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Summary

N-ethylmaleimide (NEM)-sensitive factor (NSF), a or disappearance of structures involved in membrane
regulator of soluble NSF attachment protein receptors traffic. Aggregates of numerous small, smooth vesicles
(SNARES), is required for vesicular transport in many intermingled with branches of ER occur in the cytoplasm
eukaryotic cells. In the ciliated protozoonParamecium, and are most intensely labeled with anti-NSF Ab-gold.
complex but well-defined transport routes exist, Furthermore, elongated vesicles of ~30 nm diameter can be
constitutive and regulated exocytosis, endocytosis, seen attached at cortical calcium storage compartments,
phagocytosis and a fluid excretory pathway through the alveolar sacs, whose unknown biogenesis may thus be
contractile vacuoles, that can all be studied independently revealed. Involvement of PINSF in some low frequency
at the whole cell level. To unravel the role of NSF and of fusion events was visualized in non-silenced cells by
the SNARE machinery in this complex traffic, we looked immuno-fluorescence, after cautious permeabilization in
for NSF genes inParamecium starting from a partial the presence of ATP¢-S and NEM. Our data document that
sequence found in a pilot random sequencing project. We PtINSF is involved in distinct pathways of vesicle traffic in
found two very similar genes,PtNSF1 and PtNSF2, which Paramecium and that actual sensitivity to silencing is
both seem to be expressed. Peptide-specific antibodieswidely different, apparently dependent on the turnover of
(Abs) recognize PtNSF as a 84 kDa ban®tNSF gene  membrane-to-membrane attachment formation.

silencing results in decreasing phagocytotic activity, while

stimulated exocytosis of dense core-vesicles (trichocysts),

once firmly attached at the cell membrane, persists. Key words: CiliatesParameciumSecretion, Phagocytosis, Golgi,
Ultrastructural analysis of silenced cells shows deformation Endoplasmic reticulum

Introduction and two homologous ATP-binding domains (D1 and D2). The

In eukaryotes, membrane traffic is mediated by vesicle buddirgpility of the D1 domain to hydrolyze ATP is required for NSF
from donor compartments and targeted fusion with specifi@ctivity, while the D2 domain is required for hexamerization.
acceptor organelles, where they deliver their cargo (Rothmafhe sequences of NSF-D1 and NSF-D2 place NSF in the
and Wieland, 1996). In the past decade enormous efforts haf#é\A (A TPases_ssociated with various cellularctavities)
been made to elucidate the molecular components involved guperfamily (Neuwald et al., 1999). Such proteins contain at
the regulation of these steps. Complementary approaches (elgast one copy of a conserved, ~230 amino acid cassette with
biochemistry, in vitro studies and genetics in yeast) led to th@ characteristic phosphate-binding P-loop (Walker A) and a
discovery of essential protein partners (Augustine et al., 1999petal ion-binding DEXX box (Walker B) nucleotide-binding
Jahn and Sudhof, 1999). One of them, NSF (N-ethylmaleimidgequence.
sensitive factor), is a homohexameric ATPase that functions In a Parameciumcell, several clearly defined vesicle
together with SNAPs (soluble NSF attachment proteins) andlansport routes exist (Allen, 1988; Plattner, 1993). The import
SNARESs (SNAP receptors) in vesicular transport of many cellgoutes include coated vesicle-mediated endocytosis and non-
(Owen and Schiavo, 1999; May et al., 2001; Whiteheart et alcoated phagocytosis (Allen and Fok, 2000). Several export
2001). NSF is thought to act as a molecular chaperone (Morg#outes exist, including constitutive and stimulated exocytosis
and Burgoyne, 1995) controlling the conformation of vesicleof dense core-vesicles (trichocysts) (Plattner et al., 1991;
(v)- and target (t)-SNAREs, which must be complexed in tran®lattner, 1993; Vayssié et al., 2000), defecation of spent
configuration between both membranes before fusion caphagosomes at the cytoproct (Allen and Fok, 2000), and fluid
occur (Sollner et al., 1993a; Sollner et al., 1993b; Hanson e¢lease by the osmoregulatory contractile vacuole (Allen,
al., 1997). 2000). Internal fusion processes involve the route endoplasmic
A NSF protomer contains three distinct domains (May et alreticulum (ER) - Golgi apparatus [e.g. for the biogenesis of
2001; Whiteheart et al., 2001): an N-terminal domain (N)constitutive secretory vesicles (Flétenmeyer et al., 1999) and
responsible for interaction with tlre SNAP-SNARE complex the biogenesis of trichocysts (Momayezi et al., 1993; Gautier
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et al.,, 1994)], delivery from endocytotic vesicles via earlyPCR of cDNAs

endosomes to the compartments of the digestive cycle (AlleThe open reading frames (ORFs) BfNSF1 and PtNSF2 were

et al.,, 1992; Flotenmeyer et al., 1999), membrane recyclingmplified from aP. tetraurelia51S cDNA library (Klumpp et al.,
from the cytoproct to the nascent food vacuole (Allen et al.}994) inAZAP Express (Stratagene GmbH, Heidelberg, Germany)
1995), fusion and retrieval of different vesicle types along th&sing polymerase chain reaction (PCR) performed with the Advantage
digestive cycle, as well as any membrane recycling along the PCR Kit (Clontech, Heidelberg, Germany). The reaction}(30

; ; ; ; : ontained 20QuM each of the four nucleotides (dATP, dTTP, dCTP,
Egekmsztzlgogoordmated intracellular digestive cycle (Allen andéGTP)’ 34l of the cDNA library (¥10 plague-forming units), 20

In the present study, starting from the recent identificatioﬁgns(()eI Sﬁo‘iﬁghpﬂgzegrmg Sggjd\\;\?grtgge 2 polymerase mix. In the

of a NSF partlall sequence in a pilot genome project (Dessen €lligonucleotide 5: 5TTCAGCAAAAGCATTCTAAC-3'
al., 2001; Sperling et al., 2002), we cloned fdISFgenes oligonucleotide 6: SAAATAAATTAATCTCAAAGGTG-3,
from Paramecium tetraurelia Gene silencing, light and both containing artificial restriction sites added at thegrls Gpe
electron microscope (EM) and immunolocalization analyseandBanHl, respectively). The same is true for oligonucleotides 7 and
reveal a ubiquitous involvement of PINSF in vesicle traffic8, which are specific fdPtNSF2
occurring inParameciumwhich thus shows its advantages for _oligonucleotide 7: SATGATTCCAGCAAAGGCATTCTAACTA-
studies of NSF functions. CTACCAG-3
oligonucleotide 8: 5SCTACTAATAATAAATAATCCTCAAAG-3 .
Amplification of PtNSF1 was performed with one cycle of

. denaturation (95°C, 1 minute), 35 cycles of denaturation (95°C, 30
Materials and Methods . . seconds), annealing (54°C, 45 seconds) and extension (68°C, 3
Cell culture and test of exocytosis capacity minutes), followed by a final extension step at 68°C for 3 minutes. In
Wild-type strains ofParamecium tetraureliaised were stock 7S or the case oPtNSF2 the annealing temperature was 62°C and the
d4-2, derived from stock 51 (Sonneborn, 1974). Cells were grown ifumber of cycles was increased to 55.
grass infusion (Wheat Grass Powder, Pines International, Lawrence, ptNSFispecific products were purified using the QIAquick PCR
KS), bacterized yvith(lebsiella pneumoniame day before use, and Ppyrification Kit (Qiagen) and digested Bypé and BanHI (10 units
supplemented with 044g-mi- B-sitosterol (Sonneborn, 1970), or, for each, 2 hours, 37°C). Double-digested cDNA was then extracted from
subcellular fractionation, in axenic medium (Kaneshiro et al., 1979)ow-melt TAE agarose gels using the QIAquick gel extraction kit
Trichopyst gxocytosig capacity was visualized by a saturated solutiq@iagen) and ligated into the plasmid pBluescript I-$8tratagene
of picric acid (Vayssié et al., 2000). GmbH), digested with the same enzym®&NSF2specific PCR
products were cloned into the plasmid pTAdv by using the
. . AdvanTAgéM Cloning Kit (Clontech) according to the manufacturer’s
Cell fractionation instructions. After transformation int. coli(DH5a cells or TOP10F

Cell surface complexes (isolated ‘cortices’) were prepared agells), positive clones were sequenced as described below.
described (Vilmart-Seuwen et al., 1986). Other cell fractions were

prepared from sterile cell cultures as previously described (Kissmehl

et al., 1998). Protein concentrations were determined with BSA askomology-dependent gene silencing

standard (Bradford, 1976). For silencing experiments, PCR products amplified in the same

conditions as for the long probe were purified by QIAquick PCR

. Purification Kit (Qiagen, Hilden, Germany), filtered on Millex-GV

PCR of genomic DNA (0.22pum) (Millipore, Bedford, MA), precipitated and resuspended in

Total wild-type DNA for PCR was prepared from log-phase culturesvater at a final concentration between 10 andug@ul. Before

as described (Duharcourt et al., 1995). The short probe consisted ofréicroinjection, wild-type cells were treated with a solution of

336 bp PCR amplification product wiBtNSF1specific primers: aminoethyldextran (Plattner et al., 1984) at 0.01% to stimulate
oligonucleotide 1: 5GAACTCAAGGTGAAAAGAAG-3' trichocyst exocytosis before microinjection, thus avoiding any further
oligonucleotide 2: STTGATTGATTATGGCTCCTTCAG-3. discharge that could disturb microinjection. This does not interfere

Each PCR reaction (54)) contained 150 ng of DNA, 50 pmol of each with the analysis of exocytosis since a full complement of trichocysts

primer, 0.2 mM of each dNTP and 2.5 U of Tag DNA polymerasds resynthesized within less than 7 hours (Plattner et al., 1993),

(Roche Diagnostics). Reactions were carried out for one cycle afhereas the first signs of silencing appear after at least 16 hours at

denaturation (1 minute, 92°C), and 30 cycles of denaturation (327°C. DNA microinjections were made under an inverted Nikon

seconds, 92°C), annealing (45 seconds, 54°C) and extension (BAase-contrast microscope, using a Narishige micromanipulation

seconds, 72°C), with a final extension step (10 minutes, 72°C).  device, and an Eppendorf air-pressure microinjector as described
The long probe, consists of a 2310 bp amplification product witlfRuiz et al., 1998; Galvani and Sperling, 2001).

PtN_SFlspecifi_c primers: The PtNSF silencing effect on cells clonally derived from
oligonucleotide 3: STCTAACTATTACCAGTTGCTC-3 microinjected cells can be recognised after 24 hours and 48 hours of
oligonucleotide 4: 5SGGTGATTCATAATCACTGTAG-3. growth at 27°C by reduced phagocytic activity before cell lethality

The product was obtained with the kit Expand Long Template PCRccurs (see Results). Therefore, the efficiency of silencing was tested
System (Roche Diagnostics). Each reaction |(§0 adjusted to a by adding India ink to the medium to follow food vacuole formation
concentration of nucleotides corresponding toRaeEmeciumA+T over a 10 minute period. NSF-silenced cells do not form any food
rich genome composition (740 nM of dATP and dTTP; 260 nM ofvacuoles, whereas ~10 are formed in normal cells over a 10 minute
dCTP and dGTP), contained 150 ng of DNA, 50 pmol of each primeperiod.

and 3 U of polymerase mix. Amplification was performed with one

cycle of denaturation (92°C, 2 minutes), 10 cycles of denaturation ) ) )

(92°C, 10 seconds), annealing (55°C, 30 seconds), extension (68°@reparation of radioactive probes

210 seconds), then 20 cycles of denaturation (92°C, 10 second®yobes were synthesised bu-J2P]dATP incorporation using a
annealing (55°C, 30 seconds), extension (68°C, 210 seconds plus R&ndom Primers Labeling System (Gibco-BRL, Cergy-Pontoise,
seconds/cycle) with a final extension step (68°C, 7 minutes). France), according to the supplier's protocol.
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Southern blots each), in the same buffer solution. Then, when the cells were still

ParameciumDNA was digested by restriction enzymes according toviable, they were fixed at 22°C for 30 minutes in 8% formaldehyde
the manufacturer’s instructions (New England Biolabs, Beverly, MA) (in phosphate-buffered saline, PBS) plus 0.1% Triton X-100, washed
then fractionated by electrophoresis on 1% agarose gels ar@PBS and then twice in PBS supplemented with 50 mM glycine, and
transferred to Hybond-N+ filters. Hybridizations were carried out adinally in PBS plus bovine serum albumin (1%). Then they were
described (Church and Gilbert, 1984), at 60°C. The membranes wef&posed to anti-NSF Abs, followed by secondary Ab-FITC. In
then washed at the same temperature with decreasing concentrati§@§trols, the additives mentioned or primary Abs were omitted.

of SSC, in the presence of 0.1% SDS as follows:SSC for 30
minutes and 02 SSC for 30-45 minutes (Sambrook et al., 1989). . . . . .
Images were obtained by using a Phosphorimager (MoIecuIaﬁleCtron microscopy and immunolabelling of ultrathin sections

Dynamics, Sunnyvale, CA). Hybridizations were quantified byPtNSFsilenced cells and non-silenced controls were treated
ImageQuant Software (Molecular Dynamics). identically as follows. For analysis of ultrastructural changes, cells

were processed routinely (i.e. fixed in 2.5% glutaraldehyde, followed

by 1% OsQ, ethanol dehydration and embedding in Spurr’s resin)
RNA extractions and northern blots and sections were sequentially stained with aqueous uranyl acetate
Total RNA was prepared essentially as described (Chomczynski ardllowed by lead citrate at pH 12.0.
Sacchi, 1987) by using the Trizol reagent (Gibco BRL), except that For immunolocalizationPtNSFgene-silenced cells were fixed in
the cells were lysed by vortexing in the presence of glass beads. ToB% formaldehyde plus 0.1% glutaraldehyde (1 hour, 22°C) and then,
RNA was fractionated on formaldehyde/1.25% agarose gels, arf@r transportation, in 8% formaldehyde only, essentially as published
transferred to positively charged nylon membranes (Ambion, Austin(Flotenmeyer et al., 1999; Hauser et al., 2000). This combined
TX) by capillarity. Hybridization was carried out at 50°C m®SC,  formaldehyde/glutaraldehyde fixation protocol has been applied to
2x Denhardt’s solution and 0.1% SDS (Sambrook et al., 1989); thallow for adequate fixation without too much loss of antigenicity. For
filters were then washed and imaged as described for a Southern bl latter reason, glutaraldehyde had to be deleted during sample

transport. We performed dehydration with ethanol by progressively

) lowering the temperature, followed by LR Gold embedding and UV
Sequencing polymerization at —35°C. After the usual washes, to avoid unspecific
The sequencing was either made on an Abl 310 sequencer using tie binding, ultrathin sections were exposed to Abs (against PtNSF1-
BigDye Primer Cycle Sequencing Ready Reaction Kit (Perkin EImerderived peptide, diluted 1:50) and then to protein Amconjugate,
Foster City, CA) or made by MWG Biotech custom sequencindgollowed by section staining with aqueous uranyl acetate only. EM
service. Overview sequencing of different library clones hybridizingmicrographs of defined magnification collected from ~10 cell sections
with aPtNSF1probe was made with a single primer: of each sample type were quantitatively evaluated by referring gold
oligonucleotide 9: 5GAAGGAGCCATAATCAATC-3'. counts to area size analyzed, using the hit-point method (Plattner

DNA sequences were aligned either by the CLUSTAL W or by theand Zingsheim, 1983). Then labeling density was normalized to
JOTUN HEIN method, both integrated in the DNASTAR Lasergenecytoplasmic labeling.
software package (Madison, WI).

Results
Peptide synthesis and antibody preparation

Svnthesic and | <ation of i dina to th _Cloning of the Paramecium NSF genes
ynthesis and immunisation ot a peptide corresponding to the ami . . f
acid sequence dtarameciumPINSF1 (NH-CFasOKKLNKQDEL- IWparnal sequence resembling NSF, M0O9A04r, was found in a

KVKRSDF4s-CONHp) was carried out by Pineda (Antikorper- pilot genome project oParamecium(Dessen et al., 2001,
Service, Berlin, Germany). The peptide also contains an additionatPerling et al., 2002). In order to clone the full gene we took
cysteine at the N-terminus. For immunisation the peptide was coupléfvantage of an indexed genomic library, with the aim to
to keyhole-limpet haemocyanin and injected into rabbits and guineiflentify NSF-bearing clones in two hybridisation steps (Keller
pigs as previously described (Hauser et al., 1998). Antibodies (Abgnd Cohen, 2000), by using a probe designed from the
were affinity-purified using the same peptide immobilised on CNBrsequence MO9A04r (Fig. 1A). Nine clones were then retrieved,

activated Sepharose 4B (~3 ml, at about 3 mg/ml). 5i21, 9a7, 20n10, 36e6, 63g7, 76m6, 105c22, 116p20 and
146k20. The positions of thiSF genes in the inserts were
SDS-PAGE and immunoblotting studied by restriction mapping and Southern blot analysis

Protein samples were denatured by boiling for 3 minutes in SD%Slng the same probe. '_Fo see whether thg inserts all conta_med
sample buffer, subjected to electrophoresis either on 10% SD QsameNSFgene, a S|_ngle-run sequencing was made with
polyacrylamide gels using a discontinuous buffer system describddfimer 9 on all of the nine clones. The clones displayed the
previously (Laemmli, 1970). The replicas were electroblotted toS@me restriction map in the vicinity of the probe (except when
nitrocellulose membranes and immuno reactions were carried out #3e gene was at the border of the insert in clones 9a7, 36e6 and
described (Kissmehl et al., 1997) by using affinity-purified Abs63g7) and showed the same sequence over 400 bp. A single
against yeast NSF, Sec18p (Mayer et al., 1996), or against a peptiSF gene was identifiedPtNSF1.Clone 146k20, with the
of ParameciumPtNSF1 (see above). Bound Abs were detected Wit@ntirePtNFSlgene in the middle of a ~7 kb insert, was chosen
the corresponding peroxidase-conjugated secondary Ab (anti-rabl, sequencing (accession number AJ347751).
IgG or anti-guinea pig 19G) using the Amersham enhanced Afier sequencing the comple®@NSFlgene, a second round
chemiluminescence (ECL) detection system. of hybridisation of the indexed library was made with a probe
corresponding to the entire ORF. In addition to the 9 clones
Immunofluorescence localisation previously identified with the short probe, three new ones were
Living cells suspended in Pipes/HCI buffer (5 mM, pH 7.2) with Kclidentified (50e4, 55e3 and 5604), thus revealing a second gene,
and CaCJ added (1 mM each) were exposed for up to 30 minutes telesignatedPtNSF2 A restriction mapping analysis showed
0.01% saponin in the presence of Mg@&TP--S and NEM (1 mM that the three clones correspond to the same sequence, with
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A are, respectively, 80, 64 and 83, suggesting that duplication
AT c ron occurred recently.
PINSF1 | 1
’mn L ! Characteristics and expression of the Paramecium
= 4 PtNSF genes
PINSF2 ‘ETG % e e The PtNSF1gene consisting of 2234 bp encodes a protein of

751 amino acids, with a calculated molecular weight of 84,671.
The overall identities of its amino acid sequence with
homologous genes from other species range from between
38.5% forDrosophila melanogasteaind 42.1% foNicotiana
B Bc Bg E S X C WT 1 tabacum In addition, the 2335 bpPtNSF2gene encodes a
; protein of 751 amino acids, with approximately the same
calculated molecular weight (84,661) RENSF1 In the case
of PtNSF2the overall identities at the amino acid level vary
between 39.0% iD. melanogasteand 42.5% irN. tabacum
PtINSF1and PtNSF2genes are very similar, with ~87%
5 kb - oy " identi_ty at the nucleotide sequence Iev_eI and ~93% at the
4 kb - atbivenb protein sequence level. Sequence alignments with NSF
- proteins from other species revealed an average identity of
3 kb - - ~40% throughout all kingdoms. Clearly, highest similarity
— occurs in functionally important domains (Fig. 2). Respective
2 kb - . ND9 percentages of identity witiPtNSF1 and PtNSF2 are:
Plasmodium falciparum(@a member of the closely related

o f

‘ . phylum Apicomplexa) (40.6/39.9Picytostelium discoideum
ﬁw ND7 (39.9/40.6); Saccharomyces cerevisiad40.5/40.2); D.
melanogaster(39.0/39.0 and 38.5/39.2 fobmNSF1 and
' DmNSF2 respectively)Arabidopsis thaliang40.7/41.3); and
Fig. 1. Paramecium NSBenes. (A) Simplified restriction map of Homo sapien$38.9/39.2). The alignment shows a very strong
PtNSF1andPtNSF2genes and position of the probes and conservation over two-thirds of the molecule, particularly
oligonucleotides used in this study. (B) Southern blot analysis of  within the two blocks that interact with ATP, D1 and D2. As
wild-type genomic DNA probed with the long probe (primers 3-4). Amembers of a large family of AAA-ATPases, the tRAINSF
Etaerﬁ‘rES th; ﬁ?”gsEa'Zg\;eéegleg t;é’ tQte;;h(o(;t) F’llrc’t;ﬁ (png:e{s 1-2)genes contain a 231 amino acid AAA domain centered in the
C, bCll; bg: balll; £, ECORV; S5,owd,; X, . ortnern plo H :
analysis of total RNA from the wild-type (WT) and from the nd9-1 x\i/g:lk(faorr?hg?gngtigr?;?g o(;;gih 52,).D?211rlllg rlgIZe,SBZE/eor? c? rttrl]?; l?rrllgy

mutant (1) altered in the terminal step of exocytosis. Three probes | n th led d h | d - hich
were used, the longtNSFprobe, and, as controls, probes specific also contain the so-called second homology domain, whic

for theND9 andND7 genes (Froissard et al., 2001). By using the ~ Makes up part of the AAA cassette (Latterich, 1998). Owing
long PtNSFprobe, a 2.3 kb band is revealed in both strains, with 10 these signatures, there is no doubt that these genes encode

similar intensity. PINSF proteins.
The presence of the two genes in a cDNA library indicates
that both isoforms are expressed. The expression level of
variable cloning position. Both extremities of the three insert®tNSFlandPtNSF2genes was also analyzed on northern blots
were sequenced. Clone 55e3 showed a sequence very simitgr using the long probe, revealing a ~2.3 kb band (Fig. 1C),
to, but not identical to the' Sequence oPtNSF1close to the the size to be expected for bdRENSFtranscripts.
border of the insert. This plasmid was chosen for sequencing
the entirePtNSF2gene (accession number AJ347752).
To look for any other possibRtNSFgenes, Southern blot Identification of PtINSF proteins
analysis on total genomic DNA revealed bands compatibl&o identify and localize PINSF proteins, we used either a
with the restriction map of the clones containft§lSFiwhen  crossreactive polyclonal Ab against NSF from yeast (affinity-
the short probe was used. Additional bands were observed wiplurified IgGs against SEC18p) or a peptide-specific Ab against
the long probe, in agreement with the restriction map obtainea unique sequence BtNSF1llocated at the end of D1 (see
for thePtNSF2ibrary clones (Fig. 1B). This suggests that onlyMaterials and Methods). The peptide selected for Ab
two PtNSFgenes are present in tRarameciungenome. production is remarkably different in NSF molecules from
The twoPtNSFgenes were also cloned fronfParamecium  other species, when compared, for example, to the
cDNA library, created from size-selected RNA (0.5-5 kb) ofcorresponding site 497-513 i falciparumor to 457-475 in
vegetative 51S cells (Klumpp et al., 1994). A comparison oH. sapiensin western blots, the peptide used for immunization
the genomic sequences with their cDNA equivalents revealedas therefore easily recognized by these Abs (data not shown),
that both genes contain three short introns at the same positiomeereas no crossreactivity occurred when recombinant NSF
that all display the characteristicsRdrameciumbordered by from yeast Sec18p was used (Fig. 3, lane 9). However, with
5-GTA and TAG-3 and of 25-28 nucleotides in size. The both types of Abs, anti-Sec18 Abs and anti-PtNSF1 Abs, we
percentages of identity between the corresponding introrsould detect PINSF as a ~84 kDa band not only in whole cell
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Parameciuml 733 LIID Il T'IB . . q . .
Parameciua2 733 E“ BE uurﬂgg: Fig. 2. Multiple alignment of NSF genes from different species. NSF
Saccharomyces 744 Eggghﬂfé%xgguiﬁﬁﬁﬁéiéﬁﬁiﬁé sequences froRaramecium tetraureligPtNSFlandPtNSF3, Rattus
Dictrosbtelium 720 BMFIDRGEHELEDEBIREE-----------_ norvegicugP18708)Arabdidopsis thaliandAAD17345), Dictyostelium

discoideum(AAC48226) andSaccharomyces cerevisi@®AA35031) were
aligned using the CLUSTALW program and displayed using BOXSHADE. The conserved AAA domains of NSF ATPases are underlined. The
Walker A and B domains (Patel and Latterich, 1998) are boxed in red. The limits between the N and D1, and D1 and D2 dodieatedre
by vertical bars. An SRH domain is boxed in green and a divergent SRH domain is also boxed in green with dotted lines.

homogenates but also in particulate fractions enriched in ERours at 27°C. The defects we recognized after silencing were
(Fig. 3). not simply general metabolic effects, since control experiments
(e.g. with y-tubulin silenced cells) showed quite different

) ] effects [i.e. they stopped duplicating their ciliary basal bodies
Silencing of PtINSF genes and decreased their cell size after division (Ruiz et al., 1999)],
Homology-dependent gene silencing can be efficientlywhereas food vacuole formation was not affected (Froissard
obtained in Paramecium by microinjection into the et al.,, 2002). All this indicates that silencing yields specific
macronucleus of large amounts of DNA corresponding to theesponses depending on the type of gene to be silenced.
coding sequence, without flanking &d 3 sequences (Ruiz We also found that the terminal step of stimulated trichocyst
et al., 1998; Bastin et al., 2001). We usedRti¢SF1sequence, exocytosis is not affected in silenced cells. However, an effect
which is supposed to silence boBiNSF genes, since co- of PtNSFsilencing on the organization of microdomains in the
silencing is assumed for genes shar#Bp% identity in  exocytosis sites could be documented using a conditional
nucleotide sequence [extrapolated from RNAI experiments imutant, nd9-1, in which this event could be decoupled from
the nematode (Parrish et al., 2000) (see also Ruiz et al., 1998)tevious steps in trichocyst biogenesis (Froissard et al., 2002).

After microinjection, cells underwent two fissions within 24 Otherwise PtNSFsilencing has no effect on exocytosis sites,
hours at 27°C, whereas controls made four fissions. Silencexhce they are established. On the EM lefAtNSFsilenced
cells displayed a characteristic phenotype: small size, dadells display massive changes, as documented in Fig. 4. The
appearance, decreasing motion rate. Whereas normal ceffst salient changes are as follows. (1) Golgi fields
form approximately one digestive (food) vacuole per minuteincreasingly disappear and become fragmented and ER
silenced cells decreased and finally stopped phagocytosissternae swell (Fig. 4A,B). Owing to loss of ribosomes from
activity. These criteria routinely served to identify silencedER in some places, it is not always possible to clearly identify
cells for subsequent analysis. Cells eventually died within 4&e origin of each swollen cisterna, which may arise from ER,
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Golgi, or endosomes, most of them localized in cortical region@-l6tenmeyer et al., 1999), our observations imply disturbance
(Allen, 1988). Frequently, many small transport vesicleof these processes. (4) Furthermore, phagocytosis is
appear attached, as though ‘frozen’, on such swollen cisternaecreasingly depressed in the course of NSF silencing (a
particularly in the cortex (Fig. 4A); they often look as thoughcriterion of successful silencing), as is (5) the formation and/or
they were trapped after rounding up (Fig. 4B) but closure afransport of discoidal vesicles (not shown), which normally
such cisternae has not been shown since this would requiserve membrane recycling, after defecation from spent
serial sectioning. (2) Coated pits with clathrin [calledvacuoles to the site of the formation of new phagosomes (Allen
‘parasomal sacs’ ifParamecium(Allen, 1988; Allen et al., et al., 1995; Allen and Fok, 2000). (6) Aggregates of small
1992)], if still present, may also appear ‘frozen’, sometimes iwvesicles sticking together around fields of ER (with intense
an atypical oblique attachment. Occasionally they are replacepbld labeling, as shown in Fig. 6D) occur at different sites (Fig.
by groups of smooth vesicles (Fig. 4C). (3) Early endosome4D), whereas they are absent in non-silenced cells. These
[terminal cisternae’ (Patterson, 1978; Allen, 1988)] eitherregions contain ribosomes, thus strongly suggesting their
appear swollen or are totally missing (Fig. 4A). Since botlorigin from ER (Fig. 4D). Such forms of ER are known to
these structures may serve constitutive exo-/endocytos@cur in Paramecium(Allen, 1988; Fok and Allen, 1981).
Identification of ER-related structures is supported by the
higher magnification of Fig. 6D in Fig. 6E.

anti-Sec18p AB anti-PINSF AB Silencing experiments may also reveal biogenetic pathways,

kDa 1 2 3 45 6 7 89 when transport vesicles are ‘frozen’ firmly attached at a target

membrane (Fig. 4C, Fig. 5). This had to be expected for the

250 — interaction of small vesicles with phagosomal membranes
150 — (Allen and Fok, 1984) since different types of vesicles bud and
100 [ fuse during their life cycle. However, we see for the first time

_ occasional attachment of small vesicles, ~30 nm in diameter,
75 — | W —-— - = e _ |@ PINSF at alveolar sacs, which may support their biogenesis via vesicle
flow, as discussed below.

Immunolabeling

Immuno-gold labeling data obtained by anti-PtNSF Abs after
37 — PtNSFgene silencing are presented in Fig. 6A,B and Table 1.
It is not easy on such sections to discriminate between ER and
Golgi areas (owing to low contrast allowed by the fixation
method) and different types of small vesicles scattered in such
ER-rich domains, which therefore are taken as representative
for general cytoplasmic labeling. (In non-silenced cells, these
domains are homogenously labeled; Fig. 6C.) The low values,
with large s.e.m., found over trichocysts and lipid droplets are
not statistically significant. However, in silenced cells,
lysosomes (identified by their size of pth, compact contents
and single membrane envelope) are slightly but significantly
labeled (Table 1). This indicates ongoing degradation of PINSF
molecules, while formation of new ones is inhibited, which
. . o results in the decrease in vesicle traffic described above.
Fig. 3.W_es_tern-b_|<_)t analysis o_f the subcellulardlst_rlbutlon of PINSF Concomitantly, aggregates, several microns in size, of
X‘T'.'ng ?ﬁ'nf'té'bpur'f'fed ﬁ‘bls agﬁ"QSt yeast ai?araln’necmlnNSSFl.oo 0o Intimately clumped cisternae occur (compare Fig. 6A,B with
iquots of 50ug of whole cell homogenates (lanes 1,5), 9 Fig. 4D). Since they are 4.75-times more labeled than the

supernatant (lanes 2,6), 100,aPpellet (lanes 3,7), isolated cortices . L . .
(lanes 4,8), and of 100 ng of recombinant Sec18p (lane 9) were ~ avVerage cytoplasm (Table 1), this may indicate inability to

separated on a 10% SDS polyacrylamide gel and electroblotted onto
nitrocellulose membranes. Immunoreactions were carried out with
either affinity-purified and crossreactive polyclonal Abs against Table 1. Immunolocalization of PtNSF using peptide-
Sec18p (lanes 1-4) (Mayer et al., 1996) or with affinity-purified specific Abs against PtINSF
peptide-specific Abs against PtNSF1 (lanes 5-9), as described in the
Materials and Methods. Note that each of the two Abs immunoreact

25 —

100,000 x g pellet

isolated cortices
100,000 x g pellet
isolated cortices

whole cell homogenate l l
f

)

'

100,000 x g supernatant
recombinant Sec 18p

whole cell homogenate
100,000 x g supernatant

Background over:

with a protein band at ~84 kDa (arrow) not only in whole cell Cytoplasm Vesicle lipid
homogenates but also in particulate fractions rich of ER. In addition, (mainly ER) aggregates Lysosomes trichocysts droplets
the polyclonal Ab against SEC18p (anti-yeast NSF) also recognizes abeling 100.0% 471.3% 44.0% 12.0 13.9
some bands at ~30 kDa (lanes 1-4), which might be the result of density

proteolytic activity or instability of the NSF protein itself. By using  ts.e.m. +11.0 +96.6 8.4 £5.1 *7.2
the peptide-specific Ab agairRarameciunPtNSF, some higher

molecular weight bands are also reactive, which may represent Labeling densities based on gold grain counts (protein éwAtonjugates

per unit area size), normalized to values determined in the cytoplasm

heteromeric complexes of NSF, which still have to be analysed in X )
(100.0%=59.3 Ag-particlesum-2) after off-cell background subtraction.

more detail.
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Fig. 4. Ultrastructural changes causedRiNSFgene silencing (A-D). Panel A shows a dilated cortical cisterna, located below a ciliary basal
body (bb) and flanked by alveolar sacs (as), with locally attached i @&rge vesicles (asterisk). Some attached ribosomes indicate its
possible origin from endoplasmic reticulum, which is frequently swollen (er, lower left). The ‘terminal cisterna’ (earlyres)dusonally
expected below a basal body is absent. (B) A structure similar to that seen in A has rounded-up and closed to a wheetdikathtruc
vesicles firmly attached at the cytosolic site trapped inside (asterisk). (C) Close to the emergence of a cilium (c),ibasedaation, at the

site where alveolar sacs are interrupted, vesicles occur, instead of the usual single ‘parasomal sac’ (clathrin-coate}jl pitwesirow

points to a very slim vesicle approaching the inner side of an alveolar sac (a similar vesicle can be detected in A axsksoie Big. 5B).

The ‘infraciliary lattice’ (il) made up of filamentous structures is unchanged. (D) Note accumulation of clumped vesiculareBR ¢la,;
corresponding to densely immunolabeled cytoplasmic zones in Fig. 6A,B), largely devoid of ribosomes, the occurrence offre@merous
ribosomes outside such vesicle aggregates and of an autophagic vacuole (av). m, mitochondria; t, trichocysprBars, 0.1

dissociate SNARE complexes and to drive vesicle transpoiithis resulted in labeling of the cytostome and cytoproct region
and fusion at this stage of silencing. Reduced vesicle traffigFig. 7A,B), of the outlets of contractile vacuoles (Fig. 7B),
may, thus, also explain decreasing cell size during NSF geraad of the onsets of radial canals, as shown in Fig. 7B,C.
silencing. Different labeling intensity of these sites with periodic
To increase the chance of seeing PtNSF bound as membrane (dis-)connection may indicate some asynchrony in
complex to target membranes, we used NSF ATPase activitheir membrane-to-membrane interaction. In control cells,
inhibitors such as ATR-S and NEM in immunofluorescence subjected to the labeling protocol without AJ#S and NEM
experiments. Cells were carefully permeabilized andor without primary Ab), these structures were not labeled (Fig.
association of PtNSF with fusogenic sites was maintained byE,F). These data further support specificity of Ab binding,
adding the inhibitors, followed by immuno-FITC labeling. since anti-PtNSF Abs bind to specific sites only when
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Table 2. Involvement of PtNSF in membrane traffic
pathways of Paramecium tetraurelia

Phenotypic changes in PtNSF-silenced cells
Observations in vivo
Decreased cell size Reduced/abolished phagocytosis activity
Slow swimming Eventually cell death within 48 hours

Observations on the subcellular level
ER swelling Absence or fragmentation of Golgi apparatus
‘Frozen’ parasomal sacs (see text) with atypical oblique attachment
Reduced early endosome formation
Reduced phagocytosis
Reduced formation and transport of discoidal vesicles
‘Minivesicles’ attached to large food vacuoles,
‘Minivesicles’ attached to the inner region of alveolar membranes

Immunofluorescence locations of PtINSHn permeabilized cells under
conditions of NSF retention: AT2S and NEM)
Cytostomal region
Cytoproct region
Outlets of contractile vacuoles
Attachements of radial canals to contractile vacuoles

In this work, we identified and studied tvi¥SF genes in
Paramecium We combined cytological and ultrastructural
studies with gene silencing experiments to gain insight into the
function and site of action of NSF. To localize PINSF in situ,
we used anti-NSF Abs in conjunction with gold-labeling after
silencing, and Ab-fluorescence labeling in normal cells.
Thereby we took into account that PtNSF may be trapped
at membrane-to-membrane interaction zones if its rapid
dissociation after SNARE assembly is blocked by inhibiting its
ATPase activity. Our approach was greatly facilitated by the
Fig. 5. After PtNSFgene silencing, docking of slender vesicles of  gccurrence of well established avenues of vesicle traffic in
similar appearance is seen on a food vacuole membrane in A and aparamecium Together, we showed that PtNSF is involved
fggf)ylzgﬁcsﬁr}o% dT\t]:CLy(Eigsozfz)esflliilgsnzyet:’lIt?ehé?]do?))éea:\:g\(ljvs, onlY in most, if not all, membrane traffic pathways recognizable in

. . ' Paramecium This is the first experimental evidence that, in
previously on the inner membrane of alveolar sacs (as) to whose these pathways, complex NSF/SNAP/SNARE machinery must

biogenesis it may contribute. er, endoplasmic reticulum; v, vesicle. ¢ ;
Bars, 0.1um. operate, as is the case in other eukaryotes.

cautiously permeabilized cells were exposed to condition§wo closely related NSF genes in Paramecium

mediating irreversible NSF binding to potential fusion sitesThe two PtINSFgenes found have 87% nucleotide identity,
Beyond that, requirement of ATP for detachment of NSF froneach gene encoding a protein of 84.7 kDa with 94% identity.
membranes can also explain why a high percentage of PtNSHe occurrence of at least two expressed genes for the same
is membrane-bound in western blots from cell fractionkind of protein is frequent iR. tetraurelia(Hauser et al., 1997;

(Fig. 3). Bernhard and Schlegel, 1998; Kim et al., 1998; Chan et al.,
1999).
) ) The reason whyarameciumexpresses two rather similar
Discussion NSF genes remains unclear. Searches inGaenorhabditis

All eukaryotic cells are made of membrane-boundeclegansand the human genome databases reveal onlj{She
compartments, whose biogenesis and interplay is orchestratgdne, indicating that a singlSF gene can support all
by a complex membrane traffic involving vesicle budding frommembrane traffic. In rats, NSF transcripts undergo alternative
donor compartments and fusion with target membranes. Assplicing (Puschel et al.,, 1994). ID. melanogastenwhich
highly differentiated cellParameciundisplays numerous co- possesses twhiSFgenes (Ordway et al., 1994; Pallanck et
existing membrane traffic pathways to fulfill its various cellularal., 1995), the two are expressed at different stages of
functions, including endocytosis, phagocytosis, regulatedevelopment, despite similar functional properties (Golby et
exocytosis of trichocysts and constitutive exocytosis, the lattal., 2001).

including discharge of spent food vacuole contents and of

contractile vacuole fluid. NSF is a protein central to membrane

fusion and recycling so that its identification in associatiorEffects of NSF gene silencing

with a particular compartment/pathway is a signature offhe close resemblance of the tRINSFgenes irParamecium
membrane recognition, docking and fusion events. suggests that gene silencing experiments on one gene affect
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Fig. 6.EM immuno-gold localization of PtNSF in gene-silenced (A,B,D) and control cells (C) using peptide-specific Abs against R&NSF. No
the irregular distribution of label in the cytoplasmic zones enriched in endoplasmic reticulum (er) (A,B,D), in contrastritsah€C) with

rather homogenously distributed gold grains in the cytoplasm. In all cases (A-D), mitochondria (m), trichocysts (t), abee@s) and ciliary
basal bodies (bb) are essentially devoid of label. In A and B, silencing has produced the accumulation of densely ldbelgdregsites

(va), whose morphology is more clearly identified, probably as clusters of branching ER, in panel D, which shows a higleatioraghifie

area marked in the lower right corner of B. Some label also occurs in bona fide lysosomes (l). Bars, 0.1
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both genes. However, it is not excluc
that only PtNSF1is silenced and n
PINSF2 In this case, this would me
that PtNSF1by itself is (1) essential ai
(2) not replaceable bptNSF2

Silencing of thePtNSF genes has
dramatic influence not only on t
growth and survival of cloni
descendants, but also on their subcell
organization (Table 2). Different types
vesicle transport operate at different r:
and, therefore, may have a differ
sensitivity to PINSF  silencing.
According to our EM analysis, rou
ER-to-Golgi delivery, early endosor
formation, and recycling of spe
phagosomal membranes from
cytoproct to the cytostome via discoi
vesicles, appear very sensitive to M
deprivation. Concomitantly,  the
structures either undergo deformatior
disappearNSF gene knockout in yea
also disturbs ER to Golgi vesicle delive
(Graham and Emr, 1991) and endocyt
vesicle trafficking (Prescianott
Baschong and Riezman, 1998).
contrast,  exocytosis  of  dock
trichocysts can be triggered in a nori
manner in PtNSFsilenced cells. Thi
may imply that the sensitivity of ¢
organelle to silencing may depend on E . F
turnover of intermembrane interactio

Once trichocysts are a_ttached_ to Fig. 7. Anti-NSF Ab-fluorescence labeling of normal cells. Live cells were carefully
plasma membrane, the situation is ra  permeanilized with saponin in the presence (A-D) or absence (E,F; controls) ¢f@x&Rd
stable and requires no further round:  NEMm, fixed in formaldehyde, with Triton X-100 added for complete permeabilization,

PtNSF interaction. followed by anti-PtNSF Ab labeling, as outlined in Materials and Methods. In panels A-D
After PINSF silencing, many of th  several structures known to undergo muiltiple or individual vesicle fusions are labeled (for
transport vesicles clump together details, see text), for example, oral apparatus (0a), cytoproct (cp), outlets (cvo) of contractile
form big aggregates, just as in yeast ¢ vac_uoles (cv)_anq onsets (arrowheads) of radial canals_ (rc) on the_se vacuoles, _shown with
NSF gene knockout (Novick et a Variable labeling in different stages. In controls (E,F, without additives), the outlines of some

1980). As we show, such vesi of these structures can be vaguely seen with some residual fluorescence. pars, 10

aggregates are most heavily labeled

anti-NSF Ab-gold conjugates. Sol.._

label clearly above general cytoplasmic labeling, specificalljRare fusion events are trapped by inhibiting NSF

of ER-rich zones, but well below that in vesicle aggregateglissociation

also occurs in lysososmes, identified by their size, shaplp visualize PtNSF at the whole cell level, we took advantage
and appearance of their contents. Later, lysosomal enzynu$ the general property of NSF to dissociate from the SNARE
delivery and/or retrieval from phagosomes (Allen and Fokcomplex upon ATP hydrolysis (Whiteheart et al., 2001). We then
2000) may also be interrupted. Accordingly, some phagodeveloped a new protocol to visualize potential membrane fusion
lysosomes show unusual numbers of small vesicles attachednes by NSF Ab-fluorescence labeling. This includes careful
after silencing. Both the clustering of strongly labeled smalkaponin permeabilization of viable cells in the presence of ATP-
vesicles in some areas of silenced cells and the ongoingS and NEM, to block PtNSF dissociation from membrane
deformation of some of the organelles participating inattachment/fusion sites. The outcome was uncertain a priori for
membrane traffic indicate increasing abolition of vesiclethe following reason. On the one hand, in addition to ATPase
traffic. Clearly the osmoregulatory system functions longemctivity, an additional role had been assigned to NSF in SNARE
than the phagocytotic pathway, possibly because it requires fadis-)assembly (Miller et al., 1999). On the other hand, a
fewer membrane fusion events (Allen, 2000), in contrast to theequirement of ATP in in vitro SNARE disassembly had recently
multiple rounds of fusion events, each involving a multitudebeen shown (Wagner et al., 2001). With our approach, we could
of vesicles (acidosomal, discoidal, primary lysosomalclearly label low frequency docking zones under restrictive
endocytotic), required during a digestive cycle (Allen and Fokgonditions. Not only are the cytostome, the cytoproct and the
2000). outlet of the contractile vacuole labeled, but also the attachments
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