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The thermosensitive ts111 mutant Barameciun tetraureliaarries a recessive mutation
which causes cell death after 2-8 divisions at the restréctemperature of 35°C. Expression
at 35'C induces disassembly of the infraciliary lattice (ICL).this study, we found that the
ts111 mutation also results in significant abnormalitiasthe number and structure of
contractile vacuole complexes (CVCs) and in their funcitigrat the restrictive temperature.
In order to characterize this111gene, the complementation cloning was performed by
microinjection into the macronucleus of anindexed gendN®A library. The mutation was
complemented by a sequence of 852 bp, which differed frommthi&nt sequence by a single
nucleotide substitution. The deduced protein sequenc84sa2nino acids long. It contains
a domain referred to as the DHHC domain, associated withristraembrane helices. The
DHHC proteins belong to the Palmitoyl-Acyl TransferaseATRB) protein family, which is
implicated in the protein palmitoylation process playihg role in protein addressing. The
ts111 mutation induces the amino acid change, localizedrbethe first membrane helix.
Transformation of ts111 mutant cells with ti€111GFP gene fusion showed the expected
reparation restoring thermoresistance and also demdadtealocalization of the protein in
contractile vacuoles, but not in the ICL. The entire genersiing in wild type cells at
restrictive temperature caused the same effect as the &sipreof a point mutation in ts111
mutant. The authors propose the following hypothesesu(igfion of CVCs at the restrictive
temperature dependsRarameciunon the TS111 protein —a member of the PAT family, and
the primary effect of the termosensitive ts111 mutationmraoephological abnormalities and
dysfunction of CVCs, (ii) disassembly of the ICL is a seconydaffect of the ts111 mutation,
which results from disturbed regulation of the intracediutoncentration of Caions caused
by the abnormal functioning of CVC.
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Thets111 mutantdarameciumtetraurelihas (i) According to BEISSON & ROSSIGNOL
been first described as a temperature sensitive m{1969) the ts111 mutation also induced the disas
tant, the cells of which died after 2-8 divisions atsembly of the infraciliary lattice (ICL).
35°C, while the wild type cells survive and grow at (jjy According to our study, the ts111l muta
this restrictive temperature E5SON& ROSSIG  tjon affected also the morphology and function of
NOL 1969). contractile vacuole complexes (CVCs).

The ts111 mutation had a dual effect on the The infraciliary lattice inParameciumis a con
Parameciuncell phenotype at the restrictive tem tractile network of cytoskeletal filaments in the
perature: cortex (GARREAU DE LOUBRESSEet al. 1988). Its
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“Paramecium Genome Dynamics and Evolution” program.



196 M. PRAJER S. TARCZ

main components are centrins, which are highlgively studied (BAMBERLAIN etal.2013; RRENAL
conserved cytoskeletal proteins and centrin-biret al.2014; HORNEMANN 2015; LIN & CONIBEAR
ding proteins (KOTz et al. 1997; BeEissONet al.  2015; QGesTEet al. 2014). Proteins bearing charac
2001; GOGENDEAU et al. 2007, 2008). Centrins teristic DHHC domain belong to the Palmitoyl-
constitute a distinct family within the superfamily Acyl Transferases (PATS) protein family. Among
of EF-hand calcium modulated polypeptide®thers, PAT enzymes are involved in the vesicular
(MADEDDU et al.1996). Centrins are implicated in neuronal transport as well as in the targeting and
Ca'? regulated processes responsible for corticatafficking of proteins in neurons (@GIDI &
contraction (®GENDEAU et al. 2007). However, BAMJI 2013; YOUNGetal.2012). Several proteins
centrin-based contractile subcortical structures amntaining DHHC domains have been implicated
only found in protists (in Alveolates) ZANG & in human diseases {BVDA et al.2014; FOLDAN
HE2012). Our observation of the phenotype of thet al. 2015; XU & ZHONG 2015).

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 specifiec or Material and Methods

ganelles responsible for osmoregulation in proto

zoa and freshwater sponges by extrusion of water

and excess of ions, mainly &aProton gradient
drives chemiosmotically the transfer of water an

ions into the contractile vacuole using the V-type The ts111 mutant oParamecium tetraurelia

H*-ATPase as an active transportelo@et al. L - :

X . . used in this study and wild type (WT) strain d4-2
1995; 2002). They then expel its contents periodisep "o relia( SONNEBORN1974) were derived
cally by exocytosis through the vacuole pores. |

Parameciumihis CVC is composed of a central?rom the stock collection of the Centre de Géné-

o ) “2lique Moléculaire in Gif-sur-Yvette, France. The
vacuole, which is connected via ampoules t0 5-1{4 1 1 " rant was obtained by mutagenesis with
radial collecting canals during diastole. During )

: : Virradiation treatment of the d4-2 stockiefte-
systole they are transiently disconnectedi®N o, elia (BEISSON & ROSSIGNOL 1969). Cells
2000). Each collecting canal is surrounded b '

ere cultured at either 28°C or 35°C, according to
a branched network of membranous tubules formp - o\ -0 0o o (1970) standard method in me-
ing a smooth spongiome, which is connected to thg

d Strains and culture conditions

q . jum with lettuce or in a wheat grass powder infu-
e(_:orated spongiome that bears the pegs on cy on (BHB, L'arbre de vie, Lucay Le Male
solic surface of their membranes. The pegs repr rance) inbculated withIeb’sieIIa pneumoniaé
sent the V-ATPase complex and act as a protoghd suf)plemented with 0.Eg/ml a-sitosterol
pump (FoK et al. 1995, 2002; WASSMER et al. (Merck) '

2006). The smooth spongiome is a flexible mem '

brane reservoir that allows swelling during dias

tole (ALLEN 2000; RATTNER 2013). CVC  cioning with the DNA complementation method
functioning depends on a number of transient, using the microinjection technique

rhythmic and orchestrated fusions of membranous

structures. Functional complementation cloning of an in
The aim of this study was to clone and sequenagexed genomic DNA library oParamecium tetr-
theTS111gene, as well as to predict the structuraurelia (KELLER & COHEN 2000) was performed
and function of the protein coded by this gene. lising the sib selection screening method and the
order to identify and characterize t3¢ 11gene, and DNA microinjection technique, as previously-de
taking advantage of the easy observation of thecribed (80OURI & COHEN1997; FROISSARDet al.
ICL network, the complementation cloning of an2001). The rescuing pool of macronuclear DNA
indexed genomic DNA librargKELLER& COHEN  was divided into smaller and smaller pools until
2000) by microinjection into the macronucleughe unique rescuing pool had been identified and
was performed. Th@S111gene was cloned and then the gene of interest was isolated. Each DNA
sequenced. The deduced protein sequence preample was injected into 15-20 cells. The effect of
ents a domain referred to as the DHHC domairthe injections was tested by culturing the injected
which is associated with 2 trans-membrane -helcells at a restrictive temperature of 35°C and sur
ces. This DHHC protein family is known to be #m viving and dividing cells were assessed as rescued
plicated in the protein palmitoylation processpnes. Finally, the following primers were used to
playing a role in protein addressing. S-palmitoylatiommplify theTS111gene:
is one of the most frequent post-translationad-TTAAACTAGTATGGCAGTGCCATCATAAGTGTATAA,
modifications of proteins and recently been inten3-TTAACTCGAGAACAACAGGAGTAATATTTGTTATC.
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Genomic DNA extraction gone four to SiX 'divisions after autogamy as was
Total genomic DNA for sequencing the DNA previously described (Rz etal.1998). Each plas

¢ ts of int i d 200 ml id was injected into 15 cells. Transformation was
ragments of interest was prepared from 2V9 Ml 0l .0 aned for the ability of injected cells to survive
alog-phase cell culture, both wild type and muta

I ind the DNAZoO t (Lite Technel t the restrictive temperature as well as for the in
CEIIS using the zol reagent (Life Technelo oy of fluorescence signal of the GFP tagged
gies), according to the supplied protocol.

protein. Microinjection was performed under an
inverted Nikon Phase-contrast microscope equipped
Plasmid construction with Narishige micromanipulation devices and an

. Eppendorf air pressure microinjector.
To express the GFP-tagged TS111 protein, two

fusion constructs were prepared into which the en
tire sequence dfS11lgene was introduced. Inthe  Gene silencing using the RNAI feeding method
first pPXV-GFP plasmid with the GFP open read

ing frame designed for expressiorRaramecium  The feeding plasmid was used to transform the
(HAUSERet al. 2000), the insert was cloned at theHT115 strain ok. coli, which is RNase lll-deficient

5" end of the GFP in pPXV-GFP into the Spel ancdand has IPTG-inducible T7 polymerase activity
Xhol restriction sites. To construct the secondSAMBROOK et al. 1989). Transformation of bac
plasmid, the insert was amplified from genomideria was performed using the electroporation
DNA by PCR, using primers into which a linker method. For gene silencing wild typaramecium
containing the specific sequence of the Kpnl recells were incubated in the feeding medium that
striction enzyme was added. After the digestiogontained bacteria expressing the double-stranded
with the Kpnl this fragment was cloned into theRNA (GALVANI & SPERLING 2002) according to
Kpnl restriction site located at the 3’ end of thea standard protocol @ssoNet al. 2010). Then
GFP synthetic gene designed by E. Meyer anie viability of the cells at the restrictive tempera
J. Cohen (unpublished data), and which had bedure was observed over successive days through
introduced into the pPXV vector, the recombinantheir daily transfer into freshly-induced feeding
gene being under the control of tRaramecium bacteria. For negative controlBarameciawere
calmodulin regulators (BYNES et al. 1995). The fed with HT115 bacteria carrying the L4440 plas-
cloned genes were entirely sequenced to ensurd without the insertion.

that no error was introduced during amplification.

Eventually, both DNA constructs for microinjec- .

tion were prepared with a Plasmid Midi Kit 'mmunofluorescence microscopy

(QIAGEN) according to the protocol provided by

wifhr?l?eng&?llcsgéﬁz-ct?oorflﬁlzamds were IInearlzegording to standard protocolsgBsoNet al.2010),
_ _ y o except for the GFP-labelled structures, where a few
For gene silencing the entifBS111gene was modifications replaced the fixation in paraformal
amplified by PCR and cloned into the Spel an@iehyde. Cells were fixed in methanol at -20°C for
Xhol site of the L4440 feeding vector &&VANI 17 min. Then PHEM Tween 1% were added on the
& SPERLING2002). The gene paralog amplified bysyrface of methanol and the cells were transferred
PCR was cloned in the Litmus 28 vector (NEB),nto the PHEM Tween 1% for 3-5 min. Permeabili
wherein the EcoR1 site was replaced by Srfl sitgation was performed for 2 min in a PHEM buffer
The entire gene that had been amplified by PCIgs0 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM
was cloned into this Sfrl site according to thepromgCl,) (SCHLIWA & VAN BLERKOM 1981) con
tocol of the pPCRscriptTM Cloning Kit (Strata taining 1% Triton X-100. After two rinses in PBS
gene). These two vectors allowed for the synthesgsA 3%, the cells were incubated with the anti-
of double-stranded RNA corresponding to thesFp polyclonal antibody for 30 min, and rinsed
cloned genes ligated into double T7 promotergyice again in PBS BSA 3% before being incu
(TIMMONS & FIRE 1998). bated with the secondary antibody. Then cells
were washed twice in PBS BSA 3%, and the final
Cell transformation using the microinjectionWash was complemented with Hoehst (Sigma-
technique AI(_JI(lch). Finally, cells were mounted in Cltlfluo_r
(Citifluor LTD, Canterbury, England). Two anti
Plasmids pPXV-GFP, containing an insert obodies were used: the monoclonal antibody I1A9
interest after precipitation were resuspended iraised against thBarameciuminfraciliary lattice
sterile water at a concentration ofFg/FI. Micro-  (BEISSONet al.2001) diluted 1:200, and the pely
injections of DNA solutions were performed intoclonal anti-GFP antibody (Interchim, France) di
the macronuclei of vegetative mutant ts111 cellduted 1:300. Appropriate secondary anti-mouse or
which derived from young clones that had underanti-rabbit antibodies: Alexa 594 or Alexa 488

Immunolabelling was essentially carried out ac
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(Jackson ImmunoResearch Labs (West Groveentrifuged for 15 min at 15 000x rpm to eliminate
PA)) - were diluted 1:250. insoluble proteins. An aliquot of the supernatant and
ghe pellet were kept for electrophoretic analysis. The
pernatant was centrifuged at 100 000x rpm for
h, yielding a post-microsomal supernatant and
microsomal pellet (Pm). SDS-PAGE was per
ormed as previously described (&Tz et al.
1997) Upon completion of migration, proteins
were electrophoretically transferred onto a nitro
In vivo observations of contractile vacuoles  cellulose membrane (Schleicher & Schiel, Dassel,
) ~ . Germany)in 0.05M Tris-borate buffer, pH 7.0, for
To observe the contractile vacuoles in livingp h at 35 V. The quality of the transfer was tested
CEIIS and to reCOI’d the GFP-exprESSIOI‘]_ 1} I|V|ng)y Staining the proteins W|th 1% Ponceau S Red in
transformed cells, they were washed in Dryl'szo4 acetic acid. The filters were saturated with 5%
buffer supplemented with 0.2% BSA. Then indi hon-fat dry milk in 0.02 M Tris-HCI, pH 7.4,
vidual cells in a small drop of this solution wereg 15 M NaCl, 0.1% Tween-20. All subsequent in
transferred onto a coverslip. To performlonger obcypations and washes were done in the same solu
servations of living cells, they were immobilizedtjon, Incubation with the rabbit anti-GFP antibody
by putting them into a small drop of suspension ofgjlution 1:250) was carried out overnight at 4°C
polystyrene microparticles with a diameter of eijth mild agitation. Washing (3 times 15 min) and
ther 15Fm or 20Fm (Fluka Chemie GmbH). Pul incubation with the secondary anti-rabbit antibody

sations (contractions) of the CVs were counted fafas performed at room temperature for 30min.
1 min in wild and mutant cells at the log-phase of

growth cultured at 28°C and 35°C. Because ther _ o

mosensitive cells die the next day after individual Sequence analysis and prediction programs
isolation into a small volume of medium, the effect - -
of restrictive temperature was observed in expa- The initial characterization of the DNA and pro-

. . . ein sequences was made using the DNA
nentially growing cells in a mass culture volume o
25 ml, which were exposed to the restrictive tem= TRIDER program (MRCk 1988). Sequence

perature of 35°C for about 10h before measur comparisons ‘with public databases were per-

ment. CVC pulsations in non-transformed cell o;n;gcéNuilgnggntgi d%‘tffe-:r Séﬂ%;agi ﬁ?‘n’:fné‘ the
were examined under a microscope equipped wi q 9 ’
phase-contrast objective. CVC pulsations in cell tg(ﬁgAlFoV\i é;g?ggiggg%i;'ég?:)uggg tEgr
transformed with GFP-TS111 fusion were-ob brog '

: he prediction of protein localization and trans
served under an Axioskop 2-plus fluorescence meembrane topology, Phobius softwarei(K et al.

Croscope. 2007) and CBS Prediction Servers at www.cbs.dtu.dk
were used. The CSS-Palm Site was used for palmi
Cell fractionation, lysis procedures and proteioylation sites prediction (BN et al. 2008). Web
analysis service Phylogeny.fr (BREEPER et al. 2008,
2010) was used to analyze the phylogenetic-rela

In order to further protein characterization, theionships.

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 wagsults

revealed by treatment with the anti-GFP antibody.

For protein extraction mutant cells not trans The ts111 mutant has been characterized for the

formed and transformed by microinjection of thdfirst time by disassembly of infraciliary lattice and

pPXV-GFP plasmid with the TS111 insert weredeath at the restrictive temperature of 35°C after

used. Two liters of exponentially growing culturesa few cell divisions, while the wild type cells sur

were washed in Dryl’'s buffer and centrifuged ative and grow at this restrictive temperature (Fig. 1)

low speed. From this step all subsequent treads was described byHBSSON and ROSSIGNOL

ments were performed at 4°C. The resulting cell1969). In this study, we also observed impaired

pellet (about 0.2 ml), was suspended with five-volfunction and abnormal morphology of the contrac

umes of lysis buffer: 0.25 M sucrose, 50 mM-potile vacuoles complex in the ts111 mutant cells at

tassium phosphate, pH 7.0. The cells were meehattihe restrictive temperature, which had not been re

cally broken in a potter homogenizer. They werg@orted previously. The wild type cells grow at

supplemented with an anti-protease mixture as d85°C without disassembly of infraciliary lattice or

scribed in KOTZ et al.(1997). The cell lysate was abnormalities in the CVs.

Cells were observed under an Axioskop 2-plu
fluorescence microscope equipped with a Coolsnap-
video camera system (Zeiss, Germany) with GF
filters. Images were processed using Metamorp
software (Universal Imaging, Downington, PA).
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Fig. 1. Infraciliary lattice in wild type cells and mutant cells %rowing at 28°C and at restrictive temperature. Wild type cells: Al
—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 1A9
antibody. Scale bar: Iom.

Complementation cloning and general characteristilse macronuclei of the ts111 mutant giving trans
of theTS11l1gene formed cells thermoresistanti.e. they were rescued
at the restrictive temperature of 35°C.

Complementation cloning of the wild type The nucleotide sequence of tfi&111lgene corre-
TSlllgene was done using microinjection of thépondsto the gene annotated as GSPATG00023862001

ts111 mutant cells with an indexdthramecium in the Parameciumgenome project (ARY et al.
genomic library followed by sib-selection accord2006) and is accessible at Paramecium DB
ing to SKOURI and HEN (1997). The rescued cells (http://paramecium.cgm.cnrs-gif.fr/ @AIZ et al.
displayed the wild type morphology and fission2007; ARNAIZ & SPERLING 2011).

rate atthe restrictive temperature of 35°C, whereas

the ts111 mutant cells died after a few divisions. gynction of the predicted protein coded by the
The size ofthe insert complementing mutation was TS11lgene

10 kb of genomic DNA in plasmid (fraction P, sub

fraction XXVII, plaque 133, fraction A, subfrac  The predicted’ S111gene productis a protein of
tion M4): Scaffold_80, positions 244,001 to 254,00@83 amino acids. In the ts111 mutated protein
(Paramecium DB http://paramecium.cgm.cnrs-gif.frglycine at position 63 is replaced by glutamic acid.
ARNAIZ et al.2007; ARNAIZ & SPERLING2011). The protein sequence contains the Asp-His-His-
From this region, the gene: GSPATG0002386200Cys (DHHC) motif within a Cystein-Rich Domain
was chosen as a hypothetidg@l111gene since it (CRD)whichis anintegral part of the catalytic site
was the only one in the region without a paralog isof palmitoyl acyl transferase (PAT) (Fig. 3).
sued from the last whole genome duplicatiorHence, the TS111 protein belongsto the PATfam
(AURY et al. 2006). Indeed, such paralogs ofterily proteins. The reaction catalyzed by the PAF en
complement mutations in a gene and prevent theymes is a post-translational modification of
detection of any phenotype. The gene was s@roteins by attaching the C16 saturated fatty acid
guenced as part of the large insert. Study based palmitate to cysteine residues via a thioester-link
the functional complementation method revealedge. This enzyme adds a palmitoyl group to other
a single point mutation of th@S111gene. The proteinsinordertoanchorthemto cellmembranes
open reading frame was 852 bp long, without in(CHAMBERLAIN et al.2013). It can also be the tar
trons. Thets111mutant gene differed from wild get of autopalmitoylation. The TS111 protein
type allele by one single nucleotide substitution o§hows a theoretical isoelectric point of 5,99 and
guanine by adenine at position 188 (Fig. 2). Ona theoretical molecular mass of 33,378 Da (Pho
paralog of th&'S111gene: GSPATG000345550001bius software (KLL et al.2007) and CBS Predic
resulting from the second Whole Genome Duplition Servers at www.cbs.dtu.dk). Immunoblot
cation exists in th€®arameciungenome showing analyses of the different fractions obtained along
46.5% sequence identity with ti&111gene. The the procedure of cell extraction showed that the
TS111gene was then cloned in the plasmidsFP-TS111 protein from wild type or mutant cells
pPXV-GFP. This construct was microinjected intowvere localized in the microsomal pellet (Fig. 4).
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* * * * * * * * * +
ATGGCAGTGCCATCATAAGTGTATAATTTAGGGAATGCTTGCARARGGT TTCTGTTCTCCGCAGAGGTGATTGGGATGCTTACACTCACAARTATTTGAAA 100

L T 108 Y 6 T B L o 58 5 R
ATGGCAGTGCCATCATAAGTGTATAATTTAGGGRATGCTTGCARRAGGTTTCTGTTCTCCGCAGAGGTGATTGGGATGCTTACACTCACAATATTTGARAA 100

TS111
ts111

fei

-

* * * * * * e * * *
* * * * B * * * * *

101 ATGAATTGACAATACCAATTGGAATTCGTTTATTGATAGAGACAATTGCGGCTGGATATTTTTACCTTCAGTGCAGTGAT TCAGCAGHRGAGCCTGTGGT 200
R R RN R N N N R R N R R R RN RN AN AR : AR ERARERR R

101 ATGAATTGACAATACCAATTGGRATTCGTTTATTGATAGAGACRATTGCGGCTGGATATTTTTACCTTCAGTGCAGTGATTCAGH GAGCCTGTGGT 200
* * * * * * * * * *
* * * * * * * * - *

201 AGAATAGGAAGATCACGAATTATCTTAATTATCATTTTCTGGTTTGAGGGGAGATTATGAATAATTTGAATCTTARACACCTGATAGRAATGAATGTTAG 300
L 1 8 o R 5 e ST 8 8 a6 2 5 o 9 T T O L 5 e 6 T 0 0 e O T

201 AGRATAGGAAGATCACGAATTATCTTAATTATCATTTTCTGGTTTGAGGGGAGATTATGAATAATTTGAATCTTARACACCTGATAGABRATGAATGTTAG 300
* * * * * * * * * *
* * * * * * * * * *

30

—

GAGTGTAARATCATTCAATCTTACAGAACAARACATTGTTCTAAGTGCTAGARATGCATACCTARATATGACCATCATTGTTTTTGGATTGGGGGATGTG 400
16010 11 1 6 1 O O 1 6 T 5 5 6 5 N 5 1 6 5 6 0 1 5 I 0 0 6 T R
301 GAGTGTAARATCATTCAATCTTACAGAACAARACATTGTTCTAAGTGCTAGAAATGCATACCTARATATGACCATCATTGTTTTTGGATTGGGGGATGTG 400

* * * * * * * * * *

* * * * * * * * * *

401 TTGGTGAATTGAATCATCGAATGTATTGGTTGTTCTTGTTCTTTCAATGTTTGCTCTGTTTTGATGGRATGTTTTAGTTTAAGAAGCAATTTCCTTACTA 500
(0 T 1 T e TR T o T ] e e O A R T T O L I T o e R (5 R

401 TTGGTGAATTGAATCATCGAATGTATTGGTTGTTCTTGTTCTTTCAATGTTTGCTCTGTTTTGATGGAATGTTTTAGTTTAAGAAGCAATTTCCTTACTA 500

* * * * * * * * * *

* * * * * * * * * *

501 TTCGACTTATGATGAAGAATTCGGACACGACGAATACTAATATTAATACTTTATTATATTGTTAACCGCAGCARCATCCTTCGGATTTGGAATTTTCACA 600
(5 A T T T T B 6T 1 T T T 1 6 R B R B B T T S
501 TTCGACTTATGATGAAGAATTCGGACACGACGAATACTAATATTAATACTTTATTATATTGTTAACCGCAGCAACATCCTTCGGATTTGGAATTTTCACA 600

* * * * * * * * * *

* = * = * * * * * *
601 GGGGCTTTGCTTTITATATCACACCATGTTGATATTGACTGGTAARACTACT TGGGARCATACARRGAGGGATARGATTTCATACCTARATTTTTATCCTA 700
TR IR SR L R B T N DRI II A EFE BRI R IR LSRR G100 S R IR TR IR IRt e 1] IRIALIRR 1R
601 GGGGCTTTGCTTTTATATCACACCATGTTGATATTGACTGGTAARACTACTTGGGAACATACARAGAGGGATAAGATTTCATACCTABRATTTTTATCCTA 700

* * * * * * * * % *

* * * s * * * * * *
701 GATATTATCATCCTTATAATTTTGGATTCATAGAGAATATCARAATCACATTTTTTCATARAGGCCTTCAATCTCATTGGATACCACCATCARAGGATCA 800
R R NN R RN A AR N RN AR RN N R N RN R RN
701 GATATTATCATCCTTATAATTTTGGATTCATAGAGAATATCARARTCACATTTTTTCATARAGGCCTTCAATCTCATTGGATACCARCCATCAAAGGATCA 800

* * B * * * * * * *

* * * = *
801 AATCARAGAATAGTGCAATATTTTTGATAACAAATATTACTCCTGTTGTTGA 852
(RIS A T R e AT IR RS RTRE1 FIRL TR AR SN [T L A
801 AATCAAAGAATAGTGCAATATTTTTGATAACAAATATTACTCCTGTTGTTGA 852

* * * * *

Fig. % Alilgnment of the DNA sequences ©6111andts111.The localization of the mutation G to A is marked in the black
rectangle.

: 80
PVVEQEDHELSQLSFS 80
[ PVVEQEDHELSQLSFS

= 20 - 40 - 60
TS 111 1 MAVPSQVYNLGNACKRFLFSAEVIGMLTLTIFENELTIPIGIRLLIETIAAGYFYLQCSDS
MAVPSOVYNLGNACKRFLFSAEVIGMLTLTIFENELTIPIGIRLLIETIAAGYFYLQCSDS

ts111 1 ﬁRVPSQVYNLGﬁﬂcgﬁFLFSEEVIGMLTLILEtNﬁinEiGIRLLLETLﬂEb!thguﬁub;“EPVVEQEDHELSQLSFS 80
= 20 & 40 3 60 = 80
= 100 = 120 o 140 = 160

81 GLRGDYEQFESQOTPDRNECQOECKIIQSYRTKHCSKCOKCIPKY DHHQFWIGGCVGELNERMYWLFLFFOCLLCE DSMEQF is0
GLRGDYEQFESQTPDRNECQECKIIQSYRTKHCSKCOKCIPKY FWIGGCVGELNHRMYWLFLFFQCLLCFDGMEQF
81 GLRGDYEQFESQTPDRNECQOECKIIQSYRTKHCSKCQKCIPKY! TGGCVGELNHRMYWLFLFFQCLLCFDGMFQF 160
; ice o 120 & 140 = 150
. = 180 = 200 = 220 = 240
161 KKQFPYYSTYDEEFGHDEYQYQYFIILLTAATSFGFGIFTGALLLYHTMLILTGKTTWEHTKRDKISYLNFYPRYYHPYN 240
KKOFPYYSTYDEEFGHDEYQOYOYF IILLTAATSFGFGIFTCALLL.YHTMLILTCKTTWEHTKRDEISYLNFYPRYYHPYN
161 KKQFPYYSTYDEEFGHDEYQYQYFIILLTAATSFGFGIFTGALLLYHTMLILTGRKTTWEHTKRDKISYLNFYPRYYHPYN 240
z 180 * 200 & 220 - 240
= 260 e 280
241 FGFIENIKITFFHKGLOSHWIPPSKDOIRECCHNIFDNKYYSCC— 283
FGFIENIKITFFHKGLOSHWIPPSKDOTIRKEQCNIFDNKYYSCC
241 FGFIENIKITFFHKGLOSHWIPPSKDOIKEQCNIFDNKYYSCC* 284
5 286G 2

I

8

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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was shown by immunolabelling with the anti-
kD centrin antibody (Fig. 5 A). Localization of the
GFP fusion proteinin 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
.. 60kD| Mmalities were observed in the CVCs' structure or
function at the restrictive temperature.

. Gene silencing and functional analysis of the
M.Cpm Spm Pm M. TS111 protein

The RNA interference adapted fBaramecium
Fig. 4. Electrophoregram and blot of proteins from mutanf€S€arch as a feeding technique is an easy method

ts111 cells and from cells transformed by microinjection o i ina. i i
the PEXV-aEP 1 B oAl et M bf gene silencing. To investigate the role of the

molecular mass marker. The expected molecular mass of the>1 11 protein, its encoding gene was silenced in
protein labelled with GFP was about 60 kD (33kD pTS11lwild type cells by feeding them with transformed

+ 27kD pGFP). HT115 bacteria, producing double stranded RNA
homologous to the target sequence. Ti&l11

gene was silenced in both wild type cells and-mu
Jant ts111 cellsTS111silenced wild type cells

) grew normally at 28°C and had normal rate of
pPVX GFP-_TSlll and localization of theCV contractions. However, in some cells, an en
TS111 protein larged cell volume was observed without any ef-

In order to check whether tﬁl@lllgene would fect on ICL or CV funCtlonlng. Most I|ke|y this
rescue the ts111 mutant, a sequence encoding a Gifect was caused biflebsiella pneumoniaee-
tag was fused to the entire ORF of th&111gene. Placing withE. coliin the feeding medium. At the
Two constructs were prepared: the first one code@strictive temperaturd,S11isilenced WT cells
the TS111 protein fused at its N-terminal side wittlied after one or two divisions when they were iso-
pGFP, and the second one coded the TS111 prgted individually into a small volume (0.3 ml) of
tein fused at its C-terminal site with pGFP. Twofeeding medium i. e. containing transformed
vectors of pPXV containing these constructs werkl T115 bacteria. The effect of gene silencing was
used to transform both wild type and mutant cellgveaker when 5 or 10 cells were isolated into the
using the microinjection technique. Both eonsame volume of feeding medium. Then the cells
structs were effective, but the GFP fluorescencgurvived but generation time was prolonged. In
signal was stronger in cells injected with the pPVxguch cells, ICL disassembly (Fig. 6) and anomalies
GFP-TS111. Transformed mutant cells were thefn the CVCs were observed. The RNAI effect
moresistant at 35°C. At this temperature, the re§ould be reversed by transferring the cells into
cued cells revealed the normally developed ICL a8 standard medium. These cells became thermore

Rescue of the mutant using microinjection of th

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 barFh0.
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(1-2 divisions/24h) at the permissive temperature
of 28°C, 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 D§111gene 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

“d 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

Fi% 6. Effect oﬂ'Slngene silencing onthe ICL. A—at 28°C can be'expl_auned by a nqt fF’”y effeCtl\%lll
the ICL is normally developed. B — disassembly of the ICLgeNe silencing, due to dilution of the effective
at restrictive temperature. The ICL is decorated with |A9TS]_]_1feeding medium by the bacteria producing
antibody. Scale bar: 1m. 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.
sistant. In mutant cells, the feeding medium in

duced cell mortality at the restrictive temperature o _
after 1-2 divisions. Frequent enlarged cell volumes Restrictive temperature affects contractile vacu-
and prolonged generation times were observed atles function

permissive temperaturfa of 28°C W|thou_t any effect |, vivo observations of the CV pulsations (con-
onthe ICL orthe CVCs’ morphology. Silencing of {ractions) in ts111 mutant cells cultured under re-
the paralog GSPATG00034550001 did not affecdtrictive temperature conditions reveal an abnormal
the Parameciumphenotype. Wild type cells fed fynctioning of the CVCs. Wild type cells under the
with transformed bacteria were thermoresistant @ame conditions did not show any abnormalities in
the restrictive temperature. Their shape and gengither the function or the structure of CVCs (Fig. 7).
ration time were not changed. Mutant cellsculin mutant cells cultured at 35°C, the rate of eon
tured in the same medium expressed thermosensivaction was twice slower than in the wild type
ity at 35°C. Simultaneous silencing of th€111gene cells cultured at the same temperature (Table 1).
and its paralog GSPATG00034550001, by doubl®ne of the two contractile vacuole pores (CVPSs)
feeding applied to wild type cells resulted in-enwas frequently enlarged and working very slowly,
larged cell volumes and slower generation timeand there was a reduced number and length of

Table 1

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

T . . .

e Number of Contractile Vacuole Contractions/1 min

m

p Wild type Mutant ‘ Mutant injected with TS111-GFP

e

r Medium: .

a - - Standard medium

t Standard Feeding Feeding Contrdl

u

Mean value Mean value Mean value Mean value Mean value

{3 n=15 +SD n=15 +SD n=15 | +SD n=15 +SD n=15 +SD
28°C 111 1.8 9.9 1.4 9.8 1.4 11.4 1.2 11.1 1.8
35°C 10.8 15 4.4 0.9 8.2 1.4 5.0 0.9 11.0 1.7

! Standard growth medium inoculated wittiebsiella pneumoniaé Medium inoculated with transformed HT1E coli
containing pPD for silencin§S111gene (see text for detail$Medium inoculated with HT11&. colitransformed with pPD
without insert used as a control medium for the gene silencing by Feeding method.
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Fi(c:;. 7. CVCs in wild type cells and mutant ts111 at 28°C and 35%@wivo observations of successive stages of the cycle of

VC functioning. A1-A3: Wild type cell at 28°C. Al: 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: Mutantts111 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: 10
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Fig. 8. Anomalies of CVC in mutant ts111 cell at’85-in vivo observations. A, B, C: successive stages of CVC functionin
cycle. Anterior vacuole abnormally en!a&ged. Reduced number of radial canals and ampoules in both anterior (B1) and
posterior (B2) vacuoles. White arrows indicate CVC; black arrows — ampoule; scale bame: 10

functional radial canals (Fig. 8). The reducediscussion
number of CVCs and an asynchrony in their €on

traction were also observed (Fig. 9). The restric | this study we isolated, amplified and-se
tive temperature did not affect CVC function inquenced's ]_11gene and predicted amino acid se
wild type cells cultured in the standard culture-mequence of the TS111 protein. According to our
dium. The rate of pulsation at the restrictive temanalysis the TS111 protein belongs to a family of
perature in the wild type cells was only slightlythe Palmitoyl-Acyl Transferases (PAT proteins),
lower than at the standard culture temperature (TRecause it has a characteristic DHHC domain pre-

ble 1). Our observations revealed that in the-mientwithina Cystein-Rich Domain, whichisarin
tant cells submitted to heat shock at 35°ctegralpartofthe catalytic site ofthe PAT enzymes.

abnormal function of CVCs had already precedeH Is the first PAT protein found in Ciliates.
disassembly of the ICL. In the mutant cell mass The PAT gene family is conserved in eukaryo
culture (of the volume about 20-50 ml) the disastes. Protein palmitoylation was first discovered in
sembly of ICL was observed after ca one divisioryeastwhere 7 PAT genes are expressexftiret al.
following the first observations of CVC anoma 2002; LOBO et al. 2002). InCaenorhabditis ele
lies. Transformation of the mutant cells by miero 92NS15 PAT genes were recently identified and

S : characterized (EMONDS & M ORGAN 2014), in
injection of the pPXV-GFP with the TSI11 poqniia20 PAT genes are present(@NAN et al.

sequence restored their normal cell growth an 008) and in mammals 23 PAT genesKATA etal.
function of the CVCs at the restrictive temperatureoo4). In plantArabidopsis thalian24 PAT fam
i.e. their normal appearance and the same rate if members were described £BISTIA2012). The
contractions at both temperatures. BLAST search in théaramecium tetraurelige
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Fig. 9. Anomalies of CVC in mutant ts111 cells at’85-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 b&m: 10

nome database revealed 52 genes coding distinitiis motif also exists in several plants and other
PAT proteins with the DHHC motif. The TS111 organisms (Fig. 10; Suplementary material). The
protein described in our study has the particularitynutation present in thes111gene results in the
of the presence of double C in the C-terminal sidesubstitution of glycine with glutamic acid in pesi

0.97 r— n18 Paramecium tetraurelidS111-GSPATP00023862001
L— n19 Paramecium tetraureli&SPATP00034550001_ 100
n10 Tetrahymena thermophila694.m00130
n2 Dictyostelium discoideunbDB0217752
n5 Trypanosoma bruceTb11.02.5140

0.9 nl6 Micromonassp. RCC299
—L n17 Micromonas pusillaCCMP1545

0.34: n6 Physcomitrella patend83177

0.48 0.8 n3 Physcomitrella patend40315
nl Physcomitrella paten430130
n9 Arabidopsis thalianeAT3G51390.1
n13 Populus trichocarpa
n20 Ricinus communis
nll Oryza sativa
n12 Oryza sativaJaponica Group
nl4 Zea mays

0.98 n15 Sorghum bicolor
0.4 be——— n4 Selaginella moellendorff439586

0.87

0.63

0.48

0.96

0.89

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 termophilaas well as Mycetazoa and Euglenozoa. Protein sequences were
aligned using the CLUSTAL FORMAT: MUSCLE SZ%) multiple sequentignanent. Tree was constructed using the service

Phyllo eny.fr and the neighbor-joining algorithm wit 00 bootstrap replicates. Evolutionary distances are indicated with the
scale bar.
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tion 63 of the protein sequence. The alignment dfy triton and was consistent with hypothesis that
sequences shows that this glicine (63) is a conservp@S111 is a transmembrane protein, that is palmi
amino acid in zDHHC proteins (see: Supplementarioylated at the C-terminal cysteines. The TS111
material). This position is close to the C-Rich-DHHCprotein is located in radial canals and in the pores
domain, which starts at the position 98 and formsf the CVC. It is likely that this protein with the
the enzymatic site of PAT. In tHeéarameciunge- PAT enzyme function is implicated in the func
nome there are only two proteins characterized byoning of the ATPase pump. The mutated protein
CC-terminal part among 52 proteins containings111 is functional iffarameciuncells at the stan
the DHHC domain (after the removal of brothersjard temperature of 28°C but at the restrictive
—this isTS11fene and its paralog. However, theemperature of 35°C, its function is impaired. Dys
results of the gene silencing experiments show thainction of the ts111 protein is responsible for the
the function of the gene paralog is not similar to the\/C anomalies that were observed at the restric
function of theTS111gene. InTetrahymenanly one tive temperature, both in ts111 mutant cells as well
protein with a double C in the C terminal part isas in wild type cells that were subjected®8111
present among 33 proteins containing the DHHE dgyene silencing. At 35°C, such cells revealed a rate
main. of CVC contraction that was nearly two times

S-palmitoylation is a reversible post-translationaglower than in the standard temperature of 28°C.
protein lipid modification that results in the addi Nevertheless, in cells expressing a slower rate of
tion of a C16-carbon saturated fatty acyl chain tgontraction, the ICL was not initially impaired in
the cytoplasmic cysteine residues through thioegnost of the mass culture cells, but it was disassem
ter linkage. This modification is mediated bybled after some delay before the cell death. The
Palmitoyl-Acyl Transferase (PAT) and reversedPores of the CVs and the CVs were frequently en
by Protein Palmitoyl Thioesterase (PPT). The cortirged and not functional. Hence, it is likely that
DHHC motif is particularly conserved, and is-es the dlsassembly of the ICL observed at restrictive
sential for the catalytic function. PATs can untemperature is a secondary effect of abnormal
dergo auto_pa|mitoy|ation on the active siteCVC function. The functlonlng_ of the |CL.|S de-
cysteine of the DHHC motifs. The autopalmitoy-Pendent on the concentration of €aions
lated enzyme is competent to transfer of palmitat€SOGENDEAU et al. 2007). InParameciunrcells,
to the protein substrate. Therefore, the mutation dhe CVC is responsible for osmoregulation and
this active site cysteine abolishes palmitoylatiofiegulation of concentration of ions, especially€a
of both the enzyme and substrateifidHELL etal. (ISHIDA et al. 1993; SOCK et al. 2001; LADEN-
2010). S-palmitoylation is one the most frequenBURGER et al. 2006; RATTNER 2013; 2015).
posttranslational modifications of proteins. Thelherefore, we propose the hypothesis that disas
PATSs are polytopic transmembrane proteins th&embly of the ICL in thes11imutant cells at the
are found along the endomembrane system @qzs+t2r|ct|vetelmpera'gure isinduced by failure of the
eukaryotic cells and mediate palmitoylation of peCa* regulation by impaired CVC function. This
ripheral and integral membrane proteins. Proteifypothesis is consistent with the following data.
palmitoylation can affect the interaction of the pal The transfer of water and ionsiarameciuncells
mitoyl protein with membrane lipids/proteins, ands regulated by the vacuolar-proton-ATPase pump
the reversibility of palmitoylation regulated by
protein acyltransferase and protein acyl thioes
terase allows protein trafficking between mem | LUMEN
brane compartments. It contributes to membran
association, protein sorting and regulates the{fun
tional activities of integral and peripheral mem | MemMBRANE
brane proteins (GAROLLAIS & VAN DER GOOT
2009; WANAGA et al. 2009). It is likely that the NH <ic
TS111 protein contributes to membranes fusions o o COOH
ano_l separations during CVC contractions. It iS ~ytopLasm v
mainly localized in the CVC as was demonstrate

G63E

in GFP chimeras. This is a transmembrane protein | B = C
with two predicted transmembrane helices (Fig. 11).  { IR §
It has also two predicted sites of palmitoylationon 1! 141160 184 206 283

the cysteines 282 and 283, with a probability of
0.992 and 0.995 respectively. The CVCs in trans_. . o :
) ig. 11. Scheme of hypothetic localization of the domain
formed cells were decorated with TS111 GFPF§HE|_C indthle prl(_)tein ke 1f1 with two_tdranslmle4r8brane rllelices.
i i redicted localization of aminoacids: 1- cytoplasmic,
t_agg'ed protein only after osmium or methanol 141-160 transmembrane, 161-179 non _c{/to%lasmic,
fixation, but not after triton fixation method. This  180-206 transmembrane, 207-283 cytoplasmic. According

result was probably due to membrane degradationto Phobius prediction.
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(Fok etal.2002). The vacuolar-proton-ATPaseis 15111 protein is the first protein belonging to
a multi-subunit enzyme complex that is able tQne family of palmitoylated proteins, that has been
transfer protons through membranes against gdentified and described in protozoan cilidara-
electrochemical potential under ATP hydrolysiSmecium tetraureliaBased on our studies, it can be
It is also responsible for the active transport ofoncluded that this protein is implicated in osmo
ions. The V-ATPase is composed of two subeomyegulation processes and in the regulation of intracel
plexes: the cytosolic M¥sector, and the transmem |ylarion Ca®concentration. Itis located in CVC and
branous \§-sector. Genes encoding the V-ATPasg can affect the functioning of the ATPase proton
subunits were identified iRaramecium tetraure pump. Further studies are needed in order to know
lia. Initially, the six genes encoding c-subunits othe possible relationship between the V-ATPase
V, sector and two genes encoded F-subunit giroteins and the PAT protein codedBg111gene.
Vi-sector were investigated. Proteins of bothn conclusion of our study we propose two hypethe
subunits were localized, using GTP fusion, in thees: (i) CVC functioning of iffarameciundepends
radial arms of contractile vacuoles as well as in then TS111 protein and at restrictive temperature the
food vacuoles and in the trichocysts. Silencing oprimary effect of the thermosensitive ts111 muta
c-subunits of \§ or the F-subunits of ycaused de tion orTS11lgene silencing are morphologicatab
fects in the cycle of contractile vacuole complexhormalities and dysfunction of CVCs, (ii) disassembly
and general prolongation of frequency of pulsatioff the ICL is a secondary effect of the ts111 muta
(WASSMERet al.2005). This result was very simi tion, which results from disturbed regulation of the
lar to the effect of silencing 6GFS111gene coding intracellular concentration of Caions caused by
palmitoylated transmembrane protein. Then, 17 genggnormal functioning of CVC.

encoding the large a-subunit of*éector of the

VATase was studied. Two of these genes encoded
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Supplementary Material

The alignment of sequence of palmitoylated proteins, oés#\plants and other organisms, character
ized by the presence a double Cin C terminal part. It show$363 in TS111 protein, thatis changed in
ts111 protein to A, is a conserved amino acid in zZDHHC pratelinis position is close to the C-Rich-
DHHC domain which starts at position 98 and forms the enzimsite of PAT.

[Ricinus communis]]gi|255564059|ref|XP_002523028.1|

[Arabidopsis thaliana]-AT3G51390.1

[Ttermophila3694].m00130

[Oryza sativa (japonica cultivar-group)]gi|383458553p¢GAE01851.2] OSINBa0084K11.19
[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_00250QY16.

[Dictyostelium discoideum] AX4]gi|66819453|ref|XP_&85.1|

[Physcomitrella patens-jgi|Phypal_1|130130|e_gwa0.
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CLUSTAL FORMAT: MUSCLE (3.7) multiple sequence alignment

n9_Athalia
nl3_Populu
n20_Ricinu
nll Oryza

nl2 Oryza

nl4 Zea ma
nl5_ Sorghu
n4_ Smoelle
n6_Ppatens
nl_Ppatens
n3_Ppatens
n5_Tbrucei
nle_Microm
nl7 Microm
n2_ Ddiscoi
nl0Ttermop
nl8Ptetrau
nl9Ptetrau

n9 Athalia
nl3_Populu
n20 Ricinu
nll_Oryza

nlz Oryza

nl4_Zea_ma
nls5_Sorghu
n4_ Smoelle
n6_Ppatens
nl Ppatens
n3_Ppatens
n5_ Tbrucei
nlé_Microm
nl7_Microm
n2_ Ddiscoi
nlo0Ttermop

nl8Ptetrau
nl9Ptetrau

n9 Athalia
nl3_Populu
n20_Ricinu
nll Oryza

nl2 Oryza

nl4_ Zea_ma
nl5_Sorghu
n4_Smoelle
n6_Ppatens
nl Ppatens
n3_Ppatens
n5_ Tbrucei
nlé Microm
nl7 Microm
n2_Ddiscoi
nl0Ttermop
nlg8Ptetrau
nl9kPtetrau

----------- MGVCCPFLQPW- - - - - - -DRARDQCLLNLPCLSDP-VRRSSLLLKLALV
............... MIFLPSMSIF--------NFCHRFVPCLADP-ATRSSLGLKAALV
.................. MPMTSVFRESCHGALHGCYRLFPCLADP-ARRSALGLKVALV
_________________________ MPRCGAGGPCVWIRALSQPQRHGRKPWRGVRVVVL
______________________________ MASTSAAEPGVRFSDRAARRSSLGLRSMVL
.............................. MASSSAVEPSFRLSDR-ERRSSLGLRFTVL
______________________________ MASSSAAEPSSRLSDR-AKRSSLGLRFMVL
_____________________________________ MRCFTSDACGSCSTGFGGKICWEF
___________________________________________ MRSNVWQIGWRVKVMWV
------------------------------------------- MRPNVWHIGWGVKLMWV
------------------------------------------- MGPNAWHTGWGVRVMWV
_______________ MPVLPPW- - - - - - -RQRTSIFHRSEGRVQSVDATRISLVAAAGLYV
_______________ MPPPRKFRPREPAVLVSQTAGCFWWREEVRRKHGSTPWIPKIFWV
---------- MKLNSNINNNINNSSNSNNNFDAKNIIVDTITPPDPSVEFERKLAKSIFC
YHSQIMANINQPINNQDSQINQQVGSSINNQANNILARPSLHQOQMKQSVKDALCGSRVFYV

----------------------------------------- MAVPSQVYNLGNACKRFLF
----------------------------------------- MVVPNEVKDIGIACKRFLF

ALHLVFIGFLFLFDAEFIEKTKRDPW- - YMGCYILLFSATLLQYF - -VTSGSSPGYVV- -
VLHIVYAGILFLFDSDLIEKTKQEPWS - YTGLYLLLFVATLIQYF- -VASYSSPGYVL- -
MLHLIYVGILFIFDDDLIEKARQEPW--YIVLYLLLFVATLVQYF--ATACSSPGYVL- -
LLHALFIGAVFLLDPTLQRQIHEAKW——YIILYGLLVLLTLVQYL--YTATSSP@YLP——
LMHVVFVGAVFLLDPTLDRRIREEPW——YIGAYGALVLIALVQYF--YTAGSSPGYVL——
LMHVMFVGAVFILDPTLDWRIHEEPW- - YIGLYGVLVLLTLVQYF - - YTAGSSPGYVI- -
LMHLLFVGAVFILDPTLDWRIHEEPW- -YIGLYGVLVLLTLVQYF - -YTAGSSPGYVV~- -
LAHAVGVGLLILLYEELQHQIFSYTW--YALLYLVLIVVTVIQYY-~-RVAGSSPGYVE- -
LVHTVGVGGLLFLDSNLYRNTVAYSW--WAGSYYVLLLVVVIQYC——CTAGSSPGYLV—-
LVHAVGVSGLFFLDSDLYRYTTTYSW--WAGSYFTLLLIVVIQYC--CTAGSTPGYLA- -
LVHAVGVGGLLFLDSDLRTLSLAFSW- -WAGSYYLLFLAVVIQYC- -RTAGSTPGYLV- -

ASQSATFTVLYLFLPEG---======== LAGLTHLMVAAVLFNAFMLWNWGSDPGFVT - -
FFHVLFIVLLFQFDNDMTDGGAG- -~~~ YQTGFAFACLLNLYAFL~—CVANSNPQYVS——
———————————————— MTDGGDA- - - - - YKTGVAFSLIVNAAFYL- - ALANSNPGYVE - -

LVHFIVYCVIIFRKGTILDQAFKDKDYFYLIWTHCVFFFAIGTYF--LISSKRP@FVS——
SMTVLSLCMQLIYGNDLRDEVLEGE———LDPFIYLFLVLLSAYYF-—WTCGKNP?YAPFE
SAEVIGMLTLTIFENELTI---===~~- PIGIRLLIETIAAGYFY--LQCSDSAQEPV-—
TTEFLGFLILTLFQNEMVL--------- PIGIRLLIEAILAAYFY--INCSDSP@SPL-—
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