3. Mechanisms of toxic effects

Thiols in cysteine residues are found in the active sites of many
important enzymes, arsenic binding to these regions leads to
serious toxic effects because it inactivates the enzyme [60].

Arsenic disrupts ATP production through various mechanisms.
The alpha-ketoglutarate dehydrogenase enzyme is inhibited by
arsenite [61].

Arsenic also inhibits lipoic acid, a cofactor for pyruvate
dehydrogenase [62] so affects citric acid cycle. Both arsenate
reduction and arsenide oxidation are detoxification
mechanisms. An enzyme group belonging to the family of S-
adenosyltransferases is known to substitute methyl groups for
hydroxyl groups in arsenite and antimonite [63].

2.4. Antimony (Sb)

The most common forms are pentavalent and trivalent forms.
Mechanism of action of antimony has been shown to be similar
to arsenic. In aqueous solutions, the trivalent form Antimonite
(Sb(OH)3) is present. The trivalent form was found to be much
more toxic than the pentavalent form [64].

There is not sufficient evidence to show whether or not
antimony plays roles in common metabolic pathways.
However, one result indicates that antimony was found in the
structure of lipids in the diatom, Thalassiosira nana. Also,
antimony seems to be biomethylated in some organisms [5].
2.4.1. Antimony transport proteins

Transport of arsenite and antimony in and out of the cells can
be passive or active. In passive transport routes, the
aquaglyceroporins belonging to the NIP subgroup are among
the channels facilitating the transport. AQP1 can facilitate the
transport of antimony and arsenite in many Leishmania species
[65]. Antimony has also been shown to be transported through
Acr3p and ArsB. Ycflp found in S. cerevisiae is a transport
protein that transports arsenite and antimony [59].

2.5. Tellurium (Te)

Tellurium is an element more common in the universe than
in the earth. This element is found mostly in the mines melted
together with gold and silver [66].

2.5.1. The biological activities of tellurium
Tellurium is not considered necessary for biological systems.
However, in the absence of sulfur, tellurium ions were seen
in the amino acid and protein structures of some of the
mushrooms resistant to tellurium [33].

Aspergillus fumigatus, Aspergillus terreus and Penicillium
chrysogenum are tellurium resistant mushrooms. Tellurium has
been regarded as toxic to most organisms. Although some
resistance genes have been identified, resistance mechanisms
have not been fully understood [33].

2.5.2. Tellurium resistance mechanisms

Tellurium reduction and oxidation are used in the resistance
mechanisms in the organisms. For the bioremediation of
tellurite, tellurate, and elemental tellurium, volatile
dimethyltellurium residue, seen in some bacteria and fungi,



Merve Sezer, Esra Dibek, Bekir Col
Importance of Some Metalloids in Biological Life

may give clues regarding the presence of another resistance
mechanism [67].

2.6. Germanium (Ge)

Although the inorganic form of germanium is toxic, the
organic form is used in the treatment of some diseases [68].
This organic form is synthesized by the Asai Germanium
Research Institute in Tokyo [69].

2.6.1. Germanium and Ganoderma lucidum
Ganoderma lucidum, also known as the red reishi, is used in
the treatment of some diseases. Studies have shown that
Ganoderma  lucidum  mushroom  contains  high
concentrations of organic germanium. This rare mineral
provides Ganoderma with some important remedial
properties [70].

Recently, Ganoderma lucidum has been used to treat cancer
[71]. According to Dr. Kazuhiko Asai's research, Ganoderma
contains between 800 and 2000 ppm of germanium [72]. One
of the anti-cancer agents in Ganoderma lucidum is germanium.
Ganoderma lucidum improves liver detoxification, thereby
increasing liver function and triggering liver cell restructuring.
This is an extremely important herbal supplement for those
with liver cancer [73].

2.6.2. Use as amedicine

Asitis discussed recently, germanium is partly helpful in cancer
treatment and eliminates chronic viral infections. It prevents
the rise of cholesterol. The Germanium 100-300 mg per day is
and can be used as supplements, which may be useful in helping
treat some diseases. Germanium is also reported to be present
in some plants, fungi, onion species found in in the country
sides [70].
3. Conclusion

In summary, the following characteristics of metalloids are
remarkable. Boron has been found to be involved in important
structures in many living systems and has the ability to form
diester bridges between cis-hydroxyl containing molecules,
which makes this atom a molecular binder. Silicon is a metalloid
with a similar biological structure to carbon, and its biological
role in diatoms, radiolaria and sponges is very important.
Arsenic has been shown to affect certain molecules that are
vital to the cell, hence causing toxicity and some organisms can
withstand these toxic effects through various cellular
mechanisms. Antimony has attracted attention due partly to its
similar structure to arsenic. Tellurium is not thought to be
necessary for biological systems, but some tellurium-resistant
fungi have been found to contain tellurium-containing proteins.
While the inorganic forms of germanium are toxic, their organic
forms have been considered potentially useful in some disease
treatments.
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