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The thermosensitive ts111 mutant ofParameciun tetraureliacarries a recessive mutation
which causes cell death after 2-8 divisions at the restrictive temperature of 35°C. Expression
at 35oC induces disassembly of the infraciliary lattice (ICL). Inthis study, we found that the
ts111 mutation also results in significant abnormalities in the number and structure of
contractile vacuole complexes (CVCs) and in their functioning at the restrictive temperature.
In order to characterize thets111gene, the complementation cloning was performed by
microinjection into the macronucleus of an indexed genomicDNA library. The mutation was
complemented by a sequence of 852 bp, which differed from themutant sequence by a single
nucleotide substitution. The deduced protein sequence is 284 amino acids long. It contains
a domain referred to as the DHHC domain, associated with 2 trans-membrane helices. The
DHHC proteins belong to the Palmitoyl-Acyl Transferases (PATs) protein family, which is
implicated in the protein palmitoylation process playing the role in protein addressing. The
ts111 mutation induces the amino acid change, localized before the first membrane helix.
Transformation of ts111 mutant cells with theTS111-GFPgene fusion showed the expected
reparation restoring thermoresistance and also demonstrated a localization of the protein in
contractile vacuoles, but not in the ICL. The entire gene silencing in wild type cells at
restrictive temperature caused the same effect as the expression of a point mutation in ts111
mutant. The authors propose the following hypotheses: (i) function of CVCs at the restrictive
temperature depends inParameciumon the TS111 protein – a member of the PAT family, and
the primary effect of the termosensitive ts111 mutation aremorphological abnormalities and
dysfunction of CVCs, (ii) disassembly of the ICL is a secondary effect of the ts111 mutation,
which results from disturbed regulation of the intracellular concentration of Ca+2 ions caused
by the abnormal functioning of CVC.
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The ts111 mutant ofParamecium tetraureliahas
been first described as a temperature sensitive mu-
tant, the cells of which died after 2-8 divisions at
35ºC, while the wild type cells survive and grow at
this restrictive temperature (BEISSON& ROSSIG-
NOL 1969).

The ts111 mutation had a dual effect on the
Parameciumcell phenotype at the restrictive tem-
perature:

(i) According to BEISSON & ROSSIGNOL
(1969) the ts111 mutation also induced the disas-
sembly of the infraciliary lattice (ICL).

(ii) According to our study, the ts111 muta-
tion affected also the morphology and function of
contractile vacuole complexes (CVCs).

The infraciliary lattice inParameciumis a con-
tractile network of cytoskeletal filaments in the
cortex (GARREAU DELOUBRESSEet al.1988). Its
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main components are centrins, which are highly
conserved cytoskeletal proteins and centrin-bin-
ding proteins (KLOTZ et al. 1997; BEISSONet al.
2001; GOGENDEAU et al. 2007, 2008). Centrins
constitute a distinct family within the superfamily
of EF-hand calcium modulated polypeptides
(MADEDDU et al.1996). Centrins are implicated in
Ca+2 regulated processes responsible for cortical
contraction (GOGENDEAU et al. 2007). However,
centrin-based contractile subcortical structures are
only found in protists (in Alveolates) (ZHANG &
HE2012). Our observation of the phenotype of the
mutant ts111 at the restrictive temperature con-
firmed the depolymerisation of the ICL. Our study
has also revealed that the heat shock induces ab-
normalities in the structure and function of the
CVCs in mutant cells. The CVCs are specific or-
ganelles responsible for osmoregulation in proto-
zoa and freshwater sponges by extrusion of water
and excess of ions, mainly Ca+2. Proton gradient
drives chemiosmotically the transfer of water and
ions into the contractile vacuole using the V-type
H+-ATPase as an active transporter (FOK et al.
1995; 2002). They then expel its contents periodi-
cally by exocytosis through the vacuole pores. In
Paramecium,this CVC is composed of a central
vacuole, which is connected via ampoules to 5-10
radial collecting canals during diastole. During
systole they are transiently disconnected (ALLEN
2000). Each collecting canal is surrounded by
a branched network of membranous tubules form-
ing a smooth spongiome, which is connected to the
decorated spongiome that bears the pegs on cyto-
solic surface of their membranes. The pegs repre-
sent the V-ATPase complex and act as a proton
pump (FOK et al. 1995, 2002; WASSMER et al.
2006). The smooth spongiome is a flexible mem-
brane reservoir that allows swelling during dias-
tole (ALLEN 2000; PLATTNER 2013). CVC
functioning depends on a number of transient,
rhythmic and orchestrated fusions of membranous
structures.

The aim of this study was to clone and sequence
theTS111gene, as well as to predict the structure
and function of the protein coded by this gene. In
order to identify and characterize thets111gene, and
taking advantage of the easy observation of the
ICL network, the complementation cloning of an
indexed genomic DNA library(KELLER& COHEN
2000) by microinjection into the macronucleus
was performed. TheTS111gene was cloned and
sequenced. The deduced protein sequence pres-
ents a domain referred to as the DHHC domain,
which is associated with 2 trans-membrane heli-
ces. This DHHC protein family is known to be im-
plicated in the protein palmitoylation process,
playing a role in protein addressing. S-palmitoylation
is one of the most frequent post-translational
modifications of proteins and recently been inten-

sively studied (CHAMBERLAIN et al.2013; FRÉNAL
et al.2014; HORNEMANN 2015; LIN & CONIBEAR
2015; OESTEet al. 2014). Proteins bearing charac-
teristic DHHC domain belong to the Palmitoyl-
Acyl Transferases (PATs) protein family. Among
others, PAT enzymes are involved in the vesicular
neuronal transport as well as in the targeting and
trafficking of proteins in neurons (BRIGIDI &
BAMJI 2013; YOUNGet al.2012). Several proteins
containing DHHC domains have been implicated
in human diseases (CHAVDA et al.2014; ROLDAN
et al.2015; XU & ZHONG 2015 ).

Material and Methods

Strains and culture conditions

The ts111 mutant ofParamecium tetraurelia
used in this study and wild type (WT) strain d4-2
of P. tetraurelia(SONNEBORN1974) were derived
from the stock collection of the Centre de Géné-
tique Moléculaire in Gif-sur-Yvette, France. The
ts111 mutant was obtained by mutagenesis with
UV irradiation treatment of the d4-2 stock ofP. te-
traurelia (BEISSON & ROSSIGNOL 1969). Cells
were cultured at either 28°C or 35°C, according to
the SONNEBORN’s (1970) standard method in me-
dium with lettuce or in a wheat grass powder infu-
sion (BHB, L’arbre de vie, Luçay Le Male,
France), inoculated withKlebsiella pneumoniae
and supplemented with 0.4Fg/ml â-sitosterol
(Merck).

Cloning with the DNA complementation method
using the microinjection technique

Functional complementation cloning of an in-
dexed genomic DNA library ofParamecium tetr-
aurelia (KELLER & COHEN 2000) was performed
using the sib selection screening method and the
DNA microinjection technique, as previously de-
scribed (SKOURI & COHEN1997; FROISSARDet al.
2001). The rescuing pool of macronuclear DNA
was divided into smaller and smaller pools until
the unique rescuing pool had been identified and
then the gene of interest was isolated. Each DNA
sample was injected into 15-20 cells. The effect of
the injections was tested by culturing the injected
cells at a restrictive temperature of 35°C and sur-
viving and dividing cells were assessed as rescued
ones. Finally, the following primers were used to
amplify theTS111gene:
5’-TTAAACTAGTATGGCAGTGCCATCATAAGTGTATAA;
3’-TTAACTCGAGAACAACAGGAGTAATATTTGTTATC.
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Genomic DNA extraction

Total genomic DNA for sequencing the DNA
fragments of interest was prepared from 200 ml of
a log-phase cell culture, both wild type and mutant
cells using the DNAzol reagent (Life Technolo-
gies), according to the supplied protocol.

Plasmid construction

To express the GFP-tagged TS111 protein, two
fusion constructs were prepared into which the en-
tire sequence ofTS111gene was introduced. In the
first pPXV-GFP plasmid with the GFP open read-
ing frame designed for expression inParamecium
(HAUSERet al.2000), the insert was cloned at the
5’ end of the GFP in pPXV-GFP into the SpeI and
XhoI restriction sites. To construct the second
plasmid, the insert was amplified from genomic
DNA by PCR, using primers into which a linker
containing the specific sequence of the KpnI re-
striction enzyme was added. After the digestion
with the KpnI this fragment was cloned into the
KpnI restriction site located at the 3’ end of the
GFP synthetic gene designed by E. Meyer and
J. Cohen (unpublished data), and which had been
introduced into the pPXV vector, the recombinant
gene being under the control of theParamecium
calmodulin regulators (HAYNES et al.1995). The
cloned genes were entirely sequenced to ensure
that no error was introduced during amplification.
Eventually, both DNA constructs for microinjec-
tion were prepared with a Plasmid Midi Kit
(QIAGEN) according to the protocol provided by
the manufacturer. Both plasmids were linearized
with the SfiI restriction enzyme.

For gene silencing the entireTS111gene was
amplified by PCR and cloned into the SpeI and
XhoI site of the L4440 feeding vector (GALVANI
& SPERLING2002). The gene paralog amplified by
PCR was cloned in the Litmus 28 vector (NEB),
wherein the EcoR1 site was replaced by Srf1 site.
The entire gene that had been amplified by PCR
was cloned into this Sfr1 site according to the pro-
tocol of the pPCRscriptTM Cloning Kit (Strata-
gene). These two vectors allowed for the synthesis
of double-stranded RNA corresponding to the
cloned genes ligated into double T7 promoters
(TIMMONS & FIRE 1998).

Cell transformation using the microinjection
technique

Plasmids pPXV-GFP, containing an insert of
interest after precipitation were resuspended in
sterile water at a concentration of 5Fg/Fl. Micro-
injections of DNA solutions were performed into
the macronuclei of vegetative mutant ts111 cells,
which derived from young clones that had under-

gone four to six divisions after autogamy as was
previously described (RUIZ et al.1998). Each plas-
mid was injected into 15 cells. Transformation was
screened for the ability of injected cells to survive
at the restrictive temperature as well as for the in-
tensity of fluorescence signal of the GFP tagged
protein. Microinjection was performed under an
inverted Nikon Phase-contrast microscope equipped
with Narishige micromanipulation devices and an
Eppendorf air pressure microinjector.

Gene silencing using the RNAi feeding method

The feeding plasmid was used to transform the
HT115 strain ofE.coli,which is RNase III-deficient
and has IPTG-inducible T7 polymerase activity
(SAMBROOK et al.1989). Transformation of bac-
teria was performed using the electroporation
method. For gene silencing wild typeParamecium
cells were incubated in the feeding medium that
contained bacteria expressing the double-stranded
RNA (GALVANI & SPERLING2002) according to
a standard protocol (BEISSONet al. 2010). Then
the viability of the cells at the restrictive tempera-
ture was observed over successive days through
their daily transfer into freshly-induced feeding
bacteria. For negative controls,Parameciawere
fed with HT115 bacteria carrying the L4440 plas-
mid without the insertion.

Immunofluorescence microscopy

Immunolabelling was essentially carried out ac-
cording to standard protocols (BEISSONet al.2010),
except for the GFP-labelled structures, where a few
modifications replaced the fixation in paraformal-
dehyde. Cells were fixed in methanol at -20ºC for
17 min. Then PHEM Tween 1% were added on the
surface of methanol and the cells were transferred
into the PHEM Tween 1% for 3-5 min. Permeabili-
zation was performed for 2 min in a PHEM buffer
(60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM
MgCl2) (SCHLIWA & VAN BLERKOM 1981) con-
taining 1% Triton X-100. After two rinses in PBS
BSA 3%, the cells were incubated with the anti-
GFP polyclonal antibody for 30 min, and rinsed
twice again in PBS BSA 3% before being incu-
bated with the secondary antibody. Then cells
were washed twice in PBS BSA 3%, and the final
wash was complemented with Hoehst (Sigma-
Aldrich). Finally, cells were mounted in Citifluor
(Citifluor LTD, Canterbury, England). Two anti-
bodies were used: the monoclonal antibody IA9
raised against theParameciuminfraciliary lattice
(BEISSONet al.2001) diluted 1:200, and the poly-
clonal anti-GFP antibody (Interchim, France) di-
luted 1:300. Appropriate secondary anti-mouse or
anti-rabbit antibodies: Alexa 594 or Alexa 488
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(Jackson ImmunoResearch Labs (West Grove,
PA)) - were diluted 1:250.

Cells were observed under an Axioskop 2-plus
fluorescence microscope equipped with a Coolsnap-CF
video camera system (Zeiss, Germany) with GFP
filters. Images were processed using Metamorph
software (Universal Imaging, Downington, PA).

In vivo observations of contractile vacuoles

To observe the contractile vacuoles in living
cells and to record the GFP-expression in living
transformed cells, they were washed in Dryl’s
buffer supplemented with 0.2% BSA. Then indi-
vidual cells in a small drop of this solution were
transferred onto a coverslip. To perform longer ob-
servations of living cells, they were immobilized
by putting them into a small drop of suspension of
polystyrene microparticles with a diameter of ei-
ther 15Fm or 20Fm (Fluka Chemie GmbH). Pul-
sations (contractions) of the CVs were counted for
1 min in wild and mutant cells at the log-phase of
growth cultured at 28°C and 35°C. Because ther-
mosensitive cells die the next day after individual
isolation into a small volume of medium, the effect
of restrictive temperature was observed in expo-
nentially growing cells in a mass culture volume of
25 ml, which were exposed to the restrictive tem-
perature of 35°C for about 10h before measure-
ment. CVC pulsations in non-transformed cells
were examined under a microscope equipped with
phase-contrast objective. CVC pulsations in cells
transformed with GFP-TS111 fusion were ob-
served under an Axioskop 2-plus fluorescence mi-
croscope.

Cell fractionation, lysis procedures and protein
analysis

In order to further protein characterization, the
conditions of its extraction were determined along
the procedure of post-microsomal protein prepara-
tion. Different aliquots were electrophoretically
separated, blotted and the presence of pTS111 was
revealed by treatment with the anti-GFP antibody.
For protein extraction mutant cells not trans-
formed and transformed by microinjection of the
pPXV-GFP plasmid with the TS111 insert were
used. Two liters of exponentially growing cultures
were washed in Dryl’s buffer and centrifuged at
low speed. From this step all subsequent treat-
ments were performed at 4°C. The resulting cell
pellet (about 0.2 ml), was suspended with five vol-
umes of lysis buffer: 0.25 M sucrose, 50 mM po-
tassium phosphate, pH 7.0. The cells were mechani-
cally broken in a potter homogenizer. They were
supplemented with an anti-protease mixture as de-
scribed in KLOTZ et al.(1997). The cell lysate was

centrifuged for 15 min at 15 000x rpm to eliminate
insoluble proteins. An aliquot of the supernatant and
the pellet were kept for electrophoretic analysis. The
supernatant was centrifuged at 100 000x rpm for
1h, yielding a post-microsomal supernatant and
a microsomal pellet (Pm). SDS-PAGE was per-
formed as previously described (KLOTZ et al.
1997) Upon completion of migration, proteins
were electrophoretically transferred onto a nitro-
cellulose membrane (Schleicher & Schüel, Dassel,
Germany) in 0.05M Tris-borate buffer, pH 7.0, for
2 h at 35 V. The quality of the transfer was tested
by staining the proteins with 1% Ponceau S Red in
7% acetic acid. The filters were saturated with 5%
non-fat dry milk in 0.02 M Tris-HCl, pH 7.4,
0.15 M NaCl, 0.1% Tween-20. All subsequent in-
cubations and washes were done in the same solu-
tion. Incubation with the rabbit anti-GFP antibody
(dilution 1:250) was carried out overnight at 4°C
with mild agitation. Washing (3 times 15 min) and
incubation with the secondary anti-rabbit antibody
was performed at room temperature for 30min.

Sequence analysis and prediction programs

The initial characterization of the DNA and pro-
tein sequences was made using the DNA
STRIDER program (MARCK 1988). Sequence
comparisons with public databases were per-
formed using the BLAST program (ZHANG &
MADDEN 1997) and for sequence alignments, the
CLUSTAL W (THOMPSONet al. 1994) and the
Muscle programs (EDGAR 2004) were used. For
the prediction of protein localization and trans-
membrane topology, Phobius software (KÄLL et al.
2007) and CBS Prediction Servers at www.cbs.dtu.dk
were used. The CSS-Palm Site was used for palmi-
toylation sites prediction (REN et al. 2008). Web
service Phylogeny.fr (DEREEPER et al. 2008,
2010) was used to analyze the phylogenetic rela-
tionships.

Results

The ts111 mutant has been characterized for the
first time by disassembly of infraciliary lattice and
death at the restrictive temperature of 35°C after
a few cell divisions, while the wild type cells sur-
vive and grow at this restrictive temperature (Fig. 1)
as was described by BEISSON and ROSSIGNOL
(1969). In this study, we also observed impaired
function and abnormal morphology of the contrac-
tile vacuoles complex in the ts111 mutant cells at
the restrictive temperature, which had not been re-
ported previously. The wild type cells grow at
35oC without disassembly of infraciliary lattice or
abnormalities in the CVs.
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Complementation cloning and general characteristics
of theTS111gene

Complementation cloning of the wild type
TS111gene was done using microinjection of the
ts111 mutant cells with an indexedParamecium
genomic library followed by sib-selection accord-
ing to SKOURI and COHEN(1997). The rescued cells
displayed the wild type morphology and fission
rate at the restrictive temperature of 35°C, whereas
the ts111 mutant cells died after a few divisions.
The size of the insert complementing mutation was
10 kb of genomic DNA in plasmid (fraction P, sub-
fraction XXVII, plaque 133, fraction A, subfrac-
tion M4): Scaffold_80, positions 244,001 to 254,000
(Paramecium DB http://paramecium.cgm.cnrs-gif.fr/;
ARNAIZ et al.2007; ARNAIZ & SPERLING2011).
From this region, the gene: GSPATG00023862001
was chosen as a hypotheticalTS111gene since it
was the only one in the region without a paralog is-
sued from the last whole genome duplication
(AURY et al. 2006). Indeed, such paralogs often
complement mutations in a gene and prevent the
detection of any phenotype. The gene was se-
quenced as part of the large insert. Study based on
the functional complementation method revealed
a single point mutation of theTS111gene. The
open reading frame was 852 bp long, without in-
trons. Thets111mutant gene differed from wild
type allele by one single nucleotide substitution of
guanine by adenine at position 188 (Fig. 2). One
paralog of theTS111gene: GSPATG000345550001
resulting from the second Whole Genome Dupli-
cation exists in theParameciumgenome showing
46.5% sequence identity with theTS111gene. The
TS111 gene was then cloned in the plasmid
pPXV-GFP. This construct was microinjected into

the macronuclei of the ts111 mutant giving trans-
formed cells thermoresistant i.e. they were rescued
at the restrictive temperature of 35°C.

The nucleotide sequence of theTS111gene corre-
spondsto thegeneannotatedasGSPATG00023862001
in the Parameciumgenome project (AURY et al.
2006) and is accessible at Paramecium DB
(http://paramecium.cgm.cnrs-gif.fr/ (ARNAIZ et al.
2007; ARNAIZ & SPERLING2011).

Function of the predicted protein coded by the
TS111gene

The predictedTS111gene product is a protein of
283 amino acids. In the ts111 mutated protein
glycine at position 63 is replaced by glutamic acid.
The protein sequence contains the Asp-His-His-
Cys (DHHC) motif within a Cystein-Rich Domain
(CRD) which is an integral part of the catalytic site
of palmitoyl acyl transferase (PAT) (Fig. 3).
Hence, the TS111 protein belongs to the PAT fam-
ily proteins. The reaction catalyzed by the PAT en-
zymes is a post-translational modification of
proteins by attaching the C16 saturated fatty acid
palmitate to cysteine residues via a thioester link-
age. This enzyme adds a palmitoyl group to other
proteins in order to anchor them to cell membranes
(CHAMBERLAIN et al.2013). It can also be the tar-
get of autopalmitoylation. The TS111 protein
shows a theoretical isoelectric point of 5,99 and
a theoretical molecular mass of 33,378 Da (Pho-
bius software (KÄLL et al.2007) and CBS Predic-
tion Servers at www.cbs.dtu.dk). Immunoblot
analyses of the different fractions obtained along
the procedure of cell extraction showed that the
GFP-TS111 protein from wild type or mutant cells
were localized in the microsomal pellet (Fig. 4).

Fig. 1. Infraciliary lattice in wild type cells and mutant cells growing at 28°C and at restrictive temperature. Wild type cells: A1
– 28°C; A2 – 35°C. Mutant ts111: B1 – 28°C; B2 – 35°C. Early temperature shock effect – ICL depolymerization is still
incomplete, while the rate of CVC contractions is already slower and anomalies are visible. The ICL decorated with the IA9
antibody. Scale bar: 10Fm.
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Fig. 2. Alignment of the DNA sequences ofTS111andts111.The localization of the mutation G to A is marked in the black
rectangle.

Ts111
ts111 Ts111

ts111

Fig. 3. Protein alignment of TS111 and ts111. Localizations of the site of mutation and position of the domain DHHC are
marked in the black rectangles.
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ts111

M. PRAJER, S. TARCZ200

TS111
ts111



Rescue of the mutant using microinjection of the
pPVX GFP-TS111 and localization of the
TS111 protein

In order to check whether theTS111gene would
rescue the ts111 mutant, a sequence encoding a GFP
tag was fused to the entire ORF of theTS111gene.
Two constructs were prepared: the first one coded
the TS111 protein fused at its N-terminal side with
pGFP, and the second one coded the TS111 pro-
tein fused at its C-terminal site with pGFP. Two
vectors of pPXV containing these constructs were
used to transform both wild type and mutant cells
using the microinjection technique. Both con-
structs were effective, but the GFP fluorescence
signal was stronger in cells injected with the pPVX
GFP-TS111. Transformed mutant cells were ther-
moresistant at 35°C. At this temperature, the res-
cued cells revealed the normally developed ICL as

was shown by immunolabelling with the anti-
centrin antibody (Fig. 5 A). Localization of the
GFP fusion protein in the pores and radial canals of
the contractile vacuole complexes, was observed
both in the cells immunolabelled with the anti-
GFP antibody (Fig. 5 B1, B2) as well as in living
cells (Fig. 5 B3). In rescued living cells, no abnor-
malities were observed in the CVCs’ structure or
function at the restrictive temperature.

Gene silencing and functional analysis of the
TS111 protein

The RNA interference adapted forParamecium
research as a feeding technique is an easy method
of gene silencing. To investigate the role of the
TS111 protein, its encoding gene was silenced in
wild type cells by feeding them with transformed
HT115 bacteria, producing double stranded RNA
homologous to the target sequence. TheTS111
gene was silenced in both wild type cells and mu-
tant ts111 cells.TS111-silenced wild type cells
grew normally at 28°C and had normal rate of
CV contractions. However, in some cells, an en-
larged cell volume was observed without any ef-
fect on ICL or CV functioning. Most likely this
effect was caused byKlebsiella pneumoniaere-
placing withE. coli in the feeding medium. At the
restrictive temperature,TS111-silenced WT cells
died after one or two divisions when they were iso-
lated individually into a small volume (0.3 ml) of
feeding medium i. e. containing transformed
HT115 bacteria. The effect of gene silencing was
weaker when 5 or 10 cells were isolated into the
same volume of feeding medium. Then the cells
survived but generation time was prolonged. In
such cells, ICL disassembly (Fig. 6) and anomalies
in the CVCs were observed. The RNAi effect
could be reversed by transferring the cells into
a standard medium. These cells became thermore-

Fig. 4. Electrophoregram and blot of proteins from mutant
ts111 cells and from cells transformed by microinjection of
the pPXV-GFP-T111. Pm – microsomal pellet. M –
molecular mass marker. The expected molecular mass of the
protein labelled with GFP was about 60 kD (33kD pTS111
+ 27kD pGFP).
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75

50
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Fig. 5. Mutant ts111 cells transformed by microinjection of pPXV-GFP-TS111 observed at restrictive temperature. A – normal
ICL, labeled with the IA9 antibody. Contractile vacuoles are labeled with an anti-GFP antibody: B1 – fixed with methanol,
B2 – fixed with osmic acid, B3 – in living cells. Scale bar: 10Fm.
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sistant. In mutant cells, the feeding medium in-
duced cell mortality at the restrictive temperature
after 1-2 divisions. Frequent enlarged cell volumes
and prolonged generation times were observed at
permissive temperature of 28ºC without any effect
on the ICL or the CVCs’ morphology. Silencing of
the paralog GSPATG00034550001 did not affect
the Parameciumphenotype. Wild type cells fed
with transformed bacteria were thermoresistant at
the restrictive temperature. Their shape and gene-
ration time were not changed. Mutant cells cul-
tured in the same medium expressed thermosensiv-
ity at 35°C. Simultaneous silencing of theTS111gene
and its paralog GSPATG00034550001, by double
feeding applied to wild type cells resulted in en-
larged cell volumes and slower generation times

(1-2 divisions/24h) at the permissive temperature
of 28ºC, versus 3-4 cell divisions/24h in control
cells. In this experiment the control cells were the
WT cells fed with bacteria transformed by pPD
plasmid without any insert. This result suggests
some pleiotropy and epistasis ofTS111gene and
its paralog, but again it could be due to difference
in bacterial food in the medium. Such cells were
isolated again into the freshly prepared double si-
lencing feeding medium and cultured at the restric-
tive temperature. By the next day, nearly 20% of
the cells had died, while the remaining cells mostly
divided only 1 to 2 times and showed enlarged cell
volumes. In some of these (nearly 20%) the begin-
ning of ICL disassembly was observed. This result
can be explained by a not fully effectiveTS111
gene silencing, due to dilution of the effective
TS111feeding medium by the bacteria producing
double stranded RNA corresponding to the para-
log gene sequence. Mutant cells exposed to double
feeding did not show any anomalies at 28°C and
were thermosensitive at 35°C.

Restrictive temperature affects contractile vacu-
oles function

In vivo observations of the CV pulsations (con-
tractions) in ts111 mutant cells cultured under re-
strictive temperature conditions reveal an abnormal
functioning of the CVCs. Wild type cells under the
same conditions did not show any abnormalities in
either the function or the structure of CVCs (Fig. 7).
In mutant cells cultured at 35°C, the rate of con-
traction was twice slower than in the wild type
cells cultured at the same temperature (Table 1).
One of the two contractile vacuole pores (CVPs)
was frequently enlarged and working very slowly,
and there was a reduced number and length of

Fig. 6. Effect ofTS111gene silencing on the ICL. A – at 28°C
the ICL is normally developed. B – disassembly of the ICL
at restrictive temperature. The ICL is decorated with IA9
antibody. Scale bar: 10Fm.

Table 1

Comparison the frequency of CV contractions at permissive and restrictive temperature in:
wild type, wild type withTS111silenced gene, ts111 mutant, and ts111 mutant rescued cells
derived from feeding and microinjection experiments

T
e
m
p
e
r
a
t
u
r
e

Number of Contractile Vacuole Contractions/1 min

Wild type Mutant Mutant injected with TS111-GFP

Medium:
Standard medium

Standard1 Feeding2 Feeding Control3

Mean value
n=15 ±SD Mean value

n=15 ±SD Mean value
n=15 ±SD Mean value

n=15 ±SD Mean value
n=15 ±SD

28°C 11.1 1.8 9.9 1.4 9.8 1.4 11.4 1.2 11.1 1.8

35°C 10.8 1.5 4.4 0.9 8.2 1.4 5.0 0.9 11.0 1.7

1 Standard growth medium inoculated withKlebsiella pneumoniae. 2 Medium inoculated with transformed HT115E. coli
containing pPD for silencingTS111gene (see text for details).3Medium inoculated with HT115E. coli transformed with pPD
without insert used as a control medium for the gene silencing by Feeding method.
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Fig. 7. CVCs in wild type cells and mutant ts111 at 28°C and 35°C –in vivo observations of successive stages of the cycle of
CVC functioning. A1-A3: Wild type cell at 28°C. A1: Pore of the posterior vacuole with ampoules, anterior vacuole with
ampoules. A2: Small posterior vacuole with radial canals and ampoules, pore of anterior vacuole with ampoules. A3: Both
anterior and posterior vacuoles with radial canals. B1-B3: Wild type cells at 35°C. B1: Two vacuoles with radial canals. B2:
Pores of both posterior and anterior vacuoles with radial canals and ampoules. B3: Posterior vacuole and anterior vacuole with
radial canals. C1-C3: Mutant ts111 cells at 28°C. C1: Posterior vacuole with radial canals and ampoules, anterior vacuole with
radial canals. C2: Pore of posterior vacuole with radial canals and one ampoule, anterior vacuole with radial canals. C3:
Posterior vacuole with radial canals, anterior vacuole with ampoules. Arrows indicate CVC; scale bare: 10Fm.
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B1 B3
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functional radial canals (Fig. 8). The reduced
number of CVCs and an asynchrony in their con-
traction were also observed (Fig. 9). The restric-
tive temperature did not affect CVC function in
wild type cells cultured in the standard culture me-
dium. The rate of pulsation at the restrictive tem-
perature in the wild type cells was only slightly
lower than at the standard culture temperature (Ta-
ble 1). Our observations revealed that in the mu-
tant cells submitted to heat shock at 35°C,
abnormal function of CVCs had already preceded
disassembly of the ICL. In the mutant cell mass
culture (of the volume about 20-50 ml) the disas-
sembly of ICL was observed after ca one division
following the first observations of CVC anoma-
lies. Transformation of the mutant cells by micro-
injection of the pPXV-GFP with the TS111
sequence restored their normal cell growth and
function of the CVCs at the restrictive temperature
i.e. their normal appearance and the same rate of
contractions at both temperatures.

Discussion

In this study we isolated, amplified and se-
quencedTS 111gene and predicted amino acid se-
quence of the TS111 protein. According to our
analysis the TS111 protein belongs to a family of
the Palmitoyl-Acyl Transferases (PAT proteins),
because it has a characteristic DHHC domain pre-
sent within a Cystein-Rich Domain, which is an in-
tegral part of the catalytic site of the PAT enzymes.
It is the first PAT protein found in Ciliates.

The PAT gene family is conserved in eukaryo-
tes. Protein palmitoylation was first discovered in
yeast where 7 PAT genes are expressed (ROTHet al.
2002; LOBO et al. 2002). InCaenorhabditis ele-
gans15 PAT genes were recently identified and
characterized (EDMONDS & M ORGAN 2014), in
Drosophila22PATgenesarepresent (BANNAN etal.
2008)and inmammals23PATgenes (FUKATA etal.
2004). In plantArabidopsis thaliana24 PAT fam-
ily members were described (BATISTIÆ2012). The
BLAST search in theParamecium tetraureliage-

Fig. 8. Anomalies of CVC in mutant ts111 cell at 35oC – in vivoobservations. A, B, C: successive stages of CVC functioning
cycle. Anterior vacuole abnormally enlarged. Reduced number of radial canals and ampoules in both anterior (B1) and
posterior (B2) vacuoles. White arrows indicate CVC; black arrows – ampoule; scale bare: 10Fm.
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nome database revealed 52 genes coding distinct
PAT proteins with the DHHC motif. The TS111
protein described in our study has the particularity
of the presence of double C in the C-terminal side.

This motif also exists in several plants and other
organisms (Fig. 10; Suplementary material). The
mutation present in thets111gene results in the
substitution of glycine with glutamic acid in posi-

Fig 10. The phylogenetic tree of the palmitoyl transferase sequences characterized by the presence of the double C in their
terminal part (see: Suplementary material) shows relationships among the plants and other organisms representing Ciliophora
(Paramecium tetraureliaand Tetrahymena termophila) as well as Mycetazoa and Euglenozoa. Protein sequences were
aligned using the CLUSTAL FORMAT: MUSCLE (3.7) multiple sequence alignment. Tree was constructed using the service
Phylogeny.fr and the neighbor-joining algorithm with 1000 bootstrap replicates. Evolutionary distances are indicated with the
scale bar.

n18 TS111-GSPATP00023862001_69.01Paramecium tetraurelia
n19 GSPATP00034550001_100Paramecium tetraurelia

n10 3694.m00130Tetrahymena thermophila
n2 DDB0217752Dictyostelium discoideum

n5 Tb11.02.5140Trypanosoma brucei
n16 sp. RCC299Micromonas

n17 CCMP1545Micromonas pusilla
n6 183177Physcomitrella patens

n3 140315Physcomitrella patens
n1 130130Physcomitrella patens

n9 AT3G51390.1Arabidopsis thaliana
n13 Populus trichocarpa

n20 Ricinus communis
n11 Oryza sativa

n12 Japonica GroupOryza sativa
n14 Zea mays

n15 Sorghum bicolor
n4 439586Selaginella moellendorffii
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Fig. 9. Anomalies of CVC in mutant ts111 cells at 35oC – in vivo observations. A: Cell with only one functional posterior
vacuole which has only one ampoule. A1-A5: Successive stages of this abnormal vacuole functioning. B1-B5: Successive
stages of CVC functioning in the cell in which anterior vacuole works two times slower than the posterior one. Lack of
ampoules and radial canals in this vacuole. Arrows indicate CVC; scale bare: 10Fm.
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tion 63 of the protein sequence. The alignment of
sequences shows that this glicine (63) is a conserved
amino acid in zDHHC proteins (see: Supplementary
material). This position is close to the C-Rich-DHHC
domain, which starts at the position 98 and forms
the enzymatic site of PAT. In theParameciumge-
nome there are only two proteins characterized by
CC-terminal part among 52 proteins containing
the DHHC domain (after the removal of brothers)
– this isTS111gene and its paralog. However, the
results of the gene silencing experiments show that
the function of the gene paralog is not similar to the
functionof theTS111gene. InTetrahymenaonly one
protein with a double C in the C terminal part is
present among 33 proteins containing the DHHC do-
main.

S-palmitoylation is a reversible post-translational
protein lipid modification that results in the addi-
tion of a C16-carbon saturated fatty acyl chain to
the cytoplasmic cysteine residues through thioes-
ter linkage. This modification is mediated by
Palmitoyl-Acyl Transferase (PAT) and reversed
by Protein Palmitoyl Thioesterase (PPT). The core
DHHC motif is particularly conserved, and is es-
sential for the catalytic function. PATs can un-
dergo auto-palmitoylation on the active site
cysteine of the DHHC motifs. The autopalmitoy-
lated enzyme is competent to transfer of palmitate
to the protein substrate. Therefore, the mutation of
this active site cysteine abolishes palmitoylation
of both the enzyme and substrate (MITCHELL et al.
2010). S-palmitoylation is one the most frequent
posttranslational modifications of proteins. The
PATs are polytopic transmembrane proteins that
are found along the endomembrane system of
eukaryotic cells and mediate palmitoylation of pe-
ripheral and integral membrane proteins. Protein
palmitoylation can affect the interaction of the pal-
mitoyl protein with membrane lipids/proteins, and
the reversibility of palmitoylation regulated by
protein acyltransferase and protein acyl thioes-
terase allows protein trafficking between mem-
brane compartments. It contributes to membrane
association, protein sorting and regulates the func-
tional activities of integral and peripheral mem-
brane proteins (CHAROLLAIS & VAN DER GOOT
2009; IWANAGA et al. 2009). It is likely that the
TS111 protein contributes to membranes fusions
and separations during CVC contractions. It is
mainly localized in the CVC as was demonstrated
in GFP chimeras. This is a transmembrane protein
with two predicted transmembrane helices (Fig. 11).
It has also two predicted sites of palmitoylation on
the cysteines 282 and 283, with a probability of
0.992 and 0.995 respectively. The CVCs in trans-
formed cells were decorated with TS111 GFP
tagged protein only after osmium or methanol
fixation, but not after triton fixation method. This
result was probably due to membrane degradation

by triton and was consistent with hypothesis that
pTS111 is a transmembrane protein, that is palmi-
toylated at the C-terminal cysteines. The TS111
protein is located in radial canals and in the pores
of the CVC. It is likely that this protein with the
PAT enzyme function is implicated in the func-
tioning of the ATPase pump. The mutated protein
ts111 is functional inParameciumcells at the stan-
dard temperature of 28°C but at the restrictive
temperature of 35°C, its function is impaired. Dys-
function of the ts111 protein is responsible for the
CVC anomalies that were observed at the restric-
tive temperature, both in ts111 mutant cells as well
as in wild type cells that were subjected toTS111
gene silencing. At 35°C, such cells revealed a rate
of CVC contraction that was nearly two times
slower than in the standard temperature of 28°C.
Nevertheless, in cells expressing a slower rate of
contraction, the ICL was not initially impaired in
most of the mass culture cells, but it was disassem-
bled after some delay before the cell death. The
pores of the CVs and the CVs were frequently en-
larged and not functional. Hence, it is likely that
the disassembly of the ICL observed at restrictive
temperature is a secondary effect of abnormal
CVC function. The functioning of the ICL is de-
pendent on the concentration of Ca+2 ions
(GOGENDEAU et al. 2007). InParameciumcells,
the CVC is responsible for osmoregulation and
regulation of concentration of ions, especially Ca+2

(ISHIDA et al. 1993; STOCK et al. 2001; LADEN-
BURGER et al. 2006; PLATTNER 2013; 2015).
Therefore, we propose the hypothesis that disas-
sembly of the ICL in thets111mutant cells at the
restrictive temperature is induced by failure of the
Ca+2 regulation by impaired CVC function. This
hypothesis is consistent with the following data.
The transfer of water and ions inParameciumcells
is regulated by the vacuolar-proton-ATPase pump

Fig. 11. Scheme of hypothetic localization of the domain
DHHC in the protein ts111 with two transmembrane helices.
Predicted localization of aminoacids: 1-140 cytoplasmic,
141-160 transmembrane, 161-179 non cytoplasmic,
180-206 transmembrane, 207-283 cytoplasmic. According
to Phobius prediction.
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(FOK et al.2002). The vacuolar-proton-ATPase is
a multi-subunit enzyme complex that is able to
transfer protons through membranes against an
electrochemical potential under ATP hydrolysis.
It is also responsible for the active transport of
ions. The V-ATPase is composed of two subcom-
plexes: the cytosolic V1-sector, and the transmem-
branous V0-sector. Genes encoding the V-ATPase
subunits were identified inParamecium tetraure-
lia. Initially, the six genes encoding c-subunits of
V0 sector and two genes encoded F-subunit of
V1-sector were investigated. Proteins of both
subunits were localized, using GTP fusion, in the
radial arms of contractile vacuoles as well as in the
food vacuoles and in the trichocysts. Silencing of
c-subunits of V0 or the F-subunits of V0caused de-
fects in the cycle of contractile vacuole complex
and general prolongation of frequency of pulsation
(WASSMERet al.2005). This result was very simi-
lar to the effect of silencing ofTS111gene coding
palmitoylated transmembraneprotein.Then,17genes
encoding the large a-subunit of V1-sector of the
VATase was studied. Two of these genes encoded
proteins located at the radial canals of contractile
vacuoles (WASSMER et al. 2006). None of the
tested genes of V-ATPase subunits encode palmi-
toylated proteins, as was shown by their sequence
analysis. Our study on PAT gene and protein function
in Parameciummay be relevant for future human
biomedical research. Analysis of phylogenetic re-
lationships among sequences of 45 amino acids of
the CRC-site DHHC has revealed that the nearest
to the TS111 protein is human protein DHH12 en-
coded byZDHH12gene. This protein is localized
to the Golgi apparatus as well as to the endoplas-
mic reticulum. It is composed of 265 amino acids.
In the protein sequence next to the DHHC domain
four transmembrane domains are present. The size
of the ZDHHC12 gene is 3.26 Kb and it is the
shortest one among DHHC family of human pal-
mitoyltransferases. This protein serves to tether
amyloid precursor protein (APP) in the Golgi ap-
paratus and suppresses the generation of APP-
containing vesicles, which in turn suppresses the
trafficking of APP-containing vesicles into the late
secretory pathway. DHHC12 palmitoyltransferase
can regulate APP trafficking and metabolism in
multiple ways (KORYCKA et al.2012) and it is im-
plicated in the neuropsychiatric diseases along
with several human PATs (YOUNG et al. 2012).
Recently, it has been discovered that DHHC-12
plays an important role in the posttranslational
control of synaptic plasticity. Of the 23 known hu-
man palmitoyltransferases that catalyze the palmi-
toylation of proteins, pDHHC12 was identified as
one enzyme that specifically modifies gephrin,
playing the role of the regulator of neuronal func-
tion (DEJANOVIC et al.2014).

TS111 protein is the first protein belonging to
the family of palmitoylated proteins, that has been
identified and described in protozoan ciliatePara-
mecium tetraurelia. Based on our studies, it can be
concluded that this protein is implicated in osmo-
regulation processes and in the regulation of intracel-
lular ion Ca+2concentration. It is located in CVC and
it can affect the functioning of the ATPase proton
pump. Further studies are needed in order to know
the possible relationship between the V-ATPase
proteins and the PAT protein coded byTS111gene.
In conclusion of our study we propose two hypothe-
ses: (i) CVC functioning of inParameciumdepends
on TS111 protein and at restrictive temperature the
primary effect of the thermosensitive ts111 muta-
tion orTS111gene silencing are morphological ab-
normalities and dysfunction of CVCs, (ii) disassembly
of the ICL is a secondary effect of the ts111 muta-
tion, which results from disturbed regulation of the
intracellular concentration of Ca+2 ions caused by
abnormal functioning of CVC.
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Supplementary Material

The alignment of sequence of palmitoylated proteins, of several plants and other organisms, character-
ized by the presence a double C in C terminal part. It shows that G63 in TS111 protein, that is changed in
ts111 protein to A, is a conserved amino acid in zDHHC proteins. This position is close to the C-Rich-
DHHC domain which starts at position 98 and forms the enzymatic site of PAT.

[Ricinus communis]]gi|255564059|ref|XP_002523028.1|
[Arabidopsis thaliana]-AT3G51390.1
[Ttermophila3694].m00130
[Oryza sativa (japonica cultivar-group)]gi|38345855|emb|CAE01851.2| OSJNBa0084K11.19
[Populus trichocarpa]gi|224133934|ref|XP_002327715.1|
[Zea mays]gi|212723844|ref|NP_001131661.1|
[Sorghum bicolor]gi|242066424|ref|XP_002454501.1|
[Micromonas sp. RCC299]gi|255073083|ref|XP_002500216.1|
[Dictyostelium discoideum] AX4]gi|66819453|ref|XP_643386.1|
[Physcomitrella patens-jgi|Phypa1_1|130130|e_gw1.80.60.1
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