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Abstract— In recent years, the protozoan Tetrahymena is used as a model to detect aquatic toxicity and eco-toxicological
effects with its application as a "whole-cell biosensor" (WCB) to be the mostly known for the environmental monitoring of
heavy metal pollution. This review attempts to summarize the current state of knowledge of identified metalloprotein coding
genes in Tetrahymena pyriformis and thermophile species..
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l. INTRODUCTION

Metals are fundamental for the correct functioning of cells, playing an integral role in metabolic pathways and processes.
Although, their excess is toxic and the metal availability should be tightly controlled [1-3]. Moreover, metalloproteins are
widespread in living organisms. In particular, the average constitution of zinc proteins in prokaryotic organisms is (6.0% and
4.9% in archaea and bacteria respectively) which is lower in eukaryotic organisms (8.8%) [4,5]. Furthermore, proteome level
analyses of the occurrence of nonheme iron proteins have shown that they constitute on average 7.1% of archaeal, 3,9% of
bacterial and only of 1.1% of eukaryotic proteomes [4]. Copper proteins are less pervasive than zinc and nonheme iron
proteins and typically account for less than 1% of an organism’s proteome [6].

Tetrahymena is a non-pathogenic unicellular, free-living mobile ciliate protozoan that responds rapidly with great sensitivity
to the presence of pollutants in nature, special metal toxicity [7]. This has resulted in them being used as test systems for
assessing ecological risk [8]. Recently, the concept of “whole-cell biosensor” (WCB) has been introduced by several authors
[9,10], as a very useful alternative to classical biosensors. Both prokaryotic and eukaryotic microorganisms have been used
to design WCBs for metals [11,12]. Among eukaryotic microorganisms, ciliates offer specific advantages as environmental
sensors: they do not have a cell wall in their vegetative stage, minimizing the sensitivity to environmental pollutants as well
as delay the cell response [13]. Recently, Tetrahymena pyriformis and thermophila have been used to design WCBs to detect
heavy metals in aquatic or soil samples [14-18]. In these WCB modules, a quantifiable molecular reporter is fused to specific
gene promoter of metalloprotein, known to be activated by metals inducing their overexpression.

This article attempt to summarize the current state of knowledge of identified metalloproteins (binders of essential and not
essential metals) in Tetrahymena pyriformis and thermophila, that are reviewed and manually annotated in the protein
database of UniProtKB/Swiss-Prot. Furthermore, the new role of Tetrahymena as a potential whole-cell biosensor for
monitoring heavy metal pollution, through the overexpression of metalloprotein targets, is discussed.

1. METALLOPROTEINS IN TETRAHYMENA PYRIFORMIS

The complete nucleotide sequence of its mitochondrial (mt) genome [19], revealed a linear molecule of 47,172 bp (78.7% A.
T) excluding telomeric sequences. Based on the Uniprot catalog on proteins, there are 18 IDs for T. pyriformis proteome with
“metal-binding” annotation and only 6 are reviewed (manually annotated in the protein database of UniProtKB/Swiss-Prot,
Table 1) and the rest are unreviewed (automatically annotated in UniProtKB/TrEMBL). Since there are many difficulties
involved in identifying metalloproteins found in even the most basic of life forms, according to recent studies in archaea
Pyrococcus furiosus [20], it is expected to exist encoded metalloproteins in the Tetrahymena pyriformis genome that are not
yet uncovered.
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TABLE 1

THE REVIEWED METAL-BINDING PROTEINS ENCODED BY TETRAHYMENA PYRIFORMIS GENOME PROVIDED
FROM UNIPROT CATALOG

Uniprot Gene Entry name EC number Protein name Met_al- Seiic! Status PubMed ID
Entry name binding metal
P11947 col COX1_TETPY 1931 Cytochrome c | FelCu Yes reviewed | 2833363
oxidase subunit 1
P00079 - CYC_TETPY - Cytochrome ¢ Fe Yes reviewed | 187170
P17724 - TRHBN_TETPY | - Group 1 truncated | Fe Yes reviewed 8485156;
hemoglobin 2111321
P19666 - SODF_TETPY 1.15.1.1 Superoxide Fe Yes reviewed 2170391
dismutase [Fe]
097388 - MT1_TETPY - Metallothionein-1 Cd No reviewed | 10393238;
(MT-1) 7813475
P02598 - CALM_TETPY - Calmodulin (CaM) Ca Yes reviewed 1339295;
1703538;
6114734

2.1 lron and copper binding proteins

2.1.1  Cytochrome C Oxidase Subunit I

Complete nucleotide sequence of the Tetrahymena pyriformis mitochondrial (mt) genome released one iron/copper binding
protein-coding gene: Cytochrome ¢ Oxidase Subunit | (cox1 gene) [19, 21]. In T. pyriformis, mtDNA-encoded proteins
display unusual sequence characteristics that are not seen in the same proteins in other eukaryotes. In the case of cox1 gene,
the predicted protein has 698 amino acids, including an N-terminal 48 amino acid extension and a 109 amino acid insert, in
comparison with human COX1. These extension and insert segments, originally found in eukaryotic Paramecium Aurelia
[22], are not highly hydrophobic but are relatively rich in lysine, arginine and serine. Tetrahymena COX1 shows a 64%
amino acid identity with Paramecium but less than a 38% amino acid conservation with human (Fig 1) [22]. Furthermore,
Tetrahymena COX1 has the typical bimetallic center that is conserved in human COX1 and it is formed by heme A3 iron and
copper B. The predicted metal binding sites, curated by Uniprot, of iron are His111, 636 and 538 and of Copper B center are

His401, Tyr405, His450 and His451.
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FIGURE 1: SEQUENCE ALIGNMENT OF T. PYRIFORMIS (P11947) WITH HUMAN (P00395) COX1.
ACCESSION NUMBERS IN PARENTHESES ARE THOSE OF THE UNIPROT DATABASE.
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2.2 Iron binding proteins
2.2.1 Cytochrome C

The amino acid sequence of the T. pyriformis Cytochrome C has reported a long time ago and it consists of 109 residues
[23]. The two highly conserved cysteines in all prokaryotic and eukaryotic Cytochromes, which are responsible for the heme
attachment, are located in the postilion 25 and 28. Furthermore, the His29 and Met88 are the ligands for the axially
coordination of heme iron. Although, there are considerable differences from amino acid sequences of other known
eukaryotic and human mitochondrial cytochrome ¢, such as lower isoelectric point (which interpret as an affinity with
bacterial cytochromes), an extra-long N-terminal portion and short C-terminal portion and absence of a basic residue and of
glutamine in the positions (GIn24 and Ala27) just before the first and second heme attachment respectively (Fig 2).

Heme blndlng sites
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FIGURE 2: MULTIPLE SEQUENCE ALIGNMENT OF T. PYRIFORMIS (P00079) WITH SACCHAROMYCES CEREVISIAE
(P00044) AND HUMAN CYTOCHROME C (P99999). ACCESSION NUMBERS ARE THOSE OF THE UNIPROT DATABASE.
2.2.2 Hemoglobin

Comparison between T. pyriformis and T. thermophila reveal that their sequences were 83.5% identical to each other and
homologous to other protozoan and cyanobacteria hemoglobins, but not to proteins of the human globin family (shows an
18%, 16% and 13% amino acid identity with human hemoglobin subunit alpha, beta and gamma respectively) [24]. So,
protozoan and cyanobacteria hemoglobins make a unique group in the globin family. (Fig. 3A). The crystal structure of the
Fe(11)-02 complex of T. pyriformis trHb was determined at 1.73-A resolution (pdb id: 3AQ5) and O2-binding properties
were measured [25]. The X-ray structure consists of two molecules of T. pyriformis which are present in an asymmetric unit
(Fig3 B). T. pyriformis trHb showed a typical two-over-two a-helical sandwich fold. Tyr25 and GIn46 were hydrogen-
bonded to a heme-bound O(2) molecule. Tyr25 donated a hydrogen bond to the terminal oxygen atom, whereas GIn46
hydrogen-bonded to the proximal oxygen atom. Site-directed mutations of hydrogen-bonding donor or acceptor residues
greatly enhanced autooxidation from the Fe(I1)-02 to the Fe(lll) forms of T. pyriformis trHb. Structural studies of mutant
Fe(l11) complexes of T. pyriformis trHbs showed that loss of hydrogen bonding destabilized the bound O2 molecule,
resulting in fast O2 dissociation and autooxidation. The reaction between NO and a Fe(I1)-02 complex of T. pyriformis trHb,
in a crystal state, resulted in the formation of a Fe(l11)-H20 complex. These data indicate that T. pyriformis trHb may play a
role in NO detoxification and that the primary function of the protein may not involve O2 storage [25].
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FIGURE 3: A: MULTIPLE SEQUENCE ALIGNMENT OF T. PYRIFORMIS (P17724) WITH MOUSE (P02088) AND HUMAN
(P69905, P69891) HEMOGLOBINS; B: CRYSTAL STRUCTURE OF TETRAHYMENA TRHB, FE(I1)-O, FORM (PDB ID:
3AQ5). ACCESSION NUMBERS ARE THOSE OF THE UNIPROT DATABASE.
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2.2.3 Superoxide dismutase [Fe]

An iron containing superoxide dismutase has been isolated from T. pyriformis in the tetrameric form [26]. It has a molecular
weight of 85,000 and is composed of four identical subunits.Comparison of sequences of other iron-containing superoxide
dismutases reveals a relatively low degree of identity (33-34%). However, a higher percentage identity is found with
mammalian manganese-containing superoxide dismutases (41-42%). Crystallographic data available for a number of both Fe
and Mn-SODS have revealed extensive structural similarities of the two classes of isoenzymes. In particular, residues
(Gly92, Gly93, GIn167, GIn168) occurring within a sphere of 10 A radius from the metal cofactor in human and mouse Mn-
SOD:s are also conserved in T. pyriformis but no in prokaryotic Fe-SOD (Fig. 4) [26-29].
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FIGURE 4: COMPARISON OF AMINO ACID SEQUENCE OF Mn-SOD FROM HUMAN (P09671), MOUSE (P04179) AND Fe-
SOD FROM T. PYRIFORMIS (P19666) AND E.COLI (POAGD3). METAL LIGANDS ARE INDICATED WITH SMALL
CROSSES AND RESIDUES OCCURRING WITHIN A SPHERE OF 10 A RADIUS FROM THE METAL COFACTOR IN SODs
WITH RHOMBUS. ACCESSION NUMBERS IN PARENTHESES ARE THOSE OF THE UNIPROT DATABASE.

2.3 Cadmium binding proteins
2.3.1 T. pyrimorfis Metallothioneins (TpMTSs)

Metallothioneins are rich in cysteines, which participate in metal binding. MTs of Tetrahymena not only play a role in heavy
metal homeostasis and detoxification but also respond to a wide variety of stimulants [30-31]. TpMTs are been considered to
fall into two groups: Member of the first group is the TpMT-1 metalloprotein, that is the first ciliate Metallothionein that was
isolated from T.pyriformis. The mMRNA and protein levels of TpMT-1 increase significantly with Cd concentration in the
medium [32]. Member of the second group is TpMT-2, where the mRNA expression pattern did not fluctuate as much higher
than that of TpMT-1 under the Cd effects, instead of exhibiting higher lever under the exposure of Cu [32].

2.4 Calcium binding proteins

2.4.1 Calmodulin (CaM)

The cDNA encoding T. pyriformis Calmodulin was isolated and characterized, revealing that CaM consists of 149 residues.
It has four putative calcium-binding loops (D21-E32, D57-E68, D94-E105, D130-E141) homologous to EF-hand calcium-
binding sites which are highly conserved in CaM proteins [33,34] (Fig 5). It is reported that CaM interact with adenylyl
cyclase (AC) and influence and regulate AC activity of ciliate T. pyriformis [35,36].
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FIGURE 5: COMPARISON OF AMINO ACID SEQUENCE OF CAM FROM T. PYRIFORMIS (P02598) AND HUMAN

(P62158). METAL BINDING SITES ARE INDICATED WITH NUMBERS. ACCESSION NUMBERS IN PARENTHESES ARE
THOSE OF THE UNIPROT DATABASE.
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I1. METALLOPROTEINS IN TETRAHYMENA THERMOPHILA

Sequencing and analysis of T. thermophila genome (strain SB210), revealed 104 Mb length and composition of
approximately 225 chromosomes with more than 27,000 predicted protein-coding genes. It is remarkable, that 15,000 genes
out of them are well conserved in genomes of other organisms [37]. Based on the UniProt catalog, there are 431 entries for T.
thermophila proteome with “metal-binding” annotation and from these only 3 are reviewed (manually annotated in the
protein database of UniProtKB/Swiss-Prot, Table 2) and the rest are unreviewed (automatically annotated in
UniProtKB/TrEMBL).
TABLE 2
THE REVIEWED METAL-BINDING PROTEINS ENCODED BY TETRAHYMENA THERMOPHILA GENOME
PROVIDED FROM UNIPROT CATALOG.

Uniprot

Metal-

Essential

Gene name Entry name EC number Protein name L Status PubMed ID
Entry binding metal
A4VDN2 FENL1, FEN1_TETTS 3.1.-- Flap endonuclease 1 Mg Yes reviewed 16933976
Q230X8 HEN1 HENMT_TETTS 2.1.2.n8 Small RNA 2’-O- Mg Yes reviewed 19240163
methyltransferase
16933976
PODJ24 RPL37 RL37_TETTS - 60S ribosomal Zn Yes reviewed 16933976;
protein L37

3.1  Magnesium binding proteins
3.1.1 Flap endonuclease , FEN1

Flap endonucleases are a class of nucleolytic enzymes that act as both 5'-3' exonucleases and structure-specific
endonucleases on specialized DNA structures during DNA replication, repair, and recombination processes. Flap
endonucleases have been identified in eukaryotes, prokaryotes, archaea, and some viruses. Divalent metal ions, such as Mg*,
are essential cofactors in the FEN’s biological functions and structural studies of several flap endonucleases reveal that they
have two conserved metal-binding sites with conserved aspartate and glutamate residues [37]. The FENL1 T.thermpophila
protein has 384 amino acids length and its two binding sites are occupied by aspartates and glutamates: (Asp34, Asp90,
Glul62, Glul64) and (Asp183, Aspl85, Asp234) respectively.

3.1.2 HENZ1, Small RNA 2'-O-methyltransferase

Methyltransferase adds a 2'-O-methyl group at the 3'-end of piRNAs. In the ciliated protozoan Tetrahymena thermophila, two
classes of small RNAs have been identified: RNAs approximately 28-29 nt long (scnRNAs) and constitutively expressed
approximately 23-24 nt siRNAs. It is reported that scnRNAs, but not siRNAs, are 2'-O-methylated at their 3' ends. The
Tetrahymena HEN1 homolog Henlp is responsible for scnRNA 2'-O-methylation. Loss of Henlp causes a reduction in the
length of scnRNAs, defects in programmed DNA elimination, and inefficient production of sexual progeny. The reported 3.1
A crystal structure of full-length HEN1 from Arabidopsis in complex with a 22-nucleotide small RNA duplex and cofactor
product S-adenosyl-L-homocysteine describe a Mg®*dependent 2’-O-methylation mechanism. Treatment with increasing
concentrations of EDTA that chelates Mg in the reaction eventually eliminates HEN1 activity suggesting that HEN1 is
indeed a Mg?*" dependent small RNA methyltransferase. Mutation of any of coordinated residues to alanines completely
abolished HEN1 activity [38]. HEN1 protein from T.thermophila consists of 423 amino acids and four metal binding sites
which are highly conserved in homologs HEN1 (Glu124, Glul127, His128, His177) [38].

3.2 Zinc binding proteins

3.2.1 60S ribosomal protein L37, RPL37

Eukaryotic ribosomes are considerably larger than their bacterial counterparts. As a consequence, the eukaryotic 60S subunit
in yeast or T. thermophila has a total molecular weight of about 2 million daltons, whereas that of the 50S subunit in E. coli
is 1.3 million daltons. The increased level of structural complexity of eukaryotic ribosomes reflects functional differences
between prokaryotes and eukaryotes. In the past, two crystal structures of T.thermophila ribosomal subunits were reported :
the 3.5 A X-ray structure of 60S subunit in complex with initiation factor 6 (elF6), cocrystallized with the antibiotic
cycloheximide [39] and the 3.7 A X-ray structure of 40S subunit in complex with elF1 and elF1A initiation factors
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[40,41,42]. The structure of the 60S ribosomal subunit contains 42 proteins of which 16 are present in all domains of life, 20
are shared between eukarya and archaea, and 6 are eukaryotic-specific. Most RPs (ribosomal proteins) contain eukaryotic-
specific extensions which are critical for establishing an intricate protein- RNA network. One of this type protein is the
RPL37, that adopts a C4-type zinc finger fold where the metal binding residues are four cysteines : C19, C22, C34, C37 (Fig
6).
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FIGURE 6: METAL BINDING SITE OF THE X-RAY STRUCTURE OF T.THERMOPHILA RIBOSOMAL PROTEIN L37 (PDB
ID: 4V8P).

3.3  Cadmium binding proteins
3.3.1 T.thermophila Metallothioneins (MTTs)

The metallothioneins genes that were isolated from T.thermophila are reported as MTT1, MTT2, MTT3, MTT4 and MTT5
[44-48]. Sequence comparisons have revealed that MTT3 and MTT5 share a regular, conserved and hierarchical modular
structure with MTT1 and T.pyriformis TpMT1 and TpMT2. MTT1 MTT3 and MTT5 are more efficiently induced by Cd
than Cu and behave as multi-stress response proteins [45]. All the known metallothioneins from the ciliate genus
Tetrahymena were subdivided into two well-defined subfamilies, 7a and 7b based on four criteria: phylogenetic analysis
Tetrahymena MTSs, their cysteine clusters position, the location of Lys relative to Cys residues, and the differential induction
of gene expression by the heavy metals Cd and Cu. Subfamily 7a includes T. thermophila MTT1, MTT3 and MTT5 and T.
Pyriformis MT-1 and MT-2. Subfamily 7b consists of T. thermophila MTT2 and MTT4, as well as T. pigmentosa MT-2 [45].

V. IN SILICO INTERACTOME NETWORKS OF T.THERMOPHILA METALLOPROTEINS THAT ARE ANNOTATED IN
UNIPROT/SWISS-PROT

Applying STRING web tool (http://string-db.ora/), we provide the predicted protein-protein interaction (PPI) network
(Figure 7) of the three T. thermophila proteins FEN1, HEN1, RPL37 that are reviewed and manually annotated in the protein
database of UniProtKB/Swiss-Prot. The PPl information reported in STRING is derived from the following four sources:
genomic context, high-throughput experiments, (conserved) coexpression, and previous knowledge, indicating that they can
widely measure the associations between proteins, including direct (physical) and indirect (functional) associations. The
interaction score indicates the strength of the interaction [49].

The top 10 interactors (with highest confidence score: 0,98) from T. thermophila proteome that are interconnected with
FEN1 are listed below: ATP-dependent DNA helicase, RecQ family protein (Q23ED9); Proliferating cell nuclear antigen
(Q22BB4); DNA repair protein RAD50, putative (I7MFI1); DNA ligase I, ATP-dependent proteins (I7LWR8, Q24FD9);
BRCT domain protein (Q22DN2); DNA polymerase (Q22HL1); Ser/thr phosphatase family protein (Q22G12); DNA
replication helicase Dna2, putative (I7MF71) and ATP-dependent DNA helicase and RecQ family protein (Q22Al17). The 10
most confident interactions (score: 0,77) for the HEN1 network link the protein with Piwi-like proteins (A4VE05, A4VEQ6,
A8VSS4, ABVSR3, ITM7NO, QOGM58, QOMRE2, Q23ND1), Twil2p (A4ZYY6) and programmed DNA degradation 2
protein (015645). Finally, RPL37 is interconnected with 60S ribosomal proteins (with confidence score 0,99) : L18a
(PODJ18), L35a (P0ODJ22), L34 (PODJ23), L6 (PODJ56), L13 (PODJ58), L30 (PODJ59), L36a (Q22X38), L22 (Q23BV5),
L14 (Q24C27) and L36 (Q24F59).
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FIGURE 7: INTERACTION NETWORKS OF FEN1 (A), HEN1 (B), RPL37 (C) PROTEINS FROM T. THERMOPHILA
PROTEOME. ACCESSION NUMBERS ARE THOSE OF THE UNIPROT DATABASE.

V.  APLICATIONS OF TETRAHYMENA METALLOPROTEIN CODING GENES IN HEAVY METAL
POLLUTION

Tetrahymena is a genus of free-living ciliated protozoa which is ubiquitous in freshwater environments. Due to its
convenience for lab cultivation and sensitivity toward environmental contamination, Tetrahymena has been utilized as a
model to detect aquatic toxicity and eco-toxicological effects for many years. A novel role of T thermophila ciliates is that
could be used as whole-cell biosensors (WCBS) or as a potential cellular source of molecular biomarkers/biosensors to detect
pollutants (such as heavy metals) in environmental samples [13]. T. thermophila MT promoters might be used to design
metal biosensors and especially the MTT1 or MTT5 genes due to their rapid and strong induction by metals [44,50]. The first
example of ciliate-based WCBs were the MT promoters from T. thermophila linked with the luciferase reporter gene, to
detect heavy metals in aquatic or soil samples [15]. These T thermophila WCBs (strains MTT1Luc and MTT5Luc), which
have been validated using natural samples, exclusively detect bioavailable metals and demonstrate a high and differential
sensitivity in both artificial and natural samples [15]. Recently, it was introduced an alternative WCB using the green
fluorescent protein (GFP) as a reporter gene and the CAMT promoter from the T. thermophila MTT1 gene [14]. In this case,
the metal exposure in the novel strains induces overexpression of metallothionein genes themselves. The use of gfp as a
reporter gene has the advantage that the reporter signal (fluorescence) can be detected in vivo while it can be easily detected
by fluorescence microscopy and quantified by flow cytometry.

VI. CONCLUSION

This critical review attempts to provide a detailed characterization of the metalloproteins from the T. pyriformis and T.
thermophila proteomes that are reviewed and manually annotated in the protein database of UniProtKB/Swiss-Prot. We don’t
give any description of the unreviewed Uniprot entries that are deposited and automatically annotated in
UniProtKB/TrEMBL since proteins predicted by the TTEMBL database could be hypothetical. In the most cases presented in
this review, metals work as cofactors of enzymes related to the biology of Tetrahymena ciliate protozoa. Apart from
Tetrahymena metalloenzymes, both T. pyriformis and T. thermophila proteomes contain (non essential-metal) binding
proteins (like Cd-metallothioneins that are involved in the cellular metal-detoxification process). In conclusion, the most of
Tetrahymena metalloproteins have not yet been identified (in T. thermophila proteome only 3 proteins out of 27000 Uniprot
IDs are annotated as metalloproteins) indicating that the roles of nanny metals in protozoan’s biological systems are still
unknown. Thus, further computational or/and experimental studies are required to identify and annotate more metalloproteins
in these Tetrahymena species.
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