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Chapter 1: Introduction 

Trafficking and membrane fusion in the eukaryotic cell 

 

1.1.) Membrane bounded reaction compartments: Divide and rule! 

One of the most fundamental prerequisite for the existance of life is the separation of a 

reaction compartment from the surrounding environment. This separation allows to create the 

appropriate conditions for all the chemical reactions necessary to preserve the compartment 

by selective exchange with the environment through the barrier.  The nature and the surface of 

the barrier define the limit of exchange.  

Most organisms living today established and preserved more than just one reaction 

compartment per organism. It is easily understandable that, with regard to the complex 

environment and heavy concurrence with other organsims, it is beneficial to contain a 

multitude of compartments that provide to all chemical processes of an organism the perfect 

ambience. So energy conservation, catabolic and anabolic processes can be organized within 

an organism without interference between them. Growth and duplication of an organism as 

well as changing environmental conditions necessite plasticity of all compartments. It has to 

be possible to duplicate compartments, to enlarge or to shrink and finally to destroy them. 

Plasticity of a compartment is primarily a problem of plasticity of the surrounding barrier and 

secondarily of the compartment's content. So it consequently has to be possible to add 

material to the barrier or withdraw it, to change its shape, permeability and content, so the 

reaction compartment can fulfill its biological functions.  

In aequous solutions, the principle barrier is mainly a lipid/protein mixture. This mixture 

fulfills in an intruiging way the challenges of selectivity and plasticity mentioned above. So 

compartments can be remodeled either by selective addition or withdrawel of lipid/protein 

components or by fusion of compartments with each other or fission from each other. To 

understand these processes, their molecular components, the regulation and the actions, are 

the most fundamental goals of cell biology today.  

 

1.2.) Trafficking routes in the eukaryotic cell 

The starting point for most anabolic reactions concerning lipidic and many proteinacious 

components of the eukaryotic cell is the endoplasmic reticulum (ER). Lipids are inserted into 

the membrane of this organelle as well as proteins, that are synthesized by ribosomes at the 

ER and are also inserted into the membrane, or shuttled directly into the lumen of the 

compartment. These components leave the ER packaged in vesicles that travel to the Golgi 
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complex (anterograde transport). They undergo membrane fusion und deliver their cargo and 

their membrane components to the cis-Golgi network. In the cis-Golgi components belonging 

to the ER are sorted, again packaged into vesicles that return to the ER (retrograde transport). 

Sorting and recycling of components from the acceptor organelle back to the donor is a 

general principle and can be found in most trafficking pathways, ensuring the integrity of both 

the donor and the acceptor organelle.  

 

 

Figure 1) Trafficking pathway from the  ER via the Golgi to secreation in the eukaryotic cell (from 
http://www.colorado.edu/epob1220lynch/02cellul.htm). 

 

On the exit of the Golgi via the trans-Golgi network there exist several trafficking pathways, 

among them traffic to lysosomes, vesicles that are destined for constitutive exocytosis and, in 

some specialized cells, the pathway leading to regulated exocytosis. Vesicles destined for 

exocytosis travel to the cell membrane, are attached, and undergo membrane fusion. In the 

case of constitutive exocytosis, vesicles fuse directly, while vesicles of the regulated pathway 

stay attached to the plasma membrane awaiting a stimulus which triggers the fusion reaction. 

After exocytosis, vesicles bud from the plasma membrane and travel to early endosomes. 

From these exist pathways to lysosmes via late endosomes or back to the Golgi. In Figure 1 a 
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part of the principle trafficking pathways are illustrated schematically. The different routes 

presented here are just the most basic ones, depending on the organism and the cell type can 

be found many more and additionally several intermediate compartments  (for a more detailed 

overview compare: Alberts et al., 2004).  

From the phenomenology of a vesicle budding, traveling and fusing arises a whole universe of 

questions. How does the vesicle know, which cargo it transports? How does the fright 

communicate to the vesicle its target? By which means does the vesicle travel? And finally: 

how does the vesicle know that it approached its destiny and manages to fuse? Or to wait with 

fusion? Especially the questions about membrane fusion have received large attention in the 

last years because they contain two interesting problems: the biological problem of membrane 

recognition and the physical problem, how two lipid bilayers can overcome the activation 

energy needed for fusion (Jahn and Grubmüller, 2002; Jahn et al., 2003).  

Finding answers to these question will depend on the knowledge about the molecular 

components of the process.  

 

1.1.3) Molecular components of membrane recognition, tethering and fusion 

 

 

Figure 2) Molecular components of the Exocyst: the Rab-GTPase Sec4p binds to a secretory vesicle and 
recruits the Rab-effector proteins Cdc42p, Exo70p, RalAp, Rho1p, Rho3p, Sec3p, Sec5p, Sec10p and Sec15p to 
form the tethering complex Exocyst. (Illustration from Jahn et al., 2003). 

 

The event of vesicles ('donor') that undergo fusion with their target compartment ('acceptor') 

can be seperated into two major steps: docking of the vesicle at the target membrane and the 

fusion process itsself. Especially the docking process is not very well understood at the 

moment, mainly because most of the molecules involved in that step are not conserved 
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between different fusion events within a cell. One conserved feature seems to be the 

involvment of a Rab-GTPase (Haas et al., 1995).  

 

1.1.3.1.) Rab-GTPases 

These monomeric G-proteins cycle between a GDP-bound, soluble form and a GTP-bound, 

donor-membrane associated form. In the GDP-bound form, the protein is associated with GDI 

('GDP dissociation inhibitor'), while in the GTP-form, Rabs bind to membranes by the 

exposition of a geranylgeranyl group. GEFs (guanine-nucleotide exchange factors) promote 

the exchange of GDP to GTP and thus the activation and membrane association with the 

donor membrane. This membrane is 'labeled' by this way for membrane fusion. The Rab-GTP 

recruits several Rab-effector proteins that tether the two membranes together. The acceptor-

membrane binding properties of these Rab-effectors remain obscure so far, primarily a 

binding of specific lipids is discussed in the literature. A scheme in Fig. 2 illustrates the Rab-

effector proteins that form the multimeric complex 'exocyst' that, in yeast, is implied in 

constitutive exocytosis. During or after membrane fusion the bound GTP is hydrolyzed to  

 

 

Figure 3) The Rab-Cycle: the Rab exchanges GDP with GTP under the control of a guanine-nucleotide 
exchange factor (GEF) and binds to the vesicular membrane, followed by the recruitment of the Rab-effector 
proteins as illustrated in Fig. 2, initiating membrane fusion. After the fusion event, Rab hydrolysis the bound 
GTP to GDP and detaches from the membrane, forming a complex with a guanine-nucleotide dissociation 
inhibitor (GDI) until a new vesicle destined for fusion approaches (illustration from Jahn et al., 2003 ). 
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GDP and Rab-GDP becomes soluble, awaiting the next cycle of membrane fusion. A 

summary of the Rab-cycle is presented in Fig. 3. 

 

1.1.3.2.) SNAREs 

The most conserved part of the docking and fusion machinery are the so-called SNARE 

(SNAP-receptor) proteins. Members of this family were found to be involved in any 

intracellular fusion event investigated so far (Rizo and Südhof, 2002). These proteins have 

remarkable properties that are able to explain many features of the phenomenology of 

membrane fusion. They are membrane anchored either by a C-terminal transmembrane-helix 

or by a posttranslation hydrophobic modification, e.g. palmitoylation or geranylation. The so-

called SNARE domain   

 

 

Figure 4) The SNARE-cycle: SNAREs can form binary (syntaxin-red, SNAP 25-green) or trimeric (syntaxin, 
SNAP 25 and synaptobrevin-blue) complexes, partially controlled by Sec/Munc-proteins (SM) and are thought 
to drive membrane fusion by the formation of tight trans-complexes. After fusion the cis -SNARE complexes are 
dissolved by the action of NSF/ á-SNAP to be available for another round of fusion (illustration from Jahn et al., 
2003 ). 
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is able to form an a-helix. These SNARE motives can form a very stable helix bundle (core 

complex) consisting of four a-helices that is extremely stable. SNAREs were found to build 

so-called 'trans-complexes' between opposing membranes by the formation of the 4-helix 

bundle and were shown to be capable to induce lipid mixing in liposomes (Söllner et al., 

1993a). These facts led to the formation of the 'SNARE hypothesis' which postulates that 

SNAREs are the minimal- or  the core-fusion machinery. It is thought that a vesicle 

containing a SNARE population (v-SNAREs) approaches a target membrane with its own 

SNARE composition (t-SNAREs), docks under the involvement of the specific Rab- and Rab-

effector proteins, the trans-SNARE complex is formed that drives membrane fusion. After the 

fusion, the lipid bilayers  of the vesicle and the target have merged, the SNAREs then reside 

in the same membrane in a 'cis-configuration'. The molecular chaperone NSF (N-

ehylmaleimide sensitive factor) binds the cis-SNARE complex via SNAP (soluble NSF 

attechment protein) and dissociates the complex under ATP hydrolysis (Söllner et al., 1993b). 

After that operation the v- and t-SNAREs have to be sorted to their original compartement, 

thus being available for another round of fusion. This cycle is called the 'SNARE-cycle' and is 

illustrated schematically in Fig. 4 (Jahn et al, 2003).  

As a paradigm have served the SNAREs involved in neuronal transmitter release by triggered 

exocytosis. These SNAREs will be discussed in more detail in the following sections to 

illustrate the properties and the structural basis of SNAREs and SNARE-complex formation.  

 

1.1.3.2.1.) Syntaxin 1 

This SNARE belongs to the class of t-SNAREs and is localized in the plasma membrane of 

synaptic cells (Bennett et al., 1993). It consists of three different domains: the very N-

terminus forms the Habc-domain made of three a-helices as determined by Nuclear Magnetic 

Resonance (Fernandez et al., 1998), the SNARE-motif forms an a-helix that joins the 4-helix 

bundle of the core complex (as shown by crystalization and X-ray cristalographie; Sutton et 

al., 1998)  and a transmembrane domain, that anchors the protein. The Habc-domain is an 

interaction partner of Munc18-1, which belongs to the Sec/Munc family (Hata et al., 1993; 

Misura et al., 2000). The role these proteins play in triggered membrane fusion is obscure, but 

they are thought to be primarily SNARE regulators.  
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1.1.3.2.2.) SNAP 25 

SNAP25 also belongs to the class of t-SNAREs. It is membrane anchored by a palmitoylation 

in the central part of the protein while the N- and C-terminal halves are able to form two a-

helices. Syntaxin 1 and SNAP 25 are able to form a binary complex (Hayashi et al., 1994).  

 

1.1.3.2.3.) Synaptobrevin 

The v-SNARE in docking and fusing vesicles with the plasma membrane in neuronal 

exocytosis is synaptobrevin (VAMP) (Baumert et al., 1989). As syntaxin 1a it has a C-

terminal transmembrane domain and its central SNARE motif can form an a-helix. 

Synaptobrevin can strongly bind to the binary complex formed by syntaxin 1 and SNAP 25, 

leading to the formation of the trimeric SNARE complex (Söllner et al., 1993b).  

 

1.1.4.) Structural basis of the 4-helix bundle (core complex) of SNAREs 

The isolated SNARE motives of syntaxin 1, SNAP 25 and synaptobrevin were crystalized and 

their structure solved by 

Sutton and collegues 

(1998), Fig. 5. This 

structure allows to 

understand the 

extraordinary stability of 

this complex. The four 

helices contributed by 

the SNAREs (one by 

each syntaxin and 

synaptobrevin, two by 

SNAP 25) form a tight, 

twisted superhelix. The 

core of this helix is 

constituted by a 

hydrophobic ridge. Central within this ridge, a positively charged arginine (R) residue is 

stabilized by three glutamine (Q) residues. In the hydrophobic environment created by the 

hydrophobic rigde, the binding between the arginine and the glutamine residues is extremely 

stable.  

Figure 5) Structure of SNAREs: structural data from the Habc-domain of 
syntaxin, forming a three-helix structure, (upper part of the figure) and from 
the four-helix bundle (core complex) formed by the SNARE-motives of 
syntaxin, synaptobrevin and SNAP 25 (lower part), (illustration from Jahn and 
Südhof, 1999 ). 
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In Fig. 6 an alignment of different SNAREs illustrates the conserved residues involved in 

forming the hydrophobic ridge and the conserved arginine/glutamine. The discovery of the 

presence of the conserved arginine/glutamine led to the novel classification of the SNAREs 

into R/Q-SNAREs on a structural basis rather than on the cell biological concept of v/t-

SNAREs proposed previously (Fasshauer et al., 1998).  

 
Figure 6) Alignment of SNARE motives: (A) Sequence alignment of the four-helix bundle region of the 
synaptic fusion complex for a representative subset of the entire SNARE family. The sequence analysis was 
restricted to 16 layers (blue) of the four-helix bundle in the synaptic fusion complex, including 7 layers upstream 
(layers 21 to27) and 8 layers downstream (layers 11 to18) of the ionic layer (layer 0). Conserved residues are 
shaded in gray. The conserved glutamine and arginine residues forming the ionic 0 layer are indicated in red and 
green, respectively. There are two alignment tables for the SNAP-25 family that correspond to the two SNAP-25 
a-helices in the synaptic fusion complex. The two-letter species abbreviations after the protein name are as 
follows: HS, Homo sapiens; MM, Mus musculus; RN, Rattus norvegicus; SC, Saccharomyces cerevisiae; DM, 
Drosophila melanogaster; TM, Torpedo marmorata; CE, Caenorhabditis elegans; and HM, Hirudo 
medicinalis.(B) Layers of the synaptic fusion complex crystal structure. Indicated are C a traces (gray), local 
helical axes (blue, red, and green for synaptobrevin-II, syntaxin-1A, and SNAP-25b, respectively), and layers 
(black) by virtual bonds between corresponding C a positions (adapted from Fasshauer et al., 1998). 
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1.1.5.) How do SNAREs participate in membrane fusion? 

Despite the large knowledge about the structure of SNAREs, their precise functioning is still 

not understood. A key question is: does the trans-SNARE complex formation precede 

membrane fusion or actually catalyze it? Data from the homotypic fusion of yeast vacuoles 

(Peters et al., 2001) and from sea urchin egg fusion (Coorssen et al., 2003) indicate that core 

complex formation occurs before fusion, while other studies see SNAREs as exclusive 

membrane fusing agents (Jahn et al., 2003; Hu et al., 2003). Also under heavy debate is, 

whether it is largely the SNAREs that determine which membrane compartments fuse or 

whether membrane recognition is rather determined by Rab/Rab-effector proteins (Rizo and 

Südhof, 2002). SNAREs were shown to be promiscous in core complex formation under 

laboratory conditions. Interestingly, the group of Rothman could demonstrate that so-called 

'inhibitory' SNAREs may undergo core complex formation with other SNAREs (Varlamov et 

al., 2004). These inhibitory complexes are not productive for membrane fusion but rather 

prevent it and have to be dissolved by NSF before fusion can occur. By including inhibitory 

SNAREs, specific pairing between SNAREs that interact within the cell normally could be 

strongly enhanced. So probably both the Rab- and the SNARE-cycle contribute to membrane 

recognition to increase the specificity of the reaction and thus to eliminate side products that 

would be fatal to cells.  

Little is known about the contribution of the transmembrane domains or the palmitoyl-anchor 

to the fusion reaction. In one report it was possible to demonstrate that mutations within the 

transmembrane helix of syntaxin strongly influence membrane fusion (Han et al., 2004), 

suggesting a catalytic role beyond the formation of the core complex. It was proposed that 

SNARE-transmembrane domains may be able to form a fusion pore (see below) and to 

catalyse fusion by this way. 

The most impressive hint for SNAREs being the fusing agents was a study that used 'flipped' 

SNAREs (Hu et al., 2003). These molecules were genetically engineered to take the opposite 

orientation in the membrane and were targeted to the plasmalemma. These flipped SNAREs 

led to membrane fusion between the cells expressing the proteins, thus forming artificial 

syncytia. Problematic in this study was that the kinetics of the fusion reactions was ~3-4 

orders of magnitude slower than physiological fusion reactions, leaving space for doubts 

about the physiological relevance of these experiments.  
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1.1.6.) SNAREs throughout the cell 

Large efforts have been undertaken to map all SNAREs to the different trafficking pathways 

within the mammalian and yeast cell (Jahn et al., 2003). Especially in yeast the assignment of 

SNAREs to different compartments is advanced, while in mammalian cells there are still 

some uncertainties. A scheme in Fig. 7 summarizes the current knowledge about SNARE 

distribution in both systems. With the overview about SNARE localization we will leave this 

class of molecules for a while and step on to a fundamentally different concept of the catalysis 

of the fusion reaction and the proposed fusing agents.  

 

 

Figure 7) SNARE distribution throughout the mammalian (left) and the yeast cell (right): the Qa-SNARE 
is printed in  dark red, Qb- in dark green, Qc- in light green and the R-SNARE in blue, the Sec/Munc regulator in 
violett and the corresponding Rab-protein in light red. Abbreviation: CGN-cis Golgi network, CV-constitutive 
vesicle, EE-early endosome, ER-endoplasmic reticulum, LE-late endosome, Lys-lysosome, PM-plasma 
membrane, SV-secretory vesicle, TGN-trans Golgi network, Vac-Vacuole (Illustration from Jahn et al., 2003). 
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1.2.) Another proposed fusion concept: the fusion pore  

Mainly due to the work of groups using electrophysiological methods another concept of 

membrane fusion was worked out: the pore hypothesis (Lindau and Alvarez de Toledo, 2003; 

Breckenridge and Almers, 1987; Zimmerberg et al., 1987). The basic idea of this hypothesis 

is that a proteinacious pore formed of several dissociatable subunits spans the two opposing 

membranes. This pore or channel should allow the migration of lipids between the different 

subunits that bridge the gap between the two membranes, thus allowing to merge the two lipid 

bilayers. This concept is illustrated in Fig. 8. The hypothesis was suggested, because 

measurement of currency through the forming fusion pore tightly resembled those currency 

profiles through protein complexes spanning gap-junctions with phenomenons like flickering, 

pore opening and closing.  

 

 

Figure 8) The pore fusion model: A proteinacious pore is thought to connect opposing membranes. On a 
trigger, lipids invade between the pore subunits, thus leading to a merging between the two lipid bilayers that is 
completed when the pore subunits dissociate (adapted from Almers, 2001 ). 

 

Since the proposition of this hypothesis it is strongly debated, whether the observed pores are 

necessarily proteinacious or whether the phenomena observed may also be explained by 

purely lipidic components. Also since this hypothesis exists, there is a search for possible pore 

candidates. 
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1.2.1.) Involvement of the V-ATPase in membrane fusion? 

The candidate purified and described by the laboratory of N. Morel was termed 

'mediatophore' and proved to be a subunit of the vacuolar H+-ATPase, the membrane-

spanning, hydrophobic c-subunit (Morel, 2003). This 

protein was purified from synapses of the Torpedo 

marmorata brain. The initial concept proposed by this 

group was that acetylcholine release could be mediated 

through the V-ATPase pore from the cytoplasm of the 

cell in a Ca2+-dependent way (Morel, 2003). 

Additionally, Galli and coworkers (1996) found the V-

ATPase a-subunit to be in physical contact with 

SNAREs, indicating a functional link between 

membrane fusion and the V-ATPase.  

In yeast there was recently suggested that the V-

ATPase is involved in the homotypic fusion of 

vacuoles (Peters et al., 2001; Bayer et al., 2003).  The 

experiments in the yeast system allowed to modify the 

initial hypothesis: the transmembraneous part of the V-

ATPase was proposed to form so-called trans-

complexes between opposing membranes, thus 

bridging them and catalyze membrane fusion 

according to the channel concept illustrated above. In 

the following section, the structure and function of the 

V-ATPase and its proposed structural basis for 

membrane fusion will be presented. 

 

1.2.2.) Structure and functioning of the V-ATPase 

The V-ATPase is a multisubunit enzyme complex built of 14 different subunits in yeast 

(Nelson, 2003; Kawasaki-Nishi et al., 2003). It is divideable into two large subcomplexes: the 

cytosolic V1- and the transmembraneous V0-subcomplex. Its global organization was 

determined using electron microscopical imaging techniques combined with biochemical data 

from crosslinking experiments. The design of the enzyme resembles that of the structurally 

and functionally related F1F0-ATPase, located in the inner membrane of bacteria or 

mitochondria. In contrast to this enzyme, the V-ATPase normally works in the reciprocal 

Figure 9) Structure of the V-ATPase:
subunits of the globular, cytoplasmic V1-
domain are printed in capital letters, 
subunits of the membrane integral V0-
domain in small letters (adapted from 
Domgall et al., 2002). 
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way: it hydrolyzes ATP to create an electrochemical H+-potential over membranes. Many of 

the V-ATPase subunits share a high degree of sequence homology with those of the F-

ATPase and seem to have been risen by ancient gene duplication. In yeast, V1 is built by 

subunits A3B3C1E1F1G2H1-2 of sizes between 70 and 13 kDa, V0 by a1c4c'1c''1d1ex of sizes 

between 100 and 9 kDa (Kawasaki-Nishi et al., 2003). In Fig. 9 a scheme of the V-ATPase is 

presented, integrating the structural data that are available at the moment. A key feature of the 

enzyme is the extreme hydrophobicity of the c-subunits, that span the membrane with four a-

helices. The C-terminal membrane helix shows an energetically highly unfavourable 

glutamate residue burried in the middle of the helix (Noumi et al., 1991). To catalyze the 

movement of protons coupled to the hydrolysis of ATP to ADP the enzyme works as a 

molecular turbine (Imamura et al., 2003). The c-subunit ring was shown to rotate while the a-

subunit of V0 stays immobile and serves as a stator for the V1-complex, which has three 

cooperative binding sites for ATP. Hydrolysis of ATP drives rotation of the central rod 

formed by subunits C and F and is transmitted by these to the c-ring (Imamura et al., 2003). 

During rotation, protons are picked up through a half-channel in the a-subunit and are 

transferred to the central glutamate in the c-subunit a-helix four. By neutralizing this residue, 

a turn of this part in the hydrophobic environment of the membrane is possible, thus turning 

the turbine. Protons are released through a second half-channel within the a-subunits into the 

organellar lumen (Kawasaki-Nishi et al., 2003).  

 

1.2.3.) The physiology of the V-ATPase 

The V-ATPase is involved in many processes requiring acidification of organelles or the 

establishment of a membrane potential (Toyomura et al., 2003). It is found throughout the 

eukaryotic kingdom, in protozoans, plants and animals. The enzyme was shown to be crucial 

for protein sorting in the trans-Golgi network (Demaurex et al., 1998), either to the pathway 

leading to regulated or to constitutive exocytosis. On the endocytic route, in early endosomes, 

the V-ATPase was shown to be important for uncoupling of receptor/ligand complexes and 

further trafficking to lysosomes (Stevens and Forgac, 1997). As an unwanted byproduct of 

endosomal acidification, some viruses use that for a transfer from the endosome to the 

cytoplasm, thus escaping the degradative fate awaiting them in lysosomes (Pelkmans and 

Helenius, 2003). Within lysosomes, acidification by the V-ATPase is crucial for the activation 

of acidic hydrolases and for degradation of biomolecules.  

An example for the involvement of the V-ATPase in membrane energization comes from 

neurons. The proton potential created by the V-ATPase over the membrane of synaptic 
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vesicles is used to pump neurotransmitter into the lumen of the vesicles. Inhibition of the V-

ATPase by concanamycin or bafilomycin reduces the loading of the vesicles, thus reducing 

the quantum size of neurotransmitter released (Roseth et al., 1995; Fonnum et al., 1998).  

In metazoans, the V-ATPase serves not only for acidification of cellular compartments, but is 

also used for proton secretion to the extracellular space. So animals use proton secretion e.g. 

for bone resorption. In bone resorbing cells, the osteoclasts, the V-ATPase is localized in the 

plasma membrane and extrudes protons to mobilize CaPO4 from the bone (Toyomura et al., 

2000). Mutations in osteoclast-specific V-ATPase isoforms, that reduce the H+-pumping 

activity, lead to exessive building-up of bones, called osteopetrosis (Taranta et al., 2003). The 

opposite phenomene, excessive bone resorption by osteoclasts, leading to fragile, easily 

ruptureable bones (osteoporosis), can be remedied using V-ATPase-specific inhibitors (Farina 

and Gagliardi, 2002). Another pathophysiological phenomenon associated with the V-ATPase 

is the invasiveness of breast cancer cells. The ability to invade tissues is tightly correlated 

with the presence of the V-ATPase in the plasma membrane. These cancer cells have 

obviously found a way to redirect the V-ATPase from internal organelles to the plasma 

membrane and use it as a weapon to force their entrance into tissues (Sennoune et al., 2004).  

Besides the active, proton pumping holoenzyme, there is also a pool of dissected V1- and V0-

subcomplexes, as it was shown in yeast (Kane and Smardon, 2003). The 

association/dissociation equilibrium largely depends on the growth conditions of the cells and 

the V-ATPase complex itsself. The existance of isolated V0 enabled to suggest an additional 

role in membrane fusion of this subcomplex. 

 

1.3.) SNAREs versus V0: and who DOES the fusion job? 

In this thesis there were primarily two goals: the first was to learn more about the the two 

classes of molecules, that act or that are proposed to act in membrane fusion, in the model 

organism Paramecium tetraurelia. The second goal was to exploit the system's special 

properties to test a role of the V-ATPase subcomplex V0 in membrane fusion.  

In the two following sections there will be given an overview about Paramecium's properties 

that make it a useful system for investigating trafficking/fusion molecules and the state of 

knowledge of molecular data at the begin of this thesis. 

 

1.3.1) Paramecium as a model organism in the study of membrane trafficking and fusion 

Paramecium as a unicellular organism displays an amazingly complex system of different 

trafficking pathways (Plattner and Kissmehl, 2003b; Allen and Fok, 2000). Besides the 
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classical routes found in all eukaryotic cells (e.g. ER/Golgi/ constitutive exocytosis or 

Golgi/lysosome), Paramecium has some additional pathways: 

 

1.3.1.1.) Dense core secretory granule formation and exocytosis  

The first additional pathway leads to stimulated exocytosis, by the maturation of post-Golgi 

vesicles forming dense core secretory granules (trichoysts) that dock at the plasma membrane 

and stay docked until an extracellular stimulus triggers their release into the medium by 

exocytosis (Vayssié et al., 2000). Afterwards, excess membrane is retrieved in the form of 

'ghosts' by endocytosis. Especially the biogenesis of trichocysts, their docking sites at the cell 

cortex and the process of regulated exocytosis have received large attention from researchers 

within the last 30 years. A screen for mutants that are disturbed in the biogenic pathway or 

that are deficient in exocytosis have provided detailed insights and allowed the identification 

of genes involved in these processes. A scheme in Fig. 10 summarizes the life cycle of 

trichocysts and indicates some of the identified mutations. 

 

1.3.1.2.) The phago-/lysosomal pathway 

The second additional pathway fulfills the function of feeding the cell by the digestion of 

incorporated microorganisms: the phagosomal pathway (Fok and Allen, 1988). By ciliary 

beating paramecia concentrate food in the oral cavitiy being followed by the formation of a 

food vacuole (phagosome) at the cytopharynx. The phagosome is pinched off the cytostome 

and undergoes membrane fusion with acidosomes, vesicles of non-lysosomal origin that 

deliver a proton-pump, thus enabling the strong acidification of the phagosome to a pH<5 

within 3 to 5 minutes. Afterwards these membranes are withdrawn and the phagosome fuses 

with lysosomes, leading to the digestion of the incorporated food while the phagosome 

follows its pathway through the cytoplasma. Spent food vacuoles fuse with the plasma 

membrane at a defined location, the cytoproct and discharge undigested debris into the 

medium. Membranes are retracted from the cytostome and transferred back to the cytostome 

in the form of discoidal vesicles for reuse (Allen and Fok, 2000). This route represents a 

modified form of exo- and endocytosis, but in contrast to many other systems, the vesicles 

participating in these process are easily identifiable even in the light microscope. A scheme 

illustrating the presented pathways is shown in Fig. 11. 
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Figure 10) Biogenic pathway, docking at the cell suface of trichocysts, exo- and endocytosis: vesicles bud 
from the trans-Golgi network andfuse to form trichocyst precursors. These mature by proteolytic processing of 
trichocyst- matrix precursor proteins, forming the elongated spindle form under the crystalization of the 
trichocyst core and formation of the tip. The biogenic pathways is interrupted in mutants, the blocked steps are 
indicated with white arrows. a-alveoli, an-outer ring intramembraneous particles, c-collar, cil-cilium, com-
connecting material, ep-epiplasm, G-Golgi apparatus, k-kinetosome, mt -microtubule, mc-outer sheath of 
trichocyst tip, pa-parenthesis of outer membraneous particles, tm-trichocyst membrane, tp-trichocyst tip, rer-
rough endoplasmic reticulum, vt-transition vesicles, vtc-membrane retrieval vesicles. (from Cohen, 1984). 

 

 

Figure 11) Membrane trafficking pathways in Paramecium. Illustrated  is the biogenic pathway from the ER 
to the Golgi, afterwards the seperation in constitutive secretion vesicles destined to the plasma membrane or the 
trichocyst forming vesicles and the phago/lysosomal pathway with the formation of the nascent phagosome, 
fusion with acidosomes, the retrieval of acidosomal membranes followed by the fusion with lysosomes and 
finally the discharge of phagosomes  into the medium at the cytoproct. (from Allen and Fok, 2000) 
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1.3.1.3.) Osmoregulation by the contractile vacuole complex 

The third specialized membrane system of Paramecium is the contractile vacuole complex 

that is important for osmoregulation, enabling Paramecium to survive in freshwater habitates 

(Allen and Naitoh, 2002; Allen, 2000). The organelle expells exess fluid that enters the cell 

because of the higher osmolarity of the cytoplasma compared to the extracellular fluid. It is 

formed by the contractile vacuole which undergoes rythmic membrane fusion and fission with 

the plasma membrane and 6 to 10 

radial arms. These radial arms are 

complex membrane systems that 

are structurally seperateable into the 

decorated spongiome, the smooth 

spongiome, the radial canals and 

the ampullae. A scheme illustrating 

the finestructural organization is 

given in Fig. 12. Water is 

accumulated in the smooth or the 

decorated spongiome, is transferred 

via the radial canals to the 

ampullae, that swell. The swollen 

ampullae fuse with the contractile 

vacuole which overtakes the fluid 

that is discharged into the medium 

by the fusion of the contractile vacuole with the plasma membrane. Under normal culture 

conditions, this happens every 10 to 15 seconds. The functioning of the organelle was shown 

to be dependent on the V-ATPase, being localized in the decorated spongiome of the radial 

arms, and is inhibitable by the addition of concanamycin (Fok et al., 1995). The contractile 

vacuole expells a hypertonic solution compared to the cytoplasma, containing primarily the 

solutes K+ and Cl-, but also Ca2+, which means that these ions have to be concentrated within 

the contractile vacuole complex against an electrochemical potential (Stock et al., 2002). The 

driving force for this process is most likely the V-ATPase which creates a H+-potential that is 

exploited to accumulate ions in the lumen of the contractile vacuole complex. The coupling of 

this countertransport is very tight, so the contractile vacuole displays pH 6.4. While the cycle 

of the contractile vacuole complex is easily observable and the ultrustructure is known in 

Figure 12) The contractile vacuole complex: the contractile 
vacuole (CV) with cut off radial arms. The whole complex is 
reinforced by ribbons of microtubules (MT) that arise from the 
pore (P), radiate over the CV, over the ampullae and pass to the 
ends of the collecting canals. Inserts show (a) a longitudinal ly 
sectioned collecting canal and (b) a cross-sectioned canal that 
are closely surrounded by a smooth spongiome (SS) and more 
peripherally by a decorated spongiome (DS). (from Allen, 
2000) 
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detail, the functioning and its correlation with the ultrastructure is still not clear at the 

moment.  

 

1.3.2.) Being excessively organized: Paramecium teaches how 

The big advantage of Paramecium as a model system for membrane trafficking and fusion is 

the highly structured architecture of the pathways described above. A structure/function 

correlation of the involved proteins can easily be done by the localization of the protein. This 

becomes evident by looking at the cell cortex. The surface of Paramecium is highly structured 

in a repetitive manner (compare Fig. 13), (Allen, 1971).  

 
Figure 13) Organization of the cell cortex of Paramecium. Three dimensional drawing of the cortex of 
Paramecium aurelia. Kinetodesmal fibers (K), a single row of cilia and their associated basal bodies (B), and 
kinetodesmata represent a kinety. The cilia (C) alternate with trichocysts (MT). P, parasomal sacs; D, 
subpellicular cortex; A, alveoli; PM, plasma membrane; OA, outer alveolar membrane; IA, inner alveolar 
membrane. (adapted from Jurand and Selman, 1969) 

 

Cilias and trichocyst docking sites are arranged in lines from the anterior to the posterior pole 

in so-called kineties, fields being ~2 µm long, containing one cilium (in the anterior, dorsal 

field two) in the middle of the field and in the middle of the posterior border of the field the 

docking site for trichocysts destined for regulated exocytosis, followed by exocytosis-coupled 

endocytosis (Plattner and Kissmehl, 2003b; Plattner, 2002). The exocytotic site is also highly 

structured. The tip of the trichocyst is anchored at the plasmambembrane by 

intermembraneous particles, the so-called rosette-proteins (Plattner, 1974); the capacity to 

undergo membrane fusion is strictly correlated with the presence of the rosette proteins. In the 
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'non-discharge' mutants these particles are absent, so trichocysts are attached at the cell cortex 

but are unable to undergo exocytosis 

(Beisson et al., 1976). The rosette proteins 

are thus likely to be the fusing agents in 

trichocyst exocytosis, but their molecular 

identity is still unknown. An electron 

microsopical image of the docking site is 

presented in Fig. 14.  

The site at which pinocytosis (and 

constitutive exocytosis) takes place is at the 

basis of the cilia, besides the basal bodies 

underlying each cilium. Just below each basal 

body localizes the so-called terminal cisterna, 

a structure suggested to be homologous to 

early endosomes. Almost the whole plasma 

membrane is underlayn by the alveolar sacs, 

membrane bounded Ca2+-stores with a 

thickness of ~100 nm, except at the docking 

site of trichocysts and the basal bodies. So in 

Paramecium there is the favorable situation, 

that even light microscopically, the 

trafficking membrane compartments, their 

fusion- and fission sites, can be 

discriminated, which is much more difficult 

in cell systems with a less sophisticated 

architecture. For this reason, Paramecium is 

an excellent model system for studying 

membrane trafficking and fusion.  

 

 

1.3.3.) Molecular data at the begin of this thesis: from the 'pilote project' to the 

'Paramecium genome project' 

In the year 1999, on the initiative of Mr. J. Cohen, a consortium of laboratories working with 

Paramecium tetraurelia formed with the goal of getting sequence information from the 

Fig. 14) Freeze fracture- (A) and ultrathin-section 
(B) of the trichocyst docking site. ro-rosette particles 
in the fusogenic area, ri-ring of double
intramembraneous particles (in the ultrathin section 
the positions are labeled with arrows, com-connecting 
material between trichocyst tip and the plasma 
membrane, as-alveolar sacs, col-trichocyst collar, cm-
cell membrane, tm-trichocyst membrane, t-trichocyst 
(from Plattner, 2002). Bar = 100 nm. 
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organism in a large scale. Previously, genes of Paramecium were cloned either by homology 

with those of other organism, a very cost-intensive and time-consuming process and often 

with limited success, or by complementation-cloning of mutants, with the limitation that only 

genes were cloneable for which viable mutants exist with a clear-cut phenotype. In the so-

called 'pilote project', three thousand randomly chosen clones from a genomic plasmid library 

of Paramecium tetraurelia were sequenced from both sides with the intention to identify 

fragments of as many genes as possible and to get a large dataset from which estimations 

about the coding density of the Paramecium macronuclear genome could be made (Dessen et 

al., 2001). This pilote project revealed fragments of ~730 open reding frames (ORFs), among 

them one gene each of NSF and V0-a- and V0-c-subunits of the V-ATPase. Studies undertaken 

in the labs of J. Cohen and H. Plattner on NSF showed the participation of the protein in 

trichocyst exocytosis, in membrane fusion of the contractile vacuole with the plasma 

membrane and in many intracellular fusion events (Froissard et al., 2002; Kissmehl et al., 

2002). After the report of A. Mayer and his group of the involvement of the V-ATPase in the 

fusion of yeast vacuoles (Peters et al., 2001), both the Cohen- and the Plattner-lab focused on 

the V-ATPase genes found in the pilote project (Froissard, 2003; Wassmer, 2002). 

The success of the pilot project led the labs of J. Cohen, E. Meyer and M. Zagulski to isolate 

the largest macronuclear chromosome of Paramecium, to sequence and to annotate it 

(Zagulski et al., 2004). These sequences contained the first SNARE-gene identified in 

Paramecium, synaptobrevin 1-1. The two projects and the molecular knowledge gained with 

them enabled to convince the French sequencing center 'Genoscope' to undertake a whole 

genome shotgun sequencing of Paramecium tetraurelia. The sequences produced by 

Genoscope in the years 2002 to 2004 enabled workers in the laboratories of J. Cohen and H. 

Plattner to identify among others almost all genes of the V-ATPase and more than 35 genes 

encoding SNAREs. In this thesis the sequence data produced by Genoscope was exploited to 

localize the V-ATPase and to characterize its relevance in many compartments of the 

Paramecium cell. The sequence data also allowed to test, whether the V-ATPase plays in 

Paramecium a role as fusion catalyst of regulated exocytosis. Identification of the SNARE 

genes allowed an assignment to many different trafficking routes and in some cases to 

understand the neccissity of fusion events. 

The data produced during this thesis allowed to concept four manuscripts that will be 

presented in the following chapter.  
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2.1.) Summary 

The vacuolar proton-ATPase (V-ATPase) is a multisubunit enzyme complex that is able to 

transfer protons over membranes against an electrochemical potential under ATP hydrolysis. 

The enzyme consists of two subcomplexes, V0 which is membrane embedded and V1 that is 

cytosolic. V0 was also reported to be involved in fusion of vacuoles in yeast. We identified six 

genes encoding c-subunits (proteolipids) of V0 and two genes encoding F-subunits of V1 and 

studied the role of the V-ATPase in trafficking in Paramecium. GFP-fusion proteins allowed 

a clear subcellular localization of c- and F-subunits in the contractile vacuole complex of the 

osmoregulatory system and in food vacuoles. Several other organelles were also detected, in 

particular dense core secretory granules (trichocysts). The functional significance of the V-

ATPase in Paramecium was investigated by RNA interference (RNAi), using a recently 

developed feeding method. A novel strategy was used to block the expression of all six c- or 

both F-subunits simultanously. The V-ATPase was found to be crucial for osmoregulation, 

the phagocytotic pathway as well as for the biogenesis of dense core secretory granules. No 

evidence was found supporting participation of V0 in membrane fusion. 
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2.2.) Introduction 

The vacuolar-proton-ATPase (V-ATPase) translocates protons across membranes against 

their electrochemical potential through ATP hydrolysis. The V-ATPase is responsible for the 

acidification of organelles like phagosomes, lysosomes, early endosomes, the trans-Golgi-

network, dense core secretory granules and vacuoles of plants (Sun-Wada et al., 2003a,b; 

Nelson, 2003; Kluge et al., 2003). In some specialized cells of higher organisms the enzyme is 

also localized in the plasma membrane and serves to secrete protons to the extracellular space. 

For example, the acidification of the extracellular matrix by proton secretion of osteoclasts is 

important for bone resorption (Toyomura et al., 2003). An important aspect of the proton 

translocation by the V-ATPase is the creation of an electrochemical potential that can be used 

for secondary active transport of ions. This mechanism is used in neuronal cells, where the 

neurotransmitters glutamate or gamma-amino-butyric-acid are concentrated in the lumen of 

synaptic vesicles (Roseth et al., 1995; Fonnum et al., 1998) and in chromaffin granules (Apps, 

1997).  

The V-ATPase is composed of two subcomplexes, the cytosolic V1 sector, where ATP 

binding and hydrolysis takes place, and a transmembranous V0 sector, through which protons 

are tunneled. The holoenzyme in S. cerevisiae consists of 13 different subunits (Kawasaki-

Nishi et al., 2003). V1 contains subunits A-H in the stoichiometry A3B3CDEFG2H1-2. V0 is 

formed by the subunits a, c, c´, c´´, d and e in a stoichiometry of ade?c4c´c´´. The V-ATPase 

was shown to act by a rotationary mechanism similar to that of the structurally related F-

ATPase (Imamura et al., 2003).  

The enzyme activity can be regulated by reversible dissociation of V1 from V0. It was found 

in yeast, that the ratio of assembled/disassembled enzyme is strongly influenced by the culture 

condition. Most of the V1-domains dissociate from their V0-counterparts at vacuoles in yeast 

when glucose is depleted in the medium (Kane and Smardon, 2003). Whether there exist other 

physiological conditions that lead to a dissociation of the enzyme is unclear.   

Apart from its enzymatic action as a proton pump, the V0-subcomplex of the V-ATPase was 

found to be localized in the plasma membrane and to be involved in the release of 

neurotransmitter in mammalian cells (Falk-Vairant et al., 1996; Morel, 2003). A role of the 

V0-sector was also shown in homotypic membrane fusion of vacuoles in yeast (Peters et al., 

2001). V0-subcomplexes were reported to build so-called “trans-complexes” in opposing 

membranes and were postulated to facilitate membrane fusion. A knock-out mutant of the 

vacuolar a-subunit of V0 (vph1) was shown to cause fragmentation of vacuoles, also 

indicating an involvement of the V-ATPase in membrane dynamics (Bayer et al., 2003).  
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Paramecium is a unicellular model organism, in which several differentiated membrane 

traffic pathways coexist. Especially well characterized are the membrane traffic leading to 

regulated exocytosis of dense core granules called trichocysts (Vayssié et al., 2000; Plattner 

and Kissmehl, 2003a) and the phagosomal/lysosomal system (Allen and Fok, 2000). 

Phagosomes are acidified to inactivate ingested bacteria (Fok and Allen, 1988). The V-

ATPase is delivered by the fusion of small, acidic vesicles, the “acidosomes” with newly 

formed food vacuoles. Acidification takes place only for a short period (3-5 min) before the 

lumenal pH of the food vacuole raises to become nearly neutral (Fok et al., 1982). 

Additionally, there exist traffic routes in Paramecium that can be found only in free living 

fresh water protozoans, such as the contractile vacuole complex (Allen and Naitoh, 2002), 

used to expell excess water that enters through the plasma membrane. The organelle consists 

of the contractile vacuole from which emerge 5-10 radial  arms. The radial arms are complex 

membrane systems, that direct a stream of water into the contractile vacuole, through which it 

is expelled to the extracellular medium by membrane fusion of the contractile vacuole with 

the plasma membrane. This membrane system consists of the collecting canals and the 

spongiome which is composed of the smooth and the decorated spongiome as characterized 

by the different ultrastructure (Allen and Naitoh, 2002). The V-ATPase was shown to be 

concentrated in the decorated spongiome by using an antibody against the B-subunit of V1 

and actually to give the “decorated” appearance to these membrane tubules (Fok et al., 1995).  

In this work, we identified essential genes encoding the V-ATPase subunits in Paramecium 

tetraurelia and studied the function of some of them by RNAi as well as their localization 

using GFP fusion genes. Surprisingly, we found the V-ATPase to be involved not only in 

acidic compartments, but in all membrane compartments we were able to identify.  
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2.3.) Materials and Methods  

Culturing of P. tetraurelia was carried according to Sonneborn, 1974. Wildtype Paramecium 

cells of stock d4-2 were used in all experiments. Cells were grown at 27°C in a wheat grass 

infusion (BHB, L’arbre de vie, Luçay Le Male, France or WGP, Pines International, 

Lawrence, Kansas) bacterized with Klebsiella pneumoniae and supplemented with 0.4 µg/ml 

ß-sitosterol according to standard procedures (Sonneborn, 1970). 

 

2.3.1.) Cloning and sequencing of cDNA 

Total Paramecium RNA was extracted as described in Froissard et al. (2001). The reverse 

transcription reaction was carried out with the kit “5’-RACE System” from Invitrogen (Cergy 

Pontoise, France) according to the manufacturers instructions. Primers used for the 

amplification of a 350 bp fragment of the F-subunit were: 5’-

gcgctcgagcatccctagtatcaattattggcg-3’; 5’gcgtctagatcactaaatatctgtaccatacaata-3’. PCR reaction, 

cloning with Xho I and Xba I into pBluescript II SK- (Stratagene, La Jolla, California) and 

sequencing was carried out according to standard procedures in molecular biology.  

 

2.3.2.) Gene silencing constructs 

The double T7-promotor plasmid L4440 described in (Timmons et al., 2001) was used; the 

complete macronuclear sequence of a gene from the start to the stop codon was amplified by 

PCR with PCR-primers containing the restriction sites required for cloning. Restriction sites 

used for cloning were XhoI, Acc65I for vhac2; XhoI, EcoRI for vhac4; EcoRI, NotI for 

vhac6; XbaI, XhoI for  vhaF1. The following primers were used: c2: 5’-

gcgggtaccatgatgcttttcattcttgacacaatgg-3’, 5’-gcgctcgagtcatgattgcgataagatcaagg; c4: 5’-

gcgctcgagatggctgagaacgatactattgagc-3’, 5’-gcggaattctcatgatgtttatgataaaatcaagg-3’, c6: 5’-

gcggaattcatgctttttattcttgatactatgg-3’, 5’-gcggcggccgctcatgattatgataagatcaatga-3’, F: 5’-

gcgctcgagatgtcaaagaaaacttttaagaaatc-3’, 5’-gcgtctagatcactaaatatctgtaccatacaata-3’, start 

codons atg and stop codons tca (reversed complement: tga) are underlined. PCR reactions and 

cloning was carried out according to standard procedures. For the extinction of more than one 

gene the plasmids pL4440/c2/c6 and pL4440/c2/c4/c6 were constructed. As a negative 

control, the plasmid pL4440 was used. Positive control was the plasmid pL4440/NSF 

(Galvani and Sperling, 2002). Part of the dsRNA is evidently capable of leaving the food 

vacuole during feeding and arrives in the cytoplasm, where it is thought to be diced into 

siRNA. This makes it possible to silence more than one gene of interest by cloning the genes 

in tandem. Considering that only the delivery of siRNA is important for silencing, the 
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organization of the genes on the dsRNA is not important because this organization is 

disrupted by RNA processing anyway. The approach to use one plasmid with several genes 

instead of feeding two or more E. coli strains containing different plasmids has the advantage, 

that the same amount of dsRNA of each gene of interest is delivered. E. coli strains with 

different pL4440 plasmids show remarkably different growth rates in the presence of 

isopropyl-ß-d-thiogalactopyranosid (IPTG), resulting in an uncontrolled change of the ratio of 

different feeding bacteria during the experiment. 

 

2.3.3.) Gene silencing by feeding 

The gene silencing plasmids described above were transformed into the RNase III deficient E. 

coli strain Ht115 (Timmons et al., 2001). An overnight culture was grown in LB medium  

with ampicillin and tetracyclin as selecting agents at 37°C in a shaker (Sambrook et al., 1989). 

The overnight culture was used to inoculate LB/amp 1/100 (v/v). The culture was grown to an 

optical density at 600 nm (OD600nm) between 0.2 and 0.4, then IPTG was added to a final 

concentration of 125 µg/ml. The culture was induced for 3 h and induced bacteria pelleted by 

centrifugation. The pellet was resuspended in Paramecium culture medium and the OD600nm 

was measured. The culture was diluted with medium to give a final OD600nm = 0.25 and 

supplemented with 100 µg/ml amp, 125 µg/ml IPTG and 0.4 µg/ml beta-sitosterol. 

Paramecium cells were pelleted by centrifugation at 1200 rpm for 2 min at RT in a Sigma 6-

15 centrifuge, washed two times in Dryl´s buffer and starved for at least one hour in Dryl´s at 

room temperature (RT) before used in a feeding experiment. In single cell experiments, one 

cell was added to 300 µl of the feeding solution in a depression well. For mass feeding 

experiments, 50 paramecia per ml were added to the feeding solution. Cells were cultured at 

27°C during the experiment. The phenotype was analyzed 20 to 26 hours after the start of the 

feeding experiment. After 24 hours the cells were transferred to freshly prepared feeding 

solution, after 48 hours respectively.  

 

2.3.4.) Picric acid test 

Exocytotic capacity was analyzed by adding one cell in a minimal volume of medium into 

saturated picric acid.  

 

2.3.5.) AED-triggering 

Cells were transferred in a buffer consisting of 10 mM TrisCl, 0.1 mM CaCl2, 0.2% (w/v) 

aminoethyldextran, pH = 7.0 and incubated for several minutes at RT (Plattner et al., 1984).  
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2.3.6.) Phagocytotic test 

2 ml of an overnight-culture of E. coli in LB was pelleted by centrifugation and resuspended 

in 1 ml Dryl’s buffer. Bacterial cells were washed once more (as above), again resuspended in 

1 ml Dryl’s and 4 µl of an Alexa594-coupled goat anti-mouse F(ab’)2 (Molecular Probes, 

Eugene, Oregon) was added and vortexed. Cells were incubated in this feeding solution for 30 

min and processed for fluorescence microscopy (see below).  

 

2.3.7.) Decoration of living paramecia with anti-GFP antibody 

Living descendants of a cell transformed simultanously with c1-, c4- and c5-GFP were 

incubated in Dryl`s buffer containing 1/100 (v/v) of a mixture of two monoclonal mouse anti-

GFP-antibodies (Roche, Indianapolis, Indiana) for 30 min at RT, followed by three times 

washing in Dryl`s. Then cells were incubated 30 min at RT in Dryl`s containing 1/300 (v/v) of 

the Alexa-coupled goat anti-mouse F(ab’)2, followed by three times washing in Dryl`s and 

preparation for light microscopy (see below). As a negative control, uninjected cells were 

prepared in the same way.  

 

2.3.8.) GFP-constructs 

The eGFP-gene presented in Hauser et al., (2000a) was cloned into the Acc65I site of the 

Paramecium overexpression vector described in Haynes et al., (1995) refered to as pPXV-

GFP. All genes were cloned between SpeI and XhoI sites in frame with the GFP-gene. The 

stop-codon of the genes were changed from tga to gga (coding for glycine). PCR-primers used 

were: c1: 5’-gcgactagtctgcagatgcttttcattcttgacacaatggttag-3’, 5’-

gcgctcgagatcctgattgcgataagatcaagg; c4: 5’-gcgactagtctgcagatggctgagaacgatactattgag-3’, 5’-

gcgctcgagatcctgatgtttatgataaaatcaagg-3’; c5: 5’-gcgactagtctgcagatgctttttattcttgatac-3’, 5’-

gcgctcgagatcctgattatgataagatcaatgac-3’; F: 5’-gcgactagtatgtcaaagaaaacttttaagaaatc-3’, 5’-

gcgctcgagttccctaaatatctgtaccatacaata-3’, TMP1b: 5`-gcgactagtatgtataaattagcagtctgcacattg-3`, 

5`-gcgctcgagatccaaatgctcccttgagttggg-3`; the start codon atg and the former stop-codon 

changed to tcc (reversed complement of gga) are underlined. So the gene of interest is 

seperated from GFP by a 7 aminoacid spacer: i.e., c-subunit1–GSRGTNNM-GFP (the G for 

glycine underlined corresponds to the former stop-codon of the gene; the M for methionine 

underlined represents the start codon of GFP).  
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2.3.9.) Microinjection of GFP-constructs 

Plasmid DNA was prepared with a plasmid midi kit (Qiagen, Courtaboeuf, France) according 

to the manufacturer´s protocol. 50 µg of plasmid DNA were linearized by digestion with 20 

units of Sfi I at 50°C overnight. The DNA was precipitated by adding 1/10 (v/v) 3 M 

sodiumacetate pH = 5.2, 2.5 (v/v) ethanol and incubated for 60 min at –20°C. DNA was 

pelleted by centrifugation, washed with 70% (v/v) ethanol and dried. The DNA was 

resuspended in 10 µl of Millipore-filtered water. The resuspended DNA was again 

centrifuged for 30 min at 4°C, 8 µl of the supernatant was taken off and transferred to a new 

tube to avoid the presence of any insoluble material that could block the microinjection 

needle. Microinjection of the DNA was carried out as described in Froissard et al., (2002). 

 

2.3.10.) RNA-extraction and Northern hybridization 

Clones injected with c1- or c4-GFP plasmids, or noninjected control cells were grown in 

culture to a density of 600-800 cells/ml to a final volume of 400 ml. Cells were, washed one 

time in 100 ml Dryl´s buffer and concentrated by centrifugation. RNA was prepared using the 

guanidine method described by Chomczynski and Sacchi, (1987). A c1- and c4-DNA probe 

was labeled with a32P-dATP (Hartmann Analytic, Braunschweig, Germany) using the “High 

prime DNA labeling kit” (Roche, Mannheim, Germany). Approximatively 15 µg of total 

Paramecium RNA was loaded per lane on a formaldehyde/agarose gel. Hybridization was 

carried out at 42°C overnight in hybridization solution as described in Sambrock et al. (1989). 

Autoradiography films (Fuji Film, Tokyo, Japan) were exposed between 1 and 120 hours.  

 

2.3.11.) Fluorescence microscopy 

For the GFP recording of living cells, Paramecium cells were washed two times in Dryl´s 

buffer containing 0.2% bovine serume albumine (BSA). Cells were transferred into a small 

drop on a coverslip and overlayed with paraffin oil. Excess buffer was sucked off until the 

cells were immobile. GFP-labeled paramecia were also prepared for long term storage by 

fixation in 2.5% formaldehyde in PHEM-buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 

2 mM MgCl2, pH = 6.9) at RT for 10 min, washed two times in TBS+BSA (10 mM TrisCl, 

150 mM NaCl, 3% BSA, pH = 7.4) and mounted in Citifluor AF2 (Citifluor, London, UK). 

Cells were analyzed in a “Zeiss Axioskop 2 plus” fluorescence microscope equiped with a 

“coolsnap cf” camera (Zeiss, Oberkochen, Germany). Images were processed using the 

“Metamorph” software (Universal Imaging, Downington, Pennsylvania). 

 



 

 34

2.3.12.) Electron microscopy 

Cells were concentrated by centrifugation, quickly added into 2.5% glutaraldehyde in 

phosphate buffered saline containing 10 mM MgCl2 and incubated for 1 h at RT. Fixed cells 

were washed two times in PBS and transferred into 1% (w/v) osmiumtetroxide in 0.1 M 

cacodylate buffer. Cells were incubated for 1 hour at RT, washed twice with PBS and 

dehydrated in an ethanol series followed by embedding in Spurr’s residue. 
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2.4.) Results 

2.4.1.) Identification of c-subunits (proteolipids) of V0 and F-subunits of V1 in P. 

tetraurelia 

Only one gene of the Paramecium V-ATPase has been previously described, encoding the B-

subunit of V1 of P. 

multimicronucleatum (Fok et al., 

2002). In a pilot genome survey 

of P . tetraurelia (Dessen et al., 

2001), a clone containing a 

sequence highly similar to a c-

subunit (proteolipid) was 

identified, thus opening the 

possibility to gain molecular 

knowledge on V0-subunits. By 

using this c-subunit gene as a 

probe to screen an indexed 

genomic library (described in 

Keller and Cohen, 2000), four c-

subunits could be identified, 

namely Pt-VHAc1 - c4. 

Recently Paramecium whole 

genome shotgun sequencing was 

undertaken at Genoscope 

(http://www.genoscope.cns.fr). A BLAST search was performed for V0 c-subunits on the 

genome, and two more genes, designated as Pt-VHAc5 and Pt-VHAc6 were identified. The 

six genes can be divided into three pairs, namely c1/c2, c3/c4 and c5/c6. The two genes within 

a pair share more than 85% sequence identity at the nucleotide level and introns are at the 

same position though they may vary in length. The proteins encoded by these genes are highly 

conserved in Paramecium (Fig. 15).  

They show considerable amino acid identity with c-subunits of other organisms, the same 

organization with four membrane spanning helices (Flannery et al., 2004) and are highly 

hydrophobic molecules (Kawasaki-Nishi et al., 2003). The Paramecium c-subunits show the 

features described in other organisms e.g. the conserved Glu137 in the yeast proteolipid vma3p 

(Hirata et al., 1997) and the three important residues involved in binding of the V-ATPase 

Figure 15.) Alignment of the c-subunits of P. tetraurelia, S. 
cerevisiae and M. musculus using the ClustalW algorythm.
Residues reported to be involved in bafilomycin binding 
(Bowman and Bowman, 2002) are printed in red, Glu137 of the 
yeast c-subunit gene important for proton translocation (Hirata et 
al., 1997) is printed in yellow. 



 

 36

inhibitor bafilomycin identified in N. crassa Thr32, Phe136 and Tyr143 (Bowman and Bowman, 

2002) (Fig. 15).  

 

Gene lenght (bp) amino acids number of 
introns 

molec. weight 
(kDa) 

 
accession number 

      
Pt-VHAc1 559 167 2 17.3 AJ566616 
Pt-VHAc2 561 167 2 17.2 AJ566617 
Pt-VHAc3 557 159 3 16.1 AJ566618 
Pt-VHAc4 557 159 3 16.1 AJ566619 
Pt-VHAc5 558 165 2 17.1 CR764091 
Pt-VHAc6 559 165 2 17.1 CR764090 

      
Pt-VHAF1 457 127 3 14.4 CR764093 
Pt-VHAF2 458 127 3 14.4 CR764092 

      
Pt-VHAA1 2008 618 6 69.3 CR764097 
Pt-VHAA2 2009 618 6 69.3 CR764096 
Pt-VHAA3 2011 618 6 69.3 CR764095 
Pt-VHAA4 2013 618 6 69.3 CR764094 

 
Table 1.) Molecular characteristics of c-, F- and A-subunits of the V-ATPase in Paramecium tetraurelia. 

 

It is important to note that the V-ATPase of 

Paramecium is only sensitive to 

concanamycin but not to bafilomycin (Fok 

et al., 1995) leaving the question open, why 

bafilomycin does not act on Paramecium 

proteolipids when the residues required for 

binding are present. This fact may help to 

understand the binding and action of the 

two toxins. The classification of the c-subunits of Paramecium using the categories c, c’, c’’ 

of yeast is not possible because the proteins show higher aminoacid identity with each other 

than with orthologues (Table 3). 

The Paramecium genome project database was also searched by BLAST for genes coding for 

the other subunits of the V-ATPase (Table 2). Homologues of all V1-subunits could be 

V0 P. tetraurelia M. musculus S. cerevisae 

a 17 4 2 

c 6 1 1 

c  ̀ 0 0 1 

c`` 0 1 1 

d 3 2 1 

e 2 not identified 1 

    

V1    

A 4 1 1 

B 4 2 1 

C 1 3 1 

D 1 1 1 

E 4 2 1 

F 2 1 1 

G not identified 3 1 

H 4 1 1 

Table 2.) V-ATPase subunits of Paramecium,
mouse and yeast. Paramecium genes were identified 
by tblastn searches in the assembly database (state 
Dec. 2003). Data are therefore preliminary. G subunits 
could not be identified due to their small size and 
insufficient sequence conservation. Mouse data are 
from Sun-Wada et al. (2003b),  yeast data from 
Graham et al. (2003). 
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identified except subunit G which is very small (approx. 13 kDa) and not sufficiently 

conserved. For investigating V1 we chose the F-subunits which are encoded by two genes, 

showing 89% identity at the nucleotide level and only one conserved aminoacid change at the 

protein level. Both macronuclear F-subunit genes display a new type of intron not previously 

observed in Paramecium. In both genes, the intron between nucleotides 170 and 195 lacks the 

canonical AG 3’- border but  displays a TCG at the 3’-end. Amplification of a 350 bp 

fragment of the F-subunit 1 from cDNA, cloning and sequencing permitted to confirm the 

existence and the sequence of this new type of intron.  

 pt
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pt-c1 98.8 59.7 61.0 97.0 97.0 45.0 25.7 55.5 25.7 51.8 

pt-c2  59.1 60.4 96.4 96.4 45.0 25.1 55.5 25.7 51.8 

pt-c3   97.5 60.4 60.4 52.2 25.2 55.5 26.4 46.5 

pt-c4    60.4 60.4 52.2 25.2 55.5 26.4 47.8 

pt-c5     100 45.0 25.5 54.8 26.1 52.4 

pt-c6      45.0 25.5 54.8 26.1 52.4 

yeast-c       30.6 69.0 30.0 51.9 

Mouse-c’’        28.4 47.8 26.2 

Mouse-c         29.0 60.0 

yeast-c’’          28.0 

 

Table 3) Amino acid identity (%) of c-subunits from P. tetraurelia, S. cerevisiae and M. musculus, 
calculated by a ClustalW alignment. Amino acid identity within pairs of genes is shaded in black, identity 
between the pairs c1/2 and c5/6 shaded in grey. 
 

2.4.2.) Localization of the V0- and V1-subcomplexes by GFP labeling 

 To investigate the subcellular localization of V0, three GFP fusion genes were constructed. 

Of each of the c-subunit pairs, one gene (c1, c4 and c5) was cloned into pPXV-GFP, the 

Paramecium overexpression vector in which a GFP-tag is under the control of the calmodulin 

promotor (Haynes et al., 1995). The GFP-gene was fused to the 3’-end of the c-subunit genes. 

These fusion constructs were introduced into Paramecium cells by microinjection into the 

macronucleus and GFP fluorescence was analyzed. No difference in the localization between 

the gene fusions c1-GFP, c4-GFP and c5-GFP was observed. The most striking labeling was 

at the contractile vacuole complex (Fig. 16a). It is well established that the V-ATPase is 

highly abundant in the contractile vacuole complex of freshwater protozoans (Fok et al., 

1995). Membranes of phagosomes (or food vacuoles) were also revealed by the c-GFP gene 

fusions (Fig. 16c). Less stained but visible are the trichocysts, (Fig. 16b). By focusing on the 
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Figure 17.) GFP localization of the 
F-subunits of V1. (a) injection of a 
moderate amount of F-GFP plasmid 
into the macronucleus resulted in 
bright staining of the radial canals of 
the contractile vacuole complex; (b) 
injection of a large amount 
additionally stained trichocysts, a 
regular network at the cell cortex and 
it caused considerable cytosolic 
background; rch-radial canal, tr-
trichocysts. Bar = 10 µm. 

cortex of transformed 

cells, a stained 

network can be seen 

(Fig. 16d). A good 

candidate is the 

endoplasmic reticulum 

(ER), which in 

Paramecium expands 

into the cytoplasm in 

the cortical region of 

the cell (Ramoino et 

al., 2000; Hauser et 

al., 2000b). Finally, 

apart from this distinct 

staining of organelles, 

strong staining of the 

cytoplasm was visible, 

probably representing 

unidentified 

membranous structures. Localization of  the soluble V1–subcomplex was achieved by tagging 

the F2-subunit gene with GFP. Injection of a moderate amount of this F-GFP plasmid resulted 

in bright staining of the radial arms of the contractile vacuole complex, reflecting the high 

binding capacity of this organelle of V1 (Fig. 17a). Injection of a large amount of F-GFP 

plasmid clearly labeled the contractile vacuole complex, but also trichocysts, a punctate 

Figure 16.) Transformation of Paramecium cells with c-subunit-GFP (V0) 
constructs. Staining with the constructs c1-GFP, c4-GFP and c5-GFP showed no 
differences, so all the c-GFPs seem to be targeted to the same organelles. (a) c5-
GFP, strong labeling of the radial canals of the contractile vacuole complex 
(cvc); (b) c4-GFP, trichocysts attached to the cortex are labeled but somewhat 
obscured by strong cytoplasmic labeling; (c) c4-GFP, the membrane of a food 
vacuole is labeled; (d) c4-GFP, when focused on the cell cortex a regular network 
is visible, probably representing the endoplasmic reticulum; cvc-contractile 
vacuole complex, fv-food vacuole, rc-radial canal, tr-trichocysts. Bars = 10 µm. 
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network at the cell surface and numerous vesicles at the cytostome, though cytoplasmic 

background was strong (Fig. 17b). To evaluate the expression level of GFP-fusion proteins in 

transformed cells, we first attempted to use an anti-c1-subunit antibody which turned out to be 

not reactive enough to reveal a signal on a Western blot. We therefore decided to quantify the  

 

messenger RNAs on Northern blot. 

Surprisingly, autoradiography for 120 hours did not reveal the expression of the endogenous 

c-subunits while the recombinant forms of c1 and c4 were easily detectable (Fig. 18). The 

endogenous mRNAs of both c1 and c4 were only detectable in RT-PCR (not shown). This 

means that c-GFP-subunits are highly overexpressed while the endogenous c-subunits are 

expressed but remain undetectable as transcripts in Northern blots. Therefore, all the 

localizations observed in cells overexpressing the GFP-fusion genes have to be taken with 

care, although they still yield significant information if interpreted in combination with the 

results of silencing experiments (see Discussion).  

We were also interested in the question of whether the V-ATPase is localized in the plasma 

membrane of Paramecium, as shown for Plasmodium falciparum (Hayashi et al., 2000) and 

neuronal cells in Torpedo marmorata (Morel et al., 2003). This question cannot be answered 

by the GFP labeling of c-subunits alone, because any possible plasmalemmal staining would 

be obscured by the strong subcortical signal. Recently, c- and c’-subunits in yeast were shown 

to expose their N- and C-termini to the lumen of vacuoles (Flannery et al., 2004). In our 

study, we tagged the c-subunits C-terminally with GFP (see Materials and Methods),  

expecting that GFP should be exposed either to the lumen of organelles or to the extracellular 

space, if localized in the plasma membrane. We therefore applied an anti-GFP antibody to 

living cells, transformed with all three c-GFP constructs, to decorate only c-subunits present 

in the plasma mebrane and in other membranes exposed to the medium. Such cells showed a 

Figure 18.) Northern blot of two clones 

injected with c1-GFP in comparison 

with noninjected control clones.

Overnight exposition of the film allowed 

the detection of the c1-GFP-mRNA at ~1.4 

kb while the endogenous mRNA of c1 

(~0.6 kb) is undetectable in transformed 

and control clones, even after 120 h of 

exposure (not shown). 
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strong uptake of the antibody in food vacuoles and labeling of the membranes of these 

organelles, whereas no staining at the plasma membrane level could be detected under our 

conditions (Fig. 19a, b). Decoration of c-GFP in food vacuoles with the anti-GFP antibody 

shows that the orientation of the protein in membranes is as predicted and that the GFP-tag is 

accessible to the antibody, thus providing a very good internal control for the labeling. It is 

noteworthy that the conditions in food vacuoles are far from being favorable for antibody 

stability, antigen binding, and stability of the GFP-tag because of the low pH and high 

protease activity in this organelle. The absence of labeling at the plasma membrane under far 

more favorable conditions thus means that V0 is not, or only in an extremely small amount, 

present in the plasma membrane. 

 

2.4.3.) RNA interference of V0 and V1  

To investigate the function of the V-ATPase, we silenced genes using an RNAi approach by 

feeding (see Materials and Methods). In order to compare the effect of the depletion of 

functional V0- and V1-subcomplexes, we silenced the c-subunits of V0 and the F-subunits of 

V1. Within a pair of c-subunits, the nucleotide identity is high enough to expect co-silencing 

(Ruiz et al., 1998). Since there are three pairs of very similar genes of c-subunits, we co-

silenced all three pairs (c2/c4/c6) to avoid any functional compensation by unsilenced c-

subunits. For silencing more than one pair, we used a novel strategy by cloning a 

representative of each c-subunit pair into the same feeding plasmid (see Materials and 

Methods). We were also interested in the degree to which c-subunits can replace each other. 

Therefore, single c-subunit silencing and the combination of the closest two pairs (c2, c6) was 

performed. Between the two F-subunit genes, the nucleotide identity is also high enough to 

Figure 19.) Application of an anti-
GFP antibody to living cells 
transformed simultanously with, 
c1-, c4- and c5-GFP constructs.
Food vacuole membranes are 
stained while the cell surface is 
devoid of any label; (a) GFP-
labeling by c-GFP fusion genes; (b) 
anti-GFP antibody, detected with an 
Alexa-coupled secondary antibody; 
(c) untransformed control cell; (d) 
anti-GFP antibody and secondary 
antibody applied on a control cell 
show neither cell surface labeling 
nor staining of food vacuole 
membranes; fv-food vacuoles. Bar = 
10 µm. 
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expect co-silencing. Whatever the silencing construct used to feed paramecia, the most 

obvious effect was a reduction of cell growth rate. Cells silenced in V-ATPase subunits 

(except for c-subunits 2 and 6 alone) made three fissions per day at 27°C and were blocked in 

growth thereafter. Control cells fed with bacteria containing only an empty plasmid made four 

fissions per day at 27°C without division arrest. The c2 and c6 constructs had less severe 

effects, the growth rate was slightly reduced. If cells blocked in growth were transferred daily 

to freshly prepared feeding solution, they could be kept in the state of blocked growth. After 

72 hours, the phenotype of a fraction of the cells became somewhat unstable. Some cells died 

while others overcame the feeding effect and started growing again. A careful examination of 

silenced cells allowed us to recognize several defects in organelle organization and function. 

 

2.4.4.) Silencing of V-ATPase-subunits induces abnormal functioning of the contractile 

vacuole complex 

Silencing of any of the c-genes, alone or in combination or silencing of the F-subunits led to 

severe perturbation of the contractile vacuole complex. The time of one pump cycle of the 

contractile vacuole was generally prolonged (from five to ten seconds in control cells; 30 to 

60 seconds in c-subunit- or F-subunit-silenced cells) and extremely irregular. It was also 

possible to see morphological abnormalities in the pump cycle of this organelle. Some 

ampullae did not fuse with the contractile vacuole for two or three pump cycles, provoking 

Figure 20.) Silencing of c-subunits of V0 or the F-subunit of V1 causes defects in the cycle of the 
contractile vacuole complex. (a-d) control cell, showing normal cycles with filling of the ampullae, 
fusion with the contractile vacuole and fluid expulsion; (e-h) silencing of any V-ATPase subunit provoked 
serious perturbation in the series of events and a general prolongation of the cycle, illustrated in this figure 
by silencing of all c-subunits;  a-ampulla, cv-contractile vacuole, rc-radial canal. Bar = 10 µm. 
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swelling of the ampullae. The contrary was also observed, whereby the ampullae fused twice 

with the contractile vacuole during one cycle. Sometimes collecting canals did not pinch off 

the contractile vacuole, pumping water continuously into it without any visible increase in the 

volume of the ampullae. Collecting canals were often inflated with fluid filled lacunae within 

the canals (Fig. 20).  

Electron microscopy of the contractile vacuole complex of cells, in which one pair of c-

subunits or more were silenced, showed that the decorated spongiome was highly disrupted or 

absent (Fig. 21).  

 

2.4.5.) Silencing of V-ATPase-subunit genes leads to impaired feeding 

Since pH-regulation is important for the inactivation of ingested microorganisms, membrane 

traffic (fusion of lysosomes with phagosomes) and activation of acidic hydrolases during the 

process of digestion (Fok and Allen, 1988), we analyzed the pH-development of phagosomes 

in cells silenced in V0 or V1 using the pH-sensitive dye Congo Red. The number of acidified 

phagosomes in c- or F-subunit silenced cells was drastically reduced after 20 hours of 

silencing (data not shown). However, this seemed to be a submaximal effect, because after 24 

- 26 hours of silencing the process of phagocytosis itself seemed to be heavily impaired. Cells 

fed for 30 min with a fluorescent E. coli suspension 24 hours after the begin of the silencing 

experiment were found to have a signigicantly reduced number of phagosomes compared to 

Figure 21.) EM-analysis of the contractile vacuole complex. (a) control cell compared with one 
silenced in all c-subunits (b). In cells silenced in any of the c-subunit pairs the decorated spongiome 
(cross-sectioned in this figure) is highly disrupted (remaining decorated spongiome is indicated with an 
arrow) or absent, while the smooth spongiome seems to be unaffected; cc-collecting canal, ds-decorated 
spongiome, ss-smooth spongiome. Bar = 0.5 µm. 
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control cells (Fig. 27). This reduced phagocytotic activity is likely to have an impact on the 

silencing process (see Discussion). 
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Figure 22.) Silencing of V0- or V1-subunits leads to strongly impaired feeding. Cells 24 hours after the begin 
of the silencing experiment were fed for 30 min with an E. coli-suspension containing a fluorochrome to 
visualize food vacuoles. After 30 min, cells were fixed and the number of food vacuoles of at least 25 cells were 
counted. 
 
2.4.6.) Silencing of V-ATPase-subunits disturbs maturation of dense core granules 

In Paramecium, a large number (approx. 1000 per cell) of trichocysts are synthesized through 

the maturation of post-Golgi 

vesicles. Trichocysts dock at 

the plasma membrane at 

preformed docking sites, 

ready for exocytosis upon 

trigger by an extracellular 

stimulus (Vayssié et al., 

2000). The exocytotic 

capacity of trichocysts can 

be assayed, using the picric 

acid test (see Materials and 

Methods). Cells silenced for 

all three c-subunit pairs 

displayed a strongly 

diminished number of 

discharged trichocysts compared with control cells (Fig. 23).  

A similar effect was obtained in cells co-silenced for the c2 and the c6 genes, as well as in 

cells silenced for c4. In contrast, cells silenced for c2 or c6 alone were not significantly 

affected in their exocytotic capacity and displayed considerable variation between 

exocytotic capacity

0,00

0,20

0,40

0,60

0,80

1,00

1,20

control c4 c2/c6 F-
subunit

%
 o

f c
el

ls wildtype
epsilon

minus

Figure 23.) Comparison of the exocytotic capacity of wild type 
paramecia compared with cells silenced in V-ATPase subunits. The 
exocytotic capacity of c4, c2/c6 and c2/c4/c6 silenced cells is greatly 
reduced after 24 hours. Exocytotic capacity was analysed using the 
picric acid test and three classes of cells were distinguished :  "wildtype" 
with more than 500 expelled trichocysts, "epsilon" with less than 100 
and "minus" with no expelled trichocyst. Data were collected in three 
different experiments from at least 20 cells per group and the variation 
was calculated between the experiments. 
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experiments. To visualize the reduced exocytotic capacity, a gene encoding a secretory 

protein of the trichocyst matrix, TMP1b (Gautier et al., 1996; Vayssié et al., 2001) was fused 

with the GFP gene. Descendants of Paramecium cells injected with a moderate amount of this 

construct showed strong fluorescence of functional trichocysts with slightly altered shape 

(Fig. 24b) but were fully able to 

respond to the vital trigger substance 

aminoethyldextran (=AED, Plattner 

et al., 1984) by normal exocytosis 

and content’s decondensation to a 

“needle”. Thus low copy-number 

transformation with the TMP1b-GFP 

fusion protein does not interfere 

significantly with trichocyst 

maturation or exocytosis and was 

therefore considered to be a useful 

fluorescent marker for trichocysts. 

The TMP1b-GFP fusion construct 

was used to monitor the effects of c-

gene silencing on trichocyst 

formation and exocytosis. Silencing 

of all c-subunits resulted in a 

strongly decreased number of mature 

trichocysts attached to the cortex and a large amount of immature or misshaped trichocysts 

remaining in the cytoplasm (Fig. 24d-f). The defect in the formation of trichocysts was also 

examined by electron microscopy of cells in which c-subunits 1/2, 3/4, 5/6 were co-silenced. 

Various misshapings in late steps of granule maturation were observed (Fig. 25b).  

Silencing of the F-subunits of V1 gave similar perturbations of trichocyst biogenesis although 

with slower kinetics. The maximal effect of F-subunit silencing was obtained after 48 instead 

of 24 hours with the c-subunits of V0. Exocytotic capacity after 48 hours was strongly 

impaired, especially when the cells were triggered after the first 24 hours of silencing with 

AED to remove trichocysts docked before the onset of the gene silencing experiment (see 

Materials and methods). After 48 hours, as few as 5 to 50 trichocysts per cell were docked and 

exocytosis competent, thus reflecting an almost complete block of trichocyst formation.  

 

Figure 24.) Cells transformed with trichocyst matrix-
protein1b-GFP were silenced in all c-subunits. (a,b,c) 
control cells show trichocysts docked at the cell cortex at 
high density; (d,e,f) cells co-silenced in all c-subunits have 
very few trichocysts attached to the cortex while the 
cytoplasm contains clusters of misshapen trichocyst 
precursor structures. Bars = 10 µm. 
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Figure 25.) EM-anaysis of trichocysts in V0-silenced cells. (a) control cell showing a trichocyst of normal 
shape docked to the cell cortex; (b) cells silenced in all c-subunits show various trichocyst misformations, e.g. 
absence of a proper tip and fail to form the typical spindle shaped body, thus ressembling misshapen trichocysts 
of the mutant tam38 (Gautier et al., 1994); trichocyst; tr-trichocyst. Bar = 1 µm. 
 

To confirm the silencing phenotype of V1 on trichocyst biogenesis, we used the A-subunit of 

V1 as an additional control. The four genes identified in Paramecium (Table 1) show 

nucleotide identity greater than 88% with each other, which is considered to be sufficient for 

co-silencing (Ruiz et al., 1998). The ORF of one gene (A3) was cloned into the feeding 

plasmid and the effect of this construct on trichocyst biogenesis was analyzed. We found that 

silencing of all the A-subunits also leads to a severe reduction of released trichocysts in the 

picric acid test after 48 hours, especially when preceded by AED triggering after 24 hours. 

Therefore the slower kinetics of the effect of V1-silencing on trichocyst biogenesis seems not 

to be an intrinsic characteristic of the F subunit, but rather of V1 itself, though trichocyst 

biogenesis is dependent on both V0 and V1.  

 

2.4.7.) Epistatic effect of c-subunit silencing on F-subunit stability and localization 

Since the cytosolic V1 sector of the V-ATPase depends on anchoring to the membranous V0 

sector, we investigated the effect of c-subunit silencing on V1, using a Paramecium strain 

expressing F-GFP. At three different times of silencing (16, 25 and 40 hours) cells were fixed 

and examined in the fluorescence microscope. After 16 hours, V0 silencing provoked a strong 

decrease of the fluorescence intensity of the radial arms of the contractile vacuole complex, 

while cytoplasmic background increased slightly (Fig. 26d). After 25 hours, the contractile 

vacuole complex was still faintly stained while the cytoplasmic background level decreased to 

that of the noninjected control cells. After 40 hours, only remnants of the contractile vacuole 

were barely visible or not visible at all. This indicates that excess V1 subcomplexes or free F-

subunits occuring transiently in the Paramecium cytosol are eliminated. This is different from 
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observations in yeast, where it was shown that the amount of V1-proteins is unchanged in 

knock-out mutants of V0 subunits (Parra et al., 2000). The level of free F-subunits in 

Paramecium must be regulated posttranscriptionally because our expression of V1, F-GFP 

construct was driven by the constitutive calmodulin promotor, which excludes regulation at 

the transcriptional level. 

Silencing of the F-subunit in the same F-GFP expressing cells resulted in complete 

elimination of fluorescence within 16 hours, demonstrating the rapid and powerful block of 

gene expression produced by the feeding approach. The remaining fluorescence intensity is 

indistinguishable from the autofluorescence of uninjected control cells (Fig. 26j-l). It should 

be noted however that a relatively high concentration of GFP is needed to reach the detection 

limit in Paramecium (Hauser et al., 2000a). This means that a low concentration of the 

endogenous F- and F-GFP-subunits remains after 16 hours, because the cell biological defects 

caused by V1 silencing just start to become visible after 16 hours.  

 
Figure 26.) Cells derived from a clone transformed with F-GFP plasmid were subjected to gene silencing 
of all the c-subunuits or the F-subunit itself (a-i). 16, 25 and 40 hours after the beginning of feeding samples 
were taken and fixed. Control cells (a-c) show no difference in fluorescence within 40 hours, in contrast to cells 
after silencing of the c-subunits, which causes displacement of the F-subunit from the contractile vacuole 
complex after 16 hours (d). After 25 hours only remnants of the contractile vacuole complex are visible which 
have disappeared after 40 hours of feeding. Silencing of the F-subunit shows very rapid elimination of the 
fluorescence of F-GFP already after 16 hours of feeding (g). j-l are noninjected control cells showing 
autofluorescence typical for Paramecium. Silencing of the F-subunit as well as the c-subunits reduces 
fluorescence of F-GFP to the level of autofluorescence within 40 hours. Bar = 10 µm. 
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2.5.) Discussion 

In this study we identified essential components of V1 and V0 of the V-ATPase in 

Paramecium and used them as markers to study the localization and functional significance of 

the two subcomplexes. For V0, we used the c-subunits, encoded by six genes, that can be 

grouped in three pairs. For V1, we used the F-subunits as a marker, encoded by two almost 

identical genes.  

 

2.5.1.) Localization of the V-ATPase 

By labeling c-subunits with a GFP-tag, it was possible to localize V0 in organelles known to 

contain the V-ATPase, such as the contractile vacuole complex and phagosomes, but also in 

organelles not known to contain a proton pump, such as the endoplasmic reticulum and 

trichocysts. Care has to be taken in the interpretation of GFP images, because we cannot 

precisely control the amount of DNA injected. Northern blot analysis of cells transformed 

with c1-GFP or c4-GFP confirmed that at least at the transcriptional level c1- and c4-GFP are 

highly overexpressed in comparison to untransformed control cells (Fig. 18). As it is known 

from yeast, transmembranous V0-subunits are synthesized at the endoplasmic reticulum, 

assembled in a tightly regulated series of events to form the V0-subcomplex which binds the 

cytosolic V1 sector and is exported to various organelles (Graham et al., 2003). Only V0-

subcomplexes that are correctly assembled leave the endoplasmic reticulum. For this reason it 

is unlikely that the overexpression of a single subunit causes a mislocalization of the V0 

subcomplex to wrong compartments, although changes in the stoichiometry may lead to 

mistargeting of unassembled c-subunits. GFP localization of proteolipids in the endoplasmic 

reticulum is not an indication of a functional V-ATPase in this compartment, but may as well 

represent excess proteolipids that are not incorporated in V0-subcomplexes. However, despite 

these cautions in the interpretation, significant conclusions can be drawn from correlated 

results obtained by different approaches. As described in the rest of the discussion, most of 

the locations visualised by GFP fusion proteins correspond to organelles affected by RNAi 

experiments, strongly argueing for the implication of V-ATPases in their functioning. 

V1 subunits are thought to be synthesized and assembled to the complex in the cytosol. This 

subcomplex is membrane associated by binding to V0. Localization of V1 was achieved by 

tagging the F-subunit with GFP. Interestingly, the GFP-tag does not interfere in a perceptible 

way with the function of the V-ATPase although the F-subunit was shown to be a part of the 

rotor connecting V1 with V0 (Imamura et al., 2004).  Low copy number transformation led 

only to labeling of the contractile vacuole complex which is known to contain a huge number 
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of V-ATPase molecules: estimations by the group of R. Allen range from 40 to 80 millions in 

a Paramecium cell (Fok et al., 1995). To achieve significant labeling of other cellular 

structures by F-GFP, the binding capacity of V1 of the contractile vacuole complex has to be 

saturated which was achieved by injection of a large DNA amount of the F-GFP plasmid. 

Overexpression of this protein may cause mislocalization, therefore the localization results of 

V1 should be considered with caution. But we can be confident in the localization of the V-

ATPase in organelles that were shown to contain a V-ATPase by GFP-tagging of both V0 and 

V1.  

 

2.5.2.) RNAi with the V-ATPase 

It is not known whether all c-subunits of Paramecium coexist in the same V-ATPase complex 

or whether there exist V-ATPases with different c-subunit composition. This fact made it 

necessary to inactivate all proteolipid genes in gene silencing studies to be sure that no rescue 

by other c-subunits could occur. For this reason we worked out a novel strategy to provoke 

RNAi by feeding with more than one gene by cloning the genes of interest in tandem in the 

feeding plasmid. The obstacle of possible rescue by related genes does not exist in the case of 

the A- or F-subunits, because these subunits are encoded by families of genes that are nearly 

identical and are therefore co-silenced by RNAi. Depletion of V-ATPase subunits clearly 

disturbs the three fundamental processes of osmoregulation, phagocytosis and secretory 

vesicle formation.   

 

2.5.3.) Contractile vacuole and osmoregulation 

The contractile vacuole complex proved to be extremely sensitive to RNAi of the 

corresponding V-ATPase gene. Silencing of single c-subunit pairs had a dramatic impact on 

function and structural integrity of the organelle. This is in good agreement with previous 

studies that showed the V-ATPase to be densely packed in the decorated spongiome (Fok et 

al., 1995), that the V-ATPase is necessary for fluid segregation (Grønlien et al., 2002) and 

that water is eliminated through the contractile vacuole complex by the creation of an ion 

gradient that is at least partially established by the electrochemical potential built by the V-

ATPase (Stock et al., 2002).  

 

2.5.4.) Food vacuoles and phagocytosis 

Phagocytosis in Paramecium is a complex process in which the organellar pH plays a central  

role in coordinating the temporal series of events. It is known that acidosomes, vesicles that 
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contain a high number of V-ATPase complexes, are docked to the nascent food vacuole and 

fuse with the food vacuole as soon as it leaves the cytopharynx, leading to rapid acidification 

of the food vacuole (Fok and Paeste, 1982). Fusion with lysosomes (and therefore digestion) 

only takes place if the phagosome is acidified (Fok and Allen, 1988). RNAi with V0 or V1 

probably disturbs this process. Food vacuoles that are not sufficiently acidified supposedly 

fail to fuse with lysosomes and are thus blocked at this step. As a consequence, the cellular 

pool of acidosome membranes is trapped and its titration inhibits further feeding. This result 

is consistent with the observation that in Dictyostelium, a reduced expression level of the a-

subunit of V0 also leads to decreased phagocytotic activity (Liu et al., 2002).  

The block of feeding influences further delivery of dsRNA by E .coli bacteria to Paramecium 

cells. As soon as inhibition of phagosome formation takes place, the levels of dsRNA and 

siRNA in the cytoplasm drop, again allowing gene expression of V-ATPase subunits formerly 

silenced since feeding RNAi effects are reversible (Galvani and Sperling, 2002). When the 

formation of food vacuoles restarts, the levels of dsRNA and siRNA in the cytoplasm rise 

again and the phenotype becomes more severe. For this reason, a complete knock-down of the 

V-ATPase using the feeding approach is probably not possible, so no lethal phenotype has 

been observed. Consistently, gene silencing of all c-subunits by injection of a very high copy 

number of a plasmid containing only the open reading frames of the c-subunits, as established 

by Ruiz et al. (1998), killed Paramecium cells within 48 h (not shown). 

 

2.5.5.) Trichocysts and regulated secretion 

Silencing of the c-, A- or F-subunits led to a block in trichocyst biogenesis although with 

remarkable differences between silencing constructs. Among the c-subunits of V0, silencing 

of c1/2 or c5/6 alone did not have a significant effect, but their co-silencing or simple 

silencing of the c3/c4 pair had. In contrast, the silencing of even single c-subunit pairs had a 

dramatic impact on the contractile vacuole. Silencing of the single pair c3/c4 had a maximal 

effect on both organelles. There are two types of explanations possible, a qualitative or a 

quantitative one. On the one hand, the differences in amino acid sequence between c1, c2 and 

c5/c6 (c1 differs from c2 by two and from c5/6 by three amino acid residues) may have a 

functional significance in the contractile vacuole complex, whereas they play the same role in 

trichocyst biogenesis. On the other hand the decrease of the global level of c-subunits by 

silencing only one pair c1/c2 or c5/c6 may be enough to cause dysfunctioning of the 

contractile vacuole complex, but not of the trichocyst biogenesis. Whatever the explanation, 
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this question is tightly linked to that of the organization and stoichiometry of proteolipids of 

V0 in different organelles of Paramecium.  

When all V0 c-subunits were silenced after 24 hours, the pool of dischargeable trichocysts was 

strongly reduced, while it took 48 hours of silencing with V1 subunits A and F. Why is the 

kinetics of the appearance of the trichocyst phenotype different between silencing of V0 and 

V1? The most likely answer lies in the different nature of these proteins, i.e. c-subunits are 

four-helix transmembrane proteins while A- and F-subunits are part of a soluble complex 

(Kawasaki-Nishi et al., 2003; Wilkens, 2001). Silencing of c-subunits acts rapidly on 

trichocyst maturation, because the formation of the organelle is probably paralleled by the 

synthesis of V0-subunits. Interference with V0 subunit synthesis leads to the absence of these 

molecules in trichocyst precursor membranes, to an absence of V-ATPase activity and a block 

of the maturation process. With V1 the situation is different: in the cell, a pool of V1 is bound 

but not strictly anchored to other organelles. This is apparent in the F-GFP experiment where 

silencing of V0 resulted in a delocalization of V1 to the cytosol after 16 hours (Fig. 26d). So it 

is possible for trichocysts to attract free V1 to form a functional V-ATPase for a longer time 

than when silencing of V0 takes place, where the effects are location specific and therefore 

immediate.  

Interestingly, the phenotype of trichocysts strikingly evokes the shape of mutant trichocysts 

such as the football A or tam 38 mutants (Ruiz et al., 1976). This kind of mutant phenotype 

was shown to be a consequence of defective traffic early in the secretory pathway (Gautier et 

al., 1994). It is possible that in our silencing experiments, too, a deleterious effect of the 

silencing of the V-ATPase, for example on the endoplasmic reticulum, produces a similar 

trichocyst phenotype. If so, this would be in good agreement with the possible labeling of the 

endoplasmic reticulum by the V-ATPase-subunit/GFP-fusion genes. It should be noted that 

trichocysts are not remarkably acidic (Lumpert et al., 1992; Garreau de Loubresse et al., 

1994), so that the V-ATPase seems to participate rather in membrane trafficking leading to 

the assembly and maturation of trichocysts. However, gene silencing experiments do not 

inform us on the possible later roles of the V-ATPase, which was detected in mature and 

anchored trichocysts by the GFP constructs. The silencing approach cannot provide such 

information, since any effects downstream of the earliest blocked step are impossible to 

observe. Among the late roles we considered a possible involvement of the V0 sector alone, as 

shown for the homotypic fusion of vacuoles by Peters and collegues (2001). V0 was proposed 

to play a catalytic role in membrane fusion in addition to its role of anchoring V1 and 

translocating protons. Could this proposed role of V0 in membrane fusion be a general feature 
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in all traffic routes? The exocytotic site of trichocysts is assembled during docking of the 

organelle to the cell cortex and remains established until the trichocyst undergoes exocytosis 

and is discharged. The docking site is formed by six to eight intramembranous particles, 

forming the so called “rosette”, as was shown by freeze fracture electron microscopy (Beisson 

et al., 1976). Under the assumption that V0 may be a general fusion factor, it was asked by 

Froissard et al. (2002) and Plattner and Kissmehl (2003), whether V0 may be present at the 

trichocyst docking site and therefore could represent the rosette particles. But the fact that by 

the combination of the anti-GFP antibody with our overexpressed c-subunit/GFP fusion genes 

we were unable to detect any c-subunits in the plasma membrane, makes it unprobable that V0 

is localized at the trichocyst docking site and thus can represent the rosette. 

 

2.5.6.) Does the V-ATPase have a general role in membrane fusion? 

Although we cannot exclude that only a few V-ATPase molecules per membrane are needed 

for membrane fusion and that we may not have reached this level in our silencing 

experiments, two arguments plead against a general role of the V-ATPase in membrane 

fusion. 

First, impaired membrane fusion in Paramecium is most obvious by swelling of the ER,  

fragmentation of the Golgi and clumping of vesicles that are unable to undergo membrane 

fusion as it was shown by silencing of NSF, a general fusion factor (Kissmehl et al., 2002; 

Jahn and Südhof, 1999). Such signs of impaired membrane fusion could not be observed by 

silencing all c-subunits of V0, even at the level of electron microscopy. 

Second, if V0 generally takes part in membrane fusion it would be expected that silencing of 

V0 would lead to defects in membrane trafficking in addition to all other defects produced by 

impaired proton pumping. In contrast, silencing of V1 should only affect processes that 

require proton translocation coupled to ATP hydrolysis. In our experiments, all major defects 

induced by gene silencing of V0 were the same as those resulting from V1 silencing.  

Another important discovery of this study is the high number of genes by which some V-

ATPase subunits are encoded in Paramecium compared with other organisms, especially the 

numbers of c- and a-subunit genes (Table 2). From studies in yeast it is known that the two a-

subunits are targeted to different organelles (Kawasaki-Nishi et al., 2001a). To understand the 

significance of 17 a-subunits with regard to functional differentiation of the V-ATPase in 

Paramecium will be the goal of our future work. 
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3.1.) Summary 

In the Paramecium tetraurelia genome 17 genes encoding the 100 kDa-subunit (a-subunit) of 

the V-ATPase were identified, representing by far the largest number of a-subunit genes 

encountered in any organism investigated so far. They group into nine clusters, eight pairs 

with >82% of amino acid identity and one single gene. GFP-tagging of representatives of the 

nine clusters revealed highly specific targeting to at least seven different compartments, 

among them dense core secretory vesicles (trichocysts), the contractile vacuole complex and 

phagosomes. RNAi for two pairs confirmed their functional specialization in their target 

compartments: silencing of the trichocyst-specific form affected this secretory pathway, while 

silencing of the contractile vacuole complex-specific form altered organelle structure and 

functioning. The construction of chimeras between selected a-subunits surprisingly revealed 

the targeting signal to be located in the C-terminus of the protein, in contrast with the N-

terminal targeting signal of the a-subunit in yeast. Interestingly, some chimeras provoked 

deleterious effects, locally in their target compartment, or remotely, in the comparment whose 

specific a-subunit N-terminus was used in the chimera.    
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3.2.) Introduction 

The vacuolar-proton-ATPase (V-ATPase) is a multi-subunit enzyme, which translocates 

protons across membranes against their electrochemical potential through ATP hydrolysis. It 

is of crucial importance for many cellular processes through acidification of compartments 

and energization of membranes (Inoue et al., 2003; Graham et al., 2003). The V-ATPase 

consists of two subcomplexes, respectively the cytoplasmic and the transmembrane V1 and V0 

sectors. The V1 sector is built by eight different subunits (A-H) of sizes ranging from 13 to 70 

kDa in a stoichiometry of A3B3CDEFG2H1-2 while the V0 sector consists of six different 

subunits (a, c, c’, c’’, d, e) of 10 to 100 kDa in a stoichiometry of ac4c’c’’dex (Inoue et al., 

2003). The V-ATPase was shown to act by a rotation mechanism (Hirata et al., 2003; 

Imamura et al., 2003). ATP is hydrolyzed by the V1 sector and the energy liberated drives 

rotation of the rotor part of V0 (the c-subunits) relative to the stator (the a-subunit) in the 

membrane. During the rotation, protons are channeled across the membrane (Inoue et al., 

2003). 

In most organisms, the V-ATPase subunits are each encoded by a few genes, one to four in 

general. This holds also true for Paramecium whose genome is being currently sequenced and 

annotated, except for the V0 c-subunits, encoded by six genes, and the V0 a-subunits, the 

largest subunit of the V-ATPase (~100 kDa), encoded by not less than 17 genes (Wassmer et 

al., 2005). This puzzling observation led us to investigate the consequence of such a diversity 

of sequences and to address the question of possibly different roles of a-subunits in 

Paramecium, compared to the generic role of the V-ATPase stator normally described. 

In yeast, a-subunits are encoded by two genes, VPH1 and STV1 (Arata et al., 2002). These 

two different a-subunits were shown to be localized differentially, Stv1p in the Golgi and 

Vph1p in the membranes of vacuoles (Kawasaki-Nishi et al., 2001a). The N-terminal half of 

these proteins was shown to contain the localization signal for this differentiated targeting 

(Kawasaki-Nishi et al., 2001a). Knock-out of either VPH1 or STV1 does not result in the vma-

phenotype, typical of vacuolar dysfunction, like knock-out of any of the other V-ATPase 

genes does. Only the double disruption of VPH1 and STV1 leads to such a phenotype 

(Manolson et al., 1994). Therefore the a-subunit genes in yeast seem to be able to substitute 

for each other to some extent. V-ATPase complexes containing different a-subunits were 

shown to have different catalytic properties and different kinetics of association/dissociation 

of V1 to V0, especially in response to glucose depletion in the medium (Kawasaki-Nishi et al., 

2001b; Kane and Smardon, 2003).  
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In mammals, the a-subunits are encoded by four genes that, in mice, were shown to have 

different expression levels in different tissues. For example, expression of the isoform 4 of the 

a-subunit is restricted to the kidney (Oka et al., 2001; Smith et al., 2001). The a4-containing 

protein is localized in the plasma membrane of renal intercalated cells. Loss-of-function 

mutations in that gene cause autosomal recessive distal renal tubular acidosis (Smith et al., 

2000). The isoform 3 of the a-subunits was shown to be important for bone resorption by 

osteoclasts (Toyomura et al., 2000). Mutations in this isoform can lead to osteopetrosis (Li et 

al., 1999).  

In Paramecium, the V-ATPase was shown to be most important for the processes of 

osmoregulation, phagocytosis and the biogenesis of dense core secretory granules, called 

trichocysts (Allen and Naitoh, 2002; Fok and Allen, 1988; Wassmer et al., 2005). The major 

organelle for osmoregulation is the contractile vacuole complex that is known to contain a 

huge number of V-ATPase molecules, where the enzyme is used to create an electrochemical 

potential that is exploited to expel excess water from the cytosol (Grønlien et al., 2002; Stock 

et al., 2002). The radial arms of the organelle are built by two complex membrane systems, 

the smooth and the decorated spongiome (Allen and Naitoh, 2002). Using an antibody against 

the V1 B-subunit, the V-ATPase holoenzyme was demonstrated to be restricted to the 

decorated spongiome (Fok et al., 1995). In phagocytosis, the V-ATPase is required for the 

acidification that leads to the inactivation of ingested microorganisms and is necessary for 

enabling the fusion of phagosomes with lysosomes (Fok and Allen, 1988). Concerning the 

biogenesis of secretory granules, we have recently shown that it is affected, together with the 

osmoregulatory and phagocytotic pathways, by the inactivation of V-ATPase subunits c, A or 

F, although the precise role the V-ATPase in this process is not yet known (Wassmer et al., 

2005).  

In this paper, we show that the 17 isoforms of a-subunits define at least seven localizations 

within the Paramecium cell and suggest as many different functions. The necessity to 

maintain so many different a-subunits in a complex unicell such as Paramecium compared to 

multicellular organisms is discussed. 
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3.3.) Materials and Methods  

3.3.1.) Cell culture and phenotypical tests 

The wild-type strain of Paramecium tetraurelia used was stock d4-2, derived from stock 51. 

Cells were grown in wheat grass infusion (BHB, L’arbre de vie, Luçay Le Male, France), 

bacterized with Klebsiella pneumoniae the day before use, and supplemented with 0.4 µg·ml–1 

ß-sitosterol (Sonneborn, 1970). Trichocyst exocytosis capacity was visualized by a saturated 

solution of picric acid under low magnification dark-field microscopy (Vayssié et al., 2000). 

Monitoring phagocytosis with Indian ink, as well as following its inhibition by cytochalasin B 

were performed as described (Cohen et al., 1984). Contractile vacuole shape and pulsation 

rhythm were observed under phase microscopy.  

 

3.3.2.) Amplification, cloning and sequencing from cDNA 

A cDNA-library from Paramecium tetraurelia was kindly provided by the laboratory of J. 

Schultz, University of Tübingen. The oligonucleotides used for the amplification of the 

VATA1_1 cDNA from this library were 5’-aactgcagagtctttattagttgttgattccc-3’ and 5’-

ggggtaccttacaaaggatattcaaacattac-3’, using the Advantage2-polymerase mixture (Clontech, 

Palo Alto, California). The PCR-product was cloned into pBluescript II SK- (Stratagene, La 

Jolla, California) using the restriction enzymes PstI and Acc65I from NEB (Frankfurt, 

Germany) according to standard molecular biological protocols. Sequencing was performed 

by MWG-biotech (Ebersberg, Germany).  

 

3.3.3.) Construction of GFP-fusion genes 

Oligonucleotides used for amplification of a-subunits were a1f: 5’-

cgaccggtcgccaccatgattagatctgaaggtatgag3’, a1r: 5’-gcaccggtggaagtttcattttatcttattatttcttcatc-3’; 

a2f: 5’-gcgactagtatgagtttctttagatcggagac-3’, a2r: 5’-gcgctcgagatccttaatcctttggctgatttg-3’; a3f: 

5’-gcgactagtatgagcttgtttagatcagagtag-3’, a3r: 5’-gcgctcgagatccatcatcttattcattactttt-3’; a4f: 5’-

gcgactagtatgttaagatcgtaggaaatgtc-3’, a4r: 5’-gcgctcgagatcctaacgagtacacatgaaattcc-3’; a5f: 5’-

gcgactagtatgagtttctttaggtctaaaaag-3’, a5r: 5’-gcgctcgagatccttttgaatttgcctatttcag-3’; a6f: 5’-

gcgactagtatgagtttctttaggtccaaac-3’, a6r: 5’-gcgctcgagatcctttaagatgctcttataacattt-3’; a7f: 5’-

gcgactagtatgttcagagcaaccgaaatacatc-3’, a7r: 5’-gcgctcgagatcccattcttgtactaaattaaaac-3’; a8f: 5’-

gcgactagtatgtttagatcacaagaaatgag-3’, a8r: 5’-gcgctcgagatccctaagattctaaattgatgctttc-3’; a9f: 5’-

gcgactagtatgaacttctttaggtcccaaac-3’, a9r: 5’-gcgctcgagatccttcctcctttggaactgcattg-3’. 

Underlined codons correspond to the start codon ATG and the reverse complement of the 

former stop codon TGA mutated to tcc (a1) or gga (a2-9). VATA1_1 was cloned from cDNA 
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using AgeI into pPXV-GFP described in Hauser et al. (2000a). All other a-subunits were 

amplified using macronuclear DNA as template and cloned into pPXV-GFP described in 

Wassmer et al. (2005) using SpeI and XhoI according to standard protocols. 

 

3.3.4.) Microinjection experiments  

Microinjections were made under an inverted Nikon phase-contrast microscope, using a 

Narishige micromanipulation device, and an Eppendorf air-pressure microinjector. DNA for 

microinjection was prepared as described in Wassmer et al., (2005). When DNA was 

microinjected into wildtype cells, they were pretreated with a solution of the vital 

secretagogue aminoethyldextran at 0.2% (Plattner et al., 1985) to trigger trichocyst discharge 

and avoid disturbance during the microinjection procedure. To assess the degree of 

expression, a serial dilution (1/10, 1/100, 1/1000) of the a1-GFP construct was injected with 

plasmid DNA diluted in hering sperm DNA (Sigma, St. Louis, Montana) containing water to 

reach the viscosity of the solution necessary for successful injection. Mock injected cells were 

only transformed with hering sperm DNA. 

 

3.3.5.) Expression of eGFP in E. coli and production of polyclonal antibody 

For heterologous expression of eGFP we selected the amino acid sequence of eGFP (Hauser 

et al. 2000b). The coding region (M1-K238) was cloned into the XhoI/BamHI restriction sites 

of the pET16b expression vector from Novagen (Madison, Wisconsin). Purification of 

recombinant GFP was done by affinity chromatography on Ni2+-nitrilotriacetate agarose 

under native conditions, as recommended by the manufacturer (Merck, Bad Soden, Germany). 

Fractions containing recombinant GFP were used for immunization of rabbits. After several 

boosts, positive sera were taken and purified by two subsequent chromatography steps, a first 

step on a His-tag peptide column (to remove His tag-specific antibodies), followed by an 

affinity step on the recombinant GFP protein. 

 

3.3.6.) Expression of a1-1 peptides in E. coli and production of polyclonal antibody 

The sequence coding for the amino acids P178 - S328 of a-subunit 1-1 was amplified from 

macronuclear DNA with all the in-frame stop-codons (TAA, TAG) mutated to CAA or CAG 

by fusion PCR (Dillon and Rosen, 1990) and cloned into the pET16 vector system (Novagen, 

Madison, Wisconsin) using XhoI restriction enzyme. For the expression of a smaller, isoform-

specific peptide of the a-subunits 1-1, the DNA-coding sequence corresponding to a1-1(P228-

E259) was PCR-amplified from macronuclear DNA and cloned into the pET32 vector system 
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(Novagen, Madison, Wisconsin) using NcoI, XhoI. Recombinant expression and purification 

by histidine affinity chromatography on Ni2+-nitrilotriacetate agarose was done under 

denaturing conditions according to the manufacturer's protocol. The resuling peptide a1-1(P178 

- S328) was injected into a rabbit for immunization. The serum obtained was affinity purified 

first using a column with an immobilized His-tagged protein to remove His-tag specific 

antibodies and in the second step against the recombinant protein. To ensure the isoform 

specificity of anti a1-1-antibody, serum obtained with a1-1(P178 - S328) was affinity purified in 

the second step using a a1-1(P228-E259)-column. 

 

3.3.7.) Cell fractionation and Western blots 

Whole cell homogenates were prepared as described in Kissmehl et al., (2004). Soluble and 

particulate fractions were separated by centrifugation of homogenates at 100,000 or 190,000 g 

for 60 min at 4°C. Cell surface complexes (“cortices”) were prepared according to Lumpert et 

al., (1990). SDS-Gel electrophoresis was carried out essentially as described by Lämmli et al., 

(1970), western-blotting was performed using a semi-dry blotter from Biorad (Biorad, 

Hercules, California) according to the manufacturers protocol. Various sample buffers and 

boiling times for SDS-PAGE were tested, as the a1-1 protein signal was found to be very 

sensitive in sample preparation before gel electrophoreses, as it was described in yeast 

(Manolson et al., 1992). The protocol provided by Manolson et al., (1992) proved to be most 

suitable for the detection of endogenous a1-1 protein in Paramecium. 

 

3.3.8.) Protein/DNA extraction and slot blots 

Paramecium cells were grown in 300 ml culture until a density of ~1500 cells/ml, checked for 

the absence of autogamy, concentrated by centrifugation and lysed in 3 ml 6 M guanidine, 

100 mM NaPi, 10 mM TrisCl pH 8,0. 5 µl of the lysates were loaded per slot when decorated 

with anti-a1-1 (P178 - S328) or anti-actin1-1 serum (described in Kissmehl et al., 2004) as 

loading control, while 20 µl were loaded when decorated with the mouse monoclonal anti-

GFP antibody (Roche, Mannheim, Germany). Slot blots were performed using the Bio-Dot 

apparatus according to the manufacturer's instructions (Biorad, Hercules, California). To 

prepare total DNA, 100 µl of the cell lysates were precipitated according to Wessel and 

Flügge, (1984) and the aqueous, DNA-containing fraction was ethanol-precipitated and 

redissolved in 100 µl of TE-buffer .  

 

3.3.9.) PCR for the detection of GFP-plasmids in paramecia 
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The successful transformation of injected paramecia was verified using PCR. The 

oligonucleotide located in the ORF of the GFP was: 3'GFPseq 5'-aaagttaacttcaaaattagacac-3' 

and the one located in the 3'-untranslated calmodulin region was TW-3 5'-

catatgatgtctatgtattgtttg-3', leading, in the case of successful transformation with pPXV-GFP, 

to the amplification of a ~380 bp fragment.  

 

3.3.10.) Immunolabeling of paramecia and fluorescence microscopy 

Individual paramecia were transferred as small pools in depressions slides and permeabilized 

with 1% TritonX-100 in PHEM-buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM 

MgCl2, pH 6.9) for 90 s, followed by rapid transfer to PHEM containing 2.5% formaldehyde 

for 10 min fixation. Alternatively, cells were fixed in 2.5% formaldehyde in PHEM-buffer 

containing 0.5% digitonin or 0.5% TritonX-100 at room temperature for 10 min. Cells were 

then washed twice in TBS+BSA (10 mM TrisCl, 150 mM NaCl, 3% BSA, pH 7.4), followed 

by incubation with the primary antibody in TBS+BSA. The primary anti-trichocyst antibody 

was kindly provided by K. Klotz and F. Ruiz (CGM/CNRS, Gif-sur-Yvette, France) and used 

at 1/300 dilution. The primary anti-tubulin antibody was the monoclonal ID5 described in 

Wehland and Weber, (1987), used at 1/300 dilution according to the digitonin 

permeabilization protocol for microtubular structures staining given above. The primary anti 

a1-1(P228-E259) was used at a concentration of 5 µg/ml. Afterwards, cells were washed once in 

TBS+BSA, followed by the incubation with the secondary antibody, either Alexa568-coupled 

goat anti-mouse F(ab’)2 at 1/300 dilution or goat anti-rabbit F(ab’)2 (Molecular Probes, 

Eugene, Oregon) at 1/400 dilution, for 30 to 45 min. Finally, cells were washed twice in 

TBS+BSA and mounted in Citifluor AF2 (Citifluor, London, UK). Fluorescence was 

analyzed under an Axioskop 2 plus microscope (Zeiss, Jena, Germany), equipped with a 

CoolSNAP cf camera (IPS, North Reading, Massachusetts), using the plan-Neofluar objective 

63x1/1.25 from Zeiss with immersion oil ZEISS 518N or using an Axiovert 100TV 

microscope (Zeiss, Jena, Germany) equipped with a plan-Neofluar 40x/1.30 objective and a 

ProgRes C10plus camera system from Jenoptik (Jena, Germany). Images were aquired using 

the Metamorph software (Universal Imaging Corporation, Downington, Pennsylvania).  

 

3.3.11.) Immunoelectron microscopy 

Cells derived from clones transformed with a1-, a4-, a7- and a8-GFP were fixed for 2.5 h at 

room temperature with 2.5% formaldehyde + 0.15% glutaraldehyde in 50 mM 

cacodylatbuffer pH 7.4 followed by two washes in 50 mM cacodylatbuffer pH 7.4. Cells were 



 

 60

trapped in 1% agarose and dehydrated in an ethanol series followed by embedding in LR-

White resin according to standard protocols for immunoelectron microscopy. Ultrathin-

sections were decorated with affinity-purified, polyclonal anti-GFP antibody described above, 

followed by proteinA-gold (5 nm) conjugates obtained from the Department of Cell Biology 

(University of Utrecht, Netherlands). 

 

3.3.12.) Gene silencing by feeding 

The open reading frames of the VATA2_1- and VATA3_1 genes were excised from the 

plasmids pPXV-a2-GFP and pPXV-a3-GFP with SpeI and XhoI and cloned into the double 

T7-promotor plasmid pL4440 (described in Timmons et al., 2001). Plasmids were introduced 

in the E.coli Ht115 strain and Paramecium cells were fed with these strains as described in 

Wassmer et al., (2005) following the protocol of Galvani and Sperling, (2002). After 38 to 48 

h of feeding paramecia were analyzed. 

 

3.3.13.) Construction of chimeras 

The N- and C-terminal halves of the a2-1 subunit were amplified from the corresponding gene 

of the macronuclear DNA using oligonucleotides a2f/a2r-Xma (5’-catcccggggttcacttccttatacc-

3’) and a2r/a2f-Xma (5’-gaaccccgggatgtttgccgttatg-3’) and cloned into pL4440 using 

SpeI/XmaI (yielding pL4440/a2v) and XmaI/XhoI (yielding pL4440/a2h), respectively. 

Afterwards the 5'- and the 3'-halves of the gene encoding a3 were amplified using 

oligonucleotides a3f/a3r-Xma (5’-caacccgggattgatttccttgtatc-3’), cloned into pL4440/a2h 

using SpeI/XmaI (yielding pL4440/a3v/a2h) and a3r/a3f-Xma (5’-aatcccgggttgtctactatcataac-

3’) cloned into pL4440/a2v using XmaI/XhoI (yielding pL4440/a2v/a3h). Both inserts were 

excised using SpeI/XhoI and cloned into pPXV-GFP, yielding pPXV-a2a3-GFP and pPXV-

a3a2-GFP (compare Fig. 37) with an artificially introduced XmaI site that does not change the 

amino acid sequence (ccc.ggg/Pro.Gly) between the N- and C-terminal halves of the protein. 

These two plasmids were used to construct other plasmids by cloning with SpeI, XmaI and 

XhoI to test the localization of different N- and C-termini of the corresponding proteins. 

Amplification of the 5'-end corresponding to the N-terminus of a4 was carried out using the 

oligos a4f and a4r-Xma (5’-tagcccggggttgatttctcgatatctagc-3’), for the 3'-end corresponding to 

the C-terminus of a5 a5f-Xma (5’-aaccccgggttatttaccataatcacattc-3’) and a5r were used. 

Exchanges within the 3'-end corresponding to the C-terminus of the a2/a3-proteins were done 

by fusion PCR. In a first round of PCR, the two fragments from a2 and a3 were amplified 

from plasmid or macronuclear DNA using oligos a2f-Xma, a3f-Xma, a2r, a3r and the 
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respective internal primers. The two/three fragments were excised from the gel, the gel-slices 

frozen for 30 min, thawed and centrifuged for 15 min at 4°C. From the supernatant 2 µl of 

each fragment was used as template in a 50 µl PCR-reaction using the oligos a2f-Xma/a3r or 

a3f-Xma/a2r, followed by cloning with XmaI/XhoI into the plasmid pPXV-a3a2-GFP. Oligo 

combinations used were as follows: pPXV-a3a2Ch1-GFP: First PCR: a2f-Xma/Ch1r (5’-

cagtagctgcagagactcttgagactctaagtcaaac-3’) - first fragment, Ch1f (5’-

gagtctctgcagctactgttattaaccatcataacc-3’)/a3r – second fragment. Fusion PCR: a2f-Xma/a3r. 

pPXV-a3a2Ch2-GFP: First PCR: a3f-Xma/Ch2r (5’-agattactgcaggaatctctattgctctccagattcg-

3’) – first fragment, Ch2f (5’-agattcctgcagtaatctattctattttggtc-3’)/a2r – second fragment. 

Fusion PCR: a3f-Xma/a2r. pPXV-a3a2Ch3-GFP: First PCR: a2f-Xma/Ch3r (5’-

aagaagtggttttgtaataagcatccaaggaatgc-3’) – first fragment, Ch3f (5’-

tgcattccttggatgcttattacaaaaccacttct-3’)/a3r – second fragment. Fusion PCR: a2f-Xma/a3r. 

pPXV-a3a2Ch4-GFP: First PCR: a2f-Xma/Ch4r (5’-taaatagctagcagtattactaatagaaccaag-3’) – 

first fragment, Ch4f (5’-agtaatactgctagctatttaagattatgggcact-3’)/a3r – second fragment. Fusion 

PCR: a2f-Xma/a3r. pPXV-a3a2Ch5-GFP: First PCR: a2f-Xma/Ch5r (5’-

acattccataagatccatgcacat-3’) – first fragment, Ch5f (5’-atgtgcatggatcttatggaatgt-3’)/a3r – 

second fragment. Fusion PCR: a2f-Xma/a3r. pPXV-a3a2Ch6-GFP: First PCR: a3f-

Xma/Ch6r (5’-caaaacaacttccaaataagtttaag-3’) – first fragment, Ch6f (5’-

aacttatttggaagttgttttgaaaatg-3’)/a2r – second fragment. Fusion PCR: a3f-Xma/a2r. pPXV-

a3a2Ch7-GFP: First PCR: a3f-Xma/Ch7r (5’-cccaactctatccccatttcaaaaacaataagaaatc-3’) – 

first fragment, Ch7f (5’-ttttgaaatggggatagagttgggaaggtag-3’)/a2r – second fragment. Fusion 

PCR: a3f-Xma/a2r. pPXV-a3a2Ch8-GFP: First PCR: a2f-Xma/Ch8-1r (5’-

ctaccaaattgtaacaacttccaaatatattccaag-3’) – first fragment, Ch8-1f (5’-

tatttggaagttgttacaatttggtagatggtgaat-3’)/Ch8-2r (5’-ggcataaacttaattccatcggctttgtaaaatttg-3’) – 

second fragment, Ch8-2f (5’-caaagccgatggaattaagtttatgccattttcattc-3’)/a2r – third fragment. 

Fusion PCR: a2f-Xma/a2r. 
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3.4.) Results 

3.4.1.) Identification of seventeen a-subunit genes 

In a pilot sequencing project (Dessen et al., 2001) a clone of a genomic library containing a 

sequence homologue to a human a-subunit gene of the V-ATPase was identified. Sequencing 

of this clone, amplification from a cDNA library, cloning and sequencing allowed us to 

identify the first a-subunit gene of Paramecium, called VATA1_1 (Table 4). During early steps 

of the Paramecium whole genome shotgun sequencing undertaken by Genoscope 

(http://www.genoscope.cns.fr), we were able to identify 15 contigs containing each a new a-

subunit coding gene and, by manual assembly of single reads excluded from the draft 

assembly we used, one more a-subunit (encoded by VATA5_2) could be found, giving a total 

of 17 a-subunit genes (Table 4). Note that the nomenclature does not correspond to the one 

used in mammals.  

gene  

protein 

length 

(bp) 

introns amino 

acids 

calculated 

MR 

accession 

number 

GFP 

construct 

VATA1_1 a1-1 2545 2 832 97.3 CR932830 a1-GFP 

VATA1_2 a1-2 2557 2 836 97.6 CR932831 - 

VATA2_1 a2-1 2849 5 906 104.3 CR932832 a2-GFP 

VATA2_2 a2-2 2852 5 908 104.7 CR932833 - 

VATA3_1 a3-1 2530 5 800 92.8 CR932834 a3-GFP 

VATA3_2 a3-2 2529 5 800 93.0 CR932835 - 

VATA4_1 a4-1 2440 5 772 89.6 CR932836 a4-GFP 

VATA5_1 a5-1 2651 4 850 99.6 CR932837 a5-GFP 

VATA5_2 a5-2 2655 4 850 99.2 CR956351 - 

VATA6_1 a6-1 2624 5 831 96.5 CR932838 a6-GFP 

VATA6_2 a6-2 2613 5 828 96.4 CR932839 - 

VATA7_1 a7-1 2462 4 788 92.4 CR932840 a7-GFP 

VATA7_2 a7-2 2464 4 788 92.4 CR932841 - 

VATA8_1 a8-1 2534 6 793 93.1 CR932842 - 

VATA8_2 a8-2 2539 6 795 93.3 CR932843 a8-GFP 

VATA9_1 a9-1 2768 7 860 99.0 CR933341 a9-1-GFP 

VATA9_2 a9-2 2760 7 859 99.0 CR932845 a9-2-GFP 
 

Table 4.) Molecular characteristics of the 17 a-subunit genes of the V-ATPase of Paramecium tetraurelia.  
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By alignment of the deduced protein sequences using the ClustalW algorithm, the a-subunits 

were found to cluster in pairs except the a-subunit 4 (encoded by VATA4_1) (Fig. 27, compare 

with the alignments in Supplementary Materials). Within a pair, the two genes show a 

nucleotide identity of >80% while the encoded proteins show sequence identities of 82.5 to 

96.8%. Alignment and comparison of 

Paramecium a-subunit sequences with 

those of M. musculus, C. elegans, A. 

thaliana, D. discoideum and S. cerevisiae 

resulted in amino acid identities between 

18 and 28%.  

Hydrophobicity plots of the a-subunits of 

Paramecium resemble those of Vph1p, 

one of the yeast a-subunits (Leng et al., 

1999). Therefore, we propose a similar 

overall structure of the a-subunits in 

Paramecium, with a large N-terminal 

domain of approximately 380 to 440 

amino acids, followed by six to nine 

transmembrane segments, highly 

conserved among the a-subunits of 

Paramecium. Also, most residues identified in Vph1p being crucial for V-ATPase activity, 

e.g. D425 and R735 (Leng et al., 1998; Leng et al., 1996), are present in all Paramecium a-

subunits.  

 

3.4.2.) Localization of the a-subunits in-vivo by tagging with GFP 

In yeast, the V-ATPase a-subunit Vph1p was found in the membrane of vacuoles while Stv1p 

was found in the Golgi complex (Kawasaki-Nishi et al., 2001a). To test whether the 17 a-

subunits in Paramecium also have differential localization, genes of each of the nine groups 

of isoforms were fused at their 3’ end to the 5’ of the GFP gene in the Paramecium expression 

vector pPXV-GFP. In general, always the first gene of a pair (VATA1_1, VATA 2_1, etc.) was 

selected, except the a-subunit 9 pair, from which both genes were GFP-tagged (see table 4). 

After transformation with the different fusion constructs, intracellular labeling of resulting 

clones was observed by fluorescence microscopy. Interestingly, most of the fluorescent a-

Figure 27. Unrooted tree constructed from V0 a-
subunits of P. tetraurelia, C. elegans, M. musculus, S. 
cerevisiae, D. discoideum and A. thaliana  using the 
ClustalW algorithm. a-subunits of Paramecium form a 
cluster that is well separated from any other organism. 
They form generally pairs with amino acid identity 
>82%, except VATA4_1. 
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subunits labeled different organelles, giving a total of seven distinct cellular labeling (Fig. 

28).  

The a1-GFP fusion protein exclusively localized to a punctuate network at the cell cortex and 

the cytostome (Fig. 28a, b). Double labeling of paramecia with a monoclonal anti-tubulin 

antibody staining basal bodies and a1-GFP (Fig. 29) showed that this protein is present in an 

Figure 28.) In-vivo labeling of the a-subunits 1 to 9 by C-terminal GFP-tagging. (a,b) a1-GFP produces a 
punctate pattern at the cell cortex and it labels the cytostome. (c) a2-GFP stains the radial arms and weakly the 
vacuole of the contractile vacuole complex. (d, e) a3-GFP labels trichocysts, the cytoplasmic background may 
correspond to the biogenic pathway of these organelles. (f) a5-GFP is targeted mainly to the membrane of 
phagosomes but a “cloud” of vesicles in the posterior part of the cell is also stained. (g, h) a4-GFP localizes to a 
population of vesicles at the cytostome (arrowhead). Depending on the situation, “trains” of these vesicles (inset 
Fig. g, arrows) from phagosomes back to the cytostome can be observed (g), while in other cells mainly the 
cytostome is strongly and the membrane of the youngest phagosomes is weakly stained (h, asterisk). (i) a6-GFP 
localized to the membrane of phagosomes as is a5-GFP. (j) a7-GFP shows mainly cytoplasmic localization 
which may correspond to the ER. (k) a8-GFP brightly labels “dot-like” structures throughout the cytoplasm that 
may represent the Golgi complex that in ciliates consists of small stacks dispersed throughout the cytoplasm. (l) 
both a9_1 and a9_2 fusion proteins show the same localization as a5- and a6-GFP. Bar, 10 µm; inset Fig. 2g: 
Bar, 2 µm. 
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organelle close to basal bodies, probably representing early endosomes or vesicles of the 

endocytotic route that are known to be located in proximity to basal bodies in Paramecium 

(Allen et al., 1992). In order to define the labeled structure more clearly, a1-GFP transformed 

cells were prepared for immuno-electron microscopic analysis and decorated with anti-GFP 

antibody. Gold label was clearly found on vesicles in close relation to early endosomes, the 

so-called terminal cisternae in Paramecium  (Fig. 31A,B,C).  

The a2-GFP fusion protein was exclusively targeted to the contractile vacuole complex where 

it strongly stained the radial arms (Fig. 28c). Surprisingly, also the ampullae and the 

contractile vacuole are slightly stained by the fusion protein. Previously, by using an anti-B-

subunit antibody of V1, the V-ATPase holoenzyme was shown to be restricted to the 

decorated spongiome of the radial arms of the contractile vacuole complex (Fok et al., 1995).  

 The a3-GFP fusion protein is localized in membranes of dense core secretory granules of 

Paramecium (Fig. 28d, e), known as trichocysts. Trichocysts' biogenesis occurs after massive 

discharge into the medium (Plattner et al., 1985; Garreau de Loubresse, 1993) or during 

cellular growth, in a process tightly regulated at the transcriptional level (Galvani and 

Sperling, 2000). The faint labeling of the cytoplasm therefore probably corresponds to the 

biogenetic pathway of these organelles. The V-ATPase was previously shown to be crucial 

for the formation of trichocysts (Wassmer et al., 2005).  

The a4-GFP fusion protein was found in small vesicles at the cytostome and can be seen in 

the first one or two phagosomes just after pinching off of the cytostome while older 

phagosomes are devoid of a4-GFP labeling (Fig. 28h, 30a). In some cases labeled „strings“ 

emanating from phagosomes back to the cytostome can be observed (Fig. 28g). These 

Figure 29.) Double labeling of paramecia using a1-GFP and the monoclonal anti-tubulin 
antibody ID5 to stain basal bodies (Wehland and Weber, 1987). The double staining shows 
that the organelles containing the a1-subunit (green) are positioned closely to basal bodies 
(red), although the position varies slightly. The proximity to basal bodies suggests that these 
organelles are associated with endocytotic elements, the so called “parasomal sacs” below 
basal bodies. (b) Enlargement of the square indicated in (a). Bar, 10 µm. 
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probably represent trains of small vesicles that are transported from phagosomes back to the 

oral cavity gliding along cytoskeletal elements. To investigate this phenomenon more closely 

we inhibited phagosome formation by the 

addition of cytochalasin B to the a4-GFP 

transformed cells for 60 min and analyzed 

them after fixation. The addition of 

cytochalasin B to Paramecium cells inhibits 

the process of phagocytosis almost 

instantaneously (Allen and Fok, 1983c; 

Cohen et al., 1984). By light microscopy, it 

can be seen indeed that phagosome formation 

is inhibited by cytochalasin B and that the 

oral cavity is enormously enlarged (Fig. 

30d). In addition, the oral cavity is 

surrounded by a cloud of small vesicles that 

display a4-GFP fluorescence (Fig. 30b). 

Since the membrane of the cavity is not 

continuously stained, this may indicate that 

fusion of the vesicles with the forming 

phagosome has not taken place. In contrast, 

control cells show staining of the membrane 

of the first food vacuole (asterisk) in a continuous fashion, indicating that membrane fusion 

has taken place. Immuno-electron microscopy of the cytostome of a4-GFP cells showed gold 

label of vesicles docked at the oral cavity (Fig. 31E). The physiology and the ultrastructure of 

these vesicles suggest that they represent acidosomes (Allen and Fok, 1983c). Indeed, 

Paramecium acidosomes are known to have high V-ATPase activity, to be localized at the 

cytostome and to fuse with phagosomes immediately after pinching off. This induces a rapid 

and strong acidification of the phagosomes’ contents. In addition, excess membrane of these 

phagosomes is withdrawn and recycled after a few minutes while lysosomes fuse in turn with 

the phagosomes (Fok and Allen, 1988).  

The a5-GFP, a6-GFP, and both a9-1- and a9-2-GFP fusion proteins mainly localized to the 

membranes of phagosomes (Fig. 28f, i, l), but also to clouds of small fluorescent vesicles, 

which may represent lysosomes. It is noteworthy that the cytostome is not labeled with any of 

these three a-subunits in contrast to a-subunit 4. 

Figure 30.) Effect of Cytochalasin B on the 
distribution of a4-GFP. Cytochalasin B inhibits the 
fission of nascent phagosomes from the oral cavity, 
leading to the formation of a large pouch (p) 
originating from the buccal cavity (arrowheads), as 
visualized by the addition of indian ink to the medium 
(d). This pouch is surrounded by vesicles that are 
labeled by a4-GFP and that apparently do not fuse 
with this structure (b). In contrast, in control cells the 
vesicles rapidly fuse with phagosomes that have been 
released from the cytostome (a). Note that only the 
newly formed phagosome (asterisk) shows GFP 
labeling, while the older ones are devoid of any label 
(arrows, a). This fact suggests that the small vesicles 
are “acidosomes” that in Paramecium transport the V-
ATPase to phagosomes via the cytostome (Allen and 
Fok, 1983). Bar, 10 µm. 
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The a7-GFP fusion protein appeared to be in a continuous network that may represent at least 

a part of the endoplasmic reticulum (ER) (Fig. 28j), (Ramoino et al., 2000; Hauser et al., 

2000b). Immuno-electron microscopy of a7-GFP cells showed labeling in the ER-rich cortical 

region, although any more strict structural assignment was not possible (Fig. 31D).  

 

Figure 31.) Immuno-EM-localization of a1-GFP (A,B,C), a7-GFP (D), a4-GFP (E,F) and a8-GFP (G,H,I). 
(A) a1-GFP localizes to a cortical region (framed) enriched in ER, (B) in a region (framed) located below ciliary 
basal bodies (BB) and containing terminal cisternae (TC). In (C) a cortical section displaying a basal body and a 
terminal cisternae with gold label (arrowheads) is shown. (D) enrichment of a7-GFP, in an ER-rich region 
(framed). (E) a4-GFP label (arrowheads) is associated with the membranes of acidosomes (AS) closely attached 
to the oral cavity (OC) showing a cilium (CI), while no label occurs on discoidal vesicles (DV). (F) a4-GFP 
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labeling along the membrane of a young phagocytic vacuole (PV), between arrowheads. (G) a8-GFP labels in 
the two framed areas, on one of the inconspicuous Golgi fields (GA, left) and in an ER-rich zone (right). (H) a8-
GFP label in a domain located between a Golgi apparatus (GA) and an ER-rich zone. (I) a8-GFP label associated 
with polymorphous compact organelles, i.e., bona fide lysosomes (LY). Bars, 0.1 µm. 
 
 
The a8-GFP fusion protein gave strong staining of small dot-like structures in the cytoplasm 

(Fig. 28k). These structures most likely represent the Golgi apparatus that, in Paramecium, 

consists of many stacks with very few cisternae that are dispersed throughout the cytoplasm 

(Estève, 1972, Garreau de Loubresse, 1993). In immuno electron microscopy, we found gold 

labeling indeed on Golgi stacks, but also in association with lysosomes (Fig. 31G, H, I).  

 

3.4.3.) Protein level of a-subunit-GFP fusion gene products 

As our fusion gene is expressed under the control of the calmodulin promotor and may reside 

in the macronucleus at a higher copy number than the endogenous one, we tried to assess the 

degree of overexpression achieved by our system using a dilution series of plasmid DNA over 

a thousand-fold spectrum (Fig. 32). Paramecia were transformed with ~5 µg/µl and 1/10-, 

1/100- and 1/1000-serial dilutions thereof, grown to large culture volumes, harvested and 

lysed. By PCR the cell lysates were shown to contain the a1-GFP fusion gene (Fig. 32C) 

while by slot-blots the content of the endogenous a1-1 was compared to that of recombinant 

a1-GFP (Fig. 32B). The affinity purified anti a1-1 antibody used to probe the slot blots was 

directed against the P178 - S328 region of the a1-1 subunit (see Materials and Methods) and 

characterized by a western-blot analysis on Paramecium fractions (Fig. 32A). Using PCR 

amplification, we were able to detect the a1-GFP fusion gene in all the clones of the dilution 

series, proving the actual transformation. In contrast, the slot-blot decoration with anti-GFP 

antibody was able to detect the presence of the a1-GFP protein only in clones transformed 

with 5 µg/µl and the 1/10 dilution thereof. Consequently, the GFP fluorescence signal is only 

visible in cells injected with  the concentrations of 5 µg/µl and the 1/10 dilution (Fig. 32D). 

Note that the localization in structures forming the regular, punctate, cortical pattern is the 

same at both concentrations, arguing for a localization that is independent of the 

concentration. Interestingly, decoration of the slot-blot with the a1-1 (P178 - S328) antibody, 

that is supposed to label the endogenous a1-1 as well as the recombinant a1-GFP, resulted in 

equally strong staining throughout the dilution series, meaning that the a1-1- plus the a1-GFP-

content is constant in the range of the detection limit. A possible interpretation of this result is 

that the transformation system using the pPXV-GFP vector system produces only weak 

protein expression, which may not be detectable in the slot-blot system used. Another 

interpretation may be that Paramecium tightly controls the assembly of the V-ATPase and 



 

 69

degrades excess a-subunits that are not incorporated in V0-complexes, like it was shown for 

Saccharomyces (Jackson and Stevens, 1997; Hill and Cooper, 2000). Therefore using our 

transformation system for the expression of V-ATPase a-subunits does apparently not result 

in strong overexpression and was judged to be applicable for the localization of the a-GFP 

constructs.  

 
Figure 32.) Assessment of the degree of expression of a1-GFP by the transformation of Paramecium cells 
in a dilution series. (A) characterization of the antibody directed against a1-1(P178 - S328) in a western-blot of 
Paramecium cell fractions. Paramecia were homogenized and seperated into a soluble and an isoluble fraction by 
centrifugation at 100,000 or 190,000 g. "Cortices" were obtained by rupturing cells followed by washing, so that 
the cytoplasm is lost and only the insoluble structures of the cell cortex are retained. 50 µg of protein were 
loaded per lane. A band of approx. 120 kDa is visible in cell homogenate, 100,000 g pellet, in cortices and, very 
faintly, in 100,000 g supernatant with the affinity-purified anti a1-1 antibody, while none is visible either in 
190,000 g pellet or when the pre-immune serum was used. This is in accordance with the molecular 
characteristics of a1-1 as a transmembrane protein that is enriched in the cell cortex. (B) Slot-blot to estimate the 
degree of overexpression of a1-GFP. Cell lysates from clones injected with either a1-GFP at ~5 µg/µl, 1/10-, 
1/100-, 1/1000-dilutions thereof or the mock control were transferred on nitrocellulose membrane and probed 
with different antibodies. A monoclonal anti-GFP antibody was used to detect GFP, the anti a1-1(P178 - S328) 
antibody was used to detect endogeneous a1-1 and recombinant a1-GFP. Anti actin1-1 antiserum (described in 
Kissmehl et al., 2004) was used as loading control. To exclude cross reactivity of the secondary antibody with 
Paramecium proteins a control without a primary antibody was included (-). (C) PCR to confirm the successful 
transformation of the clones with a1-GFP. (D) GFP fluorescence of clones transformed with a1-GFP at a 
concentration of 5 µg/µl, 1/10 and 1/100 dilution. Using 5 µg/µl (D,c) or the 1/10 dilution (D,b) the pointed 
cortical pattern is visible (arrows) while no GFP fluorescence could be detected with the 1/100 (D,a) or 1/1000 
dilution (not shown). Note that the labeled structures are the same with 5 µg/µl and the 1/10 dilution, so the 
targeting of the GFP fusion protein is not dependent of the transformation degree. Bar, 10 µm. 
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3.4.4.) Immunolocalization of endogenous a1-1 protein  

To confirm the localization of the a1-1 protein in the cortical organelles probably representing 

terminal cistaernae as suggested by GFP labeling of a1-1, immunolabeling with the anti a1-

1(P228-E259) antibody was performed (Fig. 33). The antibody stains the cell cortex and the 

cytostome (Fig. 33a, b), confirming the localization information obtained using a1-GFP, thus 

demonstrating that GFP-tagging is a reliable tool to aquire localization information on the V0-

a-subunits.  

 
Figure 33.) Localization of the endogenous a1-1 protein using the anti a1-1(P228-E259) antibody. a1-1 is 
localized in the cell cortex as visible in surface (a) or median sections (b) in a punctate pattern (arrowheads) with 
enrichment at the cytostome (arrow), paralleling the observations made by the transformation of paramecia with 
a1-GFP (compare Fig. 28a,b). Note that the network is in some places distorted and the punctate character less 
obvious in comparison to the GFP localization of a1-1 in living cells, probably due to the TritonX-100 
permeabilization necessary for immunofluorescence. (c) Control in which the primary antibody was ommitted. 
Bar, 10 µm. 
 

3.4.5.) Specificity of function of 

the a-subunits 

Considering the specialized 

distribution of the different a-

subunits to specific organelles, we 

wondered whether specialized 

functions could also be attributed to 

the different a-subunits and whether 

they can substitute for each other, 

as it is the case in yeast. To 

approach this question, we chose 

the two a-subunit genes VATA2_1 

and VATA3_1, their gene products 

being specific to the contractile 

vacuole complex and trichocysts, respectively, to undertake RNA interference (RNAi) 

experiments. RNAi was performed by delivery of dsRNA to Paramecium cells by feeding 
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Figure 34.) Exocytotic capacity of cells silenced for 
VATA2_1/2_2 or VATA3_1/3-2, as analyzed by the picric 
acid test after 48 h of feeding. Samples of approximately 35 
cells were analyzed in each experiment. Cells silenced for the 
VATA3_1/3-2 showed a massive impairment of exocytotic 
capacity (“epsilon” phenotype corresponds to less than 50 
expelled trichocysts per cell) while control cells and cells 
silenced for VATA2_1/2_2 displayed wild type phenotype (500 
to 1000 expelled trichocysts per cell). 
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with genetically engineered E.coli bacteria (Galvani and Sperling, 2002). A prerequisite for 

the inactivation of both genes (VATA2_1/VATA2_2 and VATA3_1/VATA3_2, respectively) 

using only one gene of the pair is a high degree of nucleotide identity (>85%) between the 

two genes (Ruiz et al., 1998). This is the case within each pair (VATA2_1/VATA2_2: 91% 

identity; VATA3_1/VATA3_2: 94%).  

Silencing of VATA2_1,2_2 genes led to heavy perturbations of the contractile vacuole 

complex. The cells became swollen within 38 hours and died within 48 hours of feeding, 

while control cells and cells with silenced VATA3_1,3_2 genes showed no impairment of the 

contractile vacuole shape or activity and continued to divide. In contrast, silencing of the 

VATA3_1,3_2 genes completely blocked trichocyst exocytosis, as tested by picric acid, while 

control cells and cells silenced for VATA2_1,2_2, even shortly before death, showed a wild 

type exocytosis phenotype (Fig. 34). Immunolabeling in silenced cells showed an almost total 

absence of trichocysts in VATA3_1,3_2-silenced cells while control- or VATA2_1,2_2-

silenced cells showed a normal number of trichocysts docked at the cell cortex (Fig. 35). This 

experiment shows that silencing of one of these a-subunit pairs cannot be complemented by 

any other a-subunit gene, suggesting that not only the localization of the a-subunits differs but 

that they are also differentiated to exert specific biological functions.  

 

 
Figure 35.) Immunolabeling of trichocysts in cells silenced for VATA2_1/2_2 or VATA3_1/3-2 shows that 
the silencing of VATA3_1/3-2 selectively blocks the formation of trichocysts. To characterize the exocytosis 
deficiency of VATA3_1/3-2-silenced cells in the picric acid test in detail, an immunofluorescence analysis was 
performed to test whether functional trichocysts are formed and attached to the cell cortex. While control- (a) 
and VATA2_1/2_2-silenced paramecia (b) showed extremely high density of trichocysts docked at the cell 
cortex, their number was greatly reduced in VATA3_1/3-2-silenced cells (c); arrows indicate remaining 
trichocysts. Bar, 10 µm. 
 

3.4.6.) Cross-regulation between V1 and V0 

We then asked what would happen to V0 during the assembly of the holoenzyme if single 

subunits are present in sub-stoechiometric amounts or absent. Answering this question may 

provide valuable insights into regulatory processes both at the posttranscriptional and 

posttranslational level. Therefore, Paramecium cells were transformed with the a2-GFP 

fusion construct and gene silencing of all c-subunits of V0 or the F-subunits of V1 (Wassmer 
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et al., 2005) was carried out. Co-silencing of all c-subunits almost completely eliminated 

fluorescence of a2-GFP within 48 h (Fig. 36), meaning that the expression of c-subunit 

interaction partners within V0 has to be down-regulated. This regulation probably occurs at 

the translational level, since a2-GFP is expressed under the control of the constitutive 

calmodulin promotor, not the endogenous one, so a transcriptional regulation is not possible. 

Surprisingly, silencing of the F-subunits of V1 also led to almost complete elimination of 

fluorescence within 48 h. This suggests that excess V0 subunits are degraded if not enough 

functional V1 complexes are available for building the holoenzyme. So the assembly of the V-

ATPase in Paramecium seems to be tightly controlled at the protein level. This contrasts with 

the situation in yeast in which V0 is assembled and targeted correctly despite the loss of any of 

the V1-subunits (Parra et al., 2000).  

 

 
Figure 36.) Effect of gene silencing of V0-c-subunits or V1-F-subunits on the a2-1 subunit expression. 
Paramecia transformed with a2-GFP were subjected to gene silencing by feeding of all six c-subunits of V0 (b) 
or both F-subunits of V1 (c) (Wassmer et al., 2005). After 48 h of feeding cells were analyzed for fluorescence. 
Silencing of c- or F-subunits led to the total absence of GFP fluorescence of a2-GFP (b, c) in contrast to control 
cells (a). This suggests that the protein level of a-subunits is posttranslationally controlled and that excess a-
subunits are degraded if other subunits are missing for the correct assembly of the holoenzyme. Bar, 10 µm. 
 

3.4.7.) The search for the targeting signal 

In contrast to the c-subunit isoforms which all seem to be targeted to all organelles containing 

V0 sectors (Wassmer et al., 2005), a-subunit isoforms are specific to particular organelles with 

little or no overlap in localization between the different isoforms. We wondered whether the 

addressing signal was contained within the primary sequence of the a-subunits and tried to 

unravel the nature of this signal. The principle of the experiment was to construct chimerical 

molecules between subunits in tandem with GFP, and to follow their subcellular localization. 

The junctions between peptides of different origin were always carefully chosen in regions 

that are well conserved between all Paramecium a-subunits, to avoid the fusion of 

nonhomologues regions.  

The first experiment consisted in joining N-terminal halves to C-terminal halves of different 

a-subunits. The N-ter./C-ter. chimeras tested combined respectively a2-1 with a3-1 (a2a3), a3-
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1 with a2-1 (a3a2), a3-1 with a5-1 (a3a5), a4-1 with a5-1 (a4a5) and a4-1 with a2-1 (a4a2). 

Consistently, all chimerical peptides localized to the compartment corresponding to the target 

of the a-subunit composing their C-terminus: a2a3 went to the trichocysts (Fig. 37b), a3a2 and 

a4a2 to the contractile vacuole complex (Fig. 37a), whereas a3a5 and a4a5 are located in the 

membranes of phagosomes (Fig. 37c). This means that the targeting information is within the 

C-terminus of the proteins, a very surprising fact since it represents exactly the opposite 

situation compared to yeast, in which the targeting signal is contained within the N-terminus 

(Kawasaki-Nishi et al., 2001a).  

 
Figure 37.) Chimerical a-subunits molecules coupled to GFP. The chimeras are represented as box-schemes, 
drawn in red for the a2-1 subunit, in blue for the a3-1 subunit, in green for the a4-1 subunit and in yellow for the 
a5-1 subunit. The amino acid positions in the native proteins are indicated above/below the schemes. The 
alignment at the points of exchange are printed within the scheme. Fluorescence microscopy images (a-e) 
illustrate the different localizations observed: (a) The contractile vacuole complex (cvc), as observed using the 
a3a2 construct. (b) Trichocysts (tr) that are attached to the cell cortex, indicated by arrowheads, visualized with 
a2a3. (c) Membranes of phagosomes (ph), labeled by a3a5. (d) Vesicular and diffuse staining, produced by 
a3a2CH1. (e) Diffuse cytoplasmic staining, caused by a3a2Ch7. Bar, 10 µm. 
 

To get a closer idea of the nature of the localization signal within the C-terminal half of the a-

subunits, we focused on the a2- and a3-subunits and constructed a series of chimeras, also 

fused to GFP, keeping the N-terminus of a3-1 and exchanging several portions of the C-

termini of a2-1 and a3-1 (Fig. 37). First, halves of the a2-1 C-terminus were introduced in the 

a3-1 subunit. Then, the a3-1/a2-1 middle junction or the a2-1/a3-1 C-terminal junction were 

displaced towards the end of the molecule to include varying parts of a2-1 in the a3-1 C-

terminus. In all these cases, presented in Figure 37, the localization of the chimeras was 
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mainly found in the ER (Fig. 37e) and in vesicle-like structures that are normally not visible 

in cells (Fig. 37d) and cells were unable to divide and died within 48 h. This result may 

indicate that there is no particular region shorter than the C-terminal half of the molecule with 

targeting efficiency. The localization signal appears to be much more than a short signal 

sequence and seems to depend on the overall organization of the C-terminal region. 

 

3.4.8.) Local and remote effects 

caused by chimeras 

Cells transformed with the a3a2 

chimera showed some slight alterations 

of the contractile vacuole complex. The 

frequency of contraction of the 

contractile vacuole was somewhat 

prolonged and cells looked inflated, as 

compared to non-injected control cells 

or cells injected with a2-GFP or a3-GFP, indicating a 

general insufficiency of the contractile vacuole 

complex. The number and length of radial canals in 

these chimerical cells were also larger than in control 

cells (Fig. 38a). The effects seemed to depend on the 

quantity of the material injected. From these 

observations we conclude that the composite a3a2-

subunit differs in its physiological properties from the 

a2-subunit, although the localization in the contractile 

vacuole complex is the same. It should be kept in 

mind that, beside the expression of a3a2, the 

endogenous forms a2-1 and a2-2 are also expressed, 

possibly obscuring a clear-cut phenotype that would 

be provoked by the selective expression of the 

chimera. We call this phenomenon “local effect” 

because the phenotype touches the organelle in 

which the protein is present.  

In contrast, the presence of the a2a3 chimera 

provoked a different effect: although this chimera is 

Figure 38.) Local effect obtained with the a3a2 chimera. 
Cells expressing a3a2 (a), which is targeted to the contractile 
vacuole complex, appeared inflated and the fluid expulsion 
cycle of the contractile vacuole was prolonged. The number 
and length of the radial arms also seemed to be increased 
compared to cells transformed with the a2-GFP fusion (b). 
Bar, 10 µm. 

Figure 39.) Remote effect obtained with 
the a2a3 chimera (b, c, d) compared to 
cells expressing a3-GFP (a). Different 
clones expressing a2a3 (b, c, d), which is 
targeted to trichocysts, show nevertheness 
heavy defects in contractile vacuoles, such as 
enormous inflation (b, c) or an increased 
number of contractile vacuole complexes 
(d),. Arrowheads indicate the contractile 
vacuole. Bar, 10 µm. 
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targeted to the trichocysts, as a3-GFP is, it gave a surprisingly dramatic effect on the 

contractile vacuole complex to which it is not targeted, but in which the N-terminal part of a2-

1 should normally be present. Indeed, the contractile vacuole complex shows severe 

disturbances in the organization of its cycle. Some transformed clones did not show any 

contractile vacuole beating for more than 10 min, compared to the 8 to 12 second period in 

control cells, also correlated with exaggerated swelling (Fig. 39b, c). Cells injected with a 

large DNA quantity of the chimera generally made between 0 and 2 divisions and died within 

48 h. We propose to call this phenomenon “remote effect”, because the phenotype caused by 

the chimera does touch a remote organelle, not the one to which the protein is targeted. In 

cells transformed with this chimera, the trichocyst biogenesis seemed to be unaffected. 

After the discovery of this distant effect, cells transformed with the a3a2-chimera were re-

examined and analyzed for exocytosis by the picric acid test. We found a mild impairment of 

exocytotic capacity, estimated to be decreased down to 50%. So the remote effect seems to 

exist for other chimeras as well, though it is less pronounced than with the a2a3-chimera.  
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3.5.) Discussion 

3.5.1.) Specialization of V-ATPase a-subunits 

In Paramecium tetraurelia, we found 17 genes encoding a-subunits of the V-ATPase 

representing nine families that are targeted to at least seven different compartments. 

Seventeen a-subunit genes is by far the largest number of a-subunits found in any organism, 

followed by mammals with four a-subunit genes (Nelson, 2003). This raises the question why 

so many subunits have been maintained in Paramecium. One answer could be the high degree 

of cellular organization with many differentiated organelles in a single cytoplasm. 

Multicellular organisms perform different functions by distributing them on different cellular 

populations with varying gene expression levels, alternative splicing and post-transcriptional 

and translational modifications. In Paramecium, these regulation elements would have global 

effects that would be unable to discriminate between subcellular compartments. It is thus 

understandable that it is beneficial for Paramecium to keep different isoforms of one gene that 

allow a high degree of specialization within one cell.  

If we assume that all different localizations actually correspond to different functions, this 

means that a-subunits bear both localization signals specific for a compartment and functional 

domains specific for their activity in this compartment. They should thus act as a bridge 

between two interaction domains, the one interacting with compartment-specific partners, the 

other one with functional partners. 

 

3.5.2.) C-terminal localization domain 

We found the localization signal in the C-terminal half of the molecule, a region containing 

transmembrane domains. This contrasts with the observations made in yeast in which both V-

ATPase a subunits are targeted to their compartment through their N-terminus (Kawasaki-

Nishi et al., 2001a). Using various composite chimeras within the C-terminal half of a2 and 

a3, we found that the signal is unlikely to be restricted to short sequences in the molecule. 

Indeed, all the tested chimeras led to retention of the composite a-subunit in the ER, to growth 

arrest and cell death, so it was not possible to define more precisely the signal. The block of 

the chimerical proteins in the ER could either be due to defective targeting by “incompatible 

mixing” of signal domains, or to subunit trapping because of incorrect association with other 

V-ATPase subunits. In any case, the localization signal seems to encompass several sites over 

the C-terminus, most probably as loops between the highly conserved transmembrane 

segments. The nature of this localization signal is novel, because it completely differs from 

the classical ones, e.g. for secretion, mitochondrial presequences or nuclear localization, that 
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are short stretches of amino acids that target any protein to the cognate compartment. Here, 

within V-ATPase a-subunits, the signal seems to be spread over a large region in which 

several sequences or structural motifs cooperate to define the efficient conformation. The 

interesting goal would be to identify the proteins that interact with this domain and direct each 

a-subunit to the correct compartment.  

 

3.5.3.) Different functions of V-ATPases according to cellular compartments 

It is clear from the chimera experiments that at least a part of the functional domain of the a-

subunits is localized within their N-terminal halves and it is likely that different a-subunits 

have different functions and properties in each compartment. So V-ATPases containing a1-

subunits are probably involved in endocytosis. Acidification of early endosomes is necessary 

for uncoupling of receptor/ligand complexes internalized from the plasma membrane and for 

vesicle trafficking via late endosomes (Stevens and Forgac, 1997).  The V-ATPase containing 

the a2-subunit is localized in the osmoregulatory system and is crucial for the process of 

osmoregulation in Paramecium (Fok et al., 1995; Allen and Naitoh, 2002). The proton 

potential is used for secondary active transport mainly of K+ and Cl- but also of Ca2+ ions into 

the lumen of the contractile vacuole (Stock et al., 2002), although the exact mechanism and 

its correlation with the ultrastructural differentiation into the decorated and the smooth 

spongiome is unclear so far. The role of the V-ATPase containing a3-subunits in trichocysts is 

also not clear. The V-ATPase was shown previously to be essential for the biogenesis of these 

secretory organelles (Wassmer et al., 2005), although they were found not to be acidic 

(Lumpert et al., 1992; Garreau de Loubresse et al., 1994). So it is likely that the 

electrochemical potential created by the V-ATPase is deployed for the accumulation/depletion 

of other ions, thus creating the environment required for the crystallization of trichocyst 

matrix proteins to the highly structured paracrystaline cores of trichocysts. In contrast, nascent 

phagosomes that contain the V-ATPase with the a4-subunit are rapidly acidified by the V-

ATPase after its delivery by acidosomes immediately after pinching off the cytostome (Fok 

and Allen, 1988). These V-ATPase molecules are quickly withdrawn from the phagosomes 

and transported back to the cytostome. After the withdrawal, these “young” phagosomes were 

reported to fuse with lysosomes (Allen and Fok, 2000). Our results suggest that these 

lysosomes deliver V-ATPases containing a5-, a6- and a9. Therefore, within the digestive 

cycle of Paramecium should exist two cycles of delivery and withdrawal of V-ATPase 

enzymes, both being distinguishable by the presence of different a-subunits within the V-

ATPase. This exchange may explain the biphasic acidification profile of phagosomes, from a 
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rapid and strong acidification burst to pH<5 within the first three to five minutes, followed by 

an increase to pH~6 throughout the rest of the lifespan of a phagosome (Fok and Allen, 1988). 

Also in the trans-Golgi network a mildly acidic milieu, that is necessary for protein targeting 

(Sun-Wada et al., 2004), is established by the V-ATPase containing a8-2. 

 

3.5.4.) Chimerical a-subunits reveal local and remote interactions  

In addition to revealing the localization domain in the V-ATPase a-subunits, the use of 

chimeras allowed to distinguish two kinds of deleterious effects introduced by the 

combination of different N-terminal and C-terminal halves. The first effect was observed by 

providing the contractile vacuole complex with a chimera containing the N-terminus of the 

trichocyst-specific a3-1-subunit. As it could be expected, this disturbed its functioning in an 

easily understandable way, since abnormal molecules are introduced in its structure, thus 

causing a local effect. The more intriguing effect was observed in the reciprocal chimera in 

which the N-terminus of the contractile vacuole-specific a2-1-subunit was targeted to 

trichocysts. Indeed, in this case, the strongest effect was observed in the contractile vacuoles, 

not in trichocysts. There are two explanations for this remote effect, which have now to be 

experimentally tested. The simplest explanation would be to assume that V1-complexes exist 

with different affinities for different V0-complexes, depending on the a-subunit it contains. 

Localization of an a-subunit N-terminus to a wrong compartment would lead to the titration of 

the V1-sectors specific for this a-subunit, because they are redirected to this compartment . So 

we have to assume that there are at least as many V1-sectors as there are V0 a-subunit 

localizations, i.e. seven ones. In a previous work, we could identify for the V1-sector four A-, 

B-, E-, and H-, two F- and one C- and D-subunit-encoding genes in the Paramecium draft 

genome (Wassmer et al., 2005). It may be possible that, by the combination of the different 

paralogues, several distinct V1-complexes are formed, thus conferring organelle specificity to 

the V1-subcomplexes. However, the different V1-subunit sequences are highly conserved: 

they often differ by a single or few amino acids. At the moment it remains speculative 

whether these variations are sufficient to yield functionally different V1-complexes. Another 

explanation of the remote effect would be to assume a competition for potential assembly 

factors necessary during V-ATPase biogenesis. In such a case, the mistargeting of an N-

terminus due to chimerical proteins would unroute bona fide assembly molecules and drive 

them to the wrong place, thus preventing the correct assembly of other V-ATPase molecules. 
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The system we describe here will allow in the future to address specific questions about the 

V-ATPase, its role in acidification, in membrane energization and targeting, in an absolutely 

compartment-specific way by investigating the different a-subunits.  
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4.1.) Summary 

SNARE proteins mediate membrane interactions and are conventionally divided into target-

SNAREs (t-SNAREs) and vesicle-SNAREs (v-SNAREs). Here we describe a set of v-

SNAREs from the ciliate Paramecium tetraurelia consisting of nine families encoded by 15 

genes that are expressed simultaneously. The complexity of the endomembrane system in 

Paramecium can explain this high number of genes. Most P. tetraurelia synaptobrevins 

(PtSybs) possess a SNARE domain and show homology to the Longin family of v-SNAREs 

such as Ykt6, Sec22 and TI-VAMP (tetanus toxin insensitive VAMP). We also find that 

PtSybs participate in SNARE-complexes with a similar composition like those of ‘higher’ 

organisms comprising a SNAP25 homologue, a syntaxin and a v-SNARE component. We 

localised four exemplary PtSyb subfamilies with GFP constructs and antibodies on the light 

and electron microscopic level. PtSyb1-1, PtSyb1-2 and PtSyb3-1 were found in the 

endoplasmic reticulum whereas PtSyb2 is localised exclusively in the contractile vacuole 

complex. PtSyb6 is cytosolic, but also resides in regularly arranged structures at the cell 

cortex, the cytoproct and oral apparatus, probably representing endocytotic compartments. 

With gene silencing we showed that the v-SNARE of the contractile vacuole complex, 

PtSyb2, functions to maintain structural integrity as well as functionality of the 

osmoregulatory system, but also affects cell division. 
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4.2.) Introduction 

Intracellular vesicle trafficking between different organelles, as well as to and from the cell 

surface are hallmarks of eukaryotic cells. These membrane interactions are tightly regulated 

and the molecular machinery mediating these events is the subject of intense current research.  

Though many details are similar, some are highly divergent in different cells or from one 

membrane system to another. We are particularly interested in such aspects in the ciliated 

protozoan Paramecium tetraurelia, that possesses elaborate membrane trafficking systems 

(Plattner and Kissmehl, 2003b). Membrane interactions, such as the fusion of intracellular 

vesicles with other vesicles or the cell membrane, are mediated by soluble N-ethylmaleimide 

sensitive factor attachment protein receptors (SNAREs) which are characterised by a heptad 

repeat coiled-coil SNARE motif (Jahn and Südhof, 1999; Chen and Scheller, 2001; Hong, 

2005). Before membranes fuse, v-SNAREs and t-SNAREs in the opposing membranes form a 

stable trans-SNARE complex with their coiled-coil SNARE domains that is thought to be 

prerequisite to bring about fusion of the vesicle with the target membrane (Weber et al., 1998; 

Hu et al., 2003; Söllner, 2003). Because SNARE-pairing is specific for different membrane 

trafficking pathways, cognate pairing of individual v-SNAREs with corresponding members 

of the large family of t-SNAREs is required before fusion can occur (Hong, 2005; Hu et al., 

2003). This is reflected by the distinct subcellular localisations of different SNARE isoforms 

(Hong, 2005). One of the best characterised SNARE complexes is the synaptic vesicle 

SNARE-pin, formed by the t-SNAREs syntaxin 1 and SNAP-25 (synaptosomal associated 

protein of 25 kDa), which contributes two helices to the complex, and the v-SNARE VAMP-2 

(vesicle associated membrane protein-2, or synaptobrevin-2) (Jahn and Südhof, 1999). The 

homohexameric ATPase and SNARE-specific chaperone NSF (N-ethylmaleimide sensitive 

factor) and its adaptor protein a-SNAP (soluble NSF attachment protein) disentangle the cis-

SNARE complexes after membrane fusion into single SNARE proteins that can then be 

retrieved for another round of vesicle fusion, but NSF may also be important before vesicle 

fusion for vesicle tethering (Jahn et al., 2003; Malhotra et al., 1988; Clary et al., 1990; 

Morgan and Burgoyne, 1995; Söllner et al., 1993a).A conserved arginine at the centre of the 

SNARE domain of the v-SNAREs, or glutamine in t-SNAREs, is important for the attachment 

of a-SNAP and subsequent NSF action. Therefore, another nomenclature classes v- and t-

SNAREs into R-SNAREs and Q-SNAREs, respectively (Fasshauer et al., 1998). As a general 

rule three Q-SNAREs and one R-SNARE (synaptobrevin) are participating in a SNARE 

complex, the so-called 3Q+1R SNARE rule (Fasshauer et al., 1998). R-SNAREs are 

characterised by the synaptobrevin-type SNARE domain immediately preceding a 
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transmembrane anchor at the C-terminus. They are either lacking an amino-terminal domain 

(‘brevins’) or possess an amino-terminal, so-called longin domain and are accordingly called 

‘longins’ (Filippini et al., 2001; Rossi et al., 2004). Longins are present in all eukaryotes 

(Dietrich et al., 2003), whereas the distribution of brevins as known so far is more restricted to 

animals and yeast (Rossi et al., 2004).  The brevins of metazoans are the only v-SNAREs 

sensitive to tetanus neurotoxins (Humeau et al., 2000) and are characterised by a specific RD-

motif at the centre of their SNARE domain, in contrast to the RG motif seen in all other v-

SNAREs (Rossi et al., 2004). 

The Paramecium cell is a highly complex eukaryotic cell with well-defined internal 

organisation and displays numerous clearly defined vesicle trafficking routes, including the 

standard repertoire of endocytosis, phagocytosis, stimulated exocytosis of dense core vesicles 

(trichocysts) as well as constitutive exocytosis (Plattner and Kissmehl, 2003a; Plattner et al., 

1991, Vayssié et al., 2000). Coated vesicle-mediated endocytosis occurs at regularly arranged 

parasomal sacs (Allen et al., 1992) and the early endosomes (‘terminal cisternae’) of 

Paramecium are located under the regularly arranged basal bodies (Patterson, 1978; Allen, 

1988). Phagocytosis of food particles takes place on a specialised invagination of the cell 

surface, the oral apparatus (Allen, 1974). The food vacuole then takes a well-defined route 

(cyclosis) through the cell during which it undergoes different stages of acidification and 

neutralisation, fusion with lysosomes and retrieval of membranes, before indigestible waste 

materials are eventually expelled at another defined structure, the cytoproct (Allen, 1974; 

Allen and Fok, 1983a; Allen and Fok, 1983b; Allen and Fok, 2000). Internal fusion processes 

involve the anterograde and retrograde vesicle trafficking routes between the endoplasmic 

reticulum (ER) and the Golgi apparatus (Allen, 1988), budding of constitutive secretory 

vesicles and biogenesis of trichocysts by multiple fusion processes (Momayezi et al., 1993; 

Gautier et al., 1994). The contractile vacuole complex, of which there are two units in a P. 

tetraurelia cell,  consists of a periodically fusing membrane system of collecting canals and 

ampullae emptying into the central contractile vacuole that periodically opens through a porus 

on the cell surface to expel its contents to the outside medium (Allen, 2000; Allen and Naitoh, 

2002). The collecting canals are connected to a system of tubules and vesicles, the spongiome, 

which has two structurally different components: the smooth and the decorated part of the 

spongiome.  

Recently we described the function of the SNARE-specific chaperone, NSF, in P. tetraurelia 

(Froissard et al., 2002; Kissmehl et al., 2002) and here we report the presence of v-SNAREs 

in this organism represented by a family with 15 genes. By sequence homology, the PtSybs 
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were identified as longin-type v-SNAREs. Using antibodies directed against PtSybs and GFP 

fusion constructs we found a distinct subcellular distribution of different members of P. 

tetraurelia synaptobrevins. We used gene silencing by feeding (Galvani and Sperling, 2002) 

to investigate some PtSyb functions in P. tetraurelia and found profound effects of PtSyb2-

silencing on cell and contractile vacuole complex morphology as well as affecting its 

function. However, we expect that highly homologous subfamily members can be co-silenced 

when they share a certain degree of similarity (Ruiz et al., 1998). 
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4.3.) Materials and Methods  

4.3.1.) Computational analysis 

BLAST searches were done at NCBI (Altschul et al., 1997). Domain predictions were 

performed with PFAM (Bateman et al., 2004), PDB (Berman et al., 2000) and at GenBank at 

NCBI. Potential transmembrane anchors were determined with TMpred (Hofmann et al., 

1993).  Molecular modelling was performed with 3DJIGSAW (Bates and Sternberg, 1999; 

Bates et al., 2001; Contreras-Moreira and Bates, 2002). Amino acid alignment was done with 

ClustalW (Thompson et al., 1994). Phylogenetic and molecular evolutionary analyses were 

conducted using MEGA version 3.0 (Kumar et al., 2004). 

 

4.3.2.) Amplification of Ptsyb genes by PCR from genomic DNA and cDNA 

Total wild-type DNA from strain 7S for PCR was prepared from log-phase cultures as 

described previously (Godiska et al., 1987). The open reading frames (ORFs) of Ptsybs were 

amplified with gene-specific oligonucleotide primers (8.2., supplementary material) from a P. 

tetraurelia d4-2 cDNA library (Klumpp et al., 1994) or freshly prepared cDNA using 

SuperScript™ III reverse transcriptase (Invitrogen, Karlsruhe, Germany) from P. tetraurelia 

7S with 2 µl of cDNA or cDNA library template under identical PCR conditions. 

 

4.3.3.) Cloning procedures 

Ptsyb-specific PCR products were subcloned into pCR2.1-TOPO (Invitrogen) and sequenced 

from the M13 universal and reverse primer binding sites of the plasmid (MWG, Ebersberg, 

Germany). Ptsyb-specific PCR products were purified using the QIAquick PCR Purification 

Kit (Qiagen, Hilden, Germany) and double digested with the appropriate restriction enzymes 

in the buffer suggested by the manufacturer. Double-digested macronuclear DNA or cDNA 

was then separated on TAE agarose gels, extracted using the QIAquick gel extraction kit 

(Qiagen) and ligated into the accordingly cut pPD (Galvani and Sperling, 2002) and pPXV-

GFP (Hauser et al., 2000b) plasmids with T4 DNA ligase (NEB, Frankfurt, Germany). 

 

4.3.4.) Cell culture and test of exocytosis capacity 

The wild type strains of Paramecium tetraurelia used were strains 7S and d4-2. Cells were 

cultivated as described previously (Kissmehl et al., 1996). For subcellular fractionation, 

axenic cultures were used (Kaneshiro et al., 1979). Capability of trichocyst exocytosis was 

routinely tested with a saturated solution of picric acid (Pollack et al., 1974). 

 
4.3.5.) Microinjection of cells and microscopy 
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For microinjection of cells, pPXV-GFP plasmids were linearised with SfiI or NotI which both 

cut in between the T. thermophila inverted telomeric repeats of the plasmids, thus protecting 

the linearised product from degradation in cells (Haynes et al., 1995). The DNA was 

isopropanol-precipitated and resuspended to a concentration of 1-5 µg/µl in MilliQ water. All 

cells used for microinjection were after induced autogamy. Cells were kept for 3-4 

generations after autogamy in salad medium supplemented with 0.8 µg/ml stigmasterol and 

fed with Enterobacter aerogenes. Before microinjection, the cells were treated with 0.01% 

aminoethyldextran (Plattner et al., 1985) to stimulate trichocyst exocytosis before 

microinjection, thus avoiding any further discharge that could disturb microinjection. Cells 

were then washed twice in Dryl’s buffer + 0.2% BSA (2 mM sodium citrate, 1 mM NaH2PO4, 

1 mM Na2HPO4, 1.5 mM CaCl2; (Dryl, 1959)). DNA microinjections were made with glass 

microcapillaries under an Axiovert 100TV phase-contrast microscope (Zeiss), using a 

micromanipulator with a manually controlled air-pressure microinjector. The expression of 

the GFP-fusion constructs in cells clonally derived from microinjected cells was followed 

after 24 h and 48 h of growth in E. aerogenes suspension at 27°C by epifluorescence 

microscopy in a Axiovert 100TV microscope (Zeiss) with a GFP filter (488 nm). 

Fluorescence staining was analysed with  a conventional LM Axiovert 100TV (Zeiss), or a 

confocal laser scanning microscope LSM 510 (Zeiss) equipped with a Plan-Apochromat x63 

oil immersion objective (NA 1.4). 

 

4.3.6.) Homology-dependent gene silencing by feeding 

Targeted silencing of Ptsyb genes by feeding was performed as described (Galvani and 

Sperling, 2002). The full-length open reading frame of Ptsyb2-1 was cloned with HindIII and 

XhoI into the pPD vector (Galvani and Sperling, 2002) and a 523 bp macronuclear XbaI DNA 

fragment of Ptsyb2-2 was cloned into pPD. For the tandem silencing construct, the cDNA 

from subcloning of Ptsyb2-2 was excised from pCR2.1-Ptsyb2-2(cDNA) with KpnI and XhoI 

and the fragment was ligated into KpnI and XhoI digested pPD-syb2-1(cDNA), leaving a 

small fragment (45 bp) from the pCR2.1 cloning vector as spacer between the two genes. 

Production of dsRNA in E. coli strain HT115 was induced at an OD600=0.4 with 0.5 mM 

isopropyl-thio-galactoside. 

 

4.3.7.) Expression and purification of Paramecium synaptobrevin-specific peptides in E. 

coli. 
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For heterologous expression of PtSyb-specific peptides we selected aa 1-194 of PtSyb1-1, aa 

1-192 of PtSyb2-1 and aa 1-185 of PtSyb3-1 (excluding the hydrophobic transmembrane 

domains), an N-terminal fragment (aa 1 to 74) and a C-terminal fragment (aa 69-204) of 

PtSyb6-1. After mutating all deviant Paramecium glutamine codons (TAA and TAG) of the 

Ptsyb ORF into universal glutamine codons (CAA and CAG) by fusion PCR methods with 

gene-specific mutation oligonucleotide primers (8.2., supplementary material), the resulting 

fragments were cloned into the NcoI/XhoI restriction sites of a pRV11a expression vector 

derived from the pET System (Novagen, Bad Soden, Germany) which contains a C-terminal 

His6 tag for purification of the recombinant polypeptides (Wirsel et al., 2004).  

Recombinant PtSyb polypeptides were purified by affinity chromatography on Ni2+-NTA 

agarose under denaturing conditions, as recommended by the manufacturer (Novagen). Native 

expression of PtSybs to a higher level could not be obtained under the conditions tested. The 

recombinant peptides were eluted with a pH step gradient, pH 8.0 to 4.5 in 8 M urea (in 100 

mM NaH2PO4 10mM Tris-HCl). The fractions containing the recombinant peptides were 

pooled, brought to neutral pH and used for immunisation of rabbits and mice.  

 

4.3.8.) Antibodies 

We generated rabbit polyclonal antibodies against PtSyb1-1 (aa 1-194), PtSyb2-1 (aa 1-192), 

PtSyb3-1 (aa 1-185) and PtSyb6-1 (aa 69-204) and mouse polyclonal antibodies against the 

N-terminus (aa 1 to 74) of PtSyb6-1. Antibodies against the recombinant PtSyb polypeptides 

were raised in rabbits or mice. After several boosts of the animals, positive sera were taken at 

day 60 and purified by two subsequent chromatography steps, a first step on a His-tag peptide 

column (24-amino acid peptide, to remove His tag-specific antibodies), followed by an 

affinity step on the corresponding PtSyb polypeptide. A further step of purification with the 

non-cognate PtSyb polypeptides was carried out for the anti-PtSyb1-1, anti-PtSyb2-1 and 

anti-PtSyb3-1 Abs in order to decrease the degree of cross-reactivity between different v-

SNAREs. Mouse polyclonal antibodies against the amino terminus of PtSyb6-1 were not 

affinity purified. 

Anti-leech syntaxin and anti-leech SNAP-25 antibodies (Bruns et al., 1997) were a gift from 

R. Jahn (MPI for Biophysical Chemistry, Göttingen, Germany). Anti-tubulin was a mouse 

monoclonal antibody (clone DM1A; Sigma) and was used diluted 1:500 in immunostainings. 

 

4.3.9.) Immunofluorescence labeling and staining with dyes 
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Monoxenically grown cells were concentrated by centrifugation for 2 min at 900 x g and 

washed twice in 5 mM Pipes buffer, pH 7.0, containing 1 mM KCl and 1 mM CaCl2. Cells 

were fixed in 2-8% (w/v) freshly prepared formaldehyde in PBS for 20 min at room 

temperature and permeabilised by addition of 0.5% digitonin (Sigma). Cells were washed 

twice in PBS, blocked for 10 min with 50 mM glycine in PBS and resuspended in 1%  BSA in 

PBS. Rabbit and mouse antibodies diluted 1:50 and 1:100 in PBS (+1% BSA)  respectively, 

were applied to cells over night at 4°C. After 4 x 5 min washes in PBS, AlexaFluor488 and 

AlexaFluor568 coupled Fab2’ fragments of goat anti-rabbit antibodies (Molecular Probes, 

Karlsruhe, Germany) and FITC-conjugated anti-mouse antibodies (Dianova, Hamburg, 

Germany) or AlexaFluor594 coupled Fab2’ fragments of goat anti-mouse antibodies 

(Molecular Probes) were applied for 60 min, followed by 4 x 5 min washes in PBS. Samples 

were shaken gently during all incubation and washing steps. After the final wash, samples 

were re-suspended in PBS+1% BSA. Staining of single cells was performed as described 

previously (Jerka-Dziadosz et al., 1998) with the difference that the pre-permeabilisation step 

with 1% Triton-X100 was omitted. Staining with 3,3'- dihexaoxacarbocyanine iodide 

(DiOC6(3); Sigma)  was performed at 0.1 µg/ml after fixation for 1 h  at RT and cells were 

washed 3 x 5 min in PBS. Staining of nuclei was performed with 10 nM Hoechst 33342 

(Molecular Probes) for 10 min in PBS/BSA or TBST*/BSA (0.15 M NaCl in 10 mM Tris-

HCl pH 7.4, 0.1% Tween 20, 2 mM MgCl2 and 1 mM EGTA containing 3% BSA. Cells were 

mounted with Mowiol or mixed with CitiFluor antifade ragent (Citifluor, Canterbury, UK) to 

reduce fading and analysed with the appropriate filter sets as described above. 

 

4.3.10.) Cell fractionation 

Cell surface complexes (‘cortices’) were isolated as described (Vilmart-Seuwen et al., 1986). 

Other cell fractions were prepared from axenic cell cultures as previously described 

(Kissmehl et al., 1998b). Protein concentrations were determined colorimetrically with BSA 

as a standard. A protease-inhibitor cocktail containing 15 µM pepstatin A, 100 mU/ml 

aprotinin, 100 µM leupeptin, 28 µM E64, and 0.2 mM Pefabloc SC (Roche, Mannheim, 

Germany) was used in all preparations.  

 

4.3.11.) Electrophoretic techniques and western-blot analysis 

Protein samples were denatured by boiling for 3 min in sample buffer and subjected to 

electrophoresis on SDS polyacrylamide gels using the discontinuous buffer system of 

Laemmli (1970). Protein molecular weight standards were used in accordance with 
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manufacturer directions. Protein blotting was performed at 1 mA/cm2 for 1.5 h using a 

semidry blotter (BioRad , Munich, Germany). Antibodies diluted 1:1,000 in 5% (w/v) non-fat 

dry milk and Tris-buffered saline pH 7.5 were applied overnight at 4°C. Primary antibodies 

were detected by goat-anti-rabbit IgG or goat-anti-mouse IgG coupled to alkaline phosphatase 

(Sigma, Schnelldorf, Germany) or horseradish peroxidase (ICN Pharmaceuticals, Eschwege, 

Germany) and detected with 5-bromo-4-chloro-3-indolyl phosphate and Nitro Blue 

tetrazolium (Roche) or ECL™ Western Blotting System (Amersham, Freiburg, Germany), 

respectively.  

 

4.3.12.) Immuno-gold labelling and electron microscopic analysis 

With most samples fixation (8% formaldehyde + 0.1 % glutaraldehyde) was followed by 

embedding in LR Gold (London Resin, UK), as described previously (Kissmehl et al., 2004), 

while for Syb2-2-GFP 2% and 0.15% of the respective aldehydes was used in conjunction 

with embedding in LR White (London Resin) according to the manufacturer´s intructions. 

Ultrathin sections collected on nickel grids were processed with 3% BSA in PBS and samples 

were analysed in a Zeiss EM10 electron microscope. The anti-GFP antibody (Wassmer et al., 

2005) was used at a dilution of 1:20.  From here, samples were treated and analysed as 

described in (Kissmehl et al., 2004). 
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4.4.) Results 

4.4.1.) A family of 15 genes encoding synaptobrevins  in P.  tetraurelia 

Among the 722 protein coding genes identified in the course of the pilot sequencing project of  

  

the P. tetraurelia macronuclear genome (Dessen et al., 200; Sperling et al., 2002) by 

automated BLAST searches (Altschul et al., 1997) we found two partial sequences with 

homology to mammalian synaptobrevin. The respective clones, M18F03u (EMBL-Bank 

accession number AJ566298) and M10H02u (accession number AJ566299), were named 

Ptsyb1-1 and Ptsyb2-1, respectively. Sequencing of the corresponding clones and 

amplification with gene-specific primers from a Paramecium cDNA-library (Klumpp et al., 

1994) revealed cDNA information about these genes. Beyond this, we could identify two 

 
 

gene 

 
 

accession 
number 

 
 
 

bp 

 
 

introns 
no.  size 

(bp) 

 
 
 

aa 

 
 
 

KDA 

% IDENTITY 
BETWEEN 

ISOFORMS AT 
BP LEVEL 

% IDENTITY 
between 

isoforms at aa 
level 

% IDENTITY 
to PtSyb1-1 

at 
aa level 

 
Ptsyb1-1 

 
Ptsyb1-2 

 
AJ566298 

 
CR855907 

 
761 

 
760 

 
3 
 
3 

 
23-28 

 
22-27 

 
228 

 
228 

 
26.6 

 
26.3 

 
--- 
 

83.9 

 
--- 
 

85.2 

 
--- 
 

85.2 
 

Ptsyb2-1 
 

Ptsyb2-2 

AJ566299 
 

AJ566300 

741 
 

742 

4 
 
4 

25-29 
 

26-29 

210 
 

210 

24.5 
 

24.4 

--- 
 

81.1 

--- 
 

69.7 

29.9 
 

28.4 
 

Ptsyb3-1 
 

 
AJ566301 

 
690 

 
3 

 
21-28 

 
205 

 
23.8 

 
--- 

 
--- 

 
21.8 

Ptsyb4-1 
 

Ptsyb4-2 
 

CR855905 
 

CR855904 

648 
 

645 

3 
 
3 

22-27 
 

23-28 

191 
 

188 

22.6 
 

22.2 

--- 
 

74.8 

--- 
 

64.6 

12.0 
 

18.0 

Ptsyb5-1 
 

CR855903 528 1 24 167 19.3 --- --- 14.3 

Ptsyb6-1 
 

Ptsyb6-2 
 

CR855902 
 

CR855978 

663 
 

667 

2 
 
2 

23+25 
 

24+28 

204 
 

57 

23.6 
 

6.5 

--- 
 

88.9 

--- 
 

93.2 

13.2 
 

16.1 

Ptsyb7-1 
 

Ptsyb7-2 
 

CR855901 
 

CR855900 

718 
 

715 

4 
 
4 

23-29 
 

23-29 

202 
 

202 

23.6 
 

23.6 

--- 
 

87.5 

--- 
 

96.6 

12.8 
 

13.8 

Ptsyb8-1 
 

CR855899 764 3 24-31 228 26.0 --- --- 15.4 

Ptsyb9-1 
 

Ptsyb9-2 

CR855898 
 

CR855897 

789 
 

788 

5 
 
5 

23-27 
 

23-27 

220 
 

220 

25.8 
 

25.7 

--- 
 

84.6 

--- 
 

76.9 

15.4 
 

15.4 

Table 5.) P. tetraurelia synaptobrevin genes. Accession numbers AJ566298 to AJ566301 (Genbank) and 
CR855897 to CR855907 (Genoscope). Sequences were aligned by the ClustalW method (slow/accurate) and the 
percentage of identities between isoforms was calculated. Numbers and sizes of introns were experimentally 
verified and the resulting molecular mass is given in kDa. 
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other relevant genes, Ptsyb2-2 and Ptsyb3-1, on the cDNA-level. Comparison of these 

sequences with the genomic version allowed us to determine number, size and position of the 

introns in all four genes, including Ptsyb2-2 and Ptsyb3-1 (EMBL-Bank accession numbers 

AJ566300, and AJ566301). We performed further searches of the genomic sequence with 

those four genes and were able to identify a family with 15 members all encoding v-SNAREs 

(Table 5).  

The remaining Ptsybs will be deposited by Genoscope (www.genoscope.fr) at EMBL-Bank 

(www.embl.org) under the accession numbers shown in Table 5. Both, macronuclear DNA 

and cDNA sequence information, was experimentally verified by amplification with gene-

specific oligonucleotide primers followed by sequencing, and the positions of introns were 

thus identified. The Ptsyb genes encode proteins between 19 and 27 kDa and contain between 

one and five small introns of 20 to 31 bp length flanked by the conventional Paramecium 

intron borders 5’-GTA… T/A/CAG-3’ (Sperling et al., 2002; Russell et al., 1994, Zagulski et 

al., 2004) (Table 5). Most Ptsyb gene families comprise two closely related isoforms.  

Exceptions are the subfamilies Ptsyb5 and Ptsyb8, which are represented by only a single 

member. The identity at amino acid level between the isoforms of a subfamily lies between 

64.6 and 96.6 percent. 

PtSyb6-1 and PtSyb6-2 are 93.2 percent identical at amino acid level, but intron splicing of 

the Ptsyb6-2 gene at the first intron creates a stop mutation and would result in the expression 

of only a 57 amino acid fragment of the protein (Fig. 40A). Since the presence of spliced 

Ptsyb6-2 cDNA was experimentally verified, the existence of such a short peptide is possible. 

However, no band in the range of the expected molecular weight of a PtSyb6-2 peptide could 

be detected in Western blots with an antibody directed against the N-terminus of Ptsyb6-1 

(data not shown); suggesting that translation of the Ptsyb6-2 mRNA does not occur (see 

discussion). An additional gene with homology to Ptsyb3-1, hence named Ptsyb3-2, was 

found in the genome sequence. However, sequencing of the corresponding cDNA revealed 

that splicing of the first intron causes a shift of reading frame and results in a truncated protein 

even though the sequence homology to PtSyb3-1 on the amino acid level continues in a 

different reading frame well after this termination codon. It remains unknown so far whether 

this gene is functional. 

The degree of sequence conservation to v-SNAREs not only to other species, but even within 

the different synaptobrevin gene subfamilies of P. tetraurelia is relatively low (<30% 

identity; Table 5). However, protein family homology searches revealed homology to the 

longin-domain of Ykt6 and Sec22 and especially to the longins of plants (Arabidopsis 
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thaliana V711, V712, V713, V714, V724, V725 and V727) (Fig. 40A). Molecular modelling 

of the P. tetraurelia synaptobrevin longin domains to the crystal structure of yeast Ykt6 

(Tochio et al., 2001) revealed a very similar structure for the PtSyb6 and PtSyb7 subfamilies, 

but a more deviant configuration of the longin domains of other Paramecium synaptobrevins. 

Even between isoforms of the same subfamily pronounced differences in the putative 

regulative N-terminal longin domains were observed (Fig. 40B). 

 
Figure 40.) A Domain structure of P. tetraurelia synaptobrevins. Domain predictions are based on homology 
to known proteins (Pfam, PDB, nr) and identified longin domains with high scores (green) or with low scores of 
>0.01 (light green) and synaptobrevin SNARE domains (blue). Potential transmembrane domains (yellow) were 
determined by TMpred (Hofmann et al., 1993). Ptsyb6-2 produces a truncated protein of 57 amino acids (*) 
because of the creation of a stop codon at position 172 by intron-splicing. B Molecular modelling (3D-JIGSAW) 
of PtSyb1-1, PtSyb1-2, PtSyb2-1, PtSyb2-2 and PtSyb6-1 amino terminal longin domains and crystal structure of 
Saccharomyces cerevisiae Ykt6 (PDB 1H8M). The longin domain typically consists of five antiparallel ß-sheets 
(yellow) that is sandwiched between two a-helices (pink) on one side and a single a -helix on the other. C Amino 
acid alignment (ClustalW; slow, accurate) of PtSybs showing SNARE domains and the carboxy -terminal 
transmembrane domains. The conserved zero-layer arginine (red) or conservative exchange to lysine (red) is not 
present in all PtSybs, but histidine, glutamate, asparagine residues occupy that position in five of the P. 
tetraurelia v-SNAREs. Conserved heptad repeats (black) and other conserved residues (grey) of the SNARE 
domains are aligned. The transmembrane domains are between 17 and 24 amino acids long and the PtSyb 
families 6 and 7 are lacking a transmembrane anchor, but possess a potential carboxy -terminal putative 
prenylation/palmitoyilation motif (yellow). 
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With most PtSybs structural modelling revealed the coiled-coil conformation of a classical 

SNARE domain. By homology to other v-SNAREs the Paramecium synaptobrevins are R-

type SNAREs, but unexpectedly not all of them actually exhibit the conserved arginine 

residue in the central (zero-) layer of the SNARE domain (Fig. 40C). Four subfamilies, 

PtSyb4, PtSyb5, PtSyb8 and PtSyb9, are lacking the conserved arginine, but do not possess a 

glutamine typical of Q-SNAREs at this position either.  However, the homology to the v-

SNARE longin domain of PtSyb8 and overall sequence homology of the PtSyb9 isoforms to 

other PtSybs clearly places them into the longin type family of v-SNAREs. 

The majority of PtSybs possess a C-terminal stretch of 17 to 24 hydrophobic amino acids for 

membrane insertion (Fig. 40A, C). There are two exceptions: the protein subfamilies PtSyb6 

and PtSyb7 are lacking such a C-terminal hydrophobic stretch. They might instead, in analogy 

to their closest mammalian and yeast homologue Ykt6, be anchored in the membrane by 

prenylation and palmitoylation of cysteine residues of a C-terminal CCXXF/Y motif (McNew 

et al., 1997; Fukasawa et al., 2004;  

 

Hasegawa et al., 2004) (Fig. 40C) – an aspect not pursued further here.  

When we analysed the phylogenetic relationships between the different families of PtSybs we 

obtained robust trees for the major branches by different methods (Fig. 41).  

Figure 41.) Synaptobrevin family phylogeny.
Neighbour joining tree with 1000 bootstrap 
replicates encompassing P. tetraurelia
synaptobrevin proteins (PtSybs; see Table 1), T. 
thermophila (Tt) synaptobrevin homologs from 
preliminary gene predictions 08-2004 at TIGR 
(gene identifiers 2415, 4410, 4411, 4722, 7285, 
11170, 14913, 19728, 20867), Arabidopsis 
thaliana (At) VAMPs 711-714, 723-725, 727 
(GenBank accession numbers O49377, Q9SIQ9, 
Q9LFP1, Q9FMR5, Q8VY69, O23429, O48850, 
Q9M376), Homo sapiens (Hs) synaptobrevin 1 
(Syb1), VAMP2, VAMP3, Ykt6, Sec22 and 
synaptobrevin-like protein 1 (Sybl1) (GenBank 
accession numbers AAA60603, AAH02737, 
CAB63146, CAG46805, AAD43013, 
AAH56141), Saccharomyces cerevisiae (Sc) 
Snc1, Snc2, Nyv1, Ykt6 and Sec22 (GenBank 
accession numbers AAC05002,  NP_014972, 
NP_013194, AAB32050, AAB67373), 
Dictyostelium discoideum (Dd) SybA, VAMP7A, 
VAMP7B, (DDB0214903, DDB0231535, 
DDB0231542, DDB0190688,  DDB0219546, 
 DDB0219666 and DDB0219877) and 
Entamoeba histolytica (Eh) synaptobrevin-like 
proteins 1 and 2 (Sybl1 and Sybl2) (GenBank 
accession numbers  AY256852 and AY309014). 
Paramecium synaptobrevins addressed in this 
work are indicated with grey diamonds. 
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The phylogenetic tree also revealed that Paramecium possesses synaptobrevins of the 

VAMP7 and Ykt6 type. Interestingly, we were not able to identify a Sec22 homologue in 

Paramecium, whereas in another ciliate, Tetrahymena thermophila, a homologue clearly 

exists. Comparison with synaptobrevin homologues from T. thermophila identified close 

homologues to the Paramecium synaptobrevins (Fig. 41). The loss of the transmembrane 

domain as a single event in the phylogeny of the synaptobrevins is illustrated by the close 

clustering of the PtSyb6 and PtSyb7 families. They all lack the transmembrane domain (Fig. 

40A, C) and group in the constructed phylogenetic tree with Ykt6 and their transmembrane 

domain-less T. thermophila homologues (Fig. 41). Other Paramecium v-SNAREs such as 

PtSyb3-1, PtSyb4-1, PtSyb4-2 and PtSyb5-1 appear to have no equivalent in higher 

organisms and might therefore represent Paramecium- or ciliate-specific v-SNAREs with 

orthologues for at least some of them present in Tetrahymena. Another clade comprises PtSyb 

subfamilies 1 and 2 and paralogues of  plant and mammalian synaptobrevins, representative 

of vacuolar, endosomal, ER and Golgi- synaptobrevins (Uemura et al., 2004). However, 

according to our present knowledge, Paramecium does not possess homologues of the 

VAMPs considered relevant for regulated exocytosis, the brevins.  

 

4.4.2.) Paramecium synaptobrevins participate in distinct SNARE complexes 

We wondered if Paramecium SNAREs form complexes similar to the well-studied neuronal 

SNARE complexes. When P. tetraurelia subcellular fractions were treated shortly with 

denaturing reagents and probed in Western blots with antibodies directed against syntaxin, 

SNAP25 (both against leech proteins) or against PtSyb1-1, SDS-resistant complexes, some of 

70-75 kDa, were detected with all three antibodies (Fig. 42A). This suggests that SNARE 

complexes in Paramecium may consist of a syntaxin, SNAP25 and synaptobrevin, which is 

the characteristic composition for SNARE complexes (Jahn and Südhof, 1999; Chen and 

Scheller, 2001). However, the molecular weight and hence composition of those complexes 

varies in different subcellular fractions. PtSyb1 participates in SDS-resistant complexes 

contained in cell surface fragments (‘cortices’), trichocysts and microsome fractions, but not 

in alveolar sacs (Fig. 42A). The same complexes of 75 kDa and additionally, the monomeric 

PtSyb1 could be detected in homogenates, microsomes and isolated cortices, but not in the 

plasma membrane fraction (Fig. 42B). With the PtSyb2 antibody, a smaller complex of about 

50 kDa was recognised in cell homogenates, the 100,000 x g pellet, microsomes and isolated 

cortices (Fig. 42B). In contrast, only relatively low molecular weight bands of about 40 kDa 

(arrow) could be detected with the antibody directed against PtSyb3-1 and the protein was 
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only represented in cell homogenates and microsome fractions, but not in cortices or alveolar 

sac preparations (Fig. 42B). PtSyb6-1 was 

detected with the antibody directed against the 

PtSyb6-1 C-terminus as a complex of circa 70 kDa in cell homogenates, the supernatant and 

pellet and in alveolar sacs, but not in the microsomal fraction or cortices indicating that the 

protein is not predominantly membrane-associated (Fig. 42B). However, some of the PtSyb6-

1 protein appears to be attached to alveolar sacs. All four PtSybs tested participate in 

complexes of differing composition implicating their functional diversification. However, 

only in the case of PtSyb1 and PtSyb6 70-75 kDa complexes typical of the classical SNARE 

complexes could be detected.  

With the anti-PtSyb1 antibody, the monomeric form of PtSyb1 could be detected in cell 

homogenates, the 100,000 x g pellet, microsome preparations and a weaker band in isolated 

cortices (Fig. 42C). As expected for membrane-associated proteins, the anti-PtSyb2, anti-

PtSyb3 and anti-PtSyb6 antibodies recognise the monomeric proteins in cell homogenates, 

the 100,000 x g pellet and microsomes (Fig. 42C). 

Figure 42.) Western blots of P. tetraurelia cell 
fractions with SNARE-specific antibodies. A
Antibodies directed against Hirudo medicinalis
syntaxin (a -HmSyx) and SNAP-25 (a -HmSNAP-25) 
and an antibody recognising P. tetraurelia
synaptobrevin-1 (a -PtSyb1) detect various SDS-
resistant complexes of 71-75 kDa consisting of a 
syntaxin-homologue, a SNAP-25 homologue and 
PtSyb1 in different subcellular fractions. PtSyb1 was 
found in 71 kDa complexes in the 100,000 x g pellet, 
microsomes, trichocysts and isolated cell cortices, but 
only a very weak cross-reaction was found in alveolar 
sacs. B Polyclonal antibodies directed against PtSyb1, 
PtSyb2, PtSyb3 and PtSyb6 recognise various higher 
molecular weight complexes in different subcellular 
fractions. In agreement with A, the anti-PtSyb1 
antibody detects bands of ~71 kDa in cell 
homogenates, 100,000 x g pellet, microsomes and 
isolated cortices (arrowhead). However, under the 
conditions used (boiling in 2% SDS for 5 minutes), it 
also detects the monomeric PtSyb1 (*) on the same 
blot. The anti-PtSyb2 antibody detects a complex of 
about 50 kDa (arrowhead) in homogenates, pellet, 
microsomes and cortices. In contrast, the anti-PtSyb3-
antibody recognises a 40 kDa band (arrowhead) only 
in homogenates, pellets and microsomes. A higher 
molecular weight complex of ~70 kDa is detected 
with the anti-PtSyb6 antibody in homogenates, pellet, 
but also in the 100,000 x g supernatant (arrowheads). 
Furthermore, the same complex is recognised strongly 
in alveolar sacs. C The antibodies recognise the 
monomeric PtSybs in homogenates, the 100,000 x g 
pellet and microsome fractions when they are boiled 
in 10% SDS for 10 min. An additional band in 
cortices is detected with the anti-PtSyb1 antibody. 
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4.4.3.) Subcellular localisation of PtSybs 

We created C-terminal GFP-fusions of PtSyb1-1, PtSyb1-2, PtSyb-2-2, PtSyb3-1 and an N-

terminal GFP-fusion of PtSyb6-1 and microinjected the constructs into the macronucleus of 

P. tetraurelia cells. (An N-terminal attachment of GFP was preferred for Ptsyb6-1 because of 

the expected anchorage of PtSyb6-1 to the vesicle membrane by C-terminal prenylation 

and/or palmitoylation and the possibility of interference of C-terminal GFP fusion with this 

modification.) In addition, immuno-labelling of fixed cells with the available anti-PtSyb and 

other antibodies and co-localisation with organellar markers like 3,3'- dihexaoxacarbocyanine 

iodide (DiOC6(3)), a marker for the endoplasmic reticulum (Terasaki et al., 1984; Ramiono et 

al., 2000), was performed. A GFP fusion protein of PtSyb1-1 showed staining of the cortical 

ER network and occasionally a more punctate staining in the cell cortex was observed (Fig. 

43A, B).  

 
Figure 43.) Localisation of P. tetraurelia synaptobrevin family 1.  A Surface and B median view of a live cell 
expressing a PtSyb1-1-GFP fusion protein showing a cortically enriched tubular-reticular staining resembling 
structures of the ER. C Surface and D median view of a fixed cell expressing a PtSyb1-2-GFP fusion protein 
with some punctate cortical staining (C, inset) and marked membrane systems in the cell. m - macronucleus. E 
Surface and F median view of a fixed cell stained with a polyclonal anti-PtSyb1 antibody showing cortical and 
median staining resembling the PtSyb1-1-GFP and PtSyb1-2-GFP fusion constructs, respectively. oa – oral 
apparatus. Scale bar = 10 µm. G Electron micrograph of a cell stained with the polyclonal anti-PtSyb1 antibody 
(overview). H At higher magnification from G (box) staining close to ER membranes is visible (circles). ER – 
endoplasmic reticulum, mi – mitochondrium. Scale bar = 500 nm. 
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A similar, but less distinct staining pattern was obtained with a PtSyb1-2-GFP fusion 

construct, where a membrane system stretching throughout the cell and a peripheral punctate 

pattern was marked (Fig. 43C, D). Immuno-labelling of fixed cells with the anti-PtSyb1 

antibody shows a reticular staining all over the cell with some concentrations near the cortex 

resembling the ER (Fig. 43E, F). Co-staining of the anti-PtSyb1 antibody with the established 

ER marker DiOC6 showed close overlap with anti-PtSyb1 staining (data not shown). 

However, the appearance of the staining with both, the anti-PtSyb1 antibody and DiOC6, was 

variable between experiments and under different growth conditions. Such variability has 

been described previously (Ramiono et al., 2000) and we conclude that both, PtSyb1-1 and 

PtSyb1-2, are present in the ER of Paramecium. At the ultrastructural level, staining with the 

anti-Syb1 antibody along ER membranes and near vesicles of unknown identity was observed 

(Fig. 43G, H). All other cortical structures, such as alveolar sacs,  

 

trichocyst docking sites, terminal cisternae and cilia were devoid of PtSyb1 staining (data not 

shown). 

The fusion protein PtSyb2-2-GFP stained the entire contractile vacuole complex of the 

Paramecium cell, i.e. the vacuole porus, the contractile vacuole, the collecting ampullae and 

the collecting (radial) canals (Fig. 44A). Staining with the anti-PtSyb2 antibody displayed the 

same distribution as was found for the GFP fusion construct (Fig. 44B). Close inspection 

showed that the staining along the radial canals was slightly irregular, possibly representing a 

Figure 44.) Localisation of P. tetraurelia
synaptobrevin family 2 in the contractile 
vacuole complex. A GFP fluorescence in 
cells expressing a PtSyb2-2-GFP fusion 
construct. Staining was observed along 
radial arms (r), the contractile vacuole (v) 
including ampullae (a). B An anti-PtSyb2 
antibody also stains the whole contractile 
vacuole complex. Staining was observed 
on the contractile vacuole (v) and radial 
arms (r). Higher magnification (inset) 
shows irregular staining (arrowheads) 
along the radial arms. Scale bar = 10 µm. 
C Electron micrograph of a cell expressing 
PtSyb2-2-GFP detected with a polyclonal 
anti-GFP antibody shows gold labelling
along the radial canal (rc) and of the 
smooth spongiome (ss). Scale bar = 500 
nm. D Electron micrograph of a non-
transfected P. tetraurelia cell stained with 
the polyclonal anti-PtSyb2 antibody. Gold 
labelling occurs on the smooth spongiome 
and close to the radial canal, whereas the 
decorated spongiome (ds) is devoid of 
label. Scale bar = 500 nm. 
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number of small vesicles and/or tubules (Fig. 44B, inset). Immuno-gold labelling of cells 

expressing PtSyb2-2-GFP with an anti-GFP antibody (Wassmer et al., 2005) showed staining 

of the membraneous network closely apposed to the radial canals (‘smooth spongiome’) along 

the radial canal, the ampulla and of the membrane of the contractile vacuole (Fig. 44C). The 

same staining was obtained in non-transfected cells with the anti-PtSyb2 antibody (Fig. 44D). 

A PtSyb3-1-GFP fusion protein localised over the whole cell body with the exception of cilia, 

the contractile vacuole complex, the 

cytostome area and food vacuoles (Fig. 

45A). In fixed cells expressing PtSyb3-

1-GFP, we also observed some punctate 

staining close to the cell surface (Fig. 

45B). PtSyb3-1 was localised using the 

anti-PtSyb3-1 antibody to the ER 

network and showed close overlap with 

DiOC6 staining (Fig. 45C, D). 

Furthermore, a population of dots of 

variable size was recognised by the 

anti-PtSyb3-1 antibody, that were not 

DiOC6 positive. Electron microscopic 

analyses with the anti-PtSyb3-1 

antibody showed clusters of staining in 

close proximity to membranes of the 

ER (Fig. 45E,F). 

When an amino-terminal GFP-PtSyb6-

1 fusion construct was expressed in 

Paramecium cells, predominantly 

cytoplasmic staining was observed 

(Fig. 46A). When GFP-PtSyb6-1 

transfected cells were permeabilised 

with 1% Triton X-100 or 0.5% 

digitonin GFP fluorescence disappeared 

completely indicating that PtSyb6-1 is 

predominantly cytosolic (data not shown). This may reflect the absence of a transmembrane 

domain anchorage of the protein. Following careful prefixation and permeabilisation with 

Figure 45.) Localisation of P. tetraurelia synaptobrevin 3.
A GFP fluorescence in a live cell expressing a PtSyb3-1-GFP 
fusion construct shows mainly cytoplasmic staining with the 
exception of the oral apparatus (oa), food vacuoles (f) and 
the macronucleus (m). Scale bar = 10 µm. B GFP 
fluorescence in a fixed cell expressing a PtSyb3-1-GFP 
fusion construct reveals staining of the ER. C An anti-
PtSyb3-1 antibody stains the internal ER network which is 
also stained by the ER marker dye DiOC6 (D). Scale bar = 10 
µm. E Electron micrograph of a P. tetraurelia cell stained 
with the anti-PtSyb3 antibody (overview). Scale bar = 500 
nm. F At higher magnification (box) labelling of a region 
enriched in ER is visible (circles). 
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digitonin an antibody raised against PtSyb6-1 decorated the cytoproct and a regular surface 

pattern as well as a large population of small vesicles in the cell (Fig. 46B, C). Labelling of 

the cytoproct (Fig. 46B) may reflect involvement of PtSyb6 in release of spent phagosome 

contents by a specialised form of exocytosis (Allen and Wolf, 1974). Furthermore, PtSyb6-

staining was detected around the oral apparatus and in some cells, additionally the radial arms 

of the contractile vacuole complex were decorated. Closer inspection revealed labelling 

between trichocyst docking sites, i.e. associated with ciliary basal bodies (Fig. 46D, E). 

Within the cortex, immuno-EM gold labelling revealed staining of vesicles associated with 

the endocytotic pathway that are situated in the vicinity of basal bodies (Fig. 46F, G).  

 

 
 

 

 

Figure 46.) Localisation of P. 
tetraurelia synaptobrevin family 6.  A
GFP fluorescence in a live cell 
expressing a GFP-PtSyb6-1 fusion 
protein shows mainly cytoplasmic 
staining with the exception of the oral 
apparatus (oa), food vacuoles (f) and the 
macronucleus (m). Bright objects 
represent crystals in the cell. Scale bar = 
10 µm. B Immunostaining of a fixed 
non-transfected cell with a polyclonal 
anti-PtSyb6-1 antibody shows strong 
staining of the cytoproct (cp) and a 
punctate cortical staining (B - surface 
focus and C - median focus). Scale bar = 
10 µm. D, E – detail from D Confocal 
image slice (thickness 1 µm) of a fixed 
cell expressing the GFP-PtSyb6-1 fusion 
protein. The oral apparatus (oa) and 
trichocyst bodies (t) are not stained. 
Internally decondensed trichocysts (t*) 
that trapped free GFP-PtSyb6-1 during 
fixation appear labelled. A regular 
pattern of GFP-PtSyb6-1 in the cell 
cortex can be seen (arrows) with 
labelling occurring at the level of 
trichocyst bodies (t), which in cross-
section appear as dark circles. Label is 
enriched around the oral apparatus. Scale 
bar = 10 µm. F Electron micrograph of a 
P. tetraurelia cell stained with the anti-
PtSyb6-1 antibody shows diffuse 
staining over the cytoplasm with no 
affinity to any particular organelle. t –
trichocyst body, mi – mitochondrium. 
Scale bar = 500 nm G Immuno-EM gold 
labelling (circles) of a cluster equivalent 
to fluorescently labelled spots between 
trichocysts seen in D and E, representing 
vesicles of the endocytotic pathway near 
ciliary basal bodies (bb). as – alveolar 
sac. Scale bar = 100 nm. 
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4.4.4.) Effects of homology-dependent gene silencing  

Because of the very confined localisation of PtSyb2 to the contractile vacuole complex, we 

choose it as an example to study its function by gene silencing. Cells were fed with E. coli 

expressing double stranded RNA coding for PtSybs, which elicits a si-RNA (small interfering 

RNA) mediated silencing process of the target genes. To exclude any effect of the silencing 

on its own, vector only containing the gfp gene was used for mock silencing. In fixed gfp-

silenced cells normal staining pattern was seen with anti-PtSyb2 and with an antibody against 

he a1-1 subunit of the V0 part of the Paramecium V-ATPase which is localised in the rough 

spongiome apposed to the smooth spongiome (Fok et al., 1995, Fok et al., 2002) (Fig. 47A, 

B). As a positive control, the nd7 gene, which is essential for trichocyst exocytosis (Ruiz et 

al., 1998; Lefort-Tran et al., 1981; Skouri et al., 1997), was silenced in parallel experiments 

and 99% discharge-deficient cells were obtained after 24 h (data not shown). When cells were 

silenced for 24 h with Ptsyb2-1 and Ptsyb2-2 silencing constructs, staining of the contractile 

vacuole complex with the anti-PtSyb2 antibody disappeared completely, whereas the same 

could still be decorated with the anti-V0-ATPase a-subunit antibody (Fig. 47C-F). This 

underlines the specificity of the anti-PtSyb2 antibody for the PtSyb2 family proteins. 

However, in Ptsyb2-silenced cells the contractile vacuole complex often appeared malformed, 

with inflated radial canals (Fig. 47F). Silencing of Ptsyb2-1, and in a more pronounced way of 

Ptsyb2-2, or with a double silencing construct of both genes led, after 40 h, to a 

morphological defect of cells that also affected their swimming behaviour (compare Figs. 48A 

and B). Most cells failed to divide properly and gave rise to doublet cells of various shapes 

 
Figure 47.) Silencing of Ptsyb2 genes by 
feeding.  Cells silenced with pPD-gfp (A
and B; negative control), pPD-syb2-1 (C
and D) and pPD-syb2-2 (E and F) were 
fixed and stained with an anti-PtSyb2 
polyclonal antibody (A, C, E) or, as a 
control, with an antibody recognising the 
P. tetraurelia V-ATPase V0-part a-
subunit (V0aSU), which stains the 
contractile vacuole complex (B, D, F). E
and F show pPD-syb2-2 silenced cells of 
abnormal, rounded shape with severely 
disfigured radial arms (arrows) of the 
contractile vacuole complex (F). 
Specificity of the anti-PtSyb2 antibody is 
demonstrated by the complete 
disappearance of staining in the 
contractile vacuole complex after 
silencing of Ptsyb2-1 or Ptsyb2-2 (C and 
E). Scale bars = 10 µm. 
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(Fig. 48C-E). The often rounded or boomerang-shaped cells were rotating quickly around 

their axis and after 72 h eventually stopped feeding and died. The osmoregulatory system of 

silenced cells was still working, but the contractile vacuole was pumping at much reduced 

frequency (Fig. 48F).  

 
Figure 48.) Morphology of Ptsyb2 gene-silenced P. tetraurelia cells.  A Fixed control (pPD-gfp mock-
silenced) cell. B Fixed and C live Ptsyb2-2 gene-silenced cell showing abnormal round cell shape. D Ptsyb2-2 
gene-silenced cell shows normal ability to discharge trichocysts. E Immunostaining of a Ptsyb2-1-Ptsyb2-2 
double silenced cell, 40 h after beginning of silencing by feeding, stained with an anti-tubulin antibody and 
Hoechst 33342 DNA stain. Arrows indicate the postitions of contractile vacuole complexes of which there are 
four per cell. Scale bars = 10 µm. F Pumping activity of the contractile vacuole in Ptsyb2-1 and Ptsyb2-2 
silenced cells, respectively, and a pPD-gfp control with normal contraction period. A marked decrease in the 
pumping frequency of the contractile vacuole in Ptsyb2-silenced cells is noticeable with a stronger effect for the 
silencing construct pPD-syb2-2 or a double silencing construct pPD-syb2-1-syb2-2 compared to silencing with 
pPD-syb2-1 alone. Sample sizes are indicated as N numbers below and bars represent standard deviations. 
 

Trichocyst exocytosis triggered by picric acid was not affected in the silenced cells indicating 

a specific effect of Ptsyb2 gene silencing on the osmoregulatory system and cell division (Fig. 

48D, E). Interestingly, the effects of silencing Ptsyb2-2 or with tandem silencing construct 

Ptsyb2-1-Ptsyb2-2 were more pronounced compared to silencing of Ptsyb2-1 alone indicating 

a functional non-redundance of both isoforms. 
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4.5.) Discussion 

In the present work, we describe 15 genes coding for synaptobrevins in P. tetraurelia. 

Exhaustive searches of the P. tetraurelia macronuclear genome presumably revealed the 

complete set of v-SNAREs in this organism. In comparison, the yeast genome contains only 

five R-SNARE genes (Burri and Lithgow, 2004), the human genome nine (Bock et al., 2001), 

whereas in the plant A. thaliana 14 R-SNAREs have been identified (Uemura et al., 2004). 

Considering the multitude of membrane interactions in the Paramecium cell (Plattner and 

Kissmehl, 2003b), this high number of v-SNAREs is not at all surprising, and if each gene 

were specific for a particular membrane interaction an even higher number of synaptobrevins 

would be expected. We found SDS-resistant SNARE complexes in Paramecium of similar 

composition and molecular weight like in animal cells or yeast containing syntaxins and 

SNAP25 homologues binding partners underlining the evolutionary conserved composition of 

these complexes. Each of the Paramecium v-SNAREs analysed in this study showed different 

complex sizes and they were found in different subcellular fractions (Fig. 42). The identity of 

those binding partners is not known yet. From other systems it is known that v-SNAREs can 

participate with different binding partners in two or more different SNARE complexes (Tsui 

and Banfield, 2000; Tsui et al., 2001; Wendler and Tooze, 2001; Hohenstein and Roche, 

2001). For instance, in yeast the SNARE complex involved in transport from the ER to the 

cis-Golgi consists of Sec22p (R-SNARE), Sed5p (Qa-SNARE), Bos1p (Qb-SNARE) and 

Bet1p (Qc-SNARE), respectively (Søgaard et al., 1994; Sacher et al., 1997; Cao and Barlowe, 

2000; Parlati et al., 2000). In mammalian cells the homologous proteins include Sec22b (R-

SNARE), syntaxin 5 (Qa-SNARE), membrin (Qb-SNARE) and Bet1 (Qc-SNARE) (Xu et al., 

2000). In both, yeast and mammals, Sed5p/syntaxin 5 is also involved in trafficking steps 

within the Golgi apparatus where it is assumed to interact with a homologous set of SNAREs 

including Ykt6p/Ykt6 (R-SNARE), Gos1p/GS28 (Qb-SNARE) and Sft1p/GS15 (Qc-SNARE) 

(Hasegawa et al., 2004; Parlati et al., 2002; Xu et al., 2002; Hasegawa et al., 2003). Thus, the 

occurrence of promiscuous SNARE pairing in Paramecium is a possibility and could account 

for the high number of specific membrane interactions in this cell (Plattner and Kissmehl, 

2003b). 

All Paramecium v-SNAREs are of the longin type similar to the plant v-SNAREs (Uemura et 

al., 2004) underlining the closer relationship of ciliates to plants than to yeast and animals, 

which also contain v-SNAREs of the brevin type responsible for regulated fast exocytosis.  

We identified two PtSyb families (PtSyb6 and PtSyb7) with homology to the longin type 

protein Ykt6, but surprisingly no Sec22 homologue was found in P. tetraurelia. However, it is 
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possible that potential genes escaped the data mining approach if they were disrupted by 

many or unconventional introns.  

The Paramecium SNAREs also do not follow the convention of the “3Q+1R-rule” (Jahn et 

al., 2003; Fasshauer et al., 1998) because six out of 14 v-SNAREs do not exhibit the 

conserved arginine residue in the central (zero-)layer of the SNARE domain (Fig. 40C). This 

is so far known only for a small number of syntaxins (Q-SNAREs) such as Giardia 

intestinalis SynPM2, Encephalitozoon cuniculi SynPM and Plasmodium falciparum SynPM. 

These findings could be explained by the high AT-content of those organisms and a resulting 

CGX (R) to AAY (N) codon bias (Dacks et al., 2004). The Paramecium genome also has a 

high AT-content of 72% (Dessen et al., 2001; Zagulski et al., 2004) and similar exchanges of 

the arginine residue were observed in the T. thermophila v-SNAREs. The overall conservation 

of the SNARE domain in those deviant v-SNAREs is relatively low and it remains to be 

established whether they engage in conventional SNARE complexes. The yeast R-SNARE 

Bet1, like other fungal homologues, also carries a serine instead of an arginine at the 

conserved position, however functions normally in SNARE-complexes (Dascher et al., 1991; 

Gupta and Heath, 2002). Only in PtSyb5-1, a conservative exchange of arginine to lysine, like 

in the tetanus neurotoxin-cleavable Hirudo medicinalis synaptobrevin (Bruns et al., 1997), 

was observed. It is interesting to note that P. tetraurelia contains one v-SNARE, PtSyb2-1, 

with a potentially tetanus neurotoxin-cleavable RD signature in its SNARE-motif. 

We found three PtSybs localised in the endoplasmic reticulum: PtSyb1-1, PtSyb1-2 and 

PtSyb3-1. We noticed subtle differences in the distribution over the ER of the two PtSyb1 

isoforms in that PtSyb1-1 shows a reticulate cortical staining whereas PtSyb1-2 was more 

confined to the internal ER network with some punctate cortical staining that could possibly 

represent Golgi bodies. The antibody directed against isoform PtSyb1-1 probably does not 

discriminate between its two isoforms, which are 84% identical and the antibody stains both, 

the cortical and internal ER network. The distinct distribution of the two isoforms may 

represent functional differentiation in different subsections of the ER (Pfeffer, 2003; Levine 

and Rabouille, 2005). Because of the nearly identical staining patterns obtained from the C-

terminal GFP-fusion constructs of PtSyb1-1, PtSyb1-2 and PtSyb3-1 (Fig. 43A, C and Fig. 

45A) and with the relevant antibodies (Fig. 43E, F and Fig. 65C), a block in ER-exit of the 

fusion proteins can be formally excluded.  

As predicted by the localisation of PtNSF1 (Kissmehl et al., 2002), the contractile vacuole 

complex of Paramecium is likely to be a place of intense membrane interactions and PtSyb2 

is the candidate v-SNARE for membrane interactions in the smooth spongiome. As was 
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demonstrated by homology-dependent gene silencing, PtSyb2 is required for the structural 

integrity and function of the organelle, but silencing Ptsyb2 also revealed a global 

morphological defect affecting swimming behaviour and cell division. How PtSyb2 is 

affecting cell division and whether there is some kind of crosstalk between the 

osmoregulatory system and the cell division machinery remains a tantalising question. 

Silencing of the Ptsyb2 gene subfamily demonstrated the specificity of the anti-PtSyb2 

antibody for this subfamily, because staining disappeared completely after knockdown of 

Ptsyb2 (Fig. 87C, E).  

The role of the PtSybs lacking any homologues outside the ciliates is still under investigation, 

and they may have a role in the elaborate phagosome-trafficking pathway of ciliates or other 

ciliate-specific trafficking pathways. We are currently also investigating the role of other 

PtSybs, but so far have not been able to unequivocally identify a v-SNARE responsible for 

the fast triggered exocytosis of trichocysts. It is, however, possible that, if a particular v-

SNARE is silenced, another PtSyb (especially its closely related isoform) may be able to take 

over its function, as has been found with the functional redundancy of VAMP-2 and VAMP-3 

in human cells (Borisovska et al., 2005). Thus, the results from double-silencing experiments 

will be important in providing an answer to the question whether the fast regulated exocytosis 

of trichocysts is SNARE-dependent, or not. 
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5.1.) Summary 

SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors) 

proteins classified in vesicular (v)- and target (t)-SNAREs play a central role in the manyfold 

membrane interactions in eukaryotic cells. On the basis of the current Paramecium genome 

project we have identified a multigene family of at least 26 members encoding the t-SNARE 

syntaxin (PtSyx) that can be grouped into 15 subfamilies. Paramecium syntaxins match the 

classical build-up of syntaxins, being ‘tail-anchored’ membrane proteins with an N-terminal 

cytoplasmic domain and a membrane-bound single C-terminal hydrophobic domain. The 

membrane anchor is preceded by a conserved SNARE-domain of ~60 amino acids that is 

supposed to participate in SNARE complex assembly. Several approaches were used to assign 

the identified syntaxins to different trafficking pathways. First, in a phylogenetic analysis, the 

Paramecium syntaxin genes were found to cluster in groups together with syntaxin genes 

from other organisms in a pathway-specific manner, allowing an assignment to different 

comparments in a homology dependent way. The second approach was to fuse the GFP gene 

with one representative of each of the syntaxin clusters and to assess the in-vivo localization 

of the fusion products. The combination of the two approaches allowed us to identify 

syntaxins of all important trafficking pathways in Paramecium. 
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5.2.) Introduction 

Trafficking between intracellular membrane compartments is largely mediated by vesicular 

transport. A high degree of specificity and complexity occurs in the regulation of vesicle 

budding, docking and fusion. Central to the docking and fusion process are numerous SNARE 

(soluble NSF-attachment protein receptor) proteins, which are localized to various 

intracellular organelles and membranes, thereby maintaining integrity and identity of a given 

intracellular compartment (Chen and Scheller, 2001; Ungar and Hughson, 2003; Hong, 2005). 

SNAREs vary widely in size and structure and share only one homologous sequence, the 

SNARE motif that serves as their defining feature. Specific SNAREs present on two opposing 

membranes interact to form a highly stable ‘trans-SNARE complex’ whose formation is 

tightly coupled to membrane fusion (Söllner et al., 1993b; Weber et al., 1998). SNARE 

complex assembly involves the interaction of coiled-coil domains present in the individual 

SNARE proteins to form a parallel, twisted four-helix bundle (Hanson et al., 1997; Sutton et 

al., 1998; Poirier et al., 1998). Three of the helices are contributed by Q-SNAREs present on 

one membrane, with the other helix provided by an R-SNARE present on the opposing 

membrane (Sutton et al., 1998; Katz and Brennwald, 2000). The structural classification of 

SNAREs as either ‘Q’ or ‘R’ derives from the presence of a highly conserved glutamine or 

arginine residue in the core of the helical bundle (Fasshauer et al., 1998), with the Q-SNAREs 

further subdivided into Qa, Qb, and Qc SNAREs (Bock et al., 2001; Ungar and Hughson, 

2003; Hong 2005). In the majority of intracellular membrane fusion pathways, the three 

helical domains contributed by Q-SNAREs are present in three distinct proteins (Fukuda et 

al., 2000) one of which, Qa, is provided by syntaxin (Fasshauer et al., 1998; Bock et al., 

2001). However, in exocytotic membrane fusion, the other two helices (Qb and Qc) are 

present in a single SNARE protein, SNAP-25 (Sutton et al., 1998). 

Large efforts have been undertaken to assign SNARE proteins to different trafficking 

pathways and defined steps in specific pathways in yeast and mammals (Chen and Scheller, 

2001; Burri and Lithgow, 2004; Hong, 2005). However, in the ciliate Paramecium no 

syntaxin gene has been identified so far. The identification of molecules for membrane fusion 

is interesting because Paramecium has established very complex trafficking pathways (Allen 

and Fok, 2000; Plattner and Kissmehl, 2003b). The plasma membrane possesses several 

specialized sites regularly arranged for endocytosis (Allen et al., 1992) and constitutive 

exocytosis (Flötenmeyer et al., 1999) via "parasomal sacs" i.e., clathrin-coated pits, while 

exocytosis of dense core secretory vesicles (trichocysts) occurs at regularly spaced sites in 

between (Plattner et al., 1993; Vayssié et al., 2001; Plattner and Kissmehl, 2003a,b). 



 

106 

Phagocytosis of food particles takes place at the cytopharynx (Allen, 1974; Allen and Fok, 

2000). In different stages, phagosomes (=food vacuoles) undergo acidification and 

neutralisation, fusion with lysosomes and retrieval of membranes. Finally, food vacuoles 

expell their indigestible waste material by exocytosis at the cytoproct (Allen and Wolf, 1974; 

Allen and Fok, 2000). There are two additional sites at the dorsal surface of a Paramecium 

cell, which enable the osmoregulatory system to expell excess water from the cytosol (Allen 

and Naitoh, 2002). This system consists of two contractile vacuole complexes (cvc) that are 

located one in the anterior and one in the posterior half of the cell. Each of the cvcs are 

composed of a central vacuole surrounded by a periodically fusing membrane system of 

ampullae and collecting canals. The latter are connected to the "spongiome", a three-

dimensional system of tubules with smooth surface or surface decorations (Allen, 2000).  

Studying the proteins involved in membrane interactions in a cell with so many different 

pathways may help to understand the mechanisms underlying membrane recognition, a 

process that in general is not very well known. The second reason to investigate the syntaxins 

in Paramecium is the capability of the organism to perform stimulated exocytosis of dense 

core secretory granules at structurally well defined sites (Plattner et al., 1993, Vayssié et al. 

2000, Plattner and Kissmehl, 2003a,b). 

Recently we identified and characterized the SNARE-specific chaperone NSF in P. 

tetraurelia  (Froissard et al., 2002, Kissmehl et al., 2002) and now we provide evidence for 

the existence of one of the putative substrates, the t-SNARE syntaxin. The identification and 

characterization of a syntaxin multigene family with at least 26 members and their 

localization using either GFP fusion genes or isoform-specific antibodies yielded interesting 

insights in the complex trafficking scheme of the Paramecium cell and allowed us to identify 

long-missing candidates of the secretory pathway including those for the Golgi and the 

plasma membrane. 
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5.3.) Materials and Methods  

5.3.1.) Cell cultures  

Wild-type strains of Paramecium tetraurelia used were stocks 7S and d4-2, derived from 

stock 51S (Sonneborn, 1974). Cells were grown in a dried lettuce medium bacterized the day 

before use with Enterobacter aerogenes at 37°C, unless otherwise stated, and supplemented 

with 0.4 mg/l beta-sitosterol (Sonneborn, 1970).  

 

5.3.2.) Annotation and characterization of PtSyx genes 

In order to identify syntaxin genes in Paramecium (PtSyx) by homology searches, the 

developing Paramecium database (http://aiaia.cgm.cnrs-gif.fr) was screened by using the 

nucleotide and amino acid sequence of syntaxins either from other organisms or already 

annotated Paramecium PtSyx genes. Positive hits were further analyzed by performing 

BLAST searches at the NCBI database (Altschul et al., 1997). Conserved motif searching was 

performed with either PROSITE (Bairoch et al., 1997), with BLAST-RPS using pfam entries 

of the corresponding CDD database (Marchler-Bauer et al., 2005, Bateman et al., 2004) or 

with PSIPRED (Jones et al., 1999) and MEMSAT 2 (Jones, 1994; Jones et al. 1998), two 

methods for secondary structure and transmembrane topology predictions, respectively, 

included in the server at http://bioinf.cs.ucl.ac.uk/psipred/  (McGuffin et al., 2000). 

Phylogenetic and molecular evolutionary analyses were performed with either Clustal W or 

the  Mega version 3 program (Kumar et al., 2004).   

 

5.3.3.) PCR of genomic DNA and cDNAs 

Total wild-type DNA from strain 7S for PCR was prepared from log-phase cultures as  

published by Godiska et al. (1987). The open reading frames (ORFs) of individual PtSyx 

genes were amplified by reverse transcriptase (RT)-PCR using total RNA prepared according 

to Haynes et al. (1998). RT-PCR was performed in a programmable thermocycler T3 

(Biometra, Göttingen, Germany) using 3’oligo dTT primer and the SuperScript™ III reverse 

transcriptase (Invitrogen, Karlsruhe, Germany) for first-strand cDNA synthesis. 3’oligo dTT 

primer: 5'-AACTGGAAGAATTCGCGGCCGCGGAATTTTTTTTTTTTTT-3' . 

The subsequent PCR reaction (50 µl) was performed with the Advantage 2 cDNA polymerase 

mix (Clontech, Palo Alto, California) using PtSyx specific oligonucleotides (8.3., 

supplementary material) with or without the artificial restriction sites HindIII/XhoI or 

SpeI/XhoI added at their 5'-ends. In general, amplifications were performed with one cycle of 

denaturation (95°C, 1 min), 40-42 cycles of denaturation (95°C, 30 s), annealing (54-58°C, 45 
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s) and extension (68°C, 3 min), followed by a final extension step at 68°C for 5 min. PCR 

products were subcloned into the plasmid pCR2.1 by using the TOPO-TATM Cloning Kit 

(Invitrogen) according to the manufacturer's instructions. After transformation into E. coli 

(DH5  cells or TOP10F' cells), positive clones were sequenced as described below.  

 

5.3.4.) Sequencing 

Sequencing was done by MWG Biotech (Ebersberg, Germany) custom sequencing service. 

DNA sequences were aligned by the CLUSTAL W, integrated in the DNASTAR Lasergene 

software package (Madison, WI).  

 

5.3.5.) Construction and microinjection of GFP-expression plasmids  

PtSyx-specific PCR products obtained with oligonucleotides listed in 8.3. (supplementary 

material) were cloned into the GFP expression plasmid pPXV-GFP (Hauser et al. 2000a) 

either in front of the N-terminus of the eGFP gene as described by Wassmer et al. (2005), or 

at the end of the eGFP gene between one of the restriction sites NheI, SpeI or PstI, and the 

XhoI site, respectively, of the plasmid using conventional cloning procedures (Sambrook et 

al. 1989). For microinjection of cells, the pPXV-GFP fusion plasmids were linearised with 

SfiI which cuts in between the T. thermophila inverted telomeric repeats, thus helping 

stabilizing the DNA in the macronucleus after injected (Haynes et al. 1995). DNA to be 

injected was isopropanol-precipitated and resuspended to a concentration of 1-5 µg/µl in 

MilliQ water. For microinjection we used postautogamous cells which still were allowed to 

grow for 3-4 generations in a bacterized salad medium. To avoid any disturbances of the 

transformation process cells were also treated with 0.2% aminoethyldextran (to remove 

exocytosis-competent trichocysts) and equilibrated in Dryls-buffer (Dryl 1959) supplemented 

with 0.2% BSA just before injection. DNA microinjections were made with glass 

microcapillaries under a Axiovert 100TV phase-contrast microscope (Zeiss, Oberkochen, 

Germany). Expression of GFP-fusion proteins in clonal descendants of microinjected cells 

was analyzed after 16 h to 48 h either by epifluorescence microscopy in a Axiovert 100TV 

microscope equipped with GFP filterset 13, a plan-Neofluar x 40 oil immersion objective 

(numeric aperture 1.30)  and with a ProgRes C10 plus camera system from Jenoptik (Jena, 

Germany) or by a conventional LM Axiovert 200M equipped with GFP filterset 38, an alpha 

plan-Neofluar x 40 objective  (numeric aperture 0.75), and with a AxioCam MR camera 

system. (All microscopical equipment from Zeiss). Excitation light was produced by a 100W 
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HBO lamp. Images were processed either with the Axiovision software (Zeiss) or with Adobe 

Photoshop (Adobe Systems, San Jose, CA). 

 

5.3.6.) Expression of a PtSyx1-1 specific peptide in E. coli 

For heterologous expression of PtSyx-specific peptide we selected the amino acid sequences 

of PtSyx1-1 (accession number CR855934). After changing all deviating Paramecium 

glutamine codons (TAA and TAG) into universal glutamine codons (CAA and CAG) by PCR 

methods (Dillon & Rosen, 1993; for primers, see 8.3., supplementary material), the coding 

region of PtSyx1-1 (I82-I210) was cloned into the NcoI/XhoI restriction sites of the pRV11 

expression vector (Wirsel et al., 2004), a derivate of the pET System from Novagen 

(Madison, Wisconsin) which adds a 10 amino acid peptide at the C-terminus of the selected 

sequence including a His6-tag for purification of the recombinant peptides. 

 

5.3.7.) Purification of a recombinant PtSyx1-1 peptide and preparation of polyclonal 

antibodies  

The recombinant PtSyx peptide, PtSyx1-1I82-I210, was purified by affinity chromatography on 

Ni2+-nitrilotriacetate agarose under denaturing conditions, as recommended by the 

manufacturer (Novagen). The recombinant peptide was eluted with a buffer at pH 4.5 

containing 100 mM NaH2P04, 10 mM trizma-base supplemented with 8 M urea and 1 M 

imidazole. The fractions collected were analyzed on SDS polyacrylamide gels, and those 

containing the recombinant peptides were pooled, dialyzed in phosphate-buffered saline 

(PBS) and used for immunization of rabbits. After several boosts positive sera were taken and 

affinity-purified by two subsequent chromatography steps as described in detail by Kissmehl 

et al. (2004). 

 

5.3.8.) Cell fractionation 

For subcellular fractionation, cells were grown in an axenic culture medium (Kaneshiro et al., 

1979) at 25°C and harvested at the late logarithmic phase as previously described (Kissmehl 

et al., 1996). Whole cell homogenates were prepared in 20 mM phase buffer (20 mM Tris-

maleate, 20 mM NaOH, 20 mM NaCl, 250 mM sucrose, pH 7.0) by ~100 hand strokes in a 

glass homogenizer equipped with a Teflon pestle (Kissmehl et al., 2004). Soluble and 

particulate fractions were separated by centrifugation at 100,000 x g for 60 min at 4°C. Cell 

surface complexes (“cortices”) were prepared according to Lumpert et al. (1990), and 

enriched microsomes as previously described (Kissmehl et al., 1998a). A protease-inhibitor 
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cocktail containing 15 µM pepstatin A, 100 mU/ml aprotinin, 100 µM leupeptin, 0.26 mM 

TAME, 28 µM E64, and 0.2 mM Pefabloc SC was used throughout. 

 

5.3.9.) SDS-PAGE and immunoblotting 

Protein samples were denatured by boiling for 5 min in SDS sample buffer, subjected to 

electrophoresis in 10% SDS polyacrylamide gels using a discontinuous buffer system 

described previously (Kissmehl et al. 2002). The replicas were electroblotted onto 

nitrocellulose membranes and immuno-binding was carried out as described (Kissmehl et al. 

2004) by using affinity-purified antibodies against PtSyx1-1. Bound ABs were detected with 

the corresponding peroxidase-conjugated secondary AB (anti-rabbit IgG) using the Amersham 

enhanced chemiluminescence (ECL) detection system.  

 

5.3.10.) Brefeldin A (BFA) treatment of Paramecium cells 

A stock solution of BFA (Molecular Probes, Eugene, Oregon) in DMSO at a concentration of 

5 µg/µl was used. Paramecia were incubated in glass depression wells with BFA dilutions 

ranging in the concentration from 50 ng/µl to 150 ng/µl for 0 to 5 h. Control cells were 

incubated at the same concentration of DMSO. At various time points living cells were 

analyzed for GFP fluorescence.  

 

5.3.11.) Immuno-LM analysis 

Immuno-LM analyses were performed with either permeabilized cells or with isolated 

cortices (Lumpert et al., 1990). Cells suspended in Pipes/HCl buffer (5 mM, pH 7.2) with KCl 

and CaCl2 added, 1 mM each, were fixed in 8% (w/v) freshly depolymerized formaldehyde in 

the same buffer solution plus 0.5% digitonin (30 min, 20°C), washed in phosphate-buffered 

saline (PBS) and then incubated twice in PBS supplemented with 50 mM glycine, and finally 

in PBS plus 1% bovine serum albumin (BSA). The same was done when isolated cortices 

were used with the exception that fixation was done with 8% formaldehyde without 

permeabilization reagents. Cells or isolated cortices were then exposed to affinity-purified 

anti-PtSyx1-1 ABs (1:50), respectively, followed by FITC-conjugated anti-rabbit ABs 

(Jackson ImmunoResearch Laboratories Inc., Cambridgeshire, GB), the latter diluted 1:100 in 

PBS + 1% BSA. In controls, either preimmune serum was used or primary ABs were omitted. 

Samples were mounted with Mowiol supplemented with n-propylgallate to reduce fading. To 

analyze fluorescence either an LM, type Axiovert 100TV microscope equipped with a FITC 

filter (filterset 9, Zeiss) and a ProgRes C10plus camera system from Jenoptik or a confocal 
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laser scanning microsope LSM 510 (Zeiss) equipped with a Plan-Apochromat x63 oil 

immersion objective (NA 1.4) was used. Images acquired with the LSM 510 software were 

processed with Photoshop software (Adobe Systems). 

 



 

112 

5.4.) Results 

5.4.1.) Characteristics of Paramecium syntaxins  

On the basis of a Paramecium whole genome shotgun sequencing project at Genoscope 

(http://www.genoscope.cns.fr), we were able to identify and annotate 26 syntaxin coding 

sequences by manual assembly of single reads during the early steps of the genome project, 

which were deposited at EMBL-Bank under the accession numbers shown in Table 6.  

 
 DNA Protein 

 
Gene  
 

   
Accession  

     number 

  
 Length    
      [bp] 

  
ORF 

   [bp] 

     
 Identity1 

[%] 

  
Length 
   [aa] 

  
 Identity1

       [%] 

 
 Identity1,2 

        [%] 
  PtSyx1-13   
  PtSyx1-23    

  CR855934  
  CR855933   

    1037 
    1018 

888 
894 

      6 
      5       

100 
76.9 

295 
297 

33.8 
33.6 

100 
67.9 

100 
67.9 

  PtSyx2-13   
  PtSyx2-2    

  CR855927  
  CR855926   

    1044 
    1038 

894 
894 

      6 
      6       

100 
90.4 

297 
297 

34.4 
34.4 

100 
95.0 

31.1 
31.4 

  PtSyx3-13   
  PtSyx3-23    

  CR855925  
  CR855924   

    1040 
    1044 

915 
915 

      5 
      5       

100 
79.6 

304 
304 

35.0 
34.7 

100 
77.0 

41.9 
45.6 

  PtSyx4-13   
  PtSyx4-23    

  CR855923  
  CR855922   

    1125 
    1127 

942 
948 

      7 
      7       

100 
62.4 

313 
315 

36.2 
36.3 

100 
53.5 

14.5 
12.2 

  PtSyx5-13   
  PtSyx5-2    

  CR855921  
  CR855920   

      892 
      891 

813 
813 

      3 
      3       

100 
86.0 

270 
270 

31.8 
31.7 

100 
94.8 

13.9 
13.2 

  PtSyx6-13   
  PtSyx6-24    

  CR855914  
  CR855980   

      807 
      806 

786 
120 

      1 
      -       

100 
- 

261 
  39 

30.8 
   4.8 

100 
97.5 

12.8 
  1.0 

  PtSyx7-13   
  PtSyx7-2    

  CR855913  
  CR855919   

      914 
      921 

867 
870 

      2 
      2       

100 
61.4 

288 
289 

33.4 
33.8 

100 
48.1 

14.9 
13.9 

  PtSyx8-13   
  PtSyx8-23    

  CR855918  
  CR855917   

      837 
      872 

813 
825 

      1 
      2       

100 
39.9 

270 
274 

31.6 
32.2 

100 
40.2 

10.1 
  8.1 

  PtSyx9-13   
  PtSyx9-2    

  CR855916  
  CR855915   

      863 
      851 

816 
804 

      2 
      2       

100 
68.1 

271 
267 

31.6 
31.5 

100 
67.9 

16.9 
16.6 

  PtSyx10-13  
  PtSyx10-2   

  CR855932  
  CR855931   

      891 
      891 

741 
741 

      6 
      6       

100 
86.4 

246 
246 

28.3 
28.2 

100 
89.9 

13.5 
13.2 

  PtSyx11-13    CR855930        787      717       3         100 238 27.7 100 11.5 
  PtSyx12-13    CR855929        915      867       2         100 288 33.6 100 15.5 
  PtSyx13-13,4  CR855928        883      363       3         - 120 14.4 100 2.0 
  PtSyx14-13  
  PtSyx14-2   

s.t.b.r.5 
s.t.b.r. 5 

      709 
      709 

681 
681 

      1 
      1       

100 
93.1 

226 
226 

26.4 
26.2 

100 
91.2 

6.8 
7.1 

  PtSyx15-13 s.t.b.r. 5       823    798       1 100 265 30.3 100       10.5 
 
Table 6.)  Molecular characteristics of the syntaxins in Paramecium tetraurelia. 
1) Sequences were aligned by the Clustal W method  
2) Numbers are referred to the amino acid sequence of PtSyx 1-1 
3) Genes are analyzed also on the cDNA level 
4) Putative pseudogene 
5) s.t.b.r., still to be requested 
 
Although they all occur on different scaffolds in the assembled whole macronucleic genome, 

except for one, most of them are clustering in pairs that allow to group them into 15 

subfamilies (Table 6). Within a subfamily, corresponding paralogues contain the same 

number of introns all located at corresponding positions (except intron 3 in PtSyx1-1 and 

intron 2 in PtSyx8-2). They also reveal a closer relationship to each other, with identities of 
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up to 93% on the nucleotide level and even slightly more on the protein sequence level (Table 

6). However, between subfamilies the syntaxins differ remarkably, with identities of less than 

20%, except for the members of the first three subfamilies (Table 6), which are analyzed in 

more detail as described below.  

A comparison of genomic sequence with the cDNA equivalents revealed that most of the 26 

syntaxin genes are expressed (Table 6). The genes encode proteins of 236 to 315 amino acids 

with calculated molecular masses ranging between of 26.2 and 36.3 kDa (Table 6). Their 

ORFs are interrupted by one to seven short introns, which all display the characteristics of 

Paramecium introns (Russell et al. 1994, Sperling et al., 2002), i.e., bordering by 5’-GT and 

AG-3’ and having a size of 20-31 nucleotides. However, two of them, PtSyx6-2 and PtSyx13-

1, seem to be pseudogenes, because both of them would produce truncated gene products, if 

translated, due to the presence of interrupting TGAs in their open reading frames. Though the 

genes may be transcribed, which at least is true for PtSyx13-1 according to sequencing of the 

corresponding cDNA (Table 6), their function still remains to be elucidated. 

The domain structure of the gene products largely resembles that of syntaxins from other 

species (Teng et al., 2001). Most of them are composed of three putative functional domains, 

a carboxyl (C)-terminal transmembrane region of 16-20 hydrophobic amino acids, that is 

supposed to anchor the proteins into the target membranes (Salaün et al., 2004), preceded by a 

characteristic ~60-residue long membrane-proximal region with the potential to form coiled-

coil a-helical structures and in some cases another alpha-helical enriched region of ~90-100-

residues near the N-terminus (Fig. 49). While the coiled-coil domain is present on each of the 

Paramecium syntaxins and contains the typical features of a Q-SNARE, such as a conserved 

glutamine at the zero-layer  and the occurrence of numerous heptad repeats of hydrophobic 

residues (Fig. 50), the N-terminal syntaxin domain is conserved only in a subset of 

Paramecium Q-SNAREs  (Fig. 49).  

To get an idea of the possible function of the different syntaxin genes we performed a 

phylogenetic analysis, taking advantage of the fact that functional conservation should be 

achieved by sequence conservation. The result of the analysis is shown in Figure 51. In an 78-

taxon syntaxin SNARE domain analysis a neighbour joining tree reveals that numerous of the 

PtSyx proteins are clustering to syntaxin families with well-known locations and well-

described pathways. For example, according to the tree members of the PtSyx subfamily 1-3 

can be assigned to syntaxins associated with the plasma membrane (PM). Other syntaxin 

paralogues are predicted to be associated with endoplasmic reticulum (PtSyx8), and Golgi 

apparatus (PtSyx5).  
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 However, no homologues  are found for endosomal syntaxins (including early endosome), 

neither in the genome of Paramecium nor in that of Tetrahymena thermophila, another 

closely related ciliate under current investigation. There also occurs a large group of 

Paramecium syntaxins, the members of the subfamilies PtSyx7, PtSyx9, PtSyx10, PtSyx11 

and PtSyx12, which seems to have no counterpart in mammalian or metazoan cells (Figure 

Figure 49.) Domain structure of individual members of the Paramecium syntaxin superfamily.  Results 
from conserved motif searching are shown for individual members of each of the subfamilies of the syntaxin 
superfamily. Characteristic features are the syntaxin domain (green), the SNARE domain (pink) or the trans-
membrane region (blue/black).  
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51). Since a close orthologue of this group also exists in the Tetrahymena genome, the 

syntaxins of this clade might be involved in a more protozoan-typical pathway, such as the 

phagosomal system, which at least in Paramecium represents a membrane trafficking system 

of great complexity (Allen and Fok 2000). Another group of ciliate specific syntaxins, 

PtSyx4-1, PtSyx4-2,  and PtSyx6-1 in Paramecium and Tt19785 in Tetrahymena, which only 

weakly cluster with the endosomal group of syntaxins may be involved in another recycling 

pathway, which is similar to transcytosis (see below). 

 
           -7 -6  -5 -4  -3 -2  -1- 0  +1 +2  +3 +4  +5 +6  +7 +8 
   205 EKYKDIQQLERSVQLVYQLFVDLAILVHAQGQQIDNIEINLDSAKTYVGKAEKSLVDAKEDHQ  PtSyx1-1 
   207 EKYKDIQQLEKSVQLVFQLQQDLAILVGTQGQITTNIEGSLTSAKSYVNKAKDDLIDAEGDHK  PtSyx1-2 
   202 DKYQDIQKLEKSTQYCFQMLSEIAFLVNQQGEQIESIEQNLNKAKNYIERGEKRLAKEQEIHK  PtSyx2-1 
   202 DKYQDIQKLEKSTQYCFQMLSEIAFLVTQQGEQIESIEQNLNKAKNYIEKGEKALAKEQKIHK  PtSyx2-2 
   213 EKYKDIVKLEKSVQQMYQLFADMAVLVKNQGELIDNIEQNMVKARDYVIKGEDEQRKAKKNHK  PtSyx3-1 
   213 EKYQDIVKLERSVQQVYQLLVDMAVLVKNQGELIDNIEQNMVKARDYVKKGEAQLVKAKKDHQ  PtSyx3-2 
   223 ERDQEINKLVTMINELAEVFKSLNQLVIDQGTILDRIDYNIDQAVFNVKKANEELKKAEDYQN  PtSyx4-1 
   225 ENDQEINKLVKMINDLAQVFQSLNQLVLEQGHLLDRIDENIDQSYKNIKKANHELQESERNQN  PtSyx4-2 
   183 EKLVSMQKIESMLNDIAGVFQRVGTMVRLQETMIERIDKYTDEAQLNVSKGRKELQESHKRIS  PtSyx5-1 
   183 EKLVSMQKIESMLNDIAGVFQRVGTMVRLQETMIERIDKYTDEAQVNVSKGRKELQESHKRIS  PtSyx5-2 
   169 DRNDRIKSLGEKLKKMNELFIEMNRLVIEQGTLLDRIDFNIDQTFTRIQKGKQQLVQANTKQE  PtSyx6-1 
   199 ERQRELDIIEREALQLNLIVNQMGELTDQQGQELDFGQQNLNEAKANVIGVSNELVGAEENQK  PtSyx7-1 
   198 ERQKELDDIEREAVQLNLLANQMGSTLGQQGVNLNFGQQNISQVKPKVIQTQNKIVSVDRQQK  PtSyx7-2 
   183 NEMKDILSIQQQIRDISSSLQRMQEIIAHQEKLTEEIMIQANESLLNIEKGNKHLISATKMNE  PtSyx8-1 
   187 NDINEIISIKEQISDICLYIQNMQNLIVYQEMKTEEILLNATESFKHIEAANNHLFSSVILNE  PtSyx8-2 
   183 QNQEDLDKLQMKAYTVNKIVQDLALEIEHQGTIFDEIETNVTTTMVHVVGAGEQLEKTQEQQK  PtSyx9-1 
   179 QNQEEIDQIQYKTQTINKIVQDLALEIEHQDTYFDVIETNVTTTKENVIKTQDQLTKTQEQQK  PtSyx9-2  
   157 EQQEEIDQIQKDALEVLKIQTEVAKVVVDQGKMLDVAENNINKSNTNVKEAVVELEGAKVEHK  PtSyx10-1 
   157 EQQEEIDQIQKDALEVLKIQTEVARVVVDQGKMLDVAENNINVSNKNVKEVVVELEGAKVEHK  PtSyx10-2  
   147 EREEEIQRIDREAQMLNKLVGELAFEVNKAEEILDIIDVNQKTADQNIKGAIVELDKAQDSQK  PtSyx11-1 
   163 EKQEEIDTIEKDALLLNRIVNDMSTEVNKQGNQLNEVEMNMTTVQDNLKVTVKELDGAKFEQK  PtSyx12-1 
   142 EQDQKLDVCIDQLDTLKAQGKNIGNTVDEQNRLLEQIDKDMDKTNKEMINVNGKLKKFLNSSS  PtSyx14-1 
   142 EQEQKLDVCIDQLDTLKVQSKNIGNTVDEQNRLLGEIEKDMDKTNKEMINVNGKLKKFLNSSS  PtSyx14-2 
   179 QQDKLLDRTNDQADQLKQQGKQINLTLDEQNKQLDKLNIDVDKTNQQMMTTNNKLVKLIAKSS  PtSyx15-1 
 
 
Figure 50.)  Sequence alignment of the SNARE domain. The sequence analysis was adapted to the 16 layers 
(yellow) of the four-helix bundle in the synaptic fusion complex (Fasshauer et al. 1998), including 7 layers 
upstream and 8 layers downstream of the ionic layer (layer 0). The conserved glutamine residue forming the 
ionic 0 layer is indicated in blue. Deviations are  shown either in red (layer 0) or in green (other layers).   
 

    
Beyond these, the genomes of ciliates contain further paralogues, i.e. PtSyx14-1, PtSyx14-2 

and PtSyx15-1 in P. tetraurelia and Tt17191, Tt22418 and Tt28413 in T. thermophila, which 

all cluster with another clade of syntaxins, the Qc-SNAREs, that are functionally related to 

the C-terminus of SNAP-25 (Misura et al., 2002; Antonin et al., 2002b). Members of this 

clade are known to be involved in multiple membrane-trafficking events between early 

endosome, trans-Golgi network (TGN) and the Golgi apparatus (Tang et al., 1998; 

Subramaniam et al., 2000;  Wendler and Tooze, 2001; Kuliawat et al., 2004).  
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Figure 51.) Evolutionary relationship of the Paramecium syntaxin superfamily. Predictions from multiple 
sequence alignments are shown in a neighbour joining tree (with 1000 bootstrap replicates) for a 80-taxon 
SNARE-domain analysis of syntaxins generated with the  MEGA version 3.0 program. Besides the Paramecium 
specific SNARE domain coding sequences of syntaxins (PtSyx1-1, PtSyx1-2, PtSyx2-1, PtSyx2-2, PtSyx3-1, 
PtSyx3-2, PtSyx4-1, PtSyx4-2, PtSyx5-1, PtSyx5-2, PtSyx6-1, PtSyx7-1, PtSyx7-2, PtSyx8-1, PtSyx8-2, 
PtSyx9-1, PtSyx9-2, PtSyx10-1, PtSyx10-2, PtSyx11-1, PtSyx12-1, PtSyx14-1, PtSyx14-2, PtSyx15-1) labeled 
with diamonds, other syntaxin SNARE-domain coding sequences were from Tetrahymena thermophila (Tt-3126, 
Tt-6034, Tt-7059, Tt-7922, Tt-9867, Tt-16080, Tt-17191, Tt-19785, Tt-22428, Tt-28413, Tt-29909),  Porphyra 
yezoensis (PySyxPM, AAM12663), Phytophthora sojae (PsSyx5, AAM12664), Phytophytora infestans (PiSyx6, 
AAM12665), Entamoeba histolytica (EhSyxPM, AAR06582; EhSyx5, AAR06581), Trypanosoma brucei 
(TbSyx5, AAM12661), Plasmodium falciparum (PfSyx5, CAD52459; PfSyx16, NP_701774), Saccharomyces 
cerevisiae (ScPep12, AAB38370), Neurospora crassa  (NcSyx12, CAB91747), Oryza sativa (OsSyx6, 
BAD87234; OsSyx7, BAA84625), Arabidopsis thaliana (AtVam3, NP_568671), Candida albicans (CaSyx, 
EAL04378), Chlamydomonas reinhardtii (CrSyx6, AAM12662), Apis mellifera  (AmSyx16, XP_396591), 
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Drosophila melanogaster (DmSyx6, NP_995814; DmSyx16, NP_523420), Caenorhabditis elegans (CeUnc64, 
NP_741278, CeSyx16, NP_498105), Gallus gallus (GgSyx6, NP_001006531; GgSyx16, NP_001006295), Mus 
musculus (MmHPC1, BAA28865; MmSyx1b, BAA06162; MmSyx5, NP_062803; MmSyx7, BAC23139; 
MmSyx8, NP_061238;  MmSyx12, NP_598648; MmSyx16, NP_766263; MmSyx18, AAH21362), Rattus 
norvegicus (RnSyx2, AAA03048, RnSyx8, NP_113844; RnSyx12, NP_075228; RnSyx13, AAC18967), Canis 
familiaris (CfSyx10, XP_533896; CfSyx12, XP_535342), Bos taurus (BtSyx10, XP_603732), Homo sapiens 
(HsSyx3, AAP35312, HsSyx6, NP_005810; HsSyx7, CAA22911; HsSyx8, NP_004844; HsSyx10, AAC05087; 
HsSyx12, AAP97248; HsSyx16, AAC05647; HsSyx18, BAA95213). Note that within the Qa-SNAREs there are 
two clades of protozoan-specific syntaxins which seem to have no counterparts in mammalian or other metazoan 
cells and which may be relevant for phagocytosis and transcytosis, respectively. Vice versa , Paramecium seems 
to have no orthologues which can be assigned to the clades of early endosome and endosomes. 

 

As we are especially interested in SNAREs acting at the plasma membrane, the group of 

Paramecium syntaxins clustering with PM-associated syntaxins was analyzed in more detail. 

As expected, the members of the three Paramecium subfamilies PtSyx1, PtSyx2, and PtSyx3 

are of higher similarity to each other than to syntaxins from other subfamilies, since they 

show sequence identities of more than 30% on the amino acid  level (Table 6). Consequently, 

secondary structure predictions confirm such a close relationship between the members of 

these subfamilies, but also corroborate their affiliation to the group of PM-associated 

syntaxins. In detail, they are known to contain a bundle of three a-helices at the amino-

terminal half domain (Habc domain), interspaced with linker regions of variable sizes (Fig. 

52A). Molecular modeling data further support the hypthesis that such a conserved 

autonomously folding structure  in the amino-terminal half of the molecule may act as an 

autoinhibitory regulatory domain, as it is known from the exocytosis-relevant syntaxin 1A 

(Fernandez et al., 1998; Misura et al., 2001). By folding back onto the membrane-proximal 

SNARE-domain (H3 domain) with the conserved glutamine at the center, the molecule may 

adopt a closed configuration that would prevent the formation of a core fusion complex with 

SNARE domains from other SNAREs (Fig. 52B). Structural modeling also revealed  the 

coiled-coil conformation typical of a syntaxin SNARE-domain (Fig. 52C). Attempts of 

molecular modeling with other members of the Paramecium syntaxin subfamilies did not 

yield any defined structure. 
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Figure 52.) Structure analysis of plasma membrane-associated PtSyx protein subfamilies. (A) Predicted 
secondary structure of PtSyx proteins; coloured bars represent PtSyx sequences. Red and orange represent 
regions predicted to form alpha-helical structures with higher (>5) and lower confidence (<5), respectively. Blue 
represents regions predicted to form beta-strands. Black represents regions predicted to form loops. Secondary 
structure prediction and confidence levels were assigned by PSIPRED1, 2. (B) Ribbon representation of PtSyx3-
2 modelled via SWISS-Model 3-5 in “first approach alignment” mode. The supposed Habc domain is shown in 
yellow, the Habc/H3 linker in green and the H3 region in red. (C). Eectrostatic potentials of PtSyx3-2 SNARE 
domain region modelled via SWISS-Model 3-5 in “first approach alignment” mode. Amino acids in red 
represent a negative potential, in grey or white are neutral and those in blue contain a positive potential. Q242 is 
highlighted in yellow and represents the so called “zero layer”. 
 

5.4.2.) In vivo-localization of Paramecium syntaxins  

To test whether the bioinformatical data correctly predict the compartment or pathway of a 

given syntaxin, we fused at least one gene of each cluster to the GFP gene (Hauser et al., 

2000a) and transformed the macronucleus of postautogamous Paramecium cells with that 

construct. Most syntaxins were C-terminally fused to GFP. However, in case of ER-retention 

an additional fusion protein was constructed with the GFP-gene fused to the 5'-end of the 
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syntaxin gene (compare 'Materials and Methods'). According to the phylogenetic analysis the 

results of the in vivo GFP-localization experiments are grouped together as follows. 

GFP-PtSyx1-1 was localized predominantly in the cell cortex, most likely at the plasma 

membrane, including the numerous sites for constitutive and regulated exocytosis. This is 

visible in median sections through a non-dividing cell (Fig. 53A, between arrowheads), where 

it is concentrated in small spots that are highly regularly arranged over the cell surface (Fig. 

53D, enlargement in C). In dividing cells (Fig. 53D) the GFP signal seems to be enriched 

especially in regions of extensive vesicle traffic, including bona-fide parasomal sacs near the 

developing cleavage furrow (between arrowheads). There are also some other specialized 

regions, such as the most internal part of the cytostome (Fig. 53A, enlargement in B) that are 

brightly stained and from which labeled strings emanate into the cytoplasm that in living cells 

are quite mobile.  

PtSyx2-1-GFP is targeted exclusively to the contractile vacuole complex (Fig. 53E, F,G,H), 

the organelle which is central to osmoregulation (Allen, 2000). The protein seems to be 

present in most membranes of the osmoregulatory system including contractile vacuole, the 

ampullae,the radial arms and the spongiome. It may act in several fusion and fission events 

during the pumping cycle, including in those of the contractile vacuole with the plasma 

membrane (Fig. 53F and G). Interestingly, during early stages of cell division new contractile 

vacuole complexes (Fig. 53H, arrow) are formed at the anterior side of the already existing 

ones, that also contain PtSyx2-1-GFP and show vacuolar beating activity. 

PtSyx3-1-GFP staining gives also a regular, punctate staining over the cell surface, 

resembling those produced by GFP-Syx1-1 (Fig. 53I, enlargement in J). However, by 

focusing onto the cell cortex, the fluorescence signal appears to be slightly below the plasma 

membrane (Fig. 53K, arrowheads), where terminal cisternae were suggested to be structures 

homologue to early endosomes (Allen et al., 1992). Interestingly, labeling also occurs at the 

cytostome, but only in the uppermost region (Fig. 53L). 
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Figure 53.) GFP labeling of PtSyx1-1, PtSyx2-1, and PtSyx3-1. (A) In a median section through a cell GFP-
PtSyx1-1 is enriched at the cell surface (arrowheads). Staining of blisters (A) suggests occurance in the plasma 
membrane. Some specialized sites of the cytostome (indicated with an arrow) as well as fibers emanating from 
the cytopharynx (enlarged in B) are also stained. (D) By focusing on the cell surface, GFP-PtSyx1-1 
fluorescence is concentrated in patches regularly arranged along the surface. It is even more abundant near the 
fission region (indicated with arrowheads, with an enlargement in C) of dividing cells. (E,F,G,H) Localization of 
PtSyx2-1-GFP. The fusion protein is targeted to the contractile vacuole complex (cvc) where it localizes to the 
radial arms, the ampullae and the contractile vacuole. (F) The contractile vacuole before and (G) after fluid 
discharge. (H) Early stage of cell division, two old cvcs are already doubled, both newly formed cvcs do contain 
PtSyx2-1-GFP.  (I,J,K,L) Fluorescence of PtSyx3-1-GFP produces a punctate pattern resembling that of GFP-
PtSyx1-1, although PtSyx3-1-GFP does not stain the plasma membrane. The labeled structures appear to be 
localized in the cell cortex at a small distance to the plasma membrane (K, arrowheads). In median sections 
labeling of the cytopharynx is also visible (L, arrow). Bars = 10 µm. 
 

PtSyx4-1-GFP strongly stains cytoplasmic elements (Fig. 54). It seems to occur in the 

membranes of small vesicles that are attached to cytoskeletal elements, along which they are 

transported (A, B). Since the vesicles are very abundant near the cytoproct and along the oral 

cavity, they may represent discoidal vesicles which were described to retrieve the membranes 

of spent phagosomes from the cytoproct (Allen and Fok, 2000).  
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Figure 54.) GFP labeling of PtSyx 4-1. PtSyx4-1-GFP brightly stains cytoplasmic elements, presumeably being 
localized in membranes of very small vesicles that travel along cytoskeletal elements (A,B). (A, enlargement) 
enrichment of these vesicles can be found near the cytoproct (arrow) as well as along the oral cavity (B, 
enlargement), where vesicles are faintly visible (arrowheads). Note that the anterior poles of the cells are devoid 
of any label. Bars = 10 µm. 
 

As vesicles are endocytosed at the cytoproct, transported through the cytoplasm and fuse with 

the plasma membrane at the cytopharynx, thr process resembles transcytosis. This trafficking 

pathway occurs in epithelial cells and is known to involve syntaxins. (Apodaca et al., 1996; 

Low et al., 1996; Predescu et al., 2001). 

GFP-PtSyx5-1 occurs in several hundreds, rod- or banana-shaped organelles (Fig. 55A,B), 

about 1 µm long and <1µm wide, that are enriched in the cell cortex in exponentially growing 

cells (compare Fig. 55A, surface, and C, median section). However, in dividing cells these 

structures are more equally distributed (Fig. 55D). In contrast, PtSyx8-2-GFP mainly stains 

the cytoplasm showing few distinct structures (Fig. 7F,G). By focusing on the cell cortex, the 

labeled structure appears to be more of a continous network, as is known for the ER after 

affinity staining with DiOC6 or DiOC18 (Ramoino et al., 2000; Hauser et al., 2000b). 

PtSyx7-2-GFP is transported to phagosomes, but it also stains the cytoplasm, probably due to 

its presence in the membranes of small vesicles (Fig. 56A,B). It may be of interest, that only a 

small fraction of phagosomes contains PtSyx7-2 in their membranes, suggesting that food 

vacuoles in different stages of maturation differ in their membrane composition and set of 

SNAREs.  

GFP-PtSyx9-1 is also localized in small vesicles dispersed throughout the cytoplasm (Fig. 

56C,D). Interestingly, in case of PtSyx9-1-GFP, where the GFP-tag is exposed to the lumen 

of the vesicle, the fusion protein does not produce any fluorescence signal in the living cell, 

while it appears after fixation with formaldeyhd, leading to fields of fluorescent vesicles (not 

shown). Since the enhanced version of GFP we were using (eGFP, Hauser et al. 2000a) does 

not fluoresce at pH < 5 (Kneen et al., 1998) and only becomes visible due to the fixation 
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(known to destroy ion gradients over membranes), it is most likely that vesicles containing 

PtSyx9-1-GFP are acidic.  

 

 
Figure 55.) GFP labeling of PtSyx 5-1 and PtSyx 8-2. GFP-PtSyx5-1 stains ~1 µm long, banana-shaped 
organelles (A, arrowheads in B). In exponentially growing cells these are most abundant in the cortical region 
(C) while in dividing cells they are distributed more evenly throughout the cytoplasm (D). (E) PtSyx8-2-GFP 
shows cytoplasmic staining in a 'patchy' manner with some more distinct structures, like tubules, in the cell 
cortex (F), suggesting ER localization. Bars = 10 µm. 
 

PtSyx10-1-GFP resides in vesicles with sizes in the range of 1 to 2 µm (Fig. 56E,F) that travel 

rapidly with cyclosis. PtSyx11-1-GFP is present in the membranes of most food vacuoles 
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(Fig. 56G,H) while PtSyx12-1-GFP fluorescence is concentrated in "large patches" and only 

occasionally occurs in the membranes of food vacuoles (Fig. 56I,J).  

 

 
Figure 56.) GFP labeling of PtSyx 7-2, PtSyx 9-1, PtSyx 10-1, PtSyx 11-1 and PtSyx 12-1. (A,B) PtSyx7-1-
GFP labels some food vacuoles (fv) but not all of them and produces diffuse labeling of the cytoplasm. (C,D) 
GFP-PtSyx9-1 stains small vesicles throughout the cytoplasm that in some regions are grouped around food 
vacuoles (see inset, D). (E,F) PtSyx10-1-GFP is localized in vesicles (arrows, F) of ~1-2 µm diameter that travel 
rapidly with the cyclosis (not shown). (G,H) PtSyx11-1-GFP is localized in the membranes of food vacuoles, 
but, like PtSyx7-1-GFP, it is not associated with all of them. Also note the staining of the cytoplasm. (I,J) 
PtSyx12-1-GFP is found on food vacuole membranes (arrowhead) but also in "patches" in the cytoplasm. Bars = 
10 µm. 
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As a putative Qc-SNARE PtSyx14-1-GFP is localized within the ampullae and the radial 

arms of the contractile vacuole complex (Fig. 57A,B) as it was observed for PtSyx15-1-GFP 

(Fig. 57C,D). However, both constructs also strongly stain the cytoplasm (Fig. 57A-D), 

probably due to their presence in the membranes of numerous small vesicles.  

 

 
Figure 57.) GFP labeling of PtSyx14-1 and PtSyx15-1. Both PtSyx14-1- and PtSyx15-1-GFP are localized in 
membranes of the contractile vacuole system, specifically ampullae and radial arms, and stain the cytoplasm. 
am-ampulla, cv-contractile vacuole, ra-radial arm, Bars = 10 µm. 
 

Since PtSyx5-1 and PtSyx5-2 cluster in the phylogenetic analysis with Golgi-specific 

syntaxins of other organisms (Fig. 51) and GFP labeling of PtSyx5-1 is compatible with a 

localization in the Golgi apparatus of Paramecium (Fig. 55), we asked whether the GFP-

labeled structures in Paramecium are disassembled by BFA, as it would be expected from the 

results in other systems (Klausner et al., 1992). Therefore, BFA was applied to GFP-PtSyx5-1 

transformed cells for up to 5 h and the effect on the fluorescence signal was monitored at 

varying time points. Indeed, the banana-shaped, cortically-enriched organelles disappear, 

while, instead, brightly labeled patches appeared (compare Fig. 58A with B and C). This 

process is reversible, as shown by an overnight wash-out of BFA, leading to the reassembly of 
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the banana-shaped organelles (Fig. 58D). This experiment demonstrates that the integrity of 

these organelles is clearly affected by BFA. 

 

 
Figure 58.) Influence of BFA on GFP-PtSyx5-1 transformed cells. (A) Before treatment with BFA, GFP-
PtSyx5-1 cells show a distinct distribution of small, banana-shaped organelles. (B) After 180 min of BFA-
treatment (150 ng/µl) the number of the small organelles drastically decrease while large patches in the 
cytoplasm become strongly stained. (C) After 300 min of BFA treatment none of the small, banana-shaped 
organelles remain, but instead labeled strings occur additionally to the large patches. (D) Recovery of cells 16 h 
after wash-out of BFA, the pattern of the small organelles has reformed. Bars = 10 µm.   
 

5.4.3.) Immuno localization of PtSyx1-1 

To support the data from the  localization experiments with GFP, we raised a polyclonal 

antibody against a heterologously expressed PtSyx1-1 peptide and used it for several 

immuno-applications in affinity-purified form. In Western-blots of fractionated Paramecium 

cells, PtSyx1 can clearly be detected in the 100,000 g pellet and in isolated cortex fractions 

(Fig. 59A). Similarly, a strong immuno-fluorescence signal occurs in the membranes of 

isolated cortex fractions (Fig. 59B, C). It is especially enriched in the membranes along the 

outlining surface fields ("kinetids"), where it reveals bright dots predominantly at the 

intersections of longitudinal and transverse ridges (Fig. 59B), being absent from underlying 

compartments like the alveolar sacs (Fig. 59C).  
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Figure 59.) Immuno-localization of the PtSyx1 subfamily using affinity-purified ABs against PtSyx1-1. (A). 
Western blot analysis of the subcellular distribution of PtSyx1. In lanes (1) to (5) aliquots (50 µg) of cell 
homogenates, 100,000 x g supernatant, 100,000 x g pellet, microsomes and isolated cell cortices, were processed 
for immuno-probing using either the preimmune serum (PIS, top) or affinity-purified ABs against a recombinant 
peptide representing the region between I82-I210 of PtSyx1-1 (bottom). As expected, members of the PtSyx1 
subfamily occur in the particulate fraction (lane 2), especially in the cortex of a Paramecium cell (lane 5). (B) 
Immuno-fluorescence analysis of PtSyx1.  Isolated cell cortex complexes (cortices) processed for immuno-
fluorescence analysis were incubated with affinity-purified ABs against PtSyx1-1, followed by FITC-coupled 
goat anti-rabbit IgGs. By using the same polyclonal AB as in (A), a strong fluorescence signal occurs in the 
membrane along the outlining surface fields (kinetids) with bright dots predominantly at the intersections of 
longitudinal and transverse ridges (arrowheads). (C) Double labeling of PtSyx1 and tubulin with isolated 
cortices. These were processed for PtSyx1 staining (green) as in (B) and were co-incubated with a monoclonal 
anti-tubulin AB (red) that predominantly stains basal bodies. Note that PtSyx1-1 does not colocalize with 
tubulin, but, although in close neighbourhood, the PtSyx1 signal occurs slightly above the basal bodies (between 
arrowheads), suggesting its localization at the plasma membrane. Bar =10 µm 
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5.5.) Discussion 

5.5.1.) General aspects 

In the present work, we describe 26 syntaxin encoding genes in the P. tetraurelia 

macronuclear genome, of which 23 should represent the entire set of Qa-SNAREs in this 

organism. In comparison, the number of syntaxins seems to be much smaller in the genome of 

other "lower" eukaryotes, such as Plasmodium falciparum (http://plasmodb.org), Giardia, 

Trypanosoma and less-studied protozoan parasites (Dacks et al., 2002; Dacks et al., 2004). 

The S. cerevisiae and D. melanogaster genomes contain only seven Qa-SNARE genes (Burri 

and Lithgow, 2004; Bock et al., 2001), while the C. elegans genome comprises nine (Bock et 

al., 2001), the human twelve (Bock et al., 2001), and the plant A. thaliana 18 Q-SNAREs of 

the syntaxin type (Uemura et al., 2004). The large number of Qa-SNAREs in the Paramecium 

genome may be explained on the one hand by the complex membrane trafficking pathways of 

the Paramecium cell (Allen and Fok, 2000; Plattner and Kissmehl, 2003b), suggesting that 

each gene pair is specific for membrane interactions of a certain compartment (Fig. 12), on 

the other hand by the recent global genome duplication (J. Cohen, L. Sperling, P. Wincker, 

personal communication). 

Another aspect is, that in Paramecium, in contrast to higher eukaryotic cells, no indications 

for alternative splicing of mRNAs have been found so far. Diversification of syntaxins may 

therefore, be achieved by high gene numbers. In mammals, splice variants of syntaxins exist 

(Bennett et al., 1993; Teng 2001) and are either differentially localized, e.g. syntaxin 2 and 5 

(Hui, et al., 1997; Quiñones et al., 1999), or show different expression patterns (Quiñones et 

al., 1999).   

Most of the Paramecium Qa-SNAREs contain the typical features of a syntaxin including  the 

C-terminal hydrophobic region that may function as a membrane anchor (Salaün et al., 2004) 

and a single SNARE motif characterized by repeating heptad patterns of hydrophobic residues 

and a signature glutamine at the polar zero layer (Figs. 49, 50). While the entire SNARE motif 

is important for the formation of a parallel four-helix bundle (Sutton et al., 1998; Poirier et al., 

1998; Antonin et al., 2002b), the syntaxin glutamine also appears to be important for efficient 

NSF-mediated disassembly, although the molecular basis for this requirement is still not 

known (Scales et al., 2001). However PtSyx11 does not contain the typical glutamine of Q-

SNAREs at this critical position within the SNARE-domain, and therefore, some deviations in 

SNARE complex assembly/disassembly can be expected in the corresponding pathway where 

this syntaxin is suggested to act (Fig. 60). Interestingly, this is not unique and substitutions at 

the glutamine signature position are also described for a few other syntaxins from lower 
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eukaryotes, especially those with AT-rich genomes, such as Plasmodium and Eimeria (Dacks 

et al., 2004). It therefore may represent an opportunity to learn more about basic syntaxin 

function. In addition to SNARE motifs and membrane anchors, some of the Paramecium 

syntaxins, especially the plasma membrane-associated ones, also reveal such an 

autonomously folding N-terminal domain (Fig. 52), which is a characteristic feature within 

this clade of syntaxins (Fernandez et al., 1998; Misura et al., 2001). The general function of 

this evolutionarily conserved domain is still under debate, although there is growing evidence 

that it may regulate SNARE assembly by forming a three-helix bundle (Habc) that folds back 

onto the SNARE-domain (Dulubova et al., 2001; Gonzalez et al., 2001, Antonin et al., 2002a, 

Dietrich et al., 2003). Addionally, proteins such as Sec1/Munc18 (referred to as the SM  

proteins) may help controlling the formation of exocytosis-relevant SNARE complexes by a 

direct interaction with syntaxin via the N-terminal Habc domain (Misura et al., 2000; Yang et 

al., 2001; Toonen, 2003; Dulubova et al., 2003; Schütz et al., 2005). 

 

 
 

Figure 60.) Current working model for syntaxin distribution in the Paramecium trafficking network, 
(based mainly on work by Allen and Fok, 2000). As there is no indication of a functional diversification within a 
pair of genes at the moment, only the syntaxin subfamily number is indicated. Dashed arrows mark the way of 
organelles, while continous arrows mark vesicule delivery pathways. '?' indicates putative trafficking pathways 
or syntaxin 1 involvement have not been demonstrated so far. Abbreviations: as-acidosome, ci-cilium, cp-
cytoproct, cph-cytopharynx, cs-cytostome, cvc-contractile vacuole complex, ds-decorated spongiome of the cvc, 
dv-discoidal vesicle, ee-early endosome (terminal cisternae), er-endoplasmic reticulum, fv-food vacuole, gh-
ghost, ga-golgi apparatus, pm-plasma membrane, ps-parasomal sac (coated pit), ss-smooth spongiome of the cvc, 
tr-trichocyst, trp-trichocyst precursor. 
 

5.5.2.) PtSyx1-1 as an exocytosis-relevant Qa-SNARE.in Paramecium  

The results obtained so far strongly suggest PtSyx1-1 to be the Qa-SNARE relevant for  
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constitutive and regulated exocytosis processes in Paramecium. A function on the level of the 

plasma membrane and membranes derived from it can be concluded by the following reasons: 

i.) According to our phylogenetic analysis members of the PtSyx1 subfamily, PtSyx1-1 and 

its close paralogue PtSyx1-2, but also of two other subfamilies, PtSyx2 and PtSyx3, can 

clearly be assigned to the clade of syntaxins that are associated with the plasma membrane, 

whereas the remaining 20 Paramecium syntaxins are not (Fig. 51). The close relationship 

between the members of these subfamilies (>30%, Table 6) becomes also visible by 

secondary structure predictions, since they all contain the characteristic features of  plasma 

membrane-associated syntaxins, such as the bundle of three a-helices (Habc domain)  in the 

amino-terminal region, interspaced with linker regions of variable sizes (Fig. 52A). ii.) 

Structure modeling (Fig. 52B) corroborates such a view by suggesting an intermolecular 

interaction of the Habc domain with the membrane-proximal SNARE-domain (H3 domain), 

as it is described for the exocytotic syntaxins. To preserve such a closed conformation in the 

resting stage, additional proteins, e.g. the SM type, are likely to be required (Galwitz and 

Jahn, 2003). Indeed, according to the number of plasma membrane-associated syntaxins, the 

Paramecium genome contains six putative genes of the Sec1 type (Danzer and Kissmehl, 

unpublished results). iii.) As summarized in a Fig. 60, GFP-localization experiments reveal 

that within the putative PM-associated synatxins only the members of the PtSyx1 subfamily 

are found at the outermost part of the cell cortex and some specialized regions at the 

cytopharynx (Fig. 53A-D), whereas paralogues of the PtSyx2 subfamily occur predominantly 

at the contractile vacuole complex (Fig. 53E-H) and those of the PtSyx3 subfamily at the 

early endosome (Fig. 53I-L). The osmoregulatory system with its complex membrane system 

is undergoing numerous fusion and fission cycles with the plasma membrane, and therefore is 

in recurring contact with the plasma membrane (Allen, 2000). This raises the interesting 

question whether this organelle may evolutionarily be derived from the plasma membrane. 

This hypothesis is supported by the existence of another plasmalemmal-type of protein, the 

CaM-activated Ca2+-ATPase that has been localized in the contractile vacuole complex in 

Dictyostelium (Moniakis et al., 1999). 

The occurrence of a putative plasma membrane-associated syntaxin in the terminal cisternae 

(Fig. 53I-L) may give rise to speculations about the molecular identity of the organelle. In 

Paramecium the sites for constitutive exocytosis and endocytosis are at the same place 

(Flötenmeyer et al., 1999; Allen and Fok, 2000). The so-called „parasomal sacs“ are  

permanent omega-shaped indentations of the plasma membrane regularly arranged over the 

somatic surface of the cell (Allen et al., 1992). Extensive membrane trafficking from the 
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underlying "terminal cisternae" is described (Allen et al., 1992; Flötenmeyer et al., 1999). It is 

possible that to support membrane recognition in these transport routes, each of the 

compartments in correspondance has to be equipped with a unique Qa-SNARE (Fig. 53).  

The differential localization demonstrates the power of GFP-based localization of syntaxins, 

in which the N-terminal GFP-fusion with a syntaxin generally does not mask its localization 

signal (Teng et al., 2001). This holds true also for the localization of PtSyx1-1, since an 

affinity-purified antibody against a recombinant peptide in combination with immunostaining 

techniques (Western blots, single or double immuno-fluorescence) independently confirms 

the localization observed in vivo with GFP (Fig. 59). So far, all data strongly suggest PtSyx1-

1  being the best candidate for an exocytosis-relevant Qa-SNARE in Paramecium. Its function 

seems to include other pathways starting at the plasma membrane, e.g. the formation of the 

nascent food vacuole (Fig. 53A, B, Fig. 60). Since GFP fluorescence is absent in later 

phagosomal stages, a recycling pathway can be assumed, involving the cytopharyngeal 

ribbons to transport the vesicles back to the cytostome (Schroeder et al., 1990, Allen and Fok, 

2000). All this agrees with the occurrence of plasma membrane-associated syntaxins in 

intracelluler compartments in mammalian systems (Tagaya et al., 1995; Walch-Solimena et 

al., 1995; Band and Kuismanen, 2005). 

 

5.5.3.) PtSyx5, a putative Golgi marker? 

According to EM analysis the Golgi apparatus in Paramecium consists of several hundreds of 

dictiosomes, ~1 µm in length and ~... µm thick, scattered throughout the cell (Estève 1972, 

Allen, 1988). Yet no molecular data are known. We know were able to identify syntaxin 5 

(PtSyx5) as a putative marker of the Golgi for the following reasons: i) Phylogenetic analysis 

clearly allocates PtSyx5 into the clade of syntaxins that mediate transport into and across the 

Golgi (Dascher et al., 1994; Rowe et al., 1998; Roy et al., 2000; Volchuk et al., 2004), the 

transport from the early recycling endosome to the TGN (Tai et al., 2004) and the reassembly 

pathway of Golgi cisternae from mitotic Golgi fragments (Rabouille et al., 1998).  ii) The 

fluorescence signal observed in cells transfected with GFP-labelled PtSyx5-1 (Fig. 53A-D ) is 

compatible with size and distribution of the Golgi fields in Paramecium (Estève, 1972, Allen, 

1988). iii) Treatment with BFA, a well-established inhibitor of ADP-ribosylation factor (Arf)-

mediated Golgi dynamics (Fujiwara et al., 1988, Klausner et al. 1992), causes the complete 

breakdown of the distinct GFP-labelled structures (Fig. 58B,C). This process is reversible 

when BFA is removed (Fig. 58D). It should be noted that a very high concentration of BFA 

over a long time (5 h) had to be applied to vanish the banana-shaped structures. This can be 
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explained either by a weak affinity of the Arf-homologue in Paramecium to BFA, or, more 

likely, by the weak permeability of the Paramecium membranes for BFA. Paramecium's 

cytoplasm is surrounded not only by the plasma membrane but the largest portion of the 

surface is underlayn by the two membranes of a cortical calcium store, the alveolar sacs, and 

the "epiplasmin" layer. In any case the reversibility of the BFA effect with complete 

regeneration of the cells shows that the BFA dose applied is sub-lethal and therefore 

applicable for the special physiology of Paramecium.  

It still has to be examined whether the two putative Golgi paralogues in Paramecium, PtSyx5-

1 and PtSyx5-2, occur in the same membranes, as it would be expected due to their high 

degree of similarity (Table 6), or whether they would act in different parts of this organelle. 

This has been already described in the rat liver for a second syntaxin 5 isoform containing an 

endoplasmic reticulum retrieval signal at the N-terminal cytoplasmic extension of the 

molecule (Hui et al., 1997) and for the concurrence of several Qa-SNAREs in the Golgi and 

TGN of Arabidopsis thaliana (Sanderfoot et al., 2001; Uemura et al., 2004). 

 

5.5.4.) Phagocytosis-associated syntaxins appear to be a unique clade of Q-SNAREs  

According to the phylogenetic tree in Fig. 51, a large group of Paramecium syntaxins, the 

members of the subfamilies PtSyx7, PtSyx9, PtSyx10, PtSyx11 and PtSyx12, seem to 

represent a unique clade of Q-SNAREs without having any orthologues in mammalian or 

metazoan cells (Fig. 51), although phagocytosis also occurs abundantly in metazoans 

(Gotthardt et al., 2002, Hackam et al., 1996; Scott et al., 2003 ). Since the Tetrahymena 

genome does contain close orthologues, it can be assumed that the syntaxins of this clade may 

have a role in a more specialized pathway of ciliates and other free-living cells, e.g. in their 

phagosomal system for uptake of food or microorganism (Allen and Fok, 2000;). In 

Paramecium this is a membrane trafficking system of great complexity (Allen and Fok 2000), 

where food particles are engulfed into plasma-membrane-derived phagosomes that 

sequentially fuse with a series of endomembrane compartments to acquire degradative 

properties, before its indigestible waste material is expelled (Allen and Fok, 2000). Since this 

includes acidification and neutralisation, fusion with lysosomes and retrieval of membranes, it 

can be expected that a high number of syntaxin paralogues may therefore be required. Our in 

vivo GFP localization data clearly support this hypothesis. Each member of this clade seems 

to be in involved in one of the numerous steps of this phagocytotic pathway, including those 

during phagosome maturation (Fig. 57). With the identification and assignment of individuel 
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syntaxins to this pathway it will be possible in the future to dissect and analyze individuel 

steps of this pathway in more detail.  

 

5.5.5.) Conclusions  

The present study enabled us to assign most of the identified syntaxins to different trafficking 

pathways in the Paramecium cell. A promising candidate for exocytosis, a process we are 

most interested in, could be identified and will be investigated in more detail in future work. 

Another interesting topic will be to define the targeting signal in Paramecium syntaxins and 

to compare them with proposed localization signals in other systems (Tang and Hong, 1999; 

Kasai et al., 2001, Watson et al., 2001; Paumet et al., 2004). To refine such mechanisms, 

Paramecium appears appropriate due to its complex membrane trafficking system. 
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Chapter 6 

Discussion and future perspectives 

6.1.) Does the V-ATPase participate in membrane fusion? 

In the manuscript "The V-ATPase plays a major role in several membrane-bounded 

organelles in Paramecium", genes encoding almost all of the subunits of the V-ATPase were 

identified in the Paramecium tetraurelia macronuclear genome. The c-subunits of V0 that 

form the proteolipid ring, and the F-subunit of V1 which is a subunit of the rotor coupling 

ATP hydrolysis to the rotation of V0, were investigated in detail. The goal was to test whether 

V0 may play a role in membrane fusion in Paramecium, especially in the regulated exocytosis 

of dense core secretory vesicles as suggested by results obtained from Torpedo marmorata 

(Morel, 2003), or in the fusion of vacuoles as it was shown in yeast. To test a possible role of 

the V-ATPase in Paramecium exocytosis, the advantage of the highly organized architecture 

of the cell cortex was used. Trichocyst docking sites are aligned in rows from the anterior to 

the posterior end, being intercalated with cilia. Once the docking sites are established and a 

trichocyst is docked, the site remains unchanged until an exocytotic event happens. If the 

docking site is formed by V0-c-subunits, they should be localized in the plasma membrane 

and, more specifically, assembled at the docking site. Decoration of paramecia from the 

exterior with antibodies did not reveal any V0-subcomplexes in the plasma membrane, 

contrasting with the observations in T. marmorata (Morel, 2003). 

The second approach used was an RNAi technique to test a possible role of V0 in the fusion of 

vacuolar membranes in Paramecium. This compartment is homologuous to vacuoles in yeast, 

but the phago-/lysosomal pathway of Paramecium is more sophisticatedly organized. Indeed, 

gene silencing of the V0-c-subunits lead to a major decrease of phagocytosis. But this 

phenotype was also obtained with silencing of the F-subunits of the V1-subcomplex that is not 

supposed to be involved in membrane fusion but neccessary for phagosomal acidification that 

is necessary for membrane fusion with lysosomes (Allen and Fok, 1988), arguing rather for 

the established role of the V-ATPase as a proton pump rather than the participation in 

membrane fusion. It has to be noted that in the gene silencing experiments it is, due to the 

intrinsic limitations of RNAi, not possible to rule out that the V-ATPase may nevertheless 

catalyse membrane fusion but at an extremely low copy-number and possibly only specialized 

fusion events. However, almost no aspect of the silencing phenotype of V0 is comparable to 

that of NSF silencing in Paramecium (Kissmehl et al., 2002), an established and import 

molecule of membrane fusion, suggesting distinct cellular roles. 
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In the manuscript "Seventeen a-subunit isoforms of Paramecium V-ATPase provide high 

specialization in localization and function" the V0-a-subunit encoding multigene family was 

analyzed in more detail, because in yeast this subunit was shown to be included in trans-V0 

complexes and to interact with SNAREs. GFP-localization of the different a-subunit families 

showed highly specific targeting to the different trafficking pathways in the Paramecium cell. 

Interestingly, no a-subunit isoform could be found in the plasma membrane, at which several 

membrane fusions occure like food vacuole discharge, constitutive and regulated exocytosis. 

This is consistent with the experiment showing no V0-c-subunits in the plasma membrane. 

The fact that different V0-subunits are not localized at established fusion sites makes it highly 

unlikely that the V-ATPase is a general fusion factor in Paramcium. 

In 2003, the Stevens lab adressed the participation of V0 in the fusion of vacuoles also 

critically (Graham et al., 2003). Knock-out of the V0-c-subunit gene prevents the assembly of 

the enzyme and its delivery to vacuoles in yeast. Despite the loss of V0, the vacuoles had a 

normal morphology without signs of vacuole fragmentation or an increased number, 

indicating that fusion processes of vacuoles do not depend on the presence of V0. These 

results are in contrast to a work from the lab of A. Mayer (Bayer et al., 2003) in which the 

authors showed that knock-out of the V0-a-subunit (vph1) causes vacuole fragmentation and a 

strongly increased number of vacuoles. The fact that only this V-ATPase gene seems to be 

important for vacuole integrity while the absence of V0 does not perturbe the system in a 

detectable way led to severe doubts about the interpretation of the role of V0 in membrane 

fusion events.  

In summary, the works on the V-ATPase in Paramecium and yeast indicate that it is unlikely 

that V0 plays a role as a general fusion factor in the sense of SNARE proteins or NSF.  

 

6.2.) SNARE participation in membrane fusion in Paramecium 

The doubtfulness about V0 as a fusion agent led us to intensify the study of SNAREs in 

Paramecium, the molecules that at the moment are most oftenly considered as membrane 

fusion catalysts. In the manuscript " A multigene family encoding v-SNAREs in the ciliate 

Paramecium tetraurelia" 15 genes encoding synaptobrevins were described and some of them 

were analysed in greater detail. In the second study of SNAREs in Paramecium with the title 

"Molecular identification of 26 syntaxin genes and their assignment to the different trafficking 

pathways in Paramecium", a superfamily encoding syntaxins was described. For the first time 

this study allowed to single out candidates for membrane fusion events at the plasma 

membrane by the combination of a phylogenetic and a GFP-localization approach, namely 
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syntaxin1-1 and 1-2. The identification of the two candidates allows to approach an 

interesting question in the future: is the fusion pore of Paramecium trichocysts (as it was 

described by Plattner, (1974) and Beisson et al., (1976)) constituted by the transmembrane 

helices of a t-SNARE, namely syntaxin? At this point Paramecium can give a more detailed 

answer than any other model organism for membrane fusion due to the regular and well-

characterized ultrastructure of the fusion sites (compare Figs. 13, 14) by using freeze-fracture 

techniques. During exocytosis, these proteins give up their position in forming a circle and 

diffuse laterally in the membrane, an aspect that was incorporated into the fusion pore model 

(Peters et al., 2001). The question whether this fusion pore may be formed by syntaxin1-1/1-2 

proteins can now be adressed experimentally by exploiting the RNAi-by-feeding approach 

and should yield interesting insights about the role of syntaxin and its contribution to the 

catalysis of fusion. Another interesting direction for future research on membrane fusion of 

trichocysts with the cell membrane will be to attempt to link the so-far identified "none-

discharge" genes (Vayssié et al., 2000, compare Fig. 10) as regulators of trichocyst membrane 

attachment and fusion with syntaxins as putative fusion mediators. For the identified none-

discharge genes so far no homologues in other organisms could be identified. Using 

Paramecium as a model organism may provide unique insights in the regulation of dense core 

secretory vesicles exocytosis.  

 

6.3.) Membrane trafficking in Paramecium: molecular hallmarks for trafficking events 

Identification of 17 a-subunit genes of the V-ATPase and 26 syntaxin genes and GFP 

localization of representatives provided a large set of molecular markers for organelles and 

compartments which previously did not exist. Some of them are rather stationary like the 

contractile vacuole complex or the plasma membrane, while other undergo reformation or 

trafficking like food vacuoles or trichocysts. Many of these compartments are linked by the 

flow of transport vesicles, possibly being distuingishable by the synaptobrevins they contain. 

This class of molecules will be the most difficult to study, as most of them are assumed to be 

present in small vesicles that are difficult to assign to different pathways. However, with the 

information gained by studies with V-ATPase-subunits, syntaxins and synaptobrevins we 

were already able to close some gaps in our knowledge about trafficking in Paramecium, but 

many 'white spots' on our map remain. Using our new marker molecules will help to unravel 

the complete trafficking scheme of Paramecium as a very complex unicellular organism. This 

will be one step forward in formulating one of the most interesting questions in cell biology: 

What defines a compartment, what is its molecular identity? And how is the identity 
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conserved despite trafficking? For the V0-a-subunits it was shown that these molecules 

contain a sensor that is able to identify a certain compartment and assures the protein's stay 

there. The same can be assumed for the syntaxins, as they are also transported to very diverse 

compartments. Defining the signals that lead them to their targets, identifying the proteins that 

interact with these signals and understanding the networks they are involved in, may finally 

tell us, what molecular identity of compartments is. 
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Chapter 8 
Supplementary Material 

8.1.) Alignment of V0-a-subunits  of the V-ATPase of Paramecium tetraurelia 
 

a1-1    1 --MIRSEGMSLYQLLIPRESSYDVMSELGQIDSVMIIDHQQHL--LSKPFINQVQRCDEI 
a1-2    1 --MIRSEGMSLYQLLIPRESSYDVMSELGQIDSVMIIDHHQHL--LSKPFINQVQRCDEI 
a2-1    1 MSFFRSETMAYYQIIVPKESAWNVFNEMGKLSMVQVVDMSPDEPHVNRPFYQYIRRADEV 
a2-2    1 MSFFRSETMAYYQIIVPKESAWEVFNEMGKLSMVQVVDMSPDEPQVNRPFYQYIRRADEV 
a3-1    1 MSLFRSEQMEFYNLVIPRESAWDVMNTLGYFDSVHIIDYDPTLPQINRPFSNYVKRCDDV 
a3-2    1 MSLFRSEQMEFYNLVIPRESAWDVMNTLGYFDSVHIIDYDPNLPQINRPFSNYVKRCDDV 
a5-1    1 MSFFRSKKMRYYSLVIPRESAWVVMNELARLDQLHFVDYDPQLPMISRPFANYVKRCDDS 
a5-2    1 MSFFRSKKMRYYSLVIPRESAWVVMNELARLGQLHFVDYDPQLPMINRPFANYVKRCDDS 
a6-1    1 MSFFRSKQMKYYSLVIPRESAWVVMDQLGRLGQLHIIDYDPLLPMMNRPFANYVKRCDES 
a6-2    1 MSFFRSKQMKYYSLVIPRESAWMVMDQLGRLGQLHMIDYDPLLPMMNRPFANYVKRCDEA 
a9-1    1 MNFFRSQTMGYYKLIIPRESAWNVMNELAELDCIHFVDYDPTLPMINRPFANYIKRCDDL 
a9-2    1 MNFFRSQTMGYYKLIIPRESAWNVMNELAELDCIHFVDYDPTLPMINRPFANYIKRCDDL 
a4-1    1 --MLRSQEMSLYQLIMPRESAWAVMDQLGYMGKVEIIDHDPSIPLIARPFANYIKRCDDL 
a8-1    1 --MFRSQEMSYFQLVMPQDSAWTIMDQLGYLSKVEIIDHNRNEALINRPFANYVKRCDDL 
a8-2    1 --MFRSQEMSYFQLIMPQDSAWTIMDQLGYLSKVEIIDHNPNEALINRPFANYVKRCDDL 
a7-1    1 --MFRATEIHLYKLYVEREQAFHLLTKVGQMKNVNLINCSSSA-FHEHDYYKQLKRCDDI 
a7-2    1 --MFRPTEIHLYKLYVEREQAFHFLTKVGQMNNVNLVNCSNHA-FHEHDYYKQLKRCDDI 
 
a1-1   57 LNKVEYLLDQLNQIGQTIDHVYDFKLMLQEFDRVLSLKQIQKHTFINQIEEYITGKYQQV 
a1-2   57 LSKVEYLINQLNQIGQTIEHVYDFKLMLQEFDRVLSFKQIQKHTFINQIEEYITGKYQQV 
a2-1   61 ISKLNVLEVEMLKYKIKNLKCSDYQQFLEKMSQYTKDISQSEDKWFDLIESTLDEKYSQL 
a2-2   61 ISKLNVLEVEMLKYKIKNLKCSDYQQFLERMTLYTKEINQSEDKWFDLIESTLDEKYSQL 
a3-1   61 MQKIEQIDGEMRNFKIEKRYSPDVIDLLK--------KRNGTHKQFEELEQDICKVADDL 
a3-2   61 MQKIEQIDSEMRNFKIEKRYCPDVIDLLK--------KRNGTHKQFEELEQDICKVADDL 
a5-1   61 IFKLSCLEQLLKEFKKNLIYCENVDSLLDYFHQVQYDRMKPGHTYFDELEQEIDQKKIQI 
a5-2   61 LFKLSCLELLLKEFKKDLNYCENVDGLLDHFQEVQYNRMKPGHTYFDELESEIDQKKIQI 
a6-1   61 LFKLNGLDAILKQFKKKLIYCEDTQKLLDHFRDIQNSRQKPGHTYFDELEQEIDKKKSNI 
a6-2   61 LFKLIGIESLLKQFKKNLIHCEDTQKLLDHFRDIQNSRQKPGHTYFDELEQEIERKKNHV 
a9-1   61 LVKLSLIEHEMKKYQKRITYCKDVNFLIKNFKQLIKERSKASHTYLDEIENDIDKKHQQL 
a9-2   61 LVKLSLIEHEMKKYQKKITYCKDVNFLIKNFKQLIKERSKASHTYLDEIENDIDKKHQQL 
a4-1   59 LNKLNLLIETAQKLTILKQFQISAKTSNKM------CPKIHTHQYLDTLEDQINSKVNSF 
a8-1   59 MVKIENMLQVAKNLNLLSNYKKGNLKQFTN------QQNSHTHTYLDKIEEDINKRTSSF 
a8-2   59 IVKIENMLQVAKNLNLLSNYKKGNLKQFTN------QQNSHSHTYLDKIEDDINKKTSSF 
a7-1   58 YNKIGEIKHLLHLYNKQIHYCPNYEVFISN--------IKITDDQAIKIEQELTHKVQFI 
a7-2   58 YNKISEVKNLLILYNKPIHYCPNIKSFIQY--------LQITEDQVIKIEQELTHKVQFI 
 
a1-1  117 QQQIDTLSRLKSKLQNTREAKQAMIYARDWLGGAYFHSKSSTALDFDEQMIKSYHQHGGM 
a1-2  117 QQQIDTLSRLKSKLQNTIEAKEAMINARRWLGIAYFHSKSSTALDFDEQMIKSYHQHGGM 
a2-1  121 IEQIQNLEQISVRKNTLFEHKAVLIKSKEVLGPTYYTKGRNVAIN--PQIGGIPEQQKVA 
a2-2  121 IEQIQNLEQISVRKNTLFEHKAVLIKSKEVLGPTYYTKGRNVAIN--PQIGGVPEQQKVA 
a3-1  113 EHQQQTMNSLQEKKNTIRENLEVLRNAVAFQNE-------------------DSEEASLL 
a3-2  113 EHQQQTMNSLQEKKNTIRENLEVLRNAVAFQNE-------------------DSEEASLL 
a5-1  121 QEQSANLQNLLDRVNIITEQKLVLENAKEILGQSVFQQQT----------PHNVNDYQQL 
a5-2  121 QEQSANLHNILDRVNVITEQQLVLENAKEILGQSMFQQQT----------PHNANEYQQL 
a6-1  121 QEI----------VDSITEQKLVLEKAKEILGKQMFSQST----------PHNLSDYQQL 
a6-2  121 QEI----------VDSITEQKLVLEKAKEVLGNSMFSQAI----------PHNVNDYQQL 
a9-1  121 IEQSTNMENLHERRNKLIEHKSVLLKGEALLGQSFFQPANYVAEGFVNLQGKELDDIKIL 
a9-2  121 IEQSTNMENLHERRNKLIEHKSVLLKGEALLGQSFFQPANYVAEGYVNLQGKELDDIKIL 
a4-1  113 LELNRNHEQLLEQENIIIDQLDILQECRIYLGDDFF----------------VSRD-S-- 
a8-1  113 QEQNKHLEQLIDQSEYIQNYIEILIESQRYLGENAF----------------QNQQTS-- 
a8-2  113 QEQNKHLEQLIDQSEYIQNYIEILKESKTYLGEQVF----------------QNQQIS-- 
a7-1  110 LNQQANLQSIMEQRNKLGEEIAVLQHCKDFIYKFSGI----------------------- 
a7-2  110 MNQQTNLQQIVEQRNRLEEEIAVIQHCKEFIYKFSGV----------------------- 
 
a1-1  177 MPSQKFTHFVGVMNSKDYQIFQRTVFRITKGNFMVNQTLLSVS----------------- 
a1-2  177 MPSQKFTHFVGVMDAKDYQIFQRTVFRITKGNFMVNQTLLSVS----------------- 
a2-1  179 QPLYNLNYLVGVVDRLEANRFKRMVFRASKGNAWIVMSDIEYSRIDASLESGNLDSDKSA 
a2-2  179 QPLYNLNYLVGVVDRVEANRFKRMVFRASKGNAWIVLSDIEYSRIDSSLETGNLDSDKSA 
a3-1  154 ----GFQKMVGVILKEDEMRFKRIIFRITKGNIHVDIMDIQEH--------------FIQ 
a3-2  154 ----GFQKMVGVILKEDEMRFKRIIFRITKGNIHVDIMDIQEH--------------FIQ 
a5-1  171 ----KFGQIIGVIDKEEEVRFKRIIFRVTKGNAWVQIKDLNNQQVDNSMRK----SFHLN 
a5-2  171 ----KFGQLIGVIDKEEEVRFKRIIFRVTKGNAWVQIKDLNNEQIDNSMRK----SFHLN 
a6-1  161 ----KFGQLIGVIDKEDETRFKRIMFRITKGNAWVNIVDLLPEKQHHQIKT----SIDLN 
a6-2  161 ----KFGQLIGVIDKEDETRFKRIMFRITKGNAWVNIVDLLPEKQHHQIKT----QIDLN 
a9-1  181 QGSVKFNYLVGVINKEDQIRFKRIIFRITKGNAWMNTMDIESDQI-----------VDTK 
a9-2  181 QGSVKFNYLVGVINKEDQIRFKRIIFRITKGNAWMNTMDIESDQI-----------VDTK 
a4-1  154 ----KIDYFIGTLKQDEIYQFQRMVFRVSKGNAFVHIKLQNSK----------------- 
a8-1  155 ----KFEYYVGILKNQEQLQFHRVIFRVTKGNSYVHLKRMNEKQ---------------- 
a8-2  155 ----KFECYVGILKNLEQLQFHRVIFRVTKGNSMVHLKRMNEKQ---------------- 
a7-1  147 ----QLGYIVGCLNTIDSHKFNRIVFRISKENGIVKFKNLNNQ----------------- 
a7-2  147 ----QLGYIVGCMNAADQHKFNRIVFRISKENGIVKFKDFNNE----------------- 
a1-1  220 -------RSCFLLIFPTFSL-QSETWRKIKKLCDVLKVDHISLPLTEEQWDQRYCDYDKD 
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a1-2  220 -------RSCFLLIFPSFSL-QSETWRKIKKLCDVLKVDHISLPLTEEQWDQRYCDYDKE 
a2-1  239 AKNLEKQRTVFLIVYTGGG--QDFLRAKLNKICDSFNCAKFVLPDDPQLLVQKTLELDRS 
a2-2  239 AKNLEKQRTVFLIVYTGGGGGQDFLRAKLNKICDSFNCAKFVLPDDPQLLVQKTLELDRS 
a3-1  196 QDRRIVQKCVFMLIYPNGD----LTQKKIQRVIESFSCNKFDIPTSSDQHAQRITMLENQ 
a3-2  196 QDRRIVQKCVFMLIYPNGD----LTQKKIQRVIESFSCNKFDIPTSSDQHAQRITMLENQ 
a5-1  223 QNNTSQPRCLFVIVYPGADE-SSSFRMKLMKVCDSFNRQRIEYPNSMDDMQKKMIELTQQ 
a5-2  223 QNNTSQPRCLFVIVYPGAEE-SGSLRMKLMKVCDSFNRQRIEYPNSMDQLQKKMIDLTQQ 
a6-1  213 R--AQQPRCLYVVVYPGMND-QSTLKQKLLKVCDSFSKNRIEYPNSQESMDNKLRELSIQ 
a6-2  213 R--AQQPRCLYVVVYPGMND-QSTLKQKLLKVCDSFAKNRIEYPNSQEAMDNKLRELSIQ 
a9-1  230 NDDAKIIKSVFVVVYPGGGG-SNVITNKLNKICESFQVAKYTFPENNMVFQEKLRQIETE 
a9-2  230 NDDAKIIKSVFVVVYPGGGG-SNVITNKLNKICESFQVAKYTFPENNMVFQEKLRQIETE 
a4-1  193 --------AIYIVMFPDQG---MMLKKKLQKVQESMSLNKFSLPLNLKEFDKISNELTAK 
a8-1  195 --------SIFIVLFPNIG---NYGKQKIQKIVEQVSLGKFALPQNLLEFEKKLYELKNK 
a8-2  195 --------SIFIVLFPNIG---NYGKQKIQKIVEQVSQGKFTLPQSHQEFEKKLNELQMK 
a7-1  186 -------RTLFTLVFALGK--HENLKNKLLKICEAFNVSIIQVPEESK-VENKILELEND 
a7-2  186 -------KIIFTLVFTKGK--HENLKTKLLKICEAFNVSIFQLPEEIQ-IETKINELENE 
 
a1-1  272 IAEIENMNKLTHQLLQSILKPLLEDENT--QPSLLFIRFFLVRERTLYENLNKVKMQQSI 
a1-2  272 IIEIENMDKLTNQLLQSILKPLLEDGNA--QPSLLFIRFYLVRERTLYENLNKVKMQQSI 
a2-1  297 LDECDNLLRLTAGKIKELLLEYAQIQPQLKISLLEMSKLIMVKEKALYTNLNYLYQKERI 
a2-2  299 LDECDNLLRLTSGKIKELLLEYAQIQPQLKISLLEMSKLLMVKEKTLYTNLNYLYQKERI 
a3-1  252 LNEADQLLHLTITQINKRLQDLAEVKY--NCSWIEEMRILVTKEKYLYMNLNMLNMTNSV 
a3-2  252 LSEADQLLHLTITQINKRLQDLAEVKH--NCSWIEEMRILVTKERYLYMNLNMLNMTNSV 
a5-1  282 LQEAKNLIEMTKQQLEQSLDGLVLQKQGCNCSYFEYMRLYVLKEKYLYVNLNYLTMRGSI 
a5-2  282 LQEAKNLIEMTKKQLEQSLDDLVLQKQGCNCSYFEYMRLYVLKEKYLYVNLNYLTMRGSI 
a6-1  270 ISEAQSLIQMTKKQLDVTLDELVKEQNGCNCSYFEQLRLYVLKEKYLYVNLNYLMMQGSI 
a6-2  270 INEALNLIQMTKKQLDVTLDEFVKEQNGCNCSYFEQLRLYVLKEKYLYVNLNYLMMQGSI 
a9-1  289 LVETRNLLEMTKNQVEAYLDDFQRIYQNSNCSQIEELKLFLVKEKYLYTQLNYLRVQGSV 
a9-2  289 LVETRNLLEMTKNQVEAYLDDFQRIYQNSNCSQLEELKLFLVKEKYLYTQLNYLRVQGSV 
a4-1  242 LKEIKQLIELTNIQLNSFIQELLKQTEG--VRLIDHYNMYISKEKELYIQLNKLKMQGNL 
a8-1  244 EAEYINLIKMTQNQLCQCISNMLVIRNG--LPLIEYYKFYLIKEKELYKELNKLKMQGRL 
a8-2  244 QAEYINLIQMTQNQLCQCISNMLVLRNG--LPLIEFYKFYLIKEKDLYKELNKLKMQGRL 
a7-1  236 IANLDIVISTTKQEIDQQLDFFSDIQVEKVLNLDEIYDYGYCSYICELNIILDIISATYY 
a7-2  236 LTNLSIVITSTKLEIEEQLDFFSDISAERPLELDEIYFIGYCSYICELKIIVDLVSATYY 
 
a1-1  330 FLANLWVRTSEIQLLENILQT-IKQKNPHIPAPQIKINEIVN-QQPPTYFQTNQFNKLFQ 
a1-2  330 FLANLWVRTSEIQLLEDILQT-IKMKNPHIPAPQIKKNAIAN-QKPPTFFQTNQFNKLFQ 
a2-1  357 YIGFFWAPKHIEGIASYGLHQ-LSVSQSNVSVGQIIELEPPEKVLTPTYFKINEFNNVFQ 
a2-2  359 YIGFFWAPKHVEGELHHMLHQ-LSVSQSNTSVGQIIELEPPEKVLTPTYFKINEFNNVFQ 
a3-1  310 FHGQIWLPQGQDQKIQQALRN-LHGNDKQLPSGQIQECQTQ--LTPPTYYKLNSFTYPFQ 
a3-2  310 FHGQIWLPQGQDQKIQQALRN-LHGNDKQIPSGQIQECQTQ--LTPPTYYKLNQFTYPFQ 
a5-1  342 FTGYFWLPEGLELVVEEKLRNAMKNNRDHYPTGQIQELKAYL-YTPPTYFNLNEVTMPFQ 
a5-2  342 FTGYFWLPEGLEVMVEEKLRNAMQNNRDHYPTGQIQEIKPQS-ITPPTYFNLNEVTMPFQ 
a6-1  330 FTGYFWLPEGLEVQVEDKLRNAMQNSIDRFPTGQIQELKPKPGDLAPTYFNLNEVTMPFQ 
a6-2  330 FTGYFWLPEGLEAQVEDKLRNAMQNSIDRFPTGQIQEMKPKPGDLAPTYFKLNEVTMPFQ 
a9-1  349 LYGSIWLPQGADIKVDQALRE-VQTNYEGLPTGQLQISPPEGTRPPPTFFETNEVTWGFQ 
a9-2  349 LYGSIWLPQGADIKVDQALRE-VQTNYEGLPTGQLQISPPEGTRPPPTYFETNEITWGFQ 
a4-1  300 FLGELWIPKKDSAQLNEVLLI-VKERNRDIPGCQISQKVP--HTTPPTYFVLNEFTQVFQ 
a8-1  302 FLGELWVPTKDIQQLEQTIQV-IKEQQSNNPGGQLAQKSPPDFLQKPTYFKLNEFTQVFQ 
a8-2  302 FLGELWVPTKDIFQLEQTLQM-IKEQQTNNPGGQLAQKYPPDFLQKPTYFKLNEFTSIFQ 
a7-1  296 HLTFFEAKSQFLIGQIWCEQSDIEEIKSFGVQVEIMQDINENIYEPPSLMKTNDFTYIFQ 
a7-2  296 HLTFFEAKSQFLIGQMWCEPNQIELIKQIGVQIEIMQDINEKLYEPPSLLKTNQFTYIFQ 
 
a1-1  388 LITETYGIPDYKEINPSMFSIITFPFLFGVMFGDIGHGAAILIFGILLSMNKVFSPRSEQ 
a1-2  388 LITETYGIPDYKEINPSIFSIITFPFLFGVMFGDIGHGAAILIFGIFLSLNKIFSPRSEQ 
a2-1  416 EIVNTYGIPRYKEVNPGMFAVMFFPFMFGIMFGDIGHGGVLFVLAFLLVKNADTLKKLPD 
a2-2  418 EIVNTYGIPRYKEVNPGMFAVMFFPFMFGIMFGDIGHGGVLFILAFLLVKNADTLKKLPD 
a3-1  367 EIVNTYGIPRYKEINPGLSTIITFPFLVGVMFGDIGHGLLLFVCGLYLTTEDAR-----K 
a3-2  367 EIVNTYGIPRYKEINPGLSTIITFPFLVGVMFGDIGHGLLLFVCGLYLTTEDAR-----K 
a5-1  401 EIVNTYGVPRYQEVNPGLFTIITFPFLFGVMFADIAHGFMLFLCGIYLIFWKKSLQKKTD 
a5-2  401 EIVNTYGVPRYQEVNPGLFTIITFPFLFGVMFADIAHGFMLFLCGIYLIFWKKQLLKQTD 
a6-1  390 EIVNTYGVPRYQEVNPGLFTVITFPFLFGVMFADIAHGFLLLLCGLYVIVWKNQLKKEAD 
a6-2  390 EIVNTYGVPRYQEVNPGLFTVITFPFLFGVMFADIAHGFLLLLCGLYVIVWKNQLKKETD 
a9-1  408 EIVNTYGMPRYKEINPGLFTVMTFPFLFGVMFADIGHGFCLLLLGIYLCVYNKEI-KESD 
a9-2  408 EIVNTYGMPRYKEINPGLFTVMTFPFLFGVMFADIGHGFCLLLLGIYLCVYNKEI-KESD 
a4-1  357 QIVNTYGIARYREINPALFTIITFPFLFGIMFGDIGHGFCLLTFGIYNIFYK-------- 
a8-1  361 EIVNTYGIPRYQEINPAIITIITFPFLFGVMFGDIGHGFVLFVFGSYLCLFK-------- 
a8-2  361 EIVNTYGIPRYQEINPAIITIITFPFLFGVMFGDIGHGFTLFMFGSYLCLFK-------- 
a7-1  356 ELVNTYGIPRFDEINPGLFTVITFPFLFGMMFGDIGHGVVLTLFGFYLLIFGQRVLKRIK 
a7-2  356 ELVNTYGIPRYHEINPGLFTIITFPFLFGMMFGDIGHGIVLTFFGFYLLMFGKGVIKSIK 
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a1-1  448 KKLREQRIQLGLQIKRQVNSKDFNDEDLN-DFNLTQIIFDLRYMLLLCGAFSLYTGFIYN 
a1-2  448 KMLREQRIQLGQQIKKQINSKDFNDEDLNTDFNLTQIIFDLRYMLLLCGAFSLYTGFIYN 
a2-1  476 --FAA--------------------------------LVQVRYLFLLMGLCALYCGIIYN 
a2-2  478 --YAA--------------------------------LVQVRYLFLLMGLCALYCGIIYN 
a3-1  422 SIFSG--------------------------------IVPMRYMILLIGFFACYNGLIYN 
a3-2  422 SIFSG--------------------------------IVPMRYMILLIGFFACYNGLIYN 
a5-1  461 SMFNQ--------------------------------MIPFRYLIILMGFFALYNGFIYN 
a5-2  461 SMFNL--------------------------------MIPFRYLVVLMGFFALYNGIIYN 
a6-1  450 SMFNA--------------------------------MIPFRYLLALMGLFAFYNGLIYN 
a6-2  450 SMFNA--------------------------------MIPFRYLLALMGLFAFYNGLIYN 
a9-1  467 SLMKH--------------------------------ALIVRHMLLMMGFWAFYNGWIYN 
a9-2  467 SLMKH--------------------------------ALIVRHMVLMMGFWAFYNGWIYN 
a4-1  409 --FEP--------------------------------FHEFRYLILLMGFFSFYSGWIYN 
a8-1  413 --NKS--------------------------------FYNLRYLILLMGVFSFYSGLIYN 
a8-2  413 --NKS--------------------------------FYNLRYLILLMGVFSFYSGLIYN 
a7-1  416 LENSSDYLAYAD----------------------FQSLYQCRYLLTLMGLFATYCGFIYN 
a7-2  416 LENSSEYLSYAD----------------------FQSLYECRYLITLMGMFATYCGFIYN 
 
a1-1  507 EYFGLSLNIFGSCM------------------NIQDCTYPFGLDPQY----EDLSFRNSY 
a1-2  508 EYFGLSLNIFGSCL------------------NKTDCTYPFGLDPQY----EDLNFRNSY 
a2-1  502 DFMSLTWNIFGSCFEN--------VPDSEETVYIKGCTYPIGFDPKWYIASNELNFFNSF 
a2-2  504 DFMSLTWNIFGSCFEN--------VPDSEETVYIQGCTYPIGFDPKWYIASNELNFFNSF 
a3-1  450 DFLSIGLNLFGSCYNL---------VDGEYELQ-EDCVYKFGIDPAWGSSANQLTFMNSF 
a3-2  450 DFLSIGLNLFGSCYNL---------VDGEYELQ-EDCVYKFGIDPAWGSSANQLTFMNSF 
a5-1  489 DYLSISLNLFGSCYSP---------ENEEWKKESKDCVYPFGVDPVWQASGSSLNFMNSY 
a5-2  489 DYLSISLNLFGSCYTP---------ENGEWKRESKDCVYPFGVDPVWQASGSSLNFMNSY 
a6-1  478 DYLSISLDLFGSCYYP---------KHEEWERE-QNCVYPFGIDPVWLASGSSLNFMNSY 
a6-2  478 DYLSISLDLFGSCYYP---------KHEEWERE-QNCVYPFGIDPVWLASGSSLNFMNSY 
a9-1  495 DFMSVPINLFGSCYEPGTVDDPIHKDEQVWVQKDQSCVYPFGIDPVWMCVPNELTFMNSY 
a9-2  495 DFMSVPINLFGSCYEPGTVDDPIHKDEQVWVQKDESCVYPFGIDPVWMCVPNELTFMNSY 
a4-1  435 DFVSLSLNLFGSCYV---------VDGQMTPNKPKDCTYPFGLDPAW---GDNLEFDDSF 
a8-1  439 DYLSLSLNLFQTCL-----------------GSEDQCVYPFGIDPMW---GDHLEFNDSF 
a8-2  439 DYLSLSLNLFQTCF-----------------RSEEECVYPFGIDPMW---GGHLEFNDSF 
a7-1  454 DFFSISLEY-------------------------KLEKFQLGFDGKWSMSESHLTVMNSF 
a7-2  454 DFFSISLEY-------------------------KLEKFQLGFDGKWSMSESHLTVMNSF 
 
a1-1  545 KMKLAIIIGFSQMLLGILCSGFNYLYFKKWINLFILFPARLLFFTLFIGYMVMLIIIKWS 
a1-2  546 KMKLAIIIGFCQMLLGILCSGFNYFYFKKWINLSIIFPARLLFFTLFIGYMVLLIIIKWS 
a2-1  554 KMKFAIIYGVSQMIFGILLKGVNNLYFKDYLSFICEFLPQLIFMCITFGYMGVMIMLKWG 
a2-2  556 KMKFAIIYGVSQMIFGILLKGVNNLYFKDYLSFICEFLPQMIFMCITFGYMGIMIMLKWG 
a3-1  500 KMKLAVIIGVTHMTFGIILKGFNTLHFKSYMDFFCEFIPQFLLLLCSFGYMDFLLFLKWS 
a3-2  500 KMKLAVIIGVTHMTFGIILKGFNTLHFNNYLDFFCEFIPQFLLLLCSFGYMDFLLFLKWS 
a5-1  540 KMKLSVILGVIHMLFGILMKGVNTLFFKNYLDFYCEFIPQLLFMICTFGWMDFIIIVKWL 
a5-2  540 KMKLSVILGVIHMLFGILMKGVNTLYFKNYVDFFCEFIPQLLFMICTFGWMDLIIIVKWL 
a6-1  528 KMKLAVILGVIHMLFGILMKGANTLYFRNYLDFFCEFIPQLLFMVCTFGWMDFLIIMKWL 
a6-2  528 KMKLAVILGVIHMLFGILMKGANTLYFRNYLDFFCEFIPQLLFMACTFGWMDFLIIMKWL 
a9-1  555 KMKLAVIIGVIQMSFGIILKGINAIYFKNWIDFIFEFIPQLTFFICSFGWMDFLIIYKWF 
a9-2  555 KMKLAVIIGVIHMTFGIILKGINAIYFKNWIDFIFEFIPQIIFFTCTFGWMDFLIIYKWF 
a4-1  483 KMKLSVIIAYFHMCLGICLSGCNFINKKDTYGFCCKFLPQILFLTATIGYMDFLIIFKWV 
a8-1  479 KMKLSIIIAFCHMLLGVSLSGLNYLFLEDWLRLTCKFIPQLLFLICTIGYMVFLIIYKWL 
a8-2  479 KMKLSIIIAFCHMLLGISLSGLNYLFLGDWLKLSCKFLPQLLFLICTIGYMVFLIIYKWL 
a7-1  489 KMKTAIIVGVTQMVFGILLKGWNCLYQRKFIDFIFNFLPELAFMLSTFGYMSFLIILKWL 
a7-2  489 KMKTAIIVGVIQMVFGILLKGWNCLNQRKFIDFIFNFIPELAFMLSTFGYMSFLIILKWL 
 
a1-1  605 TFYADTSQ-APSIITTLVDMWMHDGQVTLKTF--ESADYQSQLQKLILVICILCLPFLLF 
a1-2  606 TFHIDTSQ-SPSIITTLVDMWMHDGQVTLKTF--ESADFQVQLQKIIIVICILCIPFLLF 
a2-1  614 QSWEGRTDQAPSIINAMINIPLQGGSTEGKPLF--DLESQESLQQSILFWSFLCIPWMLL 
a2-2  616 QSWEGRTDKAPSIINAMINIPLQGGTTEGKPLF--DLESQESLQQSILFWSFLCIPWMLI 
a3-1  560 TKFEDTKD-APSVITTMIDMVLRPFDVPEKPLF-ESGEQQRFIQLLLLTIITFCIPVMLI 
a3-2  560 TKFEDTKD-APSVITTMIDMVLRPFDVPEKPLF-ESGEQQRFIQLLLLTIITFCIPIMLI 
a5-1  600 NTYENNTD--PSIIETMINQVLKPFDEPVNPVFPNDPQFQLRVTQILTLIAVICIPWMLL 
a5-2  600 NSYENNTD--PSIIETMINQVLKPFDKPVNPVFPNNPEFQLQITQILTLIAVVCIPWMLL 
a6-1  588 NVYPNGKD--PSIIETMINQVLKPTDEAESPVFPNNASLQLSVTQLLTVIAVVSIPWMLF 
a6-2  588 NVYPNGKD--PSIIETMINQVLKPMDESATPVFPDNAPLQLILTQWLTVIALVSIPWMLL 
a9-1  615 VNWTGKTDQAPSIITLMINMILAP-GKPVDPPLWGDGQSEASTQTALLLIALFCIPIILL 
a9-2  615 VNWTGKTDQAPSVITLMINMILAP-AKTVDPPLWGDGQSEASTQTAMLLIALFCIPIILL 
a4-1  543 KSFSPED--APSIINTMITMVLSFGSVEGPSMW--SVNSQELIQSILIIIAVVSIPWMWF 
a8-1  539 TPFEPQN--APSIITTMISMILNLGRISGPQMW--EGDSQNYVQYCLLIICIITIPWMWL 
a8-2  539 NHFEPQN--APSIITTMISMILNLGRISGPQMW--EGDSQDYIQYCLLLMTIISIPWMWF 
a7-1  549 TNYNNNQE-PPSIITTLLNMVFTLGGIKGTEMY----PHQVYYQSILIRVAI-CSPIIML 
a7-2  549 TNYSNNME-PPSIITTLLNMVFTQGGITGAEMY----PHQVYFQTILIRIAI-CSPIIML 
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a1-1  662 APIIADS-------------------------------IAMIKQKKKESA---RFEMIP- 
a1-2  663 APIIADI-------------------------------IAMLRRKKKDPKSLQEFEMVP- 
a2-1  672 PKPIVEVIQHYSGKEHEKKPSKALEPKDESKEALLPVQSSQKSINQSALAEELRLQLIQK 
a2-2  674 PKPIIEVIQHYSGKKHEKKPSKALEPKDESKEPLLPMQTSQKSINQSALAEELRLQLIQK 
a3-1  618 TKPLL---------------------------------FSLKKKNPH------QYQQIPS 
a3-2  618 TKPLI---------------------------------FSLRKKNHH------QYQQIPS 
a5-1  658 PKPLI---------------------------------LGSKHDNHKVSMSDSQYQPLVM 
a5-2  658 PKPLI---------------------------------LGGKSDKNKVSMSDSQYQPLVL 
a6-1  646 PKPLI---------------------------------LGSGQKKHKVQANEQQYQKLIS 
a6-2  646 PKPLI---------------------------------LGSSHKKHKV--SDPQLQKLIP 
a9-1  674 PKPLI---------------------------------INSQNKKHHAQSASNLTESMNK 
a9-2  674 PKPLI---------------------------------LNSQNKKHQAQGPNGLADE-KK 
a4-1  599 SHIIKGYQV----------------------------FQRKNNVKIKNSTSSIEGSQVIE 
a8-1  595 PSIISHLVR----------------------------RKSHQQSKDKLKTHRVDYGQLIE 
a8-2  595 PSIISHLLQ----------------------------QGSFQQNEGKRKTHRIDYGQLVE 
a7-1  603 LKPEV---------------------------------LRIKRMFFNQRNQQIVYNELIE 
a7-2  603 LKPEV---------------------------------IRIKRSLFNSGNQQMVYDDLVE 
 
a1-1  687 -------------------------------QNINSNLSNDDFVSKQSQHQSYIDIIVEH 
a1-2  691 -------------------------------QNMNSDSSNDDIISEQSQHTSYIDIIVEH 
a2-1  732 EKEKEQRRKQLEEQRLKEQVAEEDLQNDQPQKLLPKQPEKTGEHGHGHDEFDIGELAVHQ 
a2-2  734 EKEKELRRKQLEEQRLKEQAAEDDQLKDQPQQLLPKQPEKTGDHGHGHDEFDIGELAVHQ 
a3-1  639 YVPDED---------------PNPEQLQNDMQKEQSQPHSKVSVQQHNEHDDIGELIVHQ 
a3-2  639 QVPEED---------------PNPEQLQHDMQKEQSQPHSKLSIQQHNEHDDIGELIVHQ 
a5-1  685 EKQVSE---------------SDEDNNQQFQSDLQNAANLKSFSEQNKEEHDSGEIWVHQ 
a5-2  685 EKQVSD---------------IDDDNNSQFHNDLQNAANHKSFTEQNHEQHDSGEIWVHQ 
a6-1  673 EKQGSE---------------LEIDP-QQFRKDLQNAASSRSV-DHSEQDHDSGEIWVHQ 
a6-2  671 EKQGSE----------------DIDP-QQFRKDLQFAISSKSI-ELFEQEHDSGEIWVHQ 
a9-1  701 DLYQKI---------------NEDSEGTQEISEVHTEQSGGG-----GHHEEFGDIFVHQ 
a9-2  700 ELYQKI---------------NEDSEGTQENSEIHTEQSGGG-----GHHEEFGDIFVHQ 
a4-1  631 ---LQL-------QTIQDETQQEKSLLQTHDHNDLSPDEEFT------------ELIVHE 
a8-1  627 ESGVEM-------IQTSSYSHEQTDVKQ---NKELQDSKVQIQQKEHNSHLGIEDMIVHE 
a8-2  627 EPGIEM-------TQTHSYSHEQIDTKYGQPNGETQESTFFIKQK-NTSHQGIQDLIVHE 
a7-1  630 QEHGQI-------------------EQMKEEKHQLFGKLVESRAIKEEKHFDYSEVYIES 
a7-2  630 LEHAQV-------------------EVIKEEKNQMFGNLVGSRAIKEEKHFDFAEIYIES 
 
a1-1  716 LIETLEFVLGCISNTASYLRLWALSLAHSELAKVLFDLTLKEPIANADL---LASLLGMP 
a1-2  720 LIETLEFALGCISNTASYLRLWALSLAHSELAKVLFDLTLKDPIANANL---LASLVGMP 
a2-1  792 IIETIEFVLGSISNTASYLRLWALSLAHGQLAKVFFEKCIGAGIEDGNV---IVLVIGWP 
a2-2  794 IIETIEFVLGSISNTASYLRLWALSLAHGQLAKVFFEKCIGAGIEDGNV---IILVIGWP 
a3-1  684 SIETIEFVLGSVSNTASYLRLWALSLAHSQLAEVFFSMTIASHIGDGGFFGTLGSIVQFP 
a3-2  684 SIETIEFVLGSVSNTASYLRLWALSLAHSQLAEVFFSMTIASHIGEGGFFGTIGSVVQFP 
a5-1  730 MIETIEFVLGGISNTASYLRLWALSLAHGQLAEVFYDMCLAGKLDAGGILGGLLGGYFYI 
a5-2  730 MIETIEFVLGGISNTASYLRLWALSLAHGQLAEVFYDMCLAGKLDTGGIIGGFLGGYFYI 
a6-1  716 MIETIEFVLGGISNTASYLRLWALSLAHGQLAEVFYDMCLAGNLDMGGIMGGLMSGYFYI 
a6-2  713 MIETIEFVLGGISNTASYLRLWALSLAHGQLAEVFYDMCIAGKLDMGGIIGGLMSGYFYI 
a9-1  741 VIETIEFVLGSISNTASYLRLWALSLAHGQLAEVFFQMCLNGGISSGGFVGAIRLLIGYS 
a9-2  740 VIETIEFVLGSISNTASYLRLWALSLAHGQLAEVFFQMCLNGGISGGGFVGAIRLLIGYT 
a4-1  669 TIETIEFVLGVISNTASYLRLWALSLAHSQLADVFYSLILSSPMTEGSI---IGALLRYP 
a8-1  677 TIETLEYVLGVISNTASYLRLWALSLAHSQLSQVFFELLLVQPINHGQP---ISLMIGYP 
a8-2  679 TIETLEYVLGVISNTASYLRLWALSLAHSQLSEVFFELLLVQPINHGQP---ISLMIGFP 
a7-1  671 LIECIEFVLGAVSNTASYLRLWALSLAHSQLSEVFFKMSLEPQLQTGSI---VGICLTFT 
a7-2  671 LIECIEFVLGAVSNTASYLRLWALSLAHSQLSEVFFKMSLEPQLESGSV---IGICLTFM 
 
 
a1-1  773 AFLLSTFGILLCMDSMECFLHALRLHWVEFQSKFYKGNGYNFEIFSYRKEMKKYQDKMKT- 
a1-2  777 VFLLSTLGILLCMDSMECFLHALRLHWVEFQNKFYKGNGYNFEVFSYRKEMQKYQEKMKS- 
a2-1  849 VFLHCTIGVLMCMDLMECFLHALRLQWVEFQSKFYKADGIKFMPFSFKEVLTNQPKDQ--- 
a2-2  851 VFLHCTIGVLMCMDLMECFLHALRLQWVEFQGKFYKADGIKFMPFSFKEVLTNQPKDQ--- 
a3-1  744 GFALATFGVLMCMDLMECFLHALRLQWVEFQSKFYKADGYLFKAYSFTN-IKSNEQDD--- 
a3-2  744 GFALATFGVLMCMDLMECFLHALRLQWVEFQSKFYKADGYLFKAYSFTN-IKTNKEDD--- 
a5-1  790 VFALLTFGVLMTMDVMECFLHALRLHWVEFQNKFFKADGYLFNGYSYKKILNDNLKQANSK 
a5-2  790 IFALLTFGVLMTMDVMECFLHALRLHWVEFQNKFYKADGHLFNGYSYKKLLNDNLKSSNSK 
a6-1  776 VFALLTFGVLMMMDVMECFLHALRLHWVEFQSKFYKADGYLFVGFSYNKMLQEHLK----- 
a6-2  773 VFALLTFGVLMMMDVMECFLHALRLHWVEFQSKFYKADGYLFVGYSYNKILTEHLK----- 
a9-1  801 IFSMATFGVLMMMDVMECFLHALRLHWVEFQSKFFKADGYAFEKCSYAKVMQDNAVPKEE- 
a9-2  800 IFSMATFGVLMMMDVMECFLHALRLHWVEFQNKFFKADGYAFEKCSYAKVMQDNAVPKEE- 
a4-1  726 IWALVSFGVLMCMDTMECFLHSLRLHWVEFQNKFYKGDGVEFHVYSL-------------- 
a8-1  734 FWALITFGVLMCMDSMECFLHSLRLHWVEFQNKFFKGDGVQFKAYSFRDRIKDSINLESQ- 
a8-2  736 FWALITFGVLMCMDSMECFLHSLRLHWVEFQNKFYKGDGVQFKVFSFRDRIKESINLESQ- 
a7-1  728 IYALATFGVLMCMDTLECFLHSLRLHWVEFQSKFYKGDGHSFQRFNYLQFLDQKFQFSTRM 
a7-2  728 VYALATFGVLMCMDTLECFLHSLRLHWVEFQSKFYKGDGHNFQQFNYLHFLEQKFQFSTRM 
 
 

Supplementary material 1) The deduced protein sequences from the 17 a-subunit genes of 
Paramecium tetraurelia were aligned using ClustalW.  
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8.2.) Oligonucleotides for the amplification and cloning of P. tetraurelia synaptobrevin 

genes 
 

oligo name sequence gene 

gene specific oligos for amplification and cloning of macronuclear DNA and cDNA: 

synf1+XbaI 5’- GCGACTAGTAAGCTTATGCAATCATCTAATCCCCAG -3’ Ptsyb1-1 
synr1+XhoI 5’- GCGCTCGAGATCCGTCGTTACTACCAAAGCACCTATG -3’ Ptsyb1-1 
5’-XhoI-Syb1 5’- CCGCTCGAGATGCAATCATCTAATCCCCAG -3’ Ptsyb1-1 
5’-XhoI-Syb2 5’- CCGCTCGAGCCCAGATAATATATGCAGTCGTTG -3’ Ptsyb1-1 
5’Spe-Syb1b 5’- GGACTAGTAAGCTTATGTAATCATCAAATCCATAG -3’ Ptsyb1-2 
3’Xho-Syb1b 5’- CCGCTCGAGATCCATCGCTGCTACCAAAG -3’ Ptsyb1-2 
5’-XhoI-Syb2a 5’- CCGCTCGAGATGTCCTTGATTTATGCAGTCATTG -3’ Ptsyb2-1 
5’-XhoI-Syb2b 5’- CCGCTCGAGCAGTCATTGCAAGGGGAGTGG -3’ Ptsyb2-1 
5’-XhoI-Syb2c 5’- CCGCTCGAGATGTCCTTGATTTATGCAGTCATTGCAAGG -3’ Ptsyb2-1 
Synbr2ar 5’- GCGTCTAGATCAATAGAGAAAATAAATTACCAAAAAC -3’ Ptsyb2-1 
5’-Hind-Syb2 5’- CCCAAGCTTATGTCCTTGATTTATGCAG -3’ Ptsyb2-1 
3’-XhoI-Syb2 5’- CCGCTCGAGATCCATAGAGAAAATAAATTAC -3’ Ptsyb2-1 
5’-SpeI-Syb3 5’- GGACTAGTAAGCTTATGCCCTTGATTTATGCCG -3’ Ptsyb2-2 
3’-XhoI-Syb3 5’- CCGCTCGAGATCCATAGAGCAAATAAATG -3’ Ptsyb2-2 
Synbr3br 5’- CGCCTCGAGTTCTAAAAACGCAAAGGCAGTAGCT -3’ Ptsyb2-2 
Synbr3ar 5’- CCTGAAAATGTTAGAAGACAAGCAGT -3’ Ptsyb2-2 
5’-SpeI-Syb4 5’- GGACTAGTAAGCTTATGATTCTTTATACAATAATTTC -3’ Ptsyb3-1 
3’-XhoI-Syb4 5’- CCGCTCGAGAT CCAATTTGATAATAGATG -3’ Ptsyb3-1 
5’-XhoI-Syb4a 5’- CCGCTCGAGATGATTCTTTATACTTTAATTTCC -3’ Ptsyb3-1 
5’-Syb4b 5’- CAAAGGAAATCTAGTCTTGTCAG -3’ Ptsyb3-1 
3’-Syb4 5’- GAAATGCTGATTCGTTTAGGTC -3’ Ptsyb3-1 
Synbr4ar 5’- GCGTCTAGATTTGATAATAGATGTATAAGC -3’ Ptsyb3-1 
syb3-2-1fw-Xba 5’- GCTCTAGAATGATTTTTTTTATACCTCC -3’ Ptsyb3-2 
syb3-2-56fw 5’- AAAAATTATCTACTCCACTT -3’ Ptsyb3-2 
syb3-2-550rev 5’- ATTAAAATTATAGCATCAT -3’ Ptsyb3-2 
syb3-2-555rev-Xho 5’- CCGCTCGAGTATTTAATAATATATG -3’ Ptsyb3-2 
syb4-1-1fw-Xba 5’- GCTCTAGAATGATTCT ATTTTCAGC -3’ Ptsyb4-1 
syb4-1-644rev-Xho 5’- CCGCTCGAGTAAATATTTATCAAATTTAG -3’ Ptsyb4-1 
syb4-2-1fw-Spe 5’- GACTAGTATGATTCTATTTTCAGCTATTTCTAAAG -3’ Ptsyb4-2 
syb4-2-12fw-Spe 5’- GACTAGTCTAAAGGAACACTAATTTTT -3’ Ptsyb4-2 
syb4-2-394rev-Xho 5’- CGGCTCGAGTAGCACTCCAGCG -3’ Ptsyb4-2 
syb4-2-641rev-Xho 5’- CCGCTCGAGTAAATATCTATTAAATTAGC -3’ Ptsyb4-2 
syb5-1-1fw-Spe 5’- GACTAGTATGATATTACATACAATAATTG -3’ Ptsyb5-1 
syb5-1-597rev-Xho 5’- CCGCTCGAGTCAAGCATTTGTAA -3’ Ptsyb5-1 
syb5-1-628rev-Xho 5’- CCGCTCGAGTTTCAAAAATAATAATT -3’ Ptsyb5-1 
syb6-1-1fw-Xba 5’- GCTCTAGAATGTAATTAATAGCTGTGTTAATTG -3’ Ptsyb6-1 
syb6-1-1fw-StuI 5’- AAGGCCTATGTAATTAATAGCTGTGTTAATTG Ptsyb6-1 
syb6-rev-Xho 5’- CCGCTCGAGAAAAATTTCACAACAACTCTTTT -3’ Ptsyb6-1 

Ptsyb6-2 
syb6-2-1fw-Xba 5’- GCTCTAGAATGCAATTGATAGCTGTCTTG -3’ Ptsyb6-2 
syb7-1fw-Xba 5’- CGTCTAGAATGAGAATTATAGCAATGTACCTC -3’ Ptsyb7-1 

Ptsyb7-2 
syb7-1-950rev-Xho 5’- CCGCTCGAGATACAAACTACAACATTTGTTATTG -3’ Ptsyb7-1 
syb7-2-938rev-Xho 5’- CCGCTCGAGATACAAGCTGCAACATTTATTATTG -3’ Ptsyb7-2 
syb8-1-1fw-Xba 5’- CGTCTAGAATGTCGAATTCAATGAAATAC -3’ Ptsyb8-1 
syb8-1-905rev-Xho 5’- CCGCTCGAGATTGGATGCACTTACTTTTAT -3’ Ptsyb8-1 
syb9-1-1fw-Xba 5’- GCTCTAGAATGACATCTATAAAAGCAGTCCTG -3’ Ptsyb9-1 
syb9-1-12-fw 5’- AAAAGCAGTCCTGATTATTAGA -3’ Ptsyb9-1 
syb9-1-678rev 5’- AAGTTCATGAGATTATTGTTGG -3’ Ptsyb9-1 
syb9-1-847rev-Xho 5’- CCGCTCGAGTCAATTTGAAGCATTTATAGC -3’ Ptsyb9-1 
syb9-2-1fw-Xba 5’- CGTCTAGAATGACATCTATTAAAGCAGTCC -3’ Ptsyb9-2 
syb9-2-846rev-Xho 5’- CCGCTCGAGTCATCTTGAAACATTAATAAC -3’ Ptsyb9-2 

gene specific oligonucleotide primers for recombinant expression constructs (mutagenesis fo TAA and TGA 
stop codons): 
 
syb1-1f+NcoI 

 
5’- GCGCCATGGATGCAATCATCTAATCCCC -3’ 

 
Ptsyb1-1 

syb1-2f 5’- AAAAGTTAACCAACAAAATGC -3’ Ptsyb1-1 
syb1-2r 5’- GCATTTTGTTGGTTAACTTTT -3’ Ptsyb1-1 
syb1-3f 5’- TAT GAATTCCACATTTTAGTAGAAG -3’ Ptsyb1-1 
syb1-3r 5’- GTGGAATTCATATTGTTCATAG -3’ Ptsyb1-1 
syb1-4f 5’- GAAACAAAAATTCTTTTAAATGTTTACGCCATAATAAAG -

3’ 
Ptsyb1-1 
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syb1-4r 5’- CTTTATTATGGCGTAAACATTTAAAAGAATTTTTGTTTC -3’ Ptsyb1-1 
syb1-5f 5’- TCACAATTCTCTATCGAATAAAAGAACTAAA -3’ Ptsyb1-1 
syb1-5r 5’- TTTAGTTCTTTTATTCGATAGAGAATTGTGA -3’ Ptsyb1-1 
syb1-6f 5’- GATAAGCTTAGGATGGTATCCGATAACATTCAGCAAACC -

3’ 
Ptsyb1-1 

syb1-6r 5’- CCT AAGCTTATCTGCCTAGGGAGAATTATAATATTGAAT -
3’ 

Ptsyb1-1 

syb1-7f 5’- TAAAACTGATTAAATGGCTAT -3’ Ptsyb1-1 
syb1-7r 5’- ATAGCCATTTAATCAGTTTTA -3’ Ptsyb1-1 
syb1-8r+XhoI 5’- GCGCTCGAGCTTTTTGTTTCTCCACCACATTTGTCT -3’ Ptsyb1-1 
Syb1 5’- ATGTCCTTGATTTATGC -3’ Ptsyb2-1 
Syb2f 5’- GAAAAATTACAAAGGGAGAC -3’ Ptsyb2-1 
Syb2r 5’- GTCTCCCTTTGTAATTTTTC -3’ Ptsyb2-1 
Syb3f 5’- TTACATCAATCAAAATGGTT -3’ Ptsyb2-1 
Syb3r 5’- AACCATTTTGATTGATGTAA -3’ Ptsyb2-1 
Syb4f 5’- TCAAAGACCAGTTTTGT CAGC -3’ Ptsyb2-1 
Syb4r 5’- GCTGACAAAACT GGTCTTTGA -3’ Ptsyb2-1 
Syb5f 5’- CAAAATCAATTTAAAGAGTG -3’ Ptsyb2-1 
Syb5r 5’- CACTCTTTAAATTGATTTTG -3’ Ptsyb2-1 
Syb6f 5’- CCAGAGCAAGAAAAAATAGC -3’ Ptsyb2-1 
Syb6r 5’- GCTATTTTTTCTTGCTCTGG -3’ Ptsyb2-1 
Syb7f 5’- GATCAAATTTCGATTTTAGTCCATAACACT CAAA -3’ Ptsyb2-1 
Syb7r 5’- TTTGAGTGTTATGGACTAAAATCGAAATTTGATC -3’ Ptsyb2-1 
Syb8f 5’- GAACAGCAACACAAGTCAGACAAGA -3’ Ptsyb2-1 
Syb8r 5’- TCTTGTCTGACTTGTGTTGCTGTTC -3’ Ptsyb2-1 
Syb9r+XhoI 5’- CCGCTCGAGTTTTGTTTTTAATGCTCTAC -3’ Ptsyb2-1 
Syb3-1f 5’- GCGCCATGGGAATGATTCTTTATACTTTAATTTCC -3’ Ptsyb3-1 
Syb3-2f 5’- GCCCAATCAGCAAAAACAAATA -3’ Ptsyb3-1 
Syb3-2r 5’- TATTTGTTTTTGCT GATTGGGC -3’ Ptsyb3-1 
Syb3-3f 5’- ATAGT CAAAACAAAGAAAAGGC -3’ Ptsyb3-1 
Syb3-3r 5’- GCCTTTTCTTTGTTTTGACTAT -3’ Ptsyb3-1 
Syb3-4f 5’- CAATCAATTGGACCAAAAAGAC -3’ Ptsyb3-1 
Syb3-4r 5’- GTCTTTTTGGTCCAATTGATTG -3’ Ptsyb3-1 
Syb3-5r 5’- CGCCTCGAGTTTTCCTCCGAGTCTAAAT -3’ Ptsyb3-1 
syb6-1-mut1-fw-NcoI 5’- CCATGGATGCAATTAATAGCTGTG -3’ Ptsyb6-1 
syb6-1-mut2-fw 5’- GCCACATACAGATGGGTTACGG -3’ Ptsyb6-1 
syb6-1-mut2-rev 5’- CCGTAACCCATCT GTATGTGGC -3’ Ptsyb6-1 
syb6-1-mut3-fw 5’- CAAGCATTTCAGAAGAAAGTAGG -3’ Ptsyb6-1 
syb6-1-mut3-rev 5’- CCTACTTTCTTCT GAAATGCTTG -3’ Ptsyb6-1 
syb6-1-mut4-fw 5’- CAATTATTCCAAGAGTATCAAGATCC -3’ Ptsyb6-1 
syb6-1-mut4-rev 5’- GGATCTTGATACTCTTGGAATAATTG -3’ Ptsyb6-1 
syb6-1-mut5-fw 5’- GGTGATTTAGATCAATTAGTTGC -3’ Ptsyb6-1 
syb6-1-mut5-rev 5’- GCAACTAATTGATCTAAATCACC -3’ Ptsyb6-1 
syb6-1-mut6-fw 5’- GTTCTATAAACAATCTAAGGATATG -3’ Ptsyb6-1 
syb6-1-mut6-rev 5’- CATATCCTTAGATTGTTTATAGAAC -3’ Ptsyb6-1 
syb6-1-mut6-fw2 5’- GTGCTACTTGCACAAACCAAAGTG -3’ Ptsyb6-1 
syb6-1-mut6-rev2 5’- CACTTTGGTTTGTGCAAGTAGCAC -3’ Ptsyb6-1 
syb6-1-mut7-fw 5’- GGAAAGACAGGGTGATTTAGATCA -3’ Ptsyb6-1 
syb6-1-mut7-rev 5’- TGATCTAAATCACCCT GTCTTTCC -3’ Ptsyb6-1 
syb6-1-mut2-fw-NcoI 5’- CATGCCATGGGCCACATACAGATGGGTTACGG -3’ Ptsyb6-1 

Ptsyb6-2 
syb6-1-mut2-rev-Xho 5’- CCGCTCGAGCCGTAACCCATCT GTATGTGGC -3’ Ptsyb6-1 

Ptsyb6-2 
Non-homologous bases are indicated in italics, added restriction sites are shown in bold. 

 

8.3.) Oligonucleotides for the amplification and cloning of P. tetraurelia syntaxin genes 

Table A: Oligonucleotides used to study gene expression (cDNA) 
Oligonucleotide Sequence 

5'-HindIII-Syx1-1 5'-CCCAAGCTTATGGATGATCGATTGATTGAATTACATAAA-3' 
3'-XhoI-Syx1-1mut 5'-CCGCTCGAGATCCTGACGTCGCAACAAC-3' 
5'-HindIII-Syx1-2 5'-CCCAAGCTTATGGAAGATCGATTGATTTAATTACAAGAA-3' 
3'-XhoI-Syx1-2mut 5'-CCGCTCGAGATCCTGCTGTGGCAACTATAG-3' 
5'-HindIII-Syx2-1 5'-CCCAAGCTTATGAATGATCTATACTATTAGTTAAAAG-3' 
3'-XhoI-Syx2-1mut 5'-CCGCTCGAGATCCACCGCTACTTTTCACAAACTTC-3' 
5'Syx2-2 5'-AATAGAATTGATACCTTCCAATA-3' 
3'Syx2-2 5'-TTTTATTCCTTAGCTAATGCTTT-3' 
5'-HindIII-Syx3-1 5'-CCCAAGCTTATGGAGGATTGCTTATCTGAGATAAAGGGAATTG-3' 
3'-XhoI-Syx3-1mut 5'-CCGCTCGAGATCCCAAAGAGGTTCCTAAGAC-3' 
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5'-HindIII-Syx3-2 5'-CCCAAGCTTATGGAAGATTGTTTATTTGAGATTAAGGGAGCAG-3' 
3'-XhoI-Syx3-2mut 5'-CCGCTCGAGATCCTAAGGAAGTTCCTAAAATAGG-3' 
5’HindIII-Syx4-1 5'-CCCAAGCTTATGAGACAAAGTGTTGGAGTGATGAGGAATA-3' 
3'-XhoI-Syx4-1mut 5'-CCGCTCGAGATCCACTTGAATATTTTATTGTTAAT -3' 
5'-HindIII-Syx4-2 5'-CCCAAGCTTATGAACCAGACTTTAGGACTCTTAAAAAATAAAAC-3' 
3'-XhoI-Syx4-2mut 5’-CCGCTCGAGATCCACTTGAATATTTAATTACTAAAA-3’ 
5'-HindIII-Syx5-1 5'-CCCAAGCTTATGGAAATTGTAAGTTCCCAATACACAGATA-3' 
3'-XhoI-Syx5-1mut 5'-CCGCTCGAGATCCCAAAATAAACACAATGTAGA-3' 
5'Syx5-2 5'-AATGAAAGACTTTAGGAATTTCATA-3' 
3'Syx5-2 5'-TTTTTTGCATAGAAACCAGTTTTT-3' 
5'-SpeI-Syx6-1 5'-GGACTAGT AAGCTTATGCAAAGATCAATAGGTTATATTAAG-3'  
3'-XhoI-Syx6-1 5'-5'-GCGCTCGAGTCATAATAATGTATGTTTAATTAC-3'  
5'-Syx7-1 5'-ATGACTGATCTAGAAGAAAACC-3'  
3'-XhoI-Syx7-1mut 5'-CCGCTCGAGAT CCTTTTACAATAAATACAATAATC-3'  
5'Syx7-2 5'-TATTAAAACACAATTTTAAATTGAAT -3' 
3'Syx7-2 5'-ATTTAGTTAAACTGCTTCTCT TT-3' 
5'-HindIII-Syx8-1 5'-CCCAAGCTTATGGACATCACAGATAAATTTTTTTAAATAGCTGG-3’ 
3'-XhoI-Syx8-1mut 5'-CCGCTCGAGATCCAGCATTTATATAATCATAAATTAAC-3' 
5'-HindIII-Syx8-2 5'-CCCAAGCTTATGGATATCACATCTAGATTCATGAGCATG-3' 
3'-XhoI-Syx8-2mut 5'-CCGCTCGAGATCCAGCATGTATAAAATCATAAA-3' 
5'-Syx9-1 5'-GCATATTTCATTATTGAACAGTG-3' 
3'-XhoI-Syx9-1mut 5'-CCGCTCGAGAT CCCAATAATAAAATTAAAAGCAGAACC-3'    
5'Syx9-2 5'-ATTGATTAGCACAATGTCAATCAA-3' 
3'Syx9-2 5'-AAATTATTAGACATCCATCATTTATA-3' 
5'-PstI-Syx10-1 5'-GGCCTGCAGATGAGTAGTTAAGATCTTGAATTC-3'  
3'-Syx10-1 5'-GCCACAACGATAAGAATAATGC-3'  
5'Syx10-2 5'-AAAACATGACCATTTAAATGCTAAA-3' 
3'Syx10-2 5'-TTTTTGTTTGAAACGTTGATATTATT-3' 
5'-HindIII-Syx11-1 5'-CCCAAGCTTATGGAGGACAGCACATTTAATAAAC-3' 
3'-XhoI-Syx11-1mut 5'-CCGCTCGAGAT CCATGCAATTTTAGAACAAGAATTG-3' 
5'-SpeI-Syx12-1 5'-GGACTAGT AAGCTTATGAATTAACCTTTAATAAGCAAATAGAAC-3' 
3'- Syx12-1 5'-ATTGTCATCTTTATTTTTTTCTCG-3' 
5'- Syx13-1 5'-ATACTTGATAACAACACAGGAC-3' 
3'-XhoI-Syx13-1mut 5'-CCGCTCGAGAT CCCTTCCAATTGTAAATTAAAATTATAATC-3' 
5'-SpeI-Syx14-1 5'-GGACTAGT AAGCTTATGTCTGATACATATAGAACTG-3' 
3'-XhoI-Syx14-
1mut(C) 

5'-CCGCTCGAGAT CCTACAAAAAGAATAATCATTAC-3' 

5'Syx14-2 5'-AATTAAGATCTGACATACAGAAAA-3' 
3'Syx14-2 5'-ATTTACATTGATCATTTCCTTATTT-3' 
5'- Syx15-1 ATAGGATATGAATAAAAGGGAAC 
3'- Syx15-1 AGCAAAACACCAAAAATAACTAC 

    
 

Table B: Oligonucleotides used to amplify DNA for GFP tagging at the C-terminus (C) 
or N-terminus (N) 

GFP Oligonucleotide Sequence 

C 5'-HindIII-Syx1-1 5'-CCCAAGCTTATGGATGATCGATTGATTGAATTACATAAA-3' 
C 3'-XhoI-Syx1-1mut 5'-CCGCTCGAGATCCTGACGTCGCAACAAC-3' 
N 5'-NheI-Syx1-1 5'-GCGGCTAGCATGGATGATCGATTGATTGAATTAC-3' 
N 3'-XhoI-Syx1-1 5'-GCGCTCGAGTCATGACGTCGCAACAACTGGTCC-3' 
C 5'-HindIII-Syx1-2 5'-CCCAAGCTTATGGAAGATCGATTGATTTAATTACAAGAA-3' 
C 3'-XhoI-Syx1-2mut 5'-CCGCTCGAGATCCTGCTGTGGCAACTATAG-3' 
C 5'-HindIII-Syx2-1 5'-CCCAAGCTTATGAATGATCTATACTATTAGTTAAAAG-3' 
C 3'-XhoI-Syx2-1mut 5'-CCGCTCGAGATCCACCGCTACTTTTCACAAACTTC-3' 
C 5'-HindIII-Syx3-1 5'-CCCAAGCTTATGGAGGATTGCTTATCTGAGATAAAGGGAATTG-3' 
C 3'-XhoI-Syx3-1mut 5'-CCGCTCGAGATCCCAAAGAGGTTCCTAAGAC-3' 

 C 5'-SpeI-Syx3-2 5'-GGGACTAGTATGGAAGATTGTTTATTTGAGATTAAG-3' 
C 3'-XhoI-Syx3-2mut 5'-CCGCTCGAGATCCTAAGGAAGTTCCTAAAATAGG-3' 
C 5’HindIII-Syx4-1 5'-CCCAAGCTTATGAGACAAAGTGTTGGAGTGATGAGGAATA-3' 
C 3'-XhoI-Syx4-1mut 5'-CCGCTCGAGATCCACTTGAATATTTTATTGTTAAT -3' 
C 5'-PstI-Syx4-2 5'-GGCCTGCAGATGAACCAGACTTTAGGACTC-3' 
C 3'XhoI-Syx4-2mut 5’-CCGCTCGAGATCCACTTGAATATTTAATTACTAAAA-3’ 
C 5'-HindIII-Syx5-1 5'-CCCAAGCTTATGGAAATTGTAAGTTCCCAATACACAGATA-3' 
C 3'-XhoI-Syx5-1mut 5'-CCGCTCGAGATCCCAAAATAAACACAATGTAGA-3' 
N 5'-NheI-Syx5-1 5'-GCGGCTAGCATGGAAATTGTAAGTTCCCAATACAC-3' 
N 3'-XhoI-Syx5-1 5'-GCGCTCGAGTCACAAAATAAACACAATGTAGATAA-3' 
C 5'-SpeI-Syx6-1 5'-GGGACTAGTATGCAAAGATCAATAGGTTATATTAAG-3' 
C 3'-XhoI-Syx6-1mut 5’-CCGCTCGAGATCCTAATAATGTATGTTTAATTACAAAT -3' 
N 5'-SpeI-Syx6-1 5'-GGGACTAGTATGCAAAGATCAATAGGTTATATTAAG-3' 
N 3'-XhoI-Syx6-1 5'-GCGCTCGAGTCATAATAATGTATGTTTAATTAC-3' 
C 5'-PstI-Syx7-1 5'-GGCCTGCAGATGACTGATCTAGAAGAAAACC-3' 
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C 3'-XhoI-Syx7-1mut 5'-CCGCTCGAGAT CCTTTTACAATAAATACAATAATC-3' 
N 5'-NheI-Syx7-1 5'-GCGGCTAGCATGACTGATCTAGAAGAAAACCTC-3' 
N 3'-XhoI-Syx7-1 5'-GCGCTCGAGTCATTTTACAATAAATACAATAATC-3' 
C 5'-SpeI-Syx7-2 5'-GGACTAGTAAGCTTATGTCTTAACTTGAGTAAATTCTTCTATC-3' 
C 3'-XhoI-Syx7-2mut 5'-CCGCTCGAGAT CCATAGATTGAGATAAGTAAAATTATC-3' 
C 5'-HindIII-Syx8-1 5'-CCCAAGCTTATGGACATCACAGATAAATTTTTTTAAATAGCTGG-

3’ 
C 3'-XhoI-Syx8-1mut 5'-CCGCTCGAGATCCAGCATTTATATAATCATAAATTAAC-3' 
N 5'-SpeI-Syx8-1 5'-GGGACTAGTATGGACATCACAGATAAATTTTTTTAAA-3' 
N 3'-XhoI-Syx8-1 5'-GCGCTCGAGTCAAGCATTTATATAATCATAAATT-3' 
C 5'-SpeI-Syx8-2 5'-GGACTAGTATGGATATCACATCTAGATTC-3' 
C 3'-XhoI-Syx8-2mut 5'-CCGCTCGAGATCCAGCATGTATAAAATCATAAA-3' 
C 5'-SpeI-Syx9-1 5'-GGACTAGT AAGCTTATGAGCGATCTGCATATTTCATTATTG-3' 
C 3'-XhoI-Syx9-1mut 5'-CCGCTCGAGAT CCCAATAATAAAATTAAAAGCAGAACC-3'   
N 5'-SpeI-Syx9-1 5'-GGACTAGT AAGCTTATGAGCGATCTGCATATTTCATTATTG-3' 
N 3'-XhoI-Syx9-1 5'-GCGCTCGAGTCACAATAATAAAATTAAAAGCAG-3' 
C 5'-SpeI-Syx9-2 5'-GGACTAGT AAGCTTATGAGTGATCTTCATACATCATTATTG-3' 
C 3'-XhoI-Syx9-2mut 5'-CCGCTCGAGAT CCCAATAATAAAATTAATAACAAAAC-3' 
C 5'-PstI-Syx10-1 5'-GGCCTGCAGATGAGTAGTTAAGATCTTGAATTC-3'  
C 3'-XhoI-Syx10-1mut 5'-CCGCTCGAGAT CCAATCAACTTAACACAAACTAC-3' 
C 5'-HindIII-Syx11-1 5'-CCCAAGCTTATGGAGGACAGCACATTTAATAAAC-3' 
C 3'-XhoI-Syx11-1mut 5'-CCGCTCGAGAT CCATGCAATTTTAGAACAAGAATTG-3' 
C 5'-SpeI-Syx12-1 5'-GGACTAGT AAGCTTATGAATTAACCTTTAATAAGCAAATAGAAC-

3' 
C 3'-XhoI-Syx12-1mut 5'-CCGCTCGAGAT CCTACATTGATTAGTTTGATTAATAAAC-3' 
C 5'-PstI-Syx13-1 5'-GGCCTGCAGATGACATTAATGATCTATTAGATCAAGAG-3' 
C 3'-XhoI-Syx13-1mut 5'-CCGCTCGAGAT CCCTTCCAATTGTAAATTAAAATTATAATC-3' 
N 5'-PstI-Syx13-1 5'-GGCCTGCAGATGACATTAATGATCTATTAGATCAAGAG-3' 
N 3'-XhoI-Syx13-1 5'-GCGCTCGAGTCACTTCCAATTGTAAATTAAAATTA-3' 
C 5'-SpeI-Syx14-1 5'-GGACTAGT AAGCTTATGTCTGATACATATAGAACTG-3' 
C 3'-XhoI-Syx14-1mut 5'-CCGCTCGAGAT CCTACAAAAAGAATAATCATTAC-3' 
C 5'-SpeI-Syx15-1 5'-GGACTAGT AAGCTTATGAGTTTGTATCTCAAAATATTTG-3' 
C 3'-XhoI-Syx15-1mut 5'-CCGCTCGAGAT CCTGTTAATGCCCACCATAG-3' 
N 5'-SpeI-Syx15-1 5'-GGACTAGT AAGCTTATGAGTTTGTATCTCAAAATATTTG-3' 
N 3'-XhoI-Syx15-1 5'-GCGCTCGAGTCATGTTAATGCCCACCATAG-3' 

 
Table C: Oligonucleotides used to amplify DNA for the gene silencing vector 

Oligonucleotide Sequence 

 5'-XbaI-Syx1-1 5'-GCTCTAGAGATCCGATTAGAGTTGTCAC-3' 
 3'-XhoI-Syx1-1 5'-CCGCTCGAGTCTGAGGCATTTTCATCTAAG-3' 
 5'-XbaI-Syx1-2 5'-GCTCTAGAGACAACTCTTTTTCCTCTTAG-3' 
 3'-XhoI-Syx1-2 5'-CCGCTCGAGCATCGCTTCCTTTATTTATTTAC-3' 
 5’-HindIII-Syx2-1 5’-CCCAAGCTTATGAATGATCTATACTATTAGTTAAAAG-3’ 
 3’-XhoI-Syx2-1mut 5’-CCGCTCGAGATCCACCGCTACTTTTCACAAACTTC-3’ 
 5'-XbaI-Syx2-1 5'-GCTCTAGACAGCTATATATATAGAATCAAT-3' 
 3'-XhoI-Syx2-1 5'-CCGCTCGAGTAGCAATACTTATCTTTTCAT -3' 
 5'-XbaI-Syx3-1 5'-GCTCTAGATAGATCTGAGGCTGAGTAAG-3' 
 3'-XhoI-Syx3-1 5'-CCGCTCGAGGCTTGTCTTTTTATCTTGTTCC-3' 
 5'-Xba-Syx4-1 5'-GCTCTAGAGGCGTTGGCATAATAAATC-3' 
 3'-XhoI-Syx4-1 5'-CCGCTCGAGGTCATCGTACATCTACTCTTC-3' 
 5'-XbaI-Syx5-1 5'-GCTCTAGACAATCTTTGATTTTGTTCAGC-3' 
 3'-XhoI-Syx5-1 5'-CCGCTCGAGCAACATAGATTCGATTTTCTG-3' 
 5'-XbaI-Syx6-1 5'-GCTCTAGAGATGTTGGGCCAAAAGCAC-3' 
 3'-XhoI-Syx6-1 5'-CCGCTCGAGCAACTTTAAAGTTTTATGCTGG-3' 
 5'-XbaI-Syx8-1 5'-GCTCTAGAAAGGGTATTTAAGAGATGCTG-3' 
 3'-XhoI-Syx8-1 5'-CCGCTCGAGCTTTCATTTCATTATCGTATTTC-3' 
 5'-XbaI-Syx14-1 5'-GCTCTAGAATAGGTCTAATGGGGGTAAGC-3' 
 3'-XhoI-Syx14-1 5'-CCGCTCGAGAGATATAGGCAACAGTAGGATGA-3' 

  
 

Table D: Oligonucleotides for heterologous expression 
His6-Syx1-1: I82-I210 

5'NcoI-Syx1-1mut 5'-CATGCCATGGAGATTATGGCCCAAAATCAACAATATAGTAAC-3' 
3'Syx1-1mut 5'-GATCTTCGTTTGCCTCCTAATTTTCTC -3' 
5'Syx1-1mut 5'-GAGAAAATTAGGAGGCAAACGAAGATC-3' 
3'Syx1-1mut 5'-GTAATAATTGCGTTGCTTTTTGTGGATC-3' 

5'Syx1-1mut 5'-GATCCACAAAAAGCAACGCAATTATTAC-3' 
3'XhoI-Syx1-1mut 5'-CCGCTCGAGTATATCTTTGTATTTCTCCT GTATATCTGAG-3’ 
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Chapter 9 

Summary of the dissertation "Molecular biological, structural and functional analysis 

concerning the mechanism of membrane fusion in Paramecium cells" 

 

At the moment two models of the fusion of biological membranes exist in the scientifique 

literature. i.) The basis of the SNARE-hypothesis (Soluble NSF Attachment Protein 

Receceptors) is that membrane-anchored protein complexes between opposing membranes 

can drive mixing between lipids of the different membranes, induce hemi-fusion 

intermediates and lead to membrane fusion. Central in this hypothesis are the SNARE-

proteins syntaxin, synaptobrevin and SNAP-25. ii.) In the pore-hypothesis a proteinacious 

pore that spans two opposing membranes is postulated to mediate fusion. Lipids are thought 

to invade the pore, leading to a lipid filled protein channel connecting the two membranes. 

Dissociation and lateral diffusion of the pore subunits is assumed to complete the fusion 

reaction. In the pore hypothesis the transmembraneous part (V0) of the vacuolar ATPase (V-

ATPase) is currently discussed as fusogene. 

A goal of this thesis was to identify in the genome project of the ciliate Paramecium 

tetraurelia all the genes encoding SNAREs and the V0-sector of the V-ATPase and to analyse 

some of the genes in more detail. The first goal was to test whether it was possible to find 

hints about the participation of V0 in the exocytosis of dense core secretory granules 

(trichocysts) in Paramecium. The second goal was to identify SNARE-proteins that may be 

involved in the exocytosis of trichocysts.  

During this thesis in collaboration with co-workers of the Plattner laboratory at the University 

of Konstanz, Germany, and the Cohen lab at the CNRS in Gif-sur-Yvette, France, almost all 

genes of the V-ATPase could be identified. Six c-subunit genes of V0 and two F-subunit 

genes of V1 were investigated in more detail by using green fluorescent protein (GFP) 

localization techniques and a functional approach by using RNA interference (RNAi). The 

results of the study are published in Wassmer et al., (2005, Chapter 2). Further works on the 

a-subunit of V0 showed that this subunit is encoded by 17 genes whose products are targeted 

to widely different compartments (Wassmer et al., 2005, submitted, Chapter 3). At established 

membrane fusion sites no V0-subunits could be detected, so from the two manuscripts it can 

be concluded that a participation of V0 in membrane fusion in Paramecium is highly unlikely. 

Furthermore, during this thesis 15 synaptobrevin- and 26 syntaxin-encoding genes could be 

indentified. In phylogenetic studies, localization using GFP/isoform-specific antibodies and 

functional tests using RNAi many SNARE genes could be attributed to different trafficking 
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pathways in the Paramecium cell (Schilde et al., 2005, submitted, Chapter 4). Within the 

syntaxins, one could be identified whose gene product is localized in the plasma membrane. 

This result will allow a closer characterization of the role of syntaxin in regulated exocytosis 

in the future (Kissmehl et al., 20005, in preparation, Chapter 5). 

 

Zusammenfassung der Dissertation "Molekularbiologische, strukturelle und 

funktionelle Analysen zum Mechanismus der Membranfusion in Paramecium-Zellen" 

 

Im Moment existieren zwei konkurierende Modelle der Fusion zweier biologischer 

Membranen in der Literatur. i.) In der sogenannten "SNARE"-Hypothese (Soluble NSF 

Attachment Protein Receceptors) geht man davon aus, daß Transmembranproteine, die sich in 

den zu verschmelzenden Membranen befinden, Proteinkomplexe ausbilden können die zur 

räumlichen Annäherung der benachbarten Membranen, der Ausbildung von 

Lipidhemifusionen und schließlich der kompletten Membranfusion führen. Zentral in der 

SNARE-Hypothese sind die SNARE-Proteine, die sich in Syntaxine, Synaptobrevine und 

SNAP-25 einteilen lassen. ii.) In der Porenhypothese wird postuliert, daß eine durchgängige 

Proteinpore die beiden zu fusionierenden Membranen durchspannt. In diese Proteinpore 

wandern Lipide zur Ausbildung eines Lipidkanals ein, laterale Diffusion der 

Porenuntereinheiten soll die komplette Fusion einleiten. In der Porenhypothese wird der 

Transmembranteil der vakuolären ATPase (V-ATPase) als Fusogen diskutiert.  

Ein Ziel dieser Doktorarbeit war, im voranschreitenden Genomprojekt des Ciliaten 

Paramecium tetraurelia möglichst alle Gene der SNAREs und des V0-Teils der vakuolären 

ATPase zu identifizieren und ausgewählte Gene im Detail zu analysieren. Ein Hauptziel war 

zu testen, ob sich Beweise für die Porenhypothese mit V0 als Porenbildner in Paramecium 

finden lassen. Dies galt es vor allem in Bezug auf die kontrollierte Exocytose der 

Sekretorganellen von Paramecium (Trichocysten) zu testen. Das zweite Hauptziel war, 

Kandidaten innerhalb der SNAREs zu identifizieren, die bei der Trichocystenexocytose eine 

Rolle spielen könnten.  

Während dieser Doktorarbeit, die in Kooperation mit Mitarbeitern des Lehrstuhl Plattner and 

der Universität Konstanz und des Labor Cohen am CNRS Gif-sur-Yvette durchgeführt wurde, 

konnten fast alle Gene der V-ATPase identifiziert werden. Sechs Gene der c-Untereinheiten 

des V0-Teils und zwei Gene des V1-Teils der ATPase wurden im Detail analysiert, speziell in 

Bezug auf Lokalisierung unter Verwendung des "Green-fluorescent-protein" und  funktionelle 

Bedeutung mit RNAi (RNA interference), die Ergebnisse wurden in Wassmer et al., (2005, 
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Chapter 2) publiziert. Die weitere Arbeit an a-Untereinheiten von V0 zeigte, daß diese 

Untereinheit von 17 verschiedenen Genen kodiert wird, deren Genprodukte in der 

Paramecium-Zelle stark unterschiedlich positioniert sind (Wassmer et al., eingereicht; 

Chapter 3). An etablierten Membranfusionsstellen konnten diese Untereinheiten aber nicht 

gefunden werden. Deshalb kann aus diesen beiden Arbeiten zusammenfassend geschlossen 

werden, daß es sehr unwahrscheinlich ist, daß V0 in der Membranfusion in Paramecium eine 

allgemeine Rolle spielt. 

Während dieser Doktorarbeit konnten 15 Synaptobrevingene und 26 Syntaxingene 

identifiziert werden. In phylogenetischen Studien, Lokalisierung vermittels GFP oder 

genspezifischen Antikörpern und funktionellen Tests unter RNAi-Verwendung konnten 

zahlreiche der SNARE-Gene verschiedenen Transportrouten der Paramecium-Zelle 

zugewiesen werden (Schilde et al., eingereicht; Chapter 4). Innerhalb der Syntaxine konnte 

eines identifiziert werden, dessen Genprodukt an der Plasmamembran vorkommt. Dieser 

Befund wird die engere Charakterisierung der Rolle von Syntaxin in der kontrollierten 

Exocytose von Trichocysten ermöglichen (Kissmehl et al., in Vorbereitung; Chapter 5).  
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