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Abstract

The protozoan ciliate Euplotes nobilii found in Antarctic and Arctic coastal waters relies on secretion of water-soluble cell type-
specific signal proteins (pheromones) to regulate its vegetative growth and sexual mating. For three of these psychrophilic pher-
omones we previously determined the three-dimensional structures by nuclear magnetic resonance (NMR) spectroscopy with
protein solutions purified from the natural sources, which led to evidence that their adaptation to cold is primarily achieved by
increased flexibility through an extension of regions free of regular secondary structures, and by increased exposure of negative
charges on the protein surface. Then we cloned the coding genes of these E. nobilii pheromones from the transcriptionally active
cell somatic nucleus (macronucleus) and characterized the full-length sequences. These sequences all contain an open reading
frame of 252—285 nucleotides, which is specific for a cytoplasmic pheromone precursor that requires two proteolytic cleavages to
remove a signal peptide and a pro segment before release of the mature protein into the extracellular environment. The 5" and 3’
non-coding regions are two- to three-fold longer than the coding region and appear to be tightly conserved, probably in relation to
the inclusion of intron sequences destined to be alternatively removed to play key regulatory roles in the mechanism of the
pheromone gene expression.
© 2010 Elsevier B.V. and NIPR. All rights reserved.
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1. Introduction relative facility from practically everywhere there is

availability of liquid water (Petz, 2005; Petz et al., 2007),

Among the microorganisms that populate the polar
ecosystems, the protozoan ciliates are a major eukary-
otic component. Numerous species can be sampled with
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and used to generate laboratory cultures that provide
unique opportunities to study basic aspects of evolution
to cold-adaptation in individual eukaryotic cells directly
exposed to natural selection.

The ciliate of our research interest is the marine
species Euplotes nobilii, of which our laboratories host
a collection of Antarctic and Arctic wild-type strains
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en-antl atggcacctatttccgattgcgggtaaatataataaaaatcgaatcttttattttgagtaacatttgcaa 70
en-ant2 atggcacctatttccgattgcgggtaaatataataaaaatcgaatcttttattttgagtaacatttgcaa 70
en-anté atggcacctatttccgattgcgggtaaatataataaaaatcgaatcttttattttgagtaacatttgcaa 70
en-arcl atggcacctatttccgattgcgggtaaatataataaaaatcgaatcttttattttgagtacaaattgcaa 70
en-arc2 atggcacctatttccgattgcgggtaaatatattaaaaatcgaatcttttattttgagtacaaattgcaa 70
en-arc3 atggcacctatttccgattgcgggtaaatataataaaaatcgaatcttttattttgagtacaaattgcaa 70
en-arc4d atggcacctatttccgattgcgggtaaatataataaaaatcgaatcttttattttgagtaacatttgcaa 70

en-antl acaatcggtttcgcaatgccatgattttcactaggaagtttcaggacacattgctaggcgacggctaaac 140
en-ant2 acaatcggtttcgcaatgccatgattttcactaggaagtttcaggacacattgctaggcgacggctaaac 140
en-anté6 acattcggtttcgcecatgccatgattttcactatgaagtttcaggacacattgctaggcgacggctaaac 140
en-arcl agaatcggtttcgcecatetcataattetcactaggaactttcagggcacattgctaggcgacggctaaac 140
en-arc?2 agaatcagtttcgccatctcataattetcactaggaactttcagatcacattgctaggcgacggctaaac 140
en-arc3 agaatcggtttcgceatectcataattetcactaggaagtttcaggacatattgctaggcgacggectaaac 140
en-arc4d acattcggtttcgcecatgccatgattttcactatgaagtttcaggacacattgctaggecgacggctaaac 140

en-antl agtgtaggtgatatacttaggatcaaccattgatgctaaagtaaaaagttcggtcgccagetcatccgat 210
en-ant2 agtgtaggtgatatacttaggatcaaccattgatgctaaagtaaaaagttcggtcgccagetcatccgat 210
en-anté6 agtgtaggttggatacctaggatcaaccattggtgctaaagtaaaaagttcggtcgeccagetcatccgat 210
en-arcl agtgaaggtgggatatctagggtcaaccattgatgcaaaagtgaaaagttcggtcgeccagetcacccgaa 210
en-arc2 agtgtaggtgggatatctaaggttaattattgatgcaaaagtgaaaagttcggtcgecagetcattcgaa 210
en-arc3 agtgtaggtgggatatctagagtcaaccattgatgcaaaagtgaaaagttcggtcgeccagetcatceccgaa 210
en-arc4 agtgtaggttggatatctagggtcaaccattggtgcaaaagtaaaaagttcggtcgccagetcatccgat 210

en-antl catcaaaaattttgctataactcgtttttggctcgaattcegtatcttttgagattcgaaaatcgaacga 280
en-ant2 catcaaaaattttgctataactcgtttttggcecaaattcecgtatcttttgagattcgaaaatcgaacga 280
en-anté catcaaaaattt-gctaaaactcgtatttggcecaaattccgtatcttttgagattcgaaaatcgaacga 279
en-arcl catcaaaaattttgctaaaactcgtatttggceccaaattccgtatcttttgagatttgaaaatcgaacga 280
en-arc2 catcaaaaattttgctaaaactcatatttggcecaaattccgtatcttttgagatttgaaaatcgaatga 280
en-arc3 catcaaaaattttgctaaaactcgtatttggcecaaattcecgtatcttttgagatttgaaaatcgagega 280
en-arc4 catcaaaaattttgctaaaactcttatttgaceccaaattccgtatcttttgagattcgaaaatcgaacga 280

en-antl attgctccaaattaggtaaattgcgaaactatttaaaggagaaaattaagtattttataattaattaaaa 350
en-ant2 attgctccaaattaggtaaattgagaaactatttaaaggagaaaattaagtattttataattaataaaaa 350
en-anté attgctccaaattaggtaaattgagaaactatttaaaggagaaaattaagtattttataattaataaaaa 349
en-arcl attgctccaaattaggtaaatttcgaaactatttaaaggagaaaaataagtattttataattaataaaaa 350
en-arc?2 attgcttcaaattatgtaaattgcgaaactatttaaaggagaaaaataagtattttataattaataaaaa 350
en-arc3 attgctccaaattaggtaaattgcgaaactatttaaaggagaaaattaagtattttataattaataaaaa 350
en-arc4 attgctccaaattaggtaaattgcgaaactatttaaaggagaaaaataagtattttataattaataaaaa 350

en-antl taacaaaccaapfTGACTAAACTATCTATCTTTGTAATGATCGCCATGCTCGTCATGGTCTCAACAGCAIT 420
en-ant2 taacaaaccaapPTGACTAAACTATCTATCTTTGTAGTGATCGCCATGCTCGTCATGGTCTCAACAGCAIT 420
en-anté taacaaaccaapPTGACTAAACTATCTATCTTTGTAGTGATCGCCATGCTCGTCATGGTCTCATCAGCAIT 419
en-arcl taacaaaccaaPTGACTAAACTATCTATCTTCGTCATGATCGCCATGCTCGTAATGGTCTCATCAGCAIT 420
en-arc?2 taacaaaccaapfTGACTAAACTATCTATCTTCGTCGTGATCGCCATGCTCGTAATGGTCTCATCAGCAIT 420
en-arc3 taacaaaccaapfTGACTAAACTATCTATCTTCGTCGTGATCGCCATGCTCGTAATGGTCTCATCAGCAIT 420
en-arcé4d taacaaaccaapPTGACTAAACTATCTATCTTCGTCGCGTGATCGCCATGCTCGTAATGGTCTCATCAGCAIIT 420

en-antl CAGATTCCAGAGTAGGATGAGAGCTCAGACTGGAR---ATCCAGAAGATTGGTTTACACCTGATA---CT 484
en-ant2 CAGATTCCAGAGTAGGATGAGAGCTCAGACTGAAG---TCATGAAGATTGTTTA-ACACTITGATAA--CT 484
en-anté6 CAGATTCCAGAGTAAGATGAAAGCTAAGACTAGTIRCTGATCCAGAAGAACATTTTGACCCTAATA---CT 486
en-arcl CAGATTCCAGAGTAAGATGAAAGCTAAGACGGCTI'ATAACCCIGAAGATGATTATACACCACTTA---CT 487
en-arc?2 CAGATTCCAGAGTAGGATGAAAGCTAAGACTGAGACACAAACACCTGACTACT-TAGGTCAACCA---CC 486
en-arc3 CAGATTCCAGAGTAGGATGAACGCTAAGACTGAGG---ACCCTGAAGATGATTTTACACCAGGTA---CC 484
en-arc4d CAGATTCCAGAGTAGGATGAAAGCTAAGACTGAARCAGCAACAAGAGCTTTCAAAGGTTACAGTGAGCCA 490

en-antl ——--TGTGCATATGG---TGATTCAAATACAGCTTGGACTACATGTACTACTC-CAGGCCAAACC-—--——— 541
en-ant2 —---TGCCCATATAAAAATGATTCACAATTAGCTTGGGATACATGTTICTGCGAGGCACTGGAAACT —————— 545
en-anté AATTGCGATTATAC---TAATTCACAAGATGCTTGGGATTATTGCACTAACTACATTGTGAATTCATCGT 553
en-arcl 542
en-arc?2 542
en-arc3 539
en-arc4 557
en-antl -TGTTA--—--— TACT-TGTTGTTCGTCATGTTTCGA----TGTAGTAGGAGAACAAGCGTGCCAGATGTC 600
en-ant2 GTGGAA--—-—— CAGTTTGTTGTGGACAATGTTTTTCG----TTTCCAGTAAGTCAATCATGCGCAGGTAT 606
en-anté GTGGAG---—- AAATATGTTGTAATGATTGTTTTGA----TGAAACAGGGACAGGAGCATGTAGAGCTCA 614
en-arcl GTGGAA--——— CTGCATGTTGCGATAGTTGTTTTGAA---CTGACTGGAAAT-ACAATGTGCCTATTACA 603
en-arc2 GTGGAG---—- TAGGTTGTTGCACTCTTTGTTACATA----GGATCCGAATTACAAGTTTGICTAGCTAC 603
en-arc3 GTGGAA--—-—— GACTATGTTGCGATAATTGTTTCGAAGCCCAGAGTAATGGTCACTATAGTTGCATTGTT 604

en-arcé4d GTGCAAGTTGCTTCAATGGCGAGGACCTTATATATTGTAATATAGCAACTGGACCTGGGTGTTAﬂatqtt 627

Fig. 1. Multiple nucleotide sequence alignment of the E. nobilii pheromone genes generated by Clustal W (Thompson et al., 1994), based on data from
La Terza et al. (2009) and Vallesi et al. (2009). The 5'-(C4A4);CCCC and the 3'-(G4T4) 3GGGG telomeric inverted repeats common to all sequences
are not reported. Gaps were inserted to maximize sequence identities. Nucleotide variations with respect to the first gene sequence (en-antl) are
highlighted in cyan. Lowercase and capital letters are used for non-coding and coding regions, respectively. In the 5’ non-coding region, supernu-
merary start codons are evidenced in bold. Blue, green and red boxes contain the regions of the open reading frame that encode the signal peptide, the
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en-antl G-————— = GCCCAATGCTA ctaaa-tggctagctgc---tcag----- aagccgctggt 646
en-ant2 G-——————————= GCCGATTCTAATGACTGCCCTAATGCGTAACtgg-——-tcag————— aagacgctggt 656
en-anté G———————————- GCATTTGGAAATAGTTGCCTCAATTGGTAAAtgc---tcag———-—— aagccgctggt 664
en-arcl --GCAGGTGCAGCAGGAAGCGGATGTGACATGGAATAActacataccagectattaagccaacggt 667
en-arc2 tgactagcggttcagaagccattggt 661
en-arc3 AC----TGCAACTTATTCTGGTTTCGGATGTAACATGT. agctgcataccagetattgagccaceagt 670
en-arc4d agcggttcectagtcactaggtattcagaggtaateggtgtttgctacac-ttggacgacaatctttcaat 696
en-antl gtgtgctaaggt--tagcctgtgcaccacc——---- attattttgttaacaaaataacaacagttcaaat 708
en-ant2 gtgtgctaaggt--cagcctgtgcaccacc—- cattattttgttagt--aataacaacagttcaaat 717
en-anté6 gtgtgctaaggt--cagcctetgcaccacc———-— cattattttgttagt--aataacaacagttctaat 725
en-arcl gtgtgctaagat--caacctetgcaccacc———-— cattattttgttagt--aatagcaacagttcaaat 728
en-arc2 gtgtgctaageca--aagactectgcaccacctecacccattattttgttagt--aataacaacagttaaaat 727
en-arc3 gtgtgctaaggt--cagcctgtgcaccacc——-—-— cattattttgttagt--aataacaacagttcaaat 731
en-arc4d ttecagataaggcteccatctgatgcaacacctaacccattattttgttagt--aataacaacagtttaaat 764
en-antl atctactgtctaagtttgtgt---ggttgtacctgg-ttaggtaggagggaga---gggtgtaggttgga 771
en-ant2 atctactgtctaagtttgtgt---agttgtacctgg-ttagataggagggaga---gggtgtaggttgga 780
en-anté atctactgtctatgtttgtgt-—--ggttgtacctgg-ttaggtaggagggaga---g--ggtgta--ggt 784
en-arcl atctactgtctatttttgtgtga-gggagtaccagg-ttaggecaggagggagg---gttggtataatggt 793
en-arc2 atategtittctaaatttatatggttgacctatctgggttatgtatgetaggttt--ggtitttgggeagagg 795
en-arc3 atatgttgtctaagtttatg----gggtgtacttgg-ttaggtaggagggaga---g--ggt-tgatgtg 790
en-arc4 acactgtgtctaaatttatgcga-aatcccatttaa-ttagtttaaacatatgectggggtgaagattgga 832
en-antl agagcgaagggctggggtagactagtttaggggtagttcttagetttaaatatgttacaaatataaattt 841
en-ant2 agagggaagggcttgggtagactatattaggggtagttcttagctttaaatatgtt-—----- atttattt 844
en-anté tg---gaagag---ggaagggcttoggtaaac-tagtttagaggtagttcttatectttaaatatatattt 847
en-arcl ta---ggtotogttagagaatatttgtgetaga-tagttatagacecattagattgttagagacattaattt 859
en-arc?2 tatgtaggaagatgtttgaggttaatgtttagaaatatatatgtgttttagaagtgggaggtatacattt 865
en-arc3 ag---gaggtgttaggagatatttgcgttagg-tagtgatagaccattaggectgttagaataatatattt 856
en-arc4d totgtogggtaggacattttaattatttttttgagaagttggtagtgggtgaagoecggtggggttatttta 902
en-antl aattatcgaacttttttaaattttactctgaataatattcaacatctcctaccattcac 900

en-ant2 aattatcgaacttttttaaattttactctgaataatattcaacatctcctaccattcac 903

en-anté aattatcgaacttttttaaattttactctaaataatattcaacatctcctaccattcac 906

en-arcl aattatcgaagtattttaaattttactctaaataatattcaacatctcctaccattcac 918

en-arc2 aattatc-aattattttaaattttactctgaataatattcaacatctcctaccattcac 923

en-arc3 aattatcgaacttttttaaattttactctaaataatattcaacatctcctaccattcac 915

en-arc4 aattatcgaactttattaaattttactctaaataatattcaacatctcctaccattcac 961

Fig. 1. (continued).

that have been isolated from coastal sites of Terra Nova
Bay in the Ross Sea, Spitzbergen Island in the Svalbard
Archipelago, and Baffin Bay in Western Greenland
(Valbonesi and Luporini, 1990; Vallesi et al., 2009). As
it occurs in other Euplotes species living in temperate
waters, such as Euplotes patella, Euplotes raikovi and
Euplotes octocarinatus (reviewed in Dini and Nyberg,
1993; Miyake, 1996; Luporini et al., 2005), E. nobilii
constitutively secretes a family of structurally homolo-
gous cell type-specific signal proteins into the extracel-
lular environment in relation to the mechanisms of self/
non-self recognition represented by an apparently
“open” system of multiple mating-types (Felici et al.,
1999). In each one of these Euplotes species, these cell
signal proteins (now usually designated as ‘“phero-
mones”, and earlier as “mating-type factors”) appear to
be specified by series of co-dominant, or serially domi-
nant multiple alleles that segregate in Mendelian fashion

at the so-called mat (mating-type) locus of the chro-
mosomic genome of the cell transcriptionally silent
germinal nucleus (micronucleus) (Dini and Nyberg,
1993). They are then expressed as “gene-sized” DNA
molecules in the sub-chromosomic genome of the cell
transcriptionally active somatic nucleus (macronucleus)
(Jahn and Klobutcher, 2002). The pheromone biological
activity varies in a context-dependent manner (Vallesi
et al., 1995; Luporini et al., 2005). Cells progress
through their vegetative (mitotic) growth in response to
the autocrine (autologous) binding of their secreted
(self) pheromones, and are induced to shift temporarily
from the growth stage of their life cycle to the sexual
stage (manifested by mating pair formation) in response
to the paracrine (heterologous) binding of a foreign
(non-self) pheromone.

Of the E. nobilii pheromone family we first isolated
some members from culture filtrates of wild-type

pro segment and the secreted (mature) protein, respectively, of the cytoplasmic (immature) pheromone precursor. In the 3’ non-coding region, putative
sites for the transcription regulation and polyadenilation are underlined. The sequence positions of the right-most nucleotide in each row are reported
on the right. The sequences deposited at the National Centre for Biotechnology Information have the following accession numbers: en-antl,
F1645718; en-ant2, F1645719; en-ant6, EF030059; en-arcl, FI645720; en-arc2, FI645721; en-arc3, F1645722; en-arc4, F1645723. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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strains that appeared capable to grow into massive
cultures, and analyzed these protein preparations by
nuclear magnetic resonance (NMR) spectroscopy to
determine the three-dimensional molecular structures
in solution (Pedrini et al., 2007; Placzek et al., 2007,
Alimenti et al., 2009). More recently, the attention
has been directed also to identify and characterize the
genes that control the synthesis of these pheromones in
the cell macronucleus. Complete nucleotide sequences
have been determined for seven allelic pheromone
genes (Vallesi et al., 2009). Three sequences are those
which encode the pheromones En-1, En-2, and En-6, of
which we have already determined the molecular
structures (Pedrini et al., 2007; Placzek et al., 2007,
Alimenti et al., 2009), and four sequences are
specific for pheromones that have not yet been purified
and analyzed chemically.

In this study, we concisely review the major struc-
tural traits of this array of allelic E. nobilii pheromone
genes and of the pheromones that they specify.

2. Pheromone gene structures

All seven pheromones genes were amplified by
Polymerase Chain Reaction (PCR) of DNA prepared
from the transcriptionally active cell somatic macro-
nucleus (La Terza et al., 2009; Vallesi et al., 2009),
exclusively represented by sub-chromosomic genes
amplified in thousands of copies, each one ending with
telomeric inverted C4A,4 repeats and ranging in size
approximately from 500 to 20,000 bp (Jahn and
Klobutcher, 2002). Two distinct pheromone-gene
sequences were obtained from the Antarctic strain
AC-1 (. e., the en-antl and en-ant2 sequences) and the
Arctic strain 5QAAI1S5 (. e., the en-arc2 and en-arc3
sequences), thus implying that these strains carried
heterozygous pheromone-gene combinations in their
micronucleus and that their two pheromone genes were
represented by similar numbers of copies in their
macronucleus. In contrast, single pheromone-gene
sequences were obtained from the Arctic strains
4Pyrm4 and 2QANI1 (. e., the en-arcl and en-arc4
sequences, respectively) and from the Antarctic strain
AC-4 (i. e., the en-ant6 sequence). Thus, these strains
either carried their pheromone genes in homozygous
combinations or, in case they carried heterozygous
combinations, the two pheromone genes were repre-
sented in very uneven ratios of macronuclear copies.

The full-length nucleotide sequences of these
pheromone genes extend from 900 (en-antl) to 961 bp
(en-arc4), telomeres excluded (Fig. 1). They contain
multiple ATG codons for the initiation of translation,

as well as multiple TGA, TAG and TAA codons which
are potential stop signals of translation. In Euplotes, in
fact, TGA is a common codon for cysteine (Meyer
et al., 1991; Turanov et al., 2009), and in other cili-
ates TAA and TAG have been found to specify gluta-
mine, or glutamic acid (Tourancheau et al., 1995;
Sanchez-Silva et al., 2003). In any case, of the
multiple “open reading frames” (ORFs) that can be
identified in each pheromone-gene sequence, the best
candidate to be translated is the ORF spanning from
the ATG codon occupying the conserved position 362
(361 in en-ant6) to a TAA codon at the positions 613
for en-antl, 645 for en-ant6, and in-between these
positions for the other sequences. This ORF appears to
be specific for proteins that vary in length from 83
amino acid residues (in the case of the en-antl
sequence) to 94 (in the case of the en-ant6 sequence),
and correspond to the pheromone cytoplasmic precur-
sors in which the three canonical functional domains,
i.e., the signal peptide, the pro segment, and the mature
protein, are clearly recognized.

When compared to the more canonical organization
of the macronuclear genes of the hypotrichous ciliates
such as Euplotes, in which the coding regions are much
longer than their flanking non-coding regions (usually
less than 200 bp) (McEwan et al., 2000; Cavalcanti
et al., 2004a,b), the E. nobilii pheromone genes show
an odd organization. Their 5’ and 3’ non-coding
regions are nearly three-fold longer than those of the
respective coding regions. These regions, which
apparently replace the more conventional TATA or
CAAT boxes for the regulation of transcription with
the motif GAAAA, and the AATAAA polyadenylation
signal with the motifs TTATTT or AATAA/G (Ghosh
et al., 1994), also show high sequence conservation
throughout the entire pheromone-gene family
(88—97% identity for the 5’ region, and 43—92%
identity for the 3’ region).

The high conservation of the non-coding regions
implies that they are responsible for some regulatory
activity of the pheromone-gene expression, probably in
correlation with the inclusion of intron sequences
destined to be alternatively removed to generate other
species of mRNAs, in addition to the mRNA specific for
the secreted pheromone, as reported in E. raikovi (Miceli
etal., 1992; Di Giuseppe et al., 2002). This hypothesis is
strongly supported by the fact that the 5’ region of all the
seven pheromone genes includes multiple ATG start
codons in conserved positions, as well as multiple
potential consensus splice-site junctions represented by
the canonical 5'-GT/AG-3’ intron boundary (Cavalcanti
et al., 2004b; Chang et al., 2007; Ricard et al., 2008).
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pre-pro-En-1  [MTKLSI1FVMIAMLVMVSTAIFRFQSRMRAQTG|- NPEDWET-PDT-CAYG- - 45
pre-pro-En-2  [MTKLS I FVVIAMLVMVSTAFRFQSRMRAQTG|-DIEDFYT-S ET-CPYKN - 46
pre-pro-En-6  [MTKLS I FVVIAMLVYMVSSAIFRFQSKMKAKTS|[TDPEEHFD - P NTNCDYT - - 47
pre-pro-En-Al [MTKLS I FVMIAMLVMVSSAIFRFQSKMKAKTA[YNPEDDYT-P L T-CPHT- - 46
pre-pro-En-A2 [MTKLS I FVVIAMLVMVSSAIFRFQSRMKAKTE[TQTPDYLG- - QPPCQYAEE 48
pre-pro-En-A3 [MTKLS I FVVIAMLVMVSSAIFRFQSRMNAKTE[|-DPEDDFT-P GT-CGYT- - 47
pre-pro-En-A4 [MTKLS I FVVIAMLVMVSSA[FRFQSRMKAKTE[TATRAFKGYS EPGCPY-N - 48

0000000000000 00000000000 0

o0 e o e o

pre-pro-En -1 DSNTAWTTCTT - -PGQTC-YTCCSSCFDVVGE -
pre-pro-En -2 DSQLAWDTCSGG--TGNCGTVCCGQCFSFPVS -
pre-pro-En-6 NSQDAWDYCTNY IVNSSCGEICCNDCFDETGT -
pre-pro-En -Al IS-VVWYECTENT- - ANCGTACCDSCFELTGN -

~QACQ-MS - AQ--C- - -|83
-QSCAGMA SND--CPNA|9I
-GACRAQA GNS--CLNW|%
-TMCLLQA AAGSGCDME|92

pre-pro-En-A2 D - - -AVQACTE - TSG-TCGVGCCTLCYIGSEL--QVC-LATSANEHCTQ -9

pre-pro-En-A3 DSTTAWNECTTG - - - SNCGRLCCDNCFEAQSNGHYSCIVTAY SGFGCNM - |92

pre-pro-En-A4 DGFEASNACTI - - - - - AQCSQPCCASCFNGEDL - -TYCNIATPG---C-- -|86
o . . e 0 ) .

Fig. 2. Multiple amino acid sequence alignment of E. nobilii pheromone precursors generated by Clustal W and optimized by gap insertions.
Blue, green and red boxes delimit the signal peptide, the pro segment and the secreted pheromone, respectively. Filled and open circles mark
positions occupied by one amino acid type, or by two amino acid types, respectively. Shading highlights the eight conserved cysteine residues in
the secreted region. The sequence positions of the right-most residue in each row are reported on the right. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Highly conserved intron sequences have also been
detected in the pheromone gene structure of another
Euplotes species, E. octocarinatus (Briinen-Nieveler
et al., 1998; Mollenbeck and Heckmann, 1999).

3. Cytoplasmic pheromone precursors

As it typically occurs in the secretion of protein
hormones, the E. nobilii pheromones appear to be
synthesized as cytoplasmic, immature precursors (pre-
pro-pheromones) requiring two proteolytic cleavages
to release the mature and active pheromone forms into
the extracellular environment (Fig. 2). The first
cleavage is destined to remove the signal peptide of 19
amino acids, which appears to be highly conserved in
all the pheromone precursors. The presumed cleavage
site Ala-Phe preceded by the combinations Ser-Ser or
Ser-Thr would agree well with consensus sequences of
known signal peptidases (von Heijne, 1987; Nielsen
et al.,, 1997). The second cleavage would remove the
pro segment, which is in all species formed by a highly
conserved dodecapeptide segment containing three or
four basic residues. The putative site of this cleavage
appears to be unconventional for the enzymatic

activities of known endopeptidases, with the combi-
nations Gly-Asn/Asp, Ala-Tyr, Ser-Thr and Glu-Thr/
Asp that show low conservation among the different
species. Thus, while the signal peptide for each of the
pheromone precursors could be processed by a single
endopeptidase, the removal of the pro segment would
require either multiple endopeptidases, or enzymes
with multiple specificities.

4. Pheromone amino acid sequences and three-
dimensional structures

In contrast to the high conservation of the pre and
pro segments of the pheromone precursors, the
secreted regions show only 22—52% identity of the
amino acid sequences, with full positional conservation
limited to a common set of eight Cys residues.
However, in spite of this variability in amino acid
sequence, the E. nobilii pheromones show an overall
similarity in their amino acid compositions regardless
of whether they are specific of the Antarctic or the
Arctic strains (Table 1). In both cases, their composi-
tions appear to be characterized by similar contents in
polar amino acids (44.6% on average in the Antarctic

Table 1

Comparison in amino acid composition between Antarctic (En-1, En-2 and En-6) and Arctic (En-Al, En-A2, En-A3 and En-A4) E. nobilii
pheromones.

Residues (%) En-1 En-2 En-6 Mean En-Al En-A2 En-A3 En-A4 Mean
Polar® 46.1 45.0 42.8 44.6 39.3 459 49.2 40.1 43.6
Hydrophobicb 46.0 433 43.0 44.1 45.8 49.3 40.7 52.8 47.1
Charged® 11.5 15.0 20.6 15.7 16.4 13.6 16.3 12.7 14.7
Aromatic? 114 10.0 14.4 11.9 9.7 6.8 13.0 11.0 10.1

@ Asn, Gly, GIn, Ser, Thr, Tyr.

b Ala, Cys, His, Ile, Leu, Met, Phe, Pro, Tyr, Trp, Val.
¢ Arg, Asp, Glu, His, Lys.

d His, Phe, Tyr, Trp.
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strains vs. 43.6% in the Arctic ones), and in the
hydrophobic (44.1% vs. 47.1%), charged (15.7% vs.
14.7%) and aromatic ones (11.9% vs. 10.1%).

The evidence that the amino acid composition of the
E. nobilii pheromones reflects a strong adaptation of
these molecules to cold is strongly supported by
a comparison with the family of mesophilic pheromones
that have been structurally characterized in E. raikovi
(Luginbiihl et al., 1994, 1996; Liu et al., 2001; Zahn
et al., 2001), a species of temperate sea waters that is
phylogenetically closely related to E. nobilii (Vallesi
et al., 2008). As reported in other comparisons
between psychrophilic, mesophilic and thermophilic
proteins (Aahandideh et al., 2007; Adekoya et al., 2006;
Bae and Phillips, 2004), the E. nobilii pheromones show
to be much richer (44% vs. 30%) in polar amino acids
and poorer (46% vs. 57%) in hydrophobic ones. Marked

differences exist in particular in the Thr, Asn and Ser
contents (11.7% vs. 5.7%, 6.8% vs. 4.2%, and 7.5% vs.
5.7%, respectively) and in the Leu, Pro and Ile contents
(2.6% vs. 7.3%, 4.9% vs. 8.9%, and 2.1% vs. 5.7%,
respectively). Additional divergences of the E. nobilii
pheromones from the E. raikovi pheromones include the
global hydrophilicity and hydrophobicity of these
molecules, as revealed by measuring the indexes
“GRAVY” (Schiffer and Détsch, 1996) and “Aliphatic”
(Arnoérsdottir et al., 2002). The GRAVY index (indica-
tive of improved interactions with the solvent) showed
an average value of —0.35 in the E. nobilii pheromones
as compared to a value 0.01 in the E. raikovi phero-
mones, while the Aliphatic index (indicative of lower
stabilizing hydrophobic forces in the protein core)
showed average values of 34.3 for the former and 65.5
for the latter ones.

K14

Fig. 3. Ribbon presentations and space-filling models showing the surface electrostatic potential distribution of the psychrophilic E. nobilii
pheromones En-1, En-2 and En-6, and Er-1 as representative of the mesophilic E. raikovi pheromone family. The three helices common to all four
molecules are indicated as a1, a2 and o3. “3;,” identifies a 3jo-helical turn that is part of a long segment with otherwise non-regular secondary
structure in the E. nobilii pheromones, which is not present in the mesophilic E. raikovi pheromones. N and C identify the molecule amino and
carboxyl termini, respectively, and the disulfide bonds (four in the E. nobilii pheromones and three in the E. raikovi pheromones) are depicted as
yellow stick diagrams. The surface view on the left has the same orientation as the ribbon figure, while in the view on the right the molecule has
been rotated by 180° about a vertical axis. Red and blue colours indicate negatively and positively charged surface areas, respectively. The amino
acid residues contributing to the electrostatic surface charges are indicated. The E. nobilii pheromone structures are from Pedrini et al. (2007) and
Placzek et al. (2007), while the E. raikovi pheromone structure is from Mronga et al. (1994). The accession numbers of the En-1, En-2, En-6 and
Er-1 NMR structures in the protein databank (PDB) are 2nsv, 2nsw, 2jms and lerc, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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The peculiarities in the amino acid compositions of
the E. nobilii pheromones generate unique structural
traits in the architecture of these molecules, that can be
visually appreciated in the En-1, En-2 and En-6 pher-
omones of Antarctic origin, for which three-
dimensional structures were determined by homonu-
clear "H NMR analysis of purified protein preparations
in solution (Pedrini et al., 2007; Placzek et al., 2007)
(Fig. 3). Two major cold-adaptive strategies appear to
have evolved in these E. nobilii pheromones. The
protein core is substantially in common with the
mesophilic E. raikovi pheromones and contains an
anti-parallel bundle of three o-helices fastened
together by three disulfide bonds. One cold-adaptation
strategy is represented by insertion of regions devoid of
regular secondary structures, leading to enhanced
overall backbone flexibility. This involves in particular
an N-terminal segment of 15—17 residues, of which
only four form an element of regular secondary
structure, i. e., a 3j9-helix turn, and by a loop of 5—10
residues that connects helices a1 and a2 (Fig. 3). The
second strategy is to increase surface exposure of
negatively charged side chains that favours the
E. nobilii pheromone solubility in the thermodynami-
cally adverse conditions of the polar waters.

5. Conclusions

Microorganisms thrive in marine polar habitats,
which implies that they were highly successful in
adapting their molecular mechanisms to face the dras-
tically reduced metabolic rates imposed by the low
thermal energy and high viscosity of their extracellular
environment. Proteins hold a central role in these
mechanisms; being the most versatile macromolecules
in every living system, they serve basic functions in
practically all biological processes. Research on
biophysical peculiarities and principles associated with
cold-adaptation of proteins has so far been primarily
based on psychrophilic enzymes extracted from culti-
vable bacteria and archea, and regarded to be of keen
interest also for their powerful biotechnological poten-
tial. Further insights into protein strategies of adaptation
to cold may be derived from extending this research to
other microbial organisms of eukaryotic origin, focusing
on non-catalytic and structural proteins. In this respect,
the E. nobilii protein pheromone system appears to be
rather promising. The relative facility by which these
small globular proteins can be purified in abundance
from the supernatant of stable laboratory cultures has
previously enabled us to determine unique features of
their cold-adapted molecular structures (Alimenti et al.,

2009). The identification and cloning of their coding
genes (Vallesi et al.,, 2009) can now pave the way to
further direct experimental analysis of the functional
significance of these structural properties.
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