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In the present study, we describe the molecular and functional characterization of two Cu,Zn
superoxide dismutase (SOD) genes, named tt-sodla and tt-sod1b from Tetrahymena thermophila, a
free-living ciliated protozoan widely used as model organism in biological research. The cDNAs
and the putative amino acid sequences were compared with Cu,Zn SODs from other Alveolata.
The primary sequences of T. thermophila Cu,Zn SODs are unusually long if compared to
orthologous proteins, but the catalytically important residues are almost fully conserved. Both
phylogenetic and preliminary homology modeling analyses provide some indications about the
evolutionary relationships between the Cu,Zn SODs of Tetrahymena and the Alveolata
orthologous enzymes. Copper-dependent regulation of Cu,Zn SODs expression was investigated
by measuring mRNA accumulation and enzyme activity in response to chronic exposure to non-
toxic doses of the metal. Our in silico analyses of the tt-sodla and tt-sodlb promoter regions
revealed putative consensus sequences similar to half Antioxidant Responsive Elements (hARE),
suggesting that the transcription of these genes directly depends on ROS formation. These data
emphasize the importance of complex metal regulation of tt-sodla and tt-sodlb activation, as
components of an efficient detoxification pathway allowing the survival of T. thermophila in

continued, elevated presence of metals in the environment.

Key words: Tetrahymena thermophile; ciliated protozoa; Cu,Zn superoxide dismutase; metal-induced

oxidative stress; copper.
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Introduction

Superoxide dismutases (SODs; EC 1.15.1.1) are metalloenzymes widely distributed in prokaryotic and
eukaryotic cells (Fridovich 1995). They constitute a protein family that catalyzes the dismutation of
superoxide anion (*O, ) to hydrogen peroxide (H,O) and molecular oxygen (McCord and Fridovich
1988). The main physiological role of these proteins is believed to be the protection of the cells by
scavenging *O, , which are produced under oxidative conditions by energy-generating processes
(Keele et al. 1971; McCord and Fridovich 1969).

Depending on species, there may be up to three different metal-containing SOD enzymes in the
cells, acting in mitochondrion, nucleus, cytoplasm and extracellular spaces. These SODs are the
products of different genes and they are classified according to the redox metal in the active site.

Copper/zinc-containing SODs (Cu,Zn SODs) use copper for the catalytic reaction and they are
found in the cytoplasm of eukaryotes, in the chloroplasts of some plants and in the periplasmic space of
many bacteria. Furthermore, in eukaryotes, an extracellular SOD (EC-SOD) distinct from cytosolic
Cu,Zn SOD has been found (Marklund 1982).

Iron- and manganese-containing SODs (Fe SOD and Mn SOD) bind specifically Fe or Mn
(Bannister et al. 1987; James 1994). Fe SODs are found in prokaryotes, plants (chloroplasts), and
protozoa while Mn SODs are present both in prokaryotes and mitochondrial matrix of eukaryotes.
Numerous fungi possess both cytosolic and mitochondrial Mn SODs (Fréalle et al. 2006). A few
classes of bacteria are also known to possess activity with either iron or manganese incorporated in the
same protein moiety (cambialistic SODs) (Santos et al. 1999; Sugio et al. 2000).

Mn SOD and Fe SOD appear as homodimers or homotetramers and exhibit a high degree of

sequence and structural similarity (Jackson and Cooper 1998; Lah et al. 1995; Parker et al. 1987); it
3
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strongly suggested that these enzymes originate from a common ancestry. In contrast, Cu,Zn and
Mn/Fe SODs never shared a common ancestry, and this is shown by their distinctive amino acid
sequences (Smith and Doolittle 1992) and completely different tertiary structures (Tainer et al. 1983).

The discovery of a Ni SOD in Streptomyces and cyanobacteria (Youn et al. 1996) established a
completely new SOD group with a unique Ni-hook motif.

Copper is an essential trace element that plays a vital role as a catalytic co-factor for a variety of
metalloenzymes. Beside superoxide dismutase, other enzymes are cytochrome ¢ oxidase (mitochondrial
electron transport chain), tyrosinase (pigmentation), peptidylglycine alpha-amidating monooxygenase
(PAM) (neuropeptide and peptide hormone processing) and lysyl oxidase (collagen maturation) (Harris
2000; Pefia et al. 1999). Moreover, copper is redox active metal that can participate in electron transfer
reactions, with the consequent production of oxidants which are able to oxidize cell components
(Esterbauer et al. 1992). Copper catalyzes the formation of the highly reactive hydroxyl radicals from
hydrogen peroxide (H>O,) via the Haber—Weiss reaction and it decomposes lipid peroxides to peroxyl
and alkoxyl radicals, which favor the propagation of lipid oxidation (Ziouzenkova et al. 1998).

In the present study, we report the molecular characterization and gene expression analysis of two
out of three Cu,Zn SODs from the ciliated protozoon Tetrahymena thermophila. In order to increase
the physiological response, the cells have been cultured in presence of an excess of copper, which is
used as pro-oxidant. Our data suggest that Tetrahymena tt-sodla and tt-sod1b are the components of an
efficient detoxification pathway in continued, elevated presence of metals in the environment.

With the aim of evaluating differences at molecular level in relation to their evolutionary history,
we also characterized Cu,Zn SOD sequences from Oxytricha trifallax (Swart et al. 2013) and Euplotes
focardii, an Antarctic psychrophilic ciliate (Pucciarelli et al. 2009; Valbonesi and Luporini 1993), and
compared them with those from other Alveolata species. In this context, it is particularly interesting

that Cu,Zn SODs appear to have evolved rapidly in relatively recent times, whereas Mn and Fe SODs
4
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1 appear to have evolved at a relatively constant rate over the entire history of eukaryotes, (Lee et al.
2 1985).
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Results

Organization of T. thermophila Cu,Zn SOD Genes
In the Tetrahymena Genome Database (scaffolds n. 8254435, 8254811 and 8254431) we have found
three sequences belonging to Copper/Zinc superoxide dismutase family. To test primer pairs for
quantitative real-time PCR analyses, RT-PCR amplifications were performed using mRNA from T.
thermophila. The obtained amplicons were cloned and sequenced; their sequences correspond to the
expected partial coding sequences of only two Cu,Zn SODs. We named the respective genes tt-sodla
(GenBank accession number XM 001032187.2) and tt-sodlb (GenBank accession number
XM _001007667.1). We named the unamplified gene tt-sodlx (GenBank accession number
XM _001033543.1).

The in silico analysis of tt-sod1a indicates that the open reading frame (ORF) includes 609 nt and
it encodes a putative protein of 166 aa, with a deduced molecular weight of 17.9 kDa (Supplementary

Material Fig. S1). The comparison between the genome scaffold and the T. thermophila EST database

(http://ciliate.org/index.php/) suggests that the 5’- and 3’-UTR regions consist of 68 nt and 40 nt,
respectively. The 3'-UTR region included a consensus polyadenylation signal sequence (AATAAA) at
nt 593-598. This gene is organized in 2 exons and 1 intron. The genomic portion upstream the 5‘UTR
region (2000 nt) did not show the expected Antioxidant Response Element (ARE), but six putative
consensus sequences similar to half Antioxidant Response Elements (hAREs, TGACNNN) are present
atnt —137,-483, -945, —1,134, —1,352 and —1,528 (Fig. 1).

The in silico analysis of tt-sod1lb indicates that the open reading frame (ORF) is 591 nt long,
potentially coding for a putative protein of 196 aa with a deduced molecular weight of 21.4 kDa
(Supplementary Material Fig. S2). The comparison between the genome scaffold and the T.

thermophila EST database suggests that the 5’- and 3’-UTR regions consist of 86 nt and 131 nt,
6
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respectively. The 3’-UTR region included two putative polyadenylation signals at nt 697-702 and 725—
730. The 3'-UTR also contained two ATTTA sequences, at nt 710-714 and 801-805, which signals
rapid degradation in certain mammalian mRNAs (Shaw and Kamen 1986). This gene is organized in 2
exons and 1 intron. The expected ARE are missing in the 2000 nt upstream the 5’UTR but five putative

consensus sequences similar to hAREs are present at nt —559, —647, —1,053, —1,473 and —1,978 (Fig.

).

Organization of E. focardii Cu,ZnSOD Genes

From the E. focardii transcriptomic sequences (Pucciarelli et al. 2010) we identified two putative
Cu,Zn SOD sequences. To obtain the entire nanochromosome sequence we performed RATE-PCR
starting from E. focardii genomic DNA as described in Material and Methods. We named the
respective genes ef-sodla and ef-sod1b (accession Nos KF740481 and KF740482, respectively).

The ORF of ef-sodla includes 700 nt and encodes a putative protein of 187 aa, with a deduced
molecular weight of 20.0 kDa (Supplementary Material Fig. S3). The 5’- and 3’-UTR regions consist
of 63 and 73 nt, respectively. The 3’-UTR region did not include a consensus polyadenylation signal
sequence.

The ORF of ef-sodlb is 676 nt long, potentially coding for a putative protein of 162 aa with a
deduced molecular weight of 16.8 kDa (Supplementary Material Fig. S4). The 5’- and 3’-UTR regions
consist of 90 and 97 nt, respectively. The 3'-UTR region did not include a consensus polyadenylation

signal sequence.

Organization of Oxytricha Cu,Zn SOD Genes
In the Oxytricha trifallax Genome Database (http://oxy.ciliate.org/index.php/home/welcome) we have

identified two putative Cu,Zn SOD sequences. We named the respective genes of-sodla (contig
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4245.0; ENA accession number AMCR01016070.1) and of-sodlb (contig 15813.0, ENA accession
number AMCRO01005476.1).

The ORF of of-sodla consist of 1191 nt, and it contains one intron that spans nucleotides 394 to
518. The ORF encodes for a putative protein of 166 aa, with a deduced molecular weight of 17.5 kDa
(Supplementary Material Fig. S5). The 5’- and 3°-UTR regions are 242 nt and 70 nt, respectively. The
3’-UTR region included three putative polyadenylation signals, at nt 887—892, 968-973 and 987-992.
In the 3'-UTR region there is also a putative rapid degradation signal at nt 1100—1104.

The of-sod1b ORF is 1212 nt long, and it contains one intron that spans nucleotides 421 to 540. It
encodes a putative protein of 166 aa, with a deduced molecular weight of 17.6 kDa (Supplementary
Material Fig. S6). The 5’- and 3’-UTR regions consist of 217 and 69 nt, respectively. The 3'-UTR
region included three putative polyadenylation signals, at nt 908-913, 989-994 and 1008—1013. In the

3’-UTR region there is also a putative rapid degradation signal at nt 1124—-1128.

Phylogenetic Analyses and Molecular Modeling
In Figure 2, the deduced amino acid sequences of the two transcribed Tetrahymena genes were aligned
with the Cu,Zn SODs of E. focardii, O. trifallax, Bos taurus, Xenopus leavis and Homo sapiens. Amino
acids in the catalytic core are highly conserved. The copper and zinc coordination environment and the
active site regions are fully conserved in SODla, whereas in SODI1b both His"™* and Thr'”' are
replaced by Asn. Furthermore, SOD1b lacks the two evolutionary invariant cysteine residues (at
positions 58 and 147 in human SOD1), which form the unique disulphide bridge present in the enzyme.
This structure is expected to contribute to the stability of the tertiary structure of SODs.

In order to identify the best-fit model to analyze Cu,Zn SOD evolution, a Bayes factor
comparison was performed to test the strict clock model against the non-clock model using Cu,Zn SOD

coding sequences. The marginal likelihood values are shown in Supplementary Material Table S1. The

8
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strict-clock model (marginal likelihood value —6014.7) is almost 12 log likelihood units better than the
non-clock model (marginal likelihood value —6027.27). A difference exceeding 5 log likelihood units is
usually considered very strong evidence in favor of the better model (Kass and Raftery 1995).
However, in phylogenetics the unrooted model of phylogeny and the strict molecular clock

model are two extremes of a continuum. Despite their dominance in phylogenetic inference, it is
evident that both are biologically unrealistic and that the real evolutionary process lies between these
two extremes. Local molecular clocks are another alternative to the global molecular clock, because
they allow different regions of the tree to have distinct evolutionary rates, but within each region the
rate must be the same. This new method conveniently allows a comparison of the strict molecular clock
against a large array of alternative local molecular clock models. As it is shown in Supplementary
Material Table S1, CPP model (marginal likelihood value —6004.7) is 10 log likelihood units better
than the strict-clock model (—6014.7) and nearly 6 log likelihood units better than the other two local
molecular clocks, TK02 (marginal likelihood value —6010.4) and IGR (marginal likelihood value —
6011.2) model. Thus, we used the CPP molecular clock model in the phylogenetic tree construction.

The jModelTest 2.1.3 software determined the GTR+I+G model as being the best-fit model of
Cu,Zn SOD cDNA sequence evolution with a gamma shape value (four rate categories) of 1.59 using
AIC and cAIC statistical criterion (—InL= 5923.8791). Phylogenetic relationships of Cu,Zn SOD cDNA
sequences were determined using the most powerful statistical method of BI. BI and maximum
likelihood (ML) methods generate phylogenies with the same topology, depicted in the cladogram of
Figure 3. Ciliate SOD1s emerges together and clearly separated from the orthologs of other organisms.
In particular, T. thermophila SOD1b and SOD1x are clearly separated from T. thermophila SOD1a, and
are more closely related to SOD1s from Paramecium, Cryptocaryon and Ichthyophthirius (posterior
probability 96%; bootstrap values 54%).

ProtTest3 software determined WAG+G model as being the best-fit model of Cu,Zn SOD amino
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acid sequence evolution with a gamma shape value (four rate categories) of 1.0 using all statistical
criterion: AIC, cAIC and BIC (-InL= -9559.80). BI and ML methods generate phylogenies with the
same topology, depicted in the cladogram of Supplementary Material Figure S7.

SwissModel identified in Caenorabditis elegans SOD1 (PDB code 3kbfA, 1.20 A resolution, X-
ray method) a 3D structure with a sequence that is 53.13% identical to T. thermophila SODIla
(Supplementary Material Fig. S8A). The resulting modeling confirmed the presence of the ligands for
Zn. In contrast, Tetrahymena SOD1b (Supplementary Material Fig. S8B) appeared more similar to the
tomato (Solanum lycopersicum) chloroplastic SOD1 (PDB code 3pu7A, 1.80 A resolution, X-ray
method), with a 43.87% level of sequence identity. Also in this case, the modeling confirmed the
presence of the ligands for Zn. Finally, the homology modeling analysis identified in Bombyx mori
SODI1 (PDB code 319yB, 1.80 A resolution, X-ray method) a 3D structure with a sequence that is
53.21% identical to Tetrahymena SODI1x (Supplementary Material Fig. S8C). The resulting model

confirmed the presence of the ligands for Cu and Zn.

Time Course of Cu,Zn SOD Gene Expression in T. thermophila Cells under Physiological Conditions
In Figure 4 are shown the time course of Cu,Zn SOD mRNA accumulation in Tetrahymena cells grown
under physiological conditions. There is a statistically significant decrease of SODla mRNA levels
after 1h of grow (p<0.05; Fig. 4A); thereafter the levels of mRNA remain more or less constant. The
situation is different for SOD1b, where there is a statistically significant increase of mRNA levels with
a maximum at 4h from the beginning of the experiment (p<0.05; Fig. 4B). Afterward the SODI1b
expression decreases and it turned back to the initial level after 48h.

In control cells the SOD activity remained almost constant for the entire time of the experiment

(the average is 3.5 U SOD/mg proteins; Fig. 5).
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Metal Accumulation, Cu,Zn SOD Gene Expression and SOD Activity Determination in T. thermophila
Cu-treated Cells

In order to estimate the rate of Cu uptake from Tetrahymena cells, first we assessed Cu concentrations
in control cells following the protocol described in Material and Methods. The physiological amount of
Cu in cells unexposed to the metal is only 0.01-1.21 pg/mg of total proteins. On the contrary, during
Cu-exposure a high rate of uptake in Tetrahymena was observed (Fig. 6). In cells harvested after 0.5, 1,
2,4, 6, 24 and 48h of exposure, the measured Cu concentrations in cell-free extracts were significantly
higher than in controls (p<0.01 and p<0.001): the Cu content increased rapidly, reaching a maximum of
3.11 pg/mg of total proteins at 24h (p<0.05). Then, the metal concentration decreased (p<0.05) to 1.60
ng/mg of total proteins, after 48h of exposure.

In Figure 4 the time course of Cu,Zn SOD mRNA accumulation in T. thermophila cells in
presence of Cu (500 uM) is also reported. As shown in Fig. 4A, tt-sodla mRNA levels increased
rapidly and it was statistically higher than controls after 1h of Cu-exposure (p<0.01). Afterwards, the
mRNA returned at the control level, before rising again at 4h (p<0.001). At 24h from the beginning of
the exposure, the mRNA accumulation was temporarily lower than controls (p<0.01). Similarly, tt-
sodlb mRNA levels increased over the controls after 1h of Cu-exposure (p<0.01; Fig. 4B). At 2h a
greater increase in mRNA levels seems to be present, but the difference with the control cells is not
statistically significant, due to the high variability. Later, the mRNA returned at the control level, with
a single exception registered at 24h from the beginning of the exposure, when the mRNA accumulation
was lower than controls (p<0.05).

The SOD activity after inoculation of Tetrahymena cells in Cu-containing PPYG medium was
also estimated, following the procedure described in Material and Methods. As shown in Figure 5, the
SOD activity in Cu-treated cells was always significantly higher with respect to controls (p<0.05 and

p<0.01). It increased quickly, reaching the maximum value at lh (p<0.05), then it returned to the
11
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1 starting level, and later it remained constant until 48h.
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Discussion

In this paper we report the characterization of the Cu,Zn SOD family in Tetrahymena thermophila. In
this organism, three genes potentially encoding Cu,Zn SOD have been identified. The presence of three
genes that potentially encode cytosolic SOD is unique, in unicellular eukaryotes as well as in
metazoans (Miller 2012). However, our results suggest that the functionality of one of these three
genes, the tt-sod1x, could be limited, since its expression levels are relatively low, as also reported in
the Tetrahymena Functional Genome Database (http://tfgd.ihb.ac.cn/). This characteristic is typical of
gene families showing a redundancy due to gene duplication phenomena in their evolution in
eukaryotic genomes, and in mammals particularly (Chen et al. 2002; Gongalves et al. 2000). For
example, in the human genome thirteen metallothionein (MT) genes are present, but only ten of them
were shown to be functional (Cherian et al. 2003). Also in T. thermophila, duplication processes have
driven the evolution of several proteins, including MTs (Boldrin et al. 2003, 2006; Diaz et al. 2007;
Piccinni et al. 1999; Santovito et al. 2001, 2007; Shang et al. 2002). Regarding Cu,Zn SODs, two
pseudogenes are known to be present on human chromosomes 8 and 16, in addition to the functional
human SODI1 gene that is located on chromosome 21 (Mossallam 2007). Although tt-sod1x mRNA
levels are low, it is possible that this gene is activated under particular stress conditions. For example,
preliminary results indicated that in the ciliated protozoan Euplotes rariseta only Mn SOD and Fe SOD
genes are transcribed at basal level, but in conditions favoring ROS formation, such as high
environmental oxygen concentration, Cu,Zn SOD are also transcribed (personal data, unpublished).
This hypothesis is also consistent with the phylogenetic relationships of T. thermophila Cu,Zn SODs.
Our analysis indicated that tt-sod1x emerges together with the Cu,Zn SODs of Paramecium tetraurelia.
The genome of this protozoan contains two Cu,Zn SOD genes, one of them showing high similarity to

T. thermophila sodlb. The presence of two separated clusters of Cu,Zn SOD from closely related
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species can be explained with an evolutionary process characterized by a duplication event that
involved the ancestor gene, which probably occurred in distant time, before the speciation event that
led to these two species.

From our data it is impossible to deduce if SODla resulted from another duplication event
involving the ancestor of SOD1b or SOD1x. This unclear correlation suggests an alternative hypothesis
of adaptive convergence that could lead the occurrence of structurally and functionally similar proteins
from different ancestor proteins. If it is the case, this process could have happened many times during
speciation. This is probably the case of Mn SOD occurrence. In fact, phylogenetic studies placed Mn
SODs far from Cu,Zn SODs (Santovito et al. 2006). Preliminary results indicated that in ciliated
protozoa the evolutionary relationships between SODI1s and SOD2s are similar to those of other
eukaryotes. An interesting result from homology modeling analysis is the similarity between
Tetrahymena SOD1b and Solanum lycopersicum chloroplastic SODI1. In plants there are two different
groups of Cu,Zn SODs. The first group consists of cytoplasmic and periplasmic forms, which are
homodimeric. The second group comprises the chloroplastic and extracellular Cu,Zn SODs, which are
homotetrameric (Bordo et al. 1994). These enzymes are all encoded by different genes. Even animal
cells export a tetrameric glycosylated Cu,Zn SOD that appears to be more closely related to fungal
Cu,Zn SODs, raising the possibility that the tetrameric version is the more ancient one (Fink and
Scandalios 2002). All these data suggest an independent evolution for Tetrahymena SODla and
SOD2a, and the latter could have a common ancestor with the tetrameric SODs.

However, it would be interesting to also investigate further the Tetrahymena SOD1x, from both
evolutionary and functional points of view. In fact, our analysis of homology modeling demonstrated
structural similarities of SOD1x with the Cu,Zn SOD from Bombyx mori. Recent studies revealed that
this silkworm enzyme shares 63% sequence identity with human SOD1, with some different residues at

mutation sites in Cu,Zn SOD associated to the amyotrophic lateral sclerosis condition (Zhang et al.
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2010).

The two expressed Cu,Zn SOD genes code for two proteins that are bigger than the typical IC-
SODs (154 aa). The acquisition of proteins with long primary sequences is a characteristic of the
molecular evolution in Tetrahymena species (Boldrin et al. 2006) and could explain the high resistance
grade of these organisms to environmental stress conditions. In fact, an abnormally long sequence
characterizes the Cu,Zn SODs of animals living in permanent stress conditions, such as the icefish.
These organisms evolved in oceanic waters surrounding the Antarctica, exposed to high oxygen
concentration as a consequence of low temperature, which increases gas solubility. Furthermore, the
inability of icefish to synthesize hemoglobin implies an increased quantity of oxygen simply dissolved
in their tissues. These two conditions increase the probability of ROS formation. Recent analyses
demonstrated that Cu,Zn SOD of these fish is longer than orthologs from phylogenetically related fish
(personal data, unpublished). This hypothesis is supported by the evidence that the SODla from the
psychrophilic Antarctic ciliate E. focardii is also longer than those from other species, Oxytricha
included.

In the case of icefish the evolutionary mechanism resulting in long proteins seems to be the
mutation of stop codon (TAA — ATG). In T. thermophila and E. focardii the mechanism probably also
involved the stop codons, but this is a peculiar feature of the modified genetic codes of ciliates, where
TAA and TAG are not stop codons but code for Gln in Tetrahymena, and TGA encodes Cys in
Euplotes.

Despite the different protein dimensions, the residues important for catalytic activity are highly
conserved. One exception is His'>* in the isoform b that is replaced by Asn through a point mutation
that involved the first codon nucleotide (¢ — a). However, the copper coordination could be maintained
by His'®, which could vicariate the absent amino acid. It is of note that this histidine is also present, at

the same position, in E. focardii SOD1b (Fig. 2). The only other exception, also in SODI1b, is the
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1 which is close to the active site channel and, together with the positively charged

mutation of Thr
guanidinium group of Arg'”’ (strictly conserved), guides the superoxide anion toward the catalytic Cu**
coordination site, stabilizing its bonding. In this isoform it is substituted by Asn by a point mutation
that involved the second codon nucleotide (¢ — a). In this case, Thr'’’ could vicariate the absent amino
acid. The other amino acids are fully conserved in both enzymes, such as the coordination sphere of the
zinc ion that is formed by three histidine and one aspartic acid residues, assuring the enzyme
functionality despite its lower level of sequence identity with other Cu,Zn SOD sequences.

An interesting result is the different pattern of mRNA accumulation observed between tt-sodla
and tt-sod1b. In particular, the latter appears to be characterized by increasing mRNA levels during the
exponential phase of growth, this parameter decreasing after prolonged starvation (24 and 48 h time
points). This result suggests that, although the cells are not exposed to an environmental stress factor,
an endogenous stress condition could be present. During the exponential growth of the culture, the cells
are in active metabolism and the rate of oxygen consumption is high. In this condition, ROS formation
can increase (Acworth et al. 1997) leading to the induction of genes involved in the antioxidant
defense, such as superoxide dismutases but also catalase and glutathione peroxidase, enzymes that are
functionally related to SODs because they eliminate H,O,. Between the two Cu,Zn SODs, isoform b
seems to be the one that, during evolution, assumed major importance in countering this kind of stress.

The exposure of Tetrahymena to a pro-oxidant, such as copper, only slightly increases Cu,Zn
SOD mRNA levels. This result can be related to the absence of regulatory sequences, such as Metal
Responsive Elements (MRE) and ARE, in the promoter regions, or to the low copper accumulation in
the cells, or to the low ROS formation rate during the metal exposure.

It is well known that the presence of MREs and AREs in the promoter regions is a characteristic
of both eukaryotic SOD as well as MT genes (Kensler et al. 2007; Yoo et al. 1999). Nevertheless, it has

been shown that Tetrahymena MT gene transcription induced by cadmium is driven by promoter
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sequences which are different from the typical MREs (Boldrin et al. 2003, 2008; Formigari et al. 2010;
Piccinni et al. 1999). Therefore, it is possible that Cu-dependent induction is present, but specific metal
response elements in Tetrahymena have not yet been identified. Instead, in the promoter regions we
have found several putative h-ARE sequences, which can mediate the induction of SODs by ROS.

After Cu-treatment, the cytoplasmic concentration of this metal significantly increased until 24 h
of exposure, afterwards the Cu levels slightly decreased, probably as the result of metal detoxification
process, which is dependent on the biosynthesis of glutathione and MTs. Previous studies demonstrate
a linear correlation between copper and MT concentrations in the cell-free extract of Tetrahymena
experimentally exposed to this metal ion (Boldrin et al. 2002, 2008; Santovito et al. 2001). This
homeostatic response can limit the presence of copper in the cells, which is not completely removed,
but it remains higher than controls even after 48h. Therefore, copper continuously enters in the cells,
but it is not bio-available to interact with gene regulation systems or to catalyze the production of ROS,
because almost all Cu ions are bound by MTs and GSH and continuously eliminated via lysosome
system. This could justify the poor induction of SOD gene activation.

Nevertheless, SOD activity in Cu-treated cells was found to be increased in comparison to
controls, and this was especially evident in the first phases of exposure (0.5-1 h). The absence of a
correlation between mRNA levels and proteins activity is difficult to interpret, but it is not a rare
phenomenon. We can formulate two hypotheses to explain the increase of SOD activity without
increase of mRNA concentrations: i) the presence of high Cu-concentrations at cytoplasmic level can
be conveyed to SOD apoproteins already present in the cell; ii) copper increases the translation of
Cu,Zn SOD mRNA already present in the cell. In fact mRNAs have a complex lifecycle and non-
translating mRNAs, under stress conditions, can be stored in cytoplasmic granules (Olszewska et al.
2012), processing P-bodies, and stress granules for decay or future translation, respectively .(Lavut and

Raveh 2012). The first hypothesis could be more plausible because copper is a fundamental component
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of the Cu,Zn SOD-active site and it has been supposed that post-transcriptional regulation of Cu,Zn
SOD induction is an important mechanism for oxidative stress tolerance in plants (Sunkar et al. 2006).
However, we cannot exclude that the little but statistically significant increase in tt-sodla and tt-sod1b
mRNA accumulation measured at 1 h, is related also to an increase of ROS production. This hypothesis
is supported by preliminary results obtained by ROS quantification experiments in T. thermophila,
where an intense fluorescence can be observed after copper exposure, probably related to an increase of
*O, formation induced by this metal (Fig. 7).

So far, protozoa seemed to lack the Cu,Zn SOD, a unique feature that would distinguish them
from plants, animals and fungi. The hypothesis was that the ancestor of protozoa could have lost these
genes during evolution (Miller 2012). In this work we demonstrated that transcriptionally active genes
encoding Cu,Zn SODs are also in protozoa and that the process of gene expression is active. To better
explain the physiological role of Cu,Zn SODs in the antioxidant defense system of Tetrahymena,
studies on genes coding for other antioxidant enzymes will be necessary, with the aim to reconstruct at
both physiological and evolutionary levels, the complex metabolic pathways involved in the cell

homeostasis of ROS.
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Methods

Strains and culture conditions: T. thermophila wild-type strain SB210 was grown routinely in
PPYG medium (0,4% proteose peptone, 1% glucose, 0.2% yeast extract) (Mori et al. 2011)
axenically with shaking at 30 °C. Treated cells were grown in the same medium supplemented with
CuSOy4 at 500 pM (the maximum concentration that does not affect the growth rate of the cells,
verified by growth curves, Supplementary Material Fig. S9) for six times: 0.5, 1, 2, 4, 24 and 48h.
Three independent experiments were performed for each treatment. Cultures were started by
inoculating the media with exponentially growing cells (cell concentration approximately 200,000
cells/ml) to an initial density of 20,000 cells/ml.

Cell cultures of the E. focardii strain TN1 (Valbonesi and Luporini 1990) were used. They
were isolated from sediment and sea water samples collected from the coastal waters of Terra Nova
Bay (temperature, —1.8 °C; salinity, 35%; pH, 8.1-8.2) and were grown in a cold room at 4 °C, using
the green alga Dunaliella tertiolecta, or the bacterium Escherichia coli, as food. Dunaliella
tertiolecta was grown at 25 + 1°C in sea water supplemented with Walne’s medium and vitamin
B12 (Gopinathan 1982). The cultures were continuously bubbled with sterile air and continuous

light was provided by banks of 18W Philips Master TL-D 90 De Luxe fluorescent tubes.

Quantification of Cu and SOD activity in cell-free extracts: Cells were harvested by centrifugation
at 2000xg for 15 min at the indicated times, then they were homogenized as previously described
(Piccinni et al. 1990). Homogenates were centrifuged at 48,000 xg for 60 min at 4 °C, and the
resulting supernatants were used for metal and SOD activity quantification. Analyses of metal contents
were performed by atomic absorption spectrophotometer (Perkin-Elmer mod. 4000). SOD activity was

assayed by the method described by Beauchamp and Fridovich (1971), which is based on the inhibition
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of the reduction of nitro blue tetrazolium (NBT) by *O, produced via riboflavin photo reduction. One
unit of SOD activity (U SOD) was defined as the amount of enzyme required for 50% inhibition of
NBT conversion. Data refer to total protein concentrations, assayed by the Folin phenol reagent method
(Lowry et al. 1951).

RNA isolation from T. thermophila, cDNA synthesis, RT-PCR and cDNA cloning: Total
RNA was isolated from mid-log cells (3—5 x 10° cells/ mL) by TRIzol reagent (Invitrogen) according
to the manufacturer's protocol. Total RNA was purified with LiCl 8 M in order to remove glucidic
contaminants and the quantification was performed using the ND-1000 spectrophotometer (Nanodrop,
Wilmington, DE); RNA integrity was assessed by capillary electrophoresis using the Agilent
Bioanalyzer 2100, with the RNA 6000 Nano (Agilent Technologies, Palo Alto, CA). The first strand of
cDNA was reverse-transcribed at 42 °C for 1 h from 1 pg of total RNA in a 20 pL reaction mixture
containing 1 puL. of ImProm II Reverse Transcriptase (Promega) and 0.5 pg oligodT Anchor primer.
The coding region of SODs from T. thermophila was amplified with primers reported in the Table S2,
which were designed on the basis of the coding sequence obtained with a BLAST search in the

Tetrahymena genome database (http://ciliate.org/index.php/home/welcome). PCR reactions were

performed with 50 ng of cDNA. The PCR program was the following: 94 °C for 2 min and 35 x(94 °C
for 30 s, Tm for 30 s, 72°C for 1 min); final elongation 72 °C for 10 min.

All the amplicons were gel-purified with the NucleoSpin Extract 2 in 1 (Macherey-Nagel),
ligated into the pGEM®-T Easy Vector (Promega) and cloned in XL1-Blue E. coli cells (Tang et al.
1994). Positively screened clones were sequenced at the BMR Genomics (University of Padova) on an
ABI PRISM 3700 DNA Analyzer (Applied Biosystems).

DNA purification from E. focardii, Rapid Amplification of Telomeric Ends (RATE) and
subcloning: Macronuclear DNA from E. focardii was purified as previously described (Pucciarelli and

Miceli 2002). RATE-PCR is a strategy particularly useful to amplify the macronuclear DNA molecules
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(minichromosomes) of Euplotes (Marziale et al. 2008) which are small, mostly gene-sized and always
flanked by telomeres characterized by unique sequence repeats (Hoffman et al. 1995). To obtain the
entire macronuclear sequence of E. focardii SOD, DNA samples (0.5 pg) were first amplified through
10 cycles of two independent and subsequent PCR reactions. One was run with a forward primer
represented by the oligonucleotide reported in Table S2, corresponding to the coding region of E.
focardii SODs. The second one was run with a reverse primer represented by the oligonucleotide
reported in Supplementary Material Table S2, which corresponds to the E. focardii SOD coding
sequence. These amplifications were then completed through 20 additional cycles carried out in the
presence of the oligonucleotide 5'-(C4A4)4-3', containing four repetitions of the motif C4A4, that is
distinctive of the E. focardii telomere sequence, and hence was capable of acting as reverse primer in
the former reaction and as forward primer in the latter. The PCR products were then subcloned using
the InsTAclone® PCR Cloning kit (Fermentas).

Quantitative real-time PCR analysis: Quantitative real-time PCR analysis was performed in a
final volume of 10 puL, with 1 to 10 ng of cDNA, 1x SYBR Green PCR Master mix (Promega), 0.5 uM
for each primer (Supplementary Material Table S2) or 0.5 uM for each ribosomal 17S primer (17S r-
RNA sense, 17S r-RNA antisense) (Supplementary Material Table S2). To avoid the amplification of
contaminant genomic DNA, total RNA samples were treated with DNAse I (Qiagen). A dissociation
curve was used to confirm the specificity of the amplicon. We verified the efficiency of the primers by
drawing standard curves for target genes (SOD1a, efficiency 99%, R?=0.99; SODI1b, efficiency 98%,
R? = 0.99) and 17S rRNA endogenous control (efficiency 100%, R’ = 0.99). PCR reactions were
performed in triplicate in a 7500 Real- Time PCR System (Applied Biosystems). Thermal cycling
conditions were as follows: 2 min denaturation at 95°C followed by 38 cycles for 25 sec denaturation at
95 °C, 1 min annealing and elongation at 60 °C, and a final 3 min elongation at 72 °C. The 2-ddCt

(RQ, relative quantification) method implemented in the 7500 Real Time PCR System software was
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used to calculate the relative expression ratio (Livak and Schmittgen 2001). This method defines the
change in expression of a nucleic acid sequence (target) in test samples relative to the same sequence in
a calibrator sample, when the target gene is expressed at its lowest levels. 95% confidence intervals are
associated to each time point.

Sequence alignment and phylogenetic reconstructions: The sequences used in this paper are
summarized in Supplementary Material Table S3 along with their GenBank accession numbers. The
2000 nt upstream to coding sequences were analyzed with the Primer Premier 5.00 software package
(Premier Biosoft International, Palo Alto, CA) to identify putative transcription factor binding sites
such as Antioxidant Responsive Element (ARE) and Metal Responsive Element (MRE). Full-length of
the protein sequences were aligned using the ClustalW program (Thompson et al. 1994). Later, the
alignments were improved manually.

Various isoforms of SOD amino acid and coding cDNA sequences of Tetrahymena thermophila,
Paramecium tetraurelia, Cryptocaryon irritans, Ichthyophthirius multifiliis and Perkinsus marinus,
were found in GenBank (www.ncbi.nlm.nih.gov/GenBank/). Euplotes focardii Cu,Zn SOD sequences
were obtained from the sequencing of the entire trasncriptome (Pucciarelli et al., unpubl. observ.) and
Oxytricha trifallax Cu,Zn SOD sequences were obtained from the web site
(http://oxy.ciliate.org/index.php/home/welcome). All Cu,Zn SOD sequences of were aligned using T-
Coffee multiple sequence alignment software package (Notredame et al. 2000).

The jModelTest (Darriba et al. 2012) was used to carry out statistical selection of best-fit models
of nucleotide substitution. Analyses were performed using 88 candidate models and three types of
information criterion (Akaike Information Criterion - AIC, Corrected Akaike Information Criterion -
cAIC and Bayesian Information Criterion - BIC). To select the best-fit model of analyzed protein
evolution ProtTest 3 was used (Darriba et al. 2011). 122 candidate models and three types of criterion

(AIC, cAIC and BIC) were used in these statistical analyses. Furthermore, in order to find the best-fit
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model (clock or no clock models) to analyzed Cu,Zn SOD evolution, we used an accurate assessment
of the marginal model likelihoods using the stepping-stone method. It estimates the model likelihood
by sampling a series of distributions that represent different mixtures of the posterior distribution and
the prior distribution (Xie et al. 2011). The stepping-stone method was applied to the Cu,Zn SOD
cDNA dataset using 510,000 generations with a diagnostic frequency of 2,500 in 2 independent runs
for each of the tested models.

The Cu,Zn SOD cDNA and amino acid sequences phylogenetic trees were build using the
Bayesian inference (BI) method implemented in Mr. Bayes 3.2 (Ronquist et al. 2012). Four
independent runs, each one with four simultaneous Markov Chain Monte Carlo (MCMC) chains, were
performed for 1,000,000 generations sampled every 1000 generations. Furthermore, we also used the
maximum likelihood (ML) method implemented in PhyML 3.0 (Guindon et al. 2010). Bootstrap
analyses were performed on 100,000 trees using both kinds of tree topology improvement: nearest
neighbor interchange (NNI) and subtree pruning and regrafting (SPR). FigTree v1.3 software was used
to display the annotated phylogenetic trees.

Molecular modeling: Considering that some IC-SODs have been structurally characterized via
X-ray crystallography, we employed a comparative modeling approaches to study Tetrahymena
thermophila SOD1a, SOD1b and SODI1x folding (for which no experimental structure is currently
available). In this work preliminary homology protein modeling was carried out with SwissModel

bioinformatic tools (http://swissmodel.expasy.org) (Arnold et al. 2006).

Statistical analyses: All data were expressed as average of three independent experiments +
standard deviation (SD). Statistical analyses were performed with the PRIMER statistical program. One
way ANOVA was followed by the Student-Newman—Keuls test to assess significant differences (p <
0.05).

ROS detection by fluorescence microscopy: To evaluate the ROS formation induced by copper
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exposures in T. thermophila, we have used a common fluorescence probe, hydroethidine
(dihydroethidium, HE), considered as the most adequate to detect superoxide anion (O, ) in biological
systems, especially in mammalian cells (Gomes et al. 2005) but also in ciliated protozoa (Rico et al.
2009). HE can penetrate through biological membranes and be directly oxidized by intracellular <O, ,
originating the fluorescent product ethidium (A excitation = 500-530 nm; A emission = 590-620)
(Benov et al. 1998). Ethidium is also retained in the nucleus due to its DNA intercalation property,

which increases fluorescence emission (Walrand et al. 2003).
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Figure Legends

Figure 1. Arrangement of putative hAREs in upstream regions of tt-sodla and tt-sod1b genes. hAREs
carrying consensus core sequences and TATA box are indicated by filled arrows and an open box,

respectively.

Figure 2. Multiple alignment of the amino acid sequences of Cu,Zn SODs from T. thermophila species
as well as from E. focardii, O. trifallax, Xenopus laevis, Bos taurus and Homo sapiens. The shaded
letters refer to the B-strand conformation of the bovine structure. Unshaded letters between B-strand
regions refer to the 7 loops. The boxed letters refer to the amino acids that play an important role in the
Cu®", Zn*" coordination environments and active site region. Underlined and double-underlined letters
refer to the amino acids that play an important role in the formation of the lower and upper rims,
respectively. The symbols at the bottom of the SOD sequences correspond to the definitions of the

CLUSTALW program: (*) fully conserved; (:) highly conserved; (.) conserved substitution.

Figure 3. Phylogenetic relationships among Cu,Zn SODs of various organisms reconstructed on the
basis of cDNA sequences and using both BI (arithmetic mean = —10397.65; harmonic mean = —
10419.72) and ML (arithmetic mean = —10336.9) methods. Posterior probability (first number) and
bootstrap values (second number, if present) higher than 50% are indicated on each node. The scale for

branch length (0.07 substitution/site) is shown below the tree. T. thermophila Cu,Zn SODs are boxed.

Figure 4. Expression levels of SODla (A) and SOD1b (B) in control and Cu-treatment conditions.
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Tetrahymena cells harvested at 0.5, 1, 2, 4, 24, and 48h. The results are reported as mean of 3
independent experiments + SD. Statistical differences between the two experimental groups are

reported: * p <0.05.

Figure 5. Metal accumulation in control and Cu-treatment conditions. Tetrahymena cells harvested at
0.5, 1, 2, 4, 24, and 48h. The results are reported as mean of 3 independent experiments + SD.

Statistical differences between the two experimental groups are reported: ** p <0.01; *** p <0.001.

Figure 6. SOD activity in control and Cu-treatment conditions. Tetrahymena cells harvested at 0.5, 1,
2, 4, 24, and 48h. The results are reported as mean of 3 independent experiments = SD. Statistical

differences between the two experimental groups are reported: * p < 0.05; ** p < 0.01.

Figure 7. Selected examples of fluorescent images obtained after exposure of T. thermophila living
cells to dihydroethidium, in order to detect superoxide anions induced by heavy metals. (A) Control

and (B) Cu (500 uM for 0.5h) treated cells.
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Figure 2

T. thermophila SODla ——-——=—=————————————————- MAQHAPVYAMGNASNE TNTVSAVVESRARSIINN-K 32
T. thermophila SODlb MLVKSVLLGAAGTALFSYSNQKTYKAEKNAGERIFAESENY PAPGYDVTENMERMOIMDLE 59
T. thermophila SODl1x ——=—=—=—=—=———=——————————- MGNTC-CGDEMRUOINE — - — - SNLIAURSHIRA-T 29
E. focardii SODla MLAYFVLPSSAALLSYTMSKNRIGDCEKGDTEKARGAYN PEKNQVAKERAZEINNOINQY 59
E. focardii SODlb  ——=—=—————————————— - MEAT---AAMSHORSIR PDGGS SVNEAUIBIOOA -G 31
0. trifallax SODla  —=——=—=—=—=——=—————————————- (QEDHHSGVS[EESIYONE -G 34
0. trifallax SODlb  ———=———————————————————- (QEDHHSGVS[EMFSIVOE -G 34
Homo sapiens SODl ~ ———=———————————m——mmm o MATRINYGAIK GDGP - - VOERBBNIFNONE SN 27
Bos taurus SOD1 =  ————————mmmm oo MATRINYGARK GDGP - - VOEUBBEIING - -G 25
Xenopus laevis SODla ——————=—=———————————————————————— MVIRONYSSAEAGSGD - - VKENAY=000D-FE 25
T. thermophila SODla ' NGCAT NPFNKQHGGPNDENRHVGS 90
T. thermophila SOD1b SiUNOERFNSEANLNPNENAEIilsiNaGDLTNGTE SVGPHYNPFNKKHGS PREDESHMGIE 116
T. thermophila SOD1x CHSMOIINNENAYGLAQ-(EsEalshlsinNIGNL I DGCKSAGAHFNPTKQTHGAPDSKERHVGEM 87
E. focardii SODla AVUN R N L SKN bV (€)=l siAYGN L. SKGCLTAGPHYNPYAKHHGGPHSTVRHVGEM 116
E. focardii SODlb GIRUBAARNIRRNG L, PA - @M (€l e 18aGN L I EGCK TAGPHFNPHGKHHGGPLSEERHVGERY 87
O. trifallax SODla  GEAAEESNGING LK P -(Efm=lenq:(h:0}aGN L TNGCVTAGAHFNPHKK TIHAGPKDENRHVGE 90
O. trifallax SODlb  GENAEESINGINEGLK P -(Eimzleigs e} GN L TNGCVTAGEHY NPHKK TIHRGPKDENRHVGE 90
Homo sapiens SOD1 GISVAIERRAG L TE - @l iiEia G DNTAGC T SAGPHFNPLSRKHGGPKDEERHVGEM 83
Bos taurus SOD1 DERAABRERNRNG L TE —E)De(eiale izl G DN TQGC TSAGPHEFNPLSKKHGGPKDEERHVG 81
Xenopus laevis SODla GENANANENS88GLT D-(ENslelafspsiaGDNTNGCMSAGPHFNPENKNHGAPGDTDRHVGE 81
.* . .***:* :*: * :.* *:** *..* . *:**:
T. thermophila SODla GKGNFEDSKT[TGHA 148
T. thermophila SOD1b GRGNHPDSHINGHS 174
T. thermophila SOD1x GLGNFEDSKT[GHA 144
E. focardii SODla GCGGNGESKK[IGNA 174
E. focardii SOD1b GEGGHDDSKT|TGHA 145
0. trifallax SODla GRGGNEESLITGNA 149
0. trifallax SODlb GRGGNEESLITGNA 149
Homo sapiens SOD1 GKGGNEESTK[TGNA 141
Bos taurus SOD1 GRGGNEESTK[GNA 139
Xenopus laevis SODla GKGGNDESLK[TGNA 138

* Kk . . . % o ok koo . . **k *x % . % * oo
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focardii SODla
focardii SODlb
trifallax SODla
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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