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Chapter 1

Introduction

1.1.) Paramecium tetraurelia

Paramecium tetraurelia is a small unicellular organism that is often found in water containing 

bacteria and decaying organic matter. Paramecia belong to the phylum Ciliophora. Despite 

their great genetic diversity, the members of this phylum (ciliates) remain united by two 

characteristics: their external covering of continuously beating cilia, used for swimming or 

crawling and for phagocytotic food capture, and the presence of nuclear dimorphism. A 

Paramecium cell must perform all the same functions as a multicellular organism without the 

luxury of labor division amongst specialized cells, and it is their ability to fulfill these 

requirements along with their elaborate ultrastructure which places them among the 

functionally most complex cells.

Fig 1. The structure of a Paramecium. The cell membrane is covered with rows of cilia. Along the oral groove, 

they beat rhythmically to wash food towards the oral vestibule and then to the buccal cavity. The buccal cavity 

terminates at the cytostome where the food is packaged in special food vacuoles for digestion. At the cytoproct, 

indigestible rests are released by exocytosis. In a precise pattern, trichocysts are attached to the plasma 

membrane. Osmoregulation is executed by two contractile vacuoles complexes. Like all ciliates, Paramecium

has two types of nuclei. The polyploid macronucleus maintains cell growth and function by producing 

messenger RNA. The micronucleus is located close to the macronucleus, is involved in inheritance of genetic 

material during sexual reproduction and is only diploid. Note the difference in the shape of the two ends of the 

cell. The blunter end is anterior and the slightly pointed, broader end is posterior. Paramecium swims with the 

anterior end forward (from Vickerman and Cox, 1967).

1.1.2.) Movement

The outer surface of Paramecium is covered with cilia. The cilia occur in longitudinal rows 

(kineties), connected by an underlying infraciliature of basal bodies and fibers. This highly 

organized pattern allows that hundreds of separate cilia can be coordinated in locomotion. 
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Paramecium moves by the action of these thousands of beating cilia. The speed of motion is 

about four times its own length (~100µm) per second. Since the frequency of the oral groove 

cilia is steadier than that of the somatic cilia, a Paramecium does not swim in a perfectly 

straight line. As it moves through the water it rotates, due to the oblique beat of its cilia, 

around its axis and small particles of debris and food are collected and swept into the gullet. If 

Paramecium comes across an obstacle, it stops, reverses the beating of the cilia, swims 

backwards, turns through an angle and moves forward again on a slightly different course.

1.1.3.) Feeding

Paramecium has a permanent feeding mechanism, consisting of a funnel-shaped gullet into 

which food is drawn by the combined action of cilia which cover the body and other cilia 

lining the gullet. They feed on small organisms such as bacteria and even other smaller 

protozoa. When Paramecium comes in contact with bacteria, highly organized rows of 

beating cilia lining the oral region move the food down to the cytopharynx where it becomes 

engulfed in a food vacuole by the process of phagocytosis. Food vacuoles created in this way 

merge with the cell's lysosomes which dump in enzymes to digest the bacteria. The vacuoles 

move through the cell while the various events of digestion occur sequentially. The pH of the 

vacuole changes as it moves through the cell. A Paramecium has several food vacuoles with 

bacteria at different stages of ingestion. Undigested material is expelled out of the anal pore 

(cytoproct) at the posterior end of the cell.

1.1.4.) Nuclear dimorphism

Ciliates are exceptional among the eukaryotes since they possess one macronucleus and at 

least one micronucleus, whereas most eukaryotes have just one DNA containing nucleus. This 

nuclear dimorphism is a characteristic of ciliates. Each individual has two types of nuclei. A

polyploid somatic nucleus (macronucleus) controls most of the metabolic functions of the 

organism. The macronucleus is the site for production of RNA; it participates in the day to 

day activities and assures transcriptional activity during vegetative cell growth and cell 

proliferation. At each sexual generation the macronucleus is destroyed and a new one is 

formed form the zygotic micronucleus by programmed rearrangements of the entire genome. 

The diploid germline nucleus (micronucleus) remains relatively dormant until the cell 

undergoes some type of sexual process; it is used for sexual exchange of DNA. This nuclear 

dualism imparts a unique twist on the inheritance patterns of Paramecium. 

Sequence analysis of genes of Paramecium, the related ciliate Tetrahymena and 

hypotrichs have revealed that the three codons TGA, TAG and TAA, which are universal stop 
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codons for nuclear genes in other eukaryotes, have evolved different codon meanings in 

ciliates (Harper and Jahn, 1989). In Paramecium, TAA and TAG code for glutamine (Caron 

and Meyer, 1985). That means that the only stop codon is TGA. 

1.1.5.) Reproduction

Paramecium has two means of reproduction, simple division and conjugation. 

A. Division. Under favorable conditions Paramecium, like other ciliates, usually 

reproduces by dividing in two by a process called binary fission. Fission results in two 

virtually identical individuals from one organism, each of which rapidly reforms any new 

structures required and increases in size. Paramecium divides transversely, splitting in two in 

the middle of the long axis of the organism. The macronucleus does not divide by mitosis;

rather it elongates and then splits in two, roughly one half going to each of the new daughter 

cells. The whole process may take place two or three times a day if conditions are right. This 

type of reproduction involves no exchange of genetic material and is a type of asexual 

reproduction. 

B. Conjugation. Under certain conditions, such as overcrowding or environmental 

stress, Paramecium turns from strictly asexual reproduction to sexual reproduction. Sexual 

reproduction involves two cells coming together to exchange nuclear material. Through a 

process called conjugation, two Paramecia line up side by side and fuse together. All but one 

of the cell's micronuclei disintegrate. Involving meiosis, this diploid micronucleus divides

into four haploid micronuclei. Three of these disintegrate, while one divides again to produce 

two swapping haploid micronuclei, one of which is exchanged during conjugation. The new 

micronucleus fuses with the old one. This new diploid micronucleus represents a combination 

of genetic material derived from the two genetically different individuals. The two cells then 

separate and continue to reproduce by simple division. 

1.1.6.) Osmoregulation

Paramecium typically lives in a hypotonic environment, which means that Paramecium has a 

higher concentration of materials inside the cell than present in the outside environment. 

Thus, water is constantly diffusing from the outside into the cell through the process of 

osmosis. Many single celled organisms use a combination of techniques for maintaining 

osmotic balance. In Paramecium, two contractile vacuoles eliminate water entering the cell 

and help maintain osmotic equilibrium. Each vacuole is surrounded be 6 to 10 radiating ducts 

which collect water and pump it into the central vacuoles. In turn, the central vacuole

contracts when it is full, forcing water to the outside of the cell. Paramecium must constantly 
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expell water as a means of balancing its salt concentration and to prevent the cell from 

becoming bloated with water and potentially bursting (Allen, 1988; Stock et al., 2002).

In addition, Paramecium and other Protista have a second technique for regulating 

osmotic balance which is the formation of crystals of salts. If the cytoplasm becomes 

excessively hypersonic, salts can be taken out of solution. Conversely if the cytoplasm 

becomes excessively dilute, Paramecium can release salts from these crystals to make the 

cytoplasm more hypersonic.

1.1.7.) Trichocysts

Embedded within the pellicle (a rigid outer covering that provides support for the cilia which 

project through it) are numerous (approximately 1000 per cell) thread-like structures (Fig. 2). 

These dense core secretory vesicles, the trichocysts, are synthesized through fusion and 

maturation of post-Golgi vesicles. After biogenesis as free granules within the cytoplasm, 

trichocysts have to be transported to their attachment site at the plasma membrane. 

Microfilaments of actin may play a role in the transport to the cell cortex and the recognition 

of the docking sites by trichocysts (Beisson and Rossignol, 1975; Plattner et al. 1982). The 

trichocysts can be fired out from the cell by exocytosis in a fraction of a second at the 

slightest mechanical or chemical stimulation. Discharged trichocysts elongate to long, sticky 

protein threads. The exact function of trichocysts is not known but it is thought they may be 

used for defense.

1.1.8.) Alveolar sacs

Alveolar sacs are subplasmalemmal 

calcium storage compartments (Stelly et 

al. 1991). They are tightly attached at a 

distance of only 15 nm to the cell 

membrane. The identity of the 

connections between the alveolar sac 

membrane and the plasma membrane is 

still unknown (Plattner et al., 1991; 

Plattner and Klauke, 2001). They are ~ 

100 nm wide and contain 43 mM Ca, 

which is almost identical to that in the 

sarcoplasmatic reticulum. Upon 

stimulation of exocytosis of trichocysts, 

Fig. 2. The organization of the Paramecium cortex. The 

cilia (ci) are arranged in precise rows. Their basal bodies 

(bb) are associated with kinetodesmal fibers (kd) which 

extend anteriorly. The complex pellicle includes alveoli 

(as) and is provided with trichocysts (tr) which can be 

discharged from the surface for defense (from Vickerman 

and Cox, 1967).
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~40% of the stored calcium is released within 80 ms. Several data support a store operated 

current-type mechanism (see below) for this rapid Ca
2+

 release in Paramecium (Hardt et al.,

1999; Plattner et al., 1997a; Mohamed et al., 2002). The alveolar sacs may be the protozoan 

equivalent of the sarcoplasmic reticulum of myocytes (Erxleben and Plattner, 1994). Together 

with the cilia and the trichocysts, they are part of the highly organized cortex of the 

Paramecium cell (Fig. 2).

1.2.) Calcium

Calcium is a ubiquitous intracellular second messenger. The concentration of cytosolic free 

calcium is critically important for the control of many essential cellular responses. The 

concentration of intracellular calcium [Ca
2+

]i is determined by a balance between reactions 

through which Ca
2+

 is introduced into the cytoplasm and reactions that remove it by the 

combined action of buffers, pumps and exchangers. Changes in the concentration of cytosolic 

free calcium play a central role in the regulation of specialized functions like excitability, 

muscle contraction or neurotransmitter release, while also regulating universal cellular 

activities such as metabolism, gene expression, cell proliferation and many other processes. In 

order to accommodate so many control functions, the mechanisms responsible for generating 

calcium signals are very diverse. The versatility of Ca
2+ 

signals in terms of speed, amplitude 

and spatio-temporal patterning emerges from the use of an extensive molecular repertoire of 

signaling components. Even more variations can be achieved through interactions of Ca
2+

with other signaling pathways.
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Fig. 3. Mechanisms of calcium signaling. Most of the cytosolic Ca
2+

 is 

inactive as it is bound to buffers. If a cell is stimulated by agonists upon 

specific receptor/ligand binding, the formation of second messengers is 

activated. Those induce the release of Ca
2+

 from internal stores 

(endoplasmic/sarcoplasmic reticulum ER/SR) through different receptors 

[IP
3
 receptor (IP

3
R), ryanodine receptor (RyR), NAADP receptor 

(NAADPR) or sphingosine 1-phosphate binding site (S1P-R)]. 

Extracellular agonists stimulate also the entry of extracellular Ca
2+

 through 

plasma membrane channels. To decrease the [Ca
2+

] back to the resting 

level, Ca
2+

 is removed from the cytosol by various pumps and exchangers, 

both into internal stores and to the outside. The Na
+

/Ca
2+

 exchanger 

(NCX) and the plasma membrane Ca
2+

 ATPase (PMCA) extrude Ca
2+

from the cytosol, the sarcoendoplasmic reticulum Ca
2+

-ATPase (SERCA) 

pumps Ca
2+

 back to the ER/SR. During the Ca
2+

 signal mitochondria 

sequester Ca
2+

 through a uniporter. It is released slowly into the cytoplasm 

through the NCX or the permeability transition pore (PTP; from Rosado et 

al., 2004).

1.2.1.) Calcium sources, receptors, and their activation

Elevations in [Ca
2+

]i could arise from Ca
2+

 entry via Ca
2+

 channels in the surface membrane, 

Ca
2+

release from internal stores, or both. This means there are two sources of signal calcium: 

external calcium and internal calcium stores (Berridge, 1996). The internal stores are held 

within the membrane systems of the endoplasmic reticulum (ER) or the equivalent organelle, 

the sarcoplasmatic reticulum (SR) of muscle cells. Calcium release from these stores is 

controlled by various channels, for example the inositol-1,4,5-trisphosphate receptor (IP3R) 

and ryanodine receptor (RyR) families. The principal activator of these channels is Ca
2+

 itself, 

or an expanding group of messengers, such as inositol-1,4,5-trisphhosphat (IP3), cyclic ADP 

ribose (cADPR) or nicotinic acid adenine dinucleotide phosphate (NAADP; Berridge et al.,

2000). The Ca
2+

 sensitivity of the channels enables the calcium released from one receptor to 

excite its neighbors, thereby igniting a regenerative wave capable of sweeping through the 
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cytoplasm. This Ca
2+

 induced Ca
2+

 release (CICR) is a central element of Ca
2+

signaling. For 

channels that control the entry of external Ca
2+

, a classification on the basis of their regulatory 

mechanism leads to three main entry channels: voltage-operated channels VOCs, receptor-

operated channels ROCs and store-operated channels SOCs (Berridge, 1996). VOCs and 

ROCs have different kinetic properties than SOCs as they usually provide brief bursts with 

high intensity whereas SOCs generate much smaller but sustained influx of calcium. This 

influx is called “capacitative Ca
2+

 entry” CCE. A synonym is store operated current SOC

(Elliott, 2001). To avoid confusion because of the same abbreviation, some prefer the terms 

“store-operated calcium channels” SOCC and “store-operated calcium entry” SOCE, which 

will be used in this thesis. The mechanism of SOCE is illustrated in Fig. 4. As the term “store-

operated current” indicates, SOCCs in the plasma membrane are activated through store

depletion. The mechanism underlying this process is yet unknown. Once a Ca
2+

 signal is 

generated, various Ca
2+

 sensitive processes translate this into a cellular response. Involved are 

numerous Ca
2+

-binding proteins, which can be divided into Ca
2+

 buffers and Ca
2+

 sensors, 

according to their main functions. The latter respond to an increase in Ca
2+

 by activating 

diverse processes.

Fig. 4. Mechanism of SOCE. The activation of a plasma membrane receptor which is coupled to a G 

protein leads to the production of IP
3
. IP

3
 activates the IP

3
 receptor in the ER, the calcium channel 

opens and stored Ca
2+

 is released. This store depletion activates SOC channels in the plasma membrane 

(PM) to open and causes Ca
2+

 influx form the extracellular space. Passive Ca
2+

 leak from the ER is 

counterbalanced by Ca
2+

 uptake by SERCA-type Ca
2+

-ATPase.

Once Ca
2+

 has carried out its signaling functions, it is rapidly removed from the 

cytoplasm not only by binding to cytosolic Ca
2+

-binding proteins, but also by various pumps 
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and exchangers. Ca
2+

 is as well extruded to the outside as it is pumped back into to the 

internal stores (Berridge et al., 2003). 

1.2.2.) Ca
2+

oscillations

Ca
2+

 signals are usually presented as brief spikes. When longer periods of signaling are 

necessary, spikes are repeated to give waves with different frequencies, ranging from 1-60 

seconds to 24 hours. There is substantial evidence to show distinct roles of different spatial 

and temporal patterns of intracellular free Ca
2+

 concentration in the regulation of cellular 

processes (Thomas et al., 1996). Especially Ca
2+

 oscillations, which are observed not only in 

excitable cells but also in non-excitable cells, are suggested to participate in cellular 

differentiation or proliferation (Berridge et al., 2002). Intracellular Ca
2+

 oscillations which 

arise from periodic release from intracellular stores can be manifest either as transient 

oscillations from a base-line Ca
2+

 level or as sinusoidal oscillations upon a raised plateau level 

of Ca
2+

 (Thomas et al., 1996).

1.2.3.) Activation of Ca
2+

 entry by store depletion

A major unsolved problem concerns the nature of the mechanism that couples store emptying 

to channel opening. Two general types of theory have been evoked to explain the activation of 

Ca
2+

 entry by store depletion. One suggestion is that depletion of Ca
2+

 from the intracellular 

stores is associated with the production of an intracellular messenger called calcium influx 

factor (CIF) which then diffuses to the membrane to open the SOCCs (Fig. 5A). 

An alternative theory, usually termed conformational coupling model, suggest 

intracellular stores located close to the membrane are physically coupled to the Ca
2+

 entry 

channels in the plasma membrane and that information is transferred more directly through 

the large cytoplasmic head of the IP3 receptor (Fig. 5B). When the IP3R channels open during 

intracellular Ca
2+

 release, the IP3R undergoes a conformational change that is transmitted to 

the SOCCs in the plasma membrane to induce the influx of external calcium. For that model 

to work, there is a need for a close physical association between the plasma membrane and 

underlying ER or other calcium stores to permit the IP3R to contact the SOCCs. A 

modification of this model - in recent publications called constitutive conformational coupling 

- is the de novo conformational coupling model (Fig. 5C). According to this model, membrane 

trafficking play a role in the activation of SOCC. Parts of the ER, which contain IP3 receptors 

and are initially slightly distant from the plasma membrane, would be transported to the 

plasma membrane for de novo protein coupling. Therefore, Ca
2+

 store depletion would lead to 

a dynamic and reversible conformational coupling between IP3 receptors and SOCCs (Rosado 
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et al., 2000). This coupling process is modulated by the actin cytoskeleton. It can impact the 

process in both facilitating and inhibitory ways. Cortical actin can act as a negative clamp that 

prevents coupling but also providing support for the coupling between IP3 receptors and 

SOCCs (Patterson et al., 1999; Venkatachalam et al., 2002; Rosado et al., 2005). 

Another, quite similar model where the actin cytoskeleton plays a key role is the 

secretion-like coupling model (Fig. 5D). This mechanism is suggested to involve a physical 

and reversible interaction between the endoplasmic reticulum and the plasma membrane, 

which is based on trafficking, likely to involve a GTP-dependent step (Rosado and Sage, 

2000), of the ER towards the plasma membrane.

Fig. 5. Possible models for store-operated Ca
2+

 entry. (A) Agonist binding results, via the generation of IP
3
, in 

the depletion of Ca
2+

 stores, which activate the release of CIF which opens the SOC channels in the plasma 

membrane. (B) A permanent and direct coupling between the IP
3
 receptor and the SOC channel is affected by a 

conformational change of the IP
3
 receptor upon store depletion. (C) An interaction between the IP

3
 receptor and 

the SOC channel only takes place after depletion of the stores, when parts of the Ca
2+ 

stores are translocated 

towards the plasma membrane. (D) Mobilization of the stores causes fusion of vesicles containing SOC channels 

with the plasma membrane. G, heterodimeric G-protein; PLC, phospholipase C (from Rosado et al., 2005).
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1.3.) Purinergic activation of Paramecium cells

Single-cell, motile life forms are able to detect nutrients and ions in their extracellular 

environments which give them the chance to move to sites with optimal conditions. Likewise, 

unsuitable conditions can be avoided. Paramecium switch from predominantly forward 

swimming to an unusual pattern of repetitive bouts of backward and forward jerks with 

transition periods of whirling, which serve to re-orient the cells. This directs them away from 

the condition that elicited their response (Jennings, 1976). As it is a biased random walk 

instead of an oriented movement, this behavioral response is defined more as a chemokinetic 

response than a chemotaxis (VanHouten, 1978).

The purine nucleotide guanosine 5’-triphosphate (GTP), when added to the extracellular 

medium at micromolar concentrations, is actively avoided by Paramecium cells by producing 

avoiding reactions. Paramecium responds to GTP with periodic episodes of prolonged 

backward swimming, called continuous ciliary reversal (CCR, Clark et al., 1992). A CCR has 

a frequency of around 5/min, persisting for about 10 minutes. Pharmacologically, it is a 

unique response to GTP. While ATP is 1,000-fold less potent, other nucleotides such as CTP, 

XTP, UTP and ITP cause no backward swimming. The specificity of the response suggests 

that it is likely that a receptor in the cell membrane allows Paramecium to recognize the 

presence of this nucleotide and mediates the nucleotide signal transduction (Clark et al.,

1993). When Paramecia are exposed to GTP while recording membrane potential, the 

repetitive bouts of CCR are consistent with oscillating membrane depolarizations and 

repolarisations (Clark et al., 1996). 

The swimming behavior of Paramecium is tightly coupled to the electrophysiological 

state of the membrane. It has been shown that intraciliary Ca
2+

 is the link between membrane 

depolarizations and changes in swimming behavior (Eckert, 1972; Kung, 1971). 

Electrophysiologically, each avoiding reaction is accompanied by a Ca
2+

-based action 

potential. Membrane depolarizations cause voltage-dependent Ca
2+

-channels present in the 

ciliary membrane to open. This produces graded Ca
2+

-based action potentials and consequent 

inward Ca
2+

 currents. The rise in intraciliary free Ca
2+

 causes the beat frequency to slow 

down. When the free Ca
2+

 exceeds 10
-6

 M the cilia reverse their power stroke (Machemer and 

Ogura, 1980). Therefore, if the generated somatic depolarization is strong enough, the cell 

whirls or swims backwards. Thus, binding of extracellular GTP to a putative surface receptor 

in Paramecium causes change in somatic membrane ion conductance to depolarize the cell to 

a threshold level, and thus generates action potentials and avoiding reactions (Hennessey,

2005).
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The initial Ca
2+

 signal upon GTP may be amplified by release of Ca
2+

 from internal 

stores. However, it could also be possible that there is a receptor-mediated release of Ca
2+

from internal stores without Ca
2+

 influx (Hennessey, 2005). Previous studies on metazoa have 

suggested that contributions to oscillations in intracellular Ca
2+

can come from the 

extracellular space and/or from intracellular Ca
2+

stores (Tsien & Tsien, 1990). 

In Paramecium, the alveolar sacs accumulate Ca
2+

 in an ATP-dependent reaction (Stelly 

et al., 1991). Several inhibitors of sarcoplasmic/endoplasmic reticulum Ca
2+

-dependent 

ATPase (BHQ, CPA and thapsigargin) have been shown to alter the response to extracellular 

GTP at the behavioral and electrophysiological level. These finding suggest that sequestration 

and/or release of Ca
2+

 from internal stores may be involved in the repetitive CCRs seen in 

response to GTP (Wassenberg et al., 1997).

The first goal of this thesis was to investigate the Ca
2+

dynamics underlying the GTP 

response and to determine possible Ca
2+ 

sources using fluorochrome analysis. The results are 

presented in the manuscript “Ca
2+

 oscillations mediated by exogenous GTP in Paramecium 

cells: assessment of possible Ca
2+

 sources”.

Fig. 6. A model for the possible signal transduction in Paramecium upon stimulation with GTP. (1) 

GTP binding to a cell-surface receptor stimulates (2) the production of a yet unidentified second 

messenger “x” which (3) triggers release of Ca
2+

 from alveolar sacs. The raising of [Ca
2+

] activates 

Mg
2+

 and Na
+

 ion channels in the plasma membrane (4). The influx of one or both ions (5) 

depolarizes the plasma membrane (6) of the whole cell. Voltage-dependent Ca
2+ 

channels in the 

ciliary membrane open upon membrane depolarization and Ca
2+

streams into the cilia. The increase 

of ciliary Ca
2+ 

(7) leads to a reversal of the ciliary beat and consequently to backward swimming 

(8). Following this model, calcium oscillations could be generated by repeated passes of Ca
2+ 

increase upon “x” triggering Ca
2+

 release from alveolar sacs (a) until the [Ca
2+

] inhibits the Ca
2+ 

release channels (b), and a Ca
2+

 decrease due to the remove of Ca
2+

 from the cytosol by the SERCA 

pump (c). The abolishment of the inhibition induces another burst of Ca
2+

 from the alveoli (d). 

Model modified after Wassenberg et al., 1997.
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1.4.) Actin

Until the mid-1970’s actin was thought of as primarily a muscle protein. In muscle cells, actin 

is involved in myofibrillar construction: filamentous actin is the main component of the thin 

filaments in sarcomeres. In striated muscle cells, actin reaches a concentration of ~20% of the 

total protein amount (DosRemedios et al., 2003). By now it is known that actin is one of the 

most abundant proteins in all eukaryotic cells. Already in 1975 a study showed that the 

organization of actin in the cytoplasm was radically altered as cells became cancerous (Weber 

et al., 1975). In fact actin is the major component of the cytoskeletal system of nonmuscle 

cells, taking part in a multitude of biological functions. Actin is involved in different steps 

during mitosis (division-plane localization, chromosome segregation), secretion, endocytosis

and organelle transport; it determines cell shape, it is important for cytoplasmic streaming, 

cell motility and cell elongation, and actin filaments form cross-linked bundles, which provide 

mechanical support for various cellular structures and extensions (Reisler, 1993). In yeast, 

actin is essential for polarized cell growth (Novick and Botstein, 1985). All these processes 

rely on the property of the actin cytoskeleton to respond to a variety of cellular signals and 

reorganize spatially and temporally independent into a number of specific structures (see 

1.4.6). 

The elucidation of the amino acid sequence of actin provided a solid basis for all further 

actin research (Elzinga et al., 1973). In most eukaryotes, except the most primitive ones such 

as yeast, actin is encoded by a multigene family (Cleveland et al., 1980). A possible reason 

for this phenomenon is the important role of actin in cellular life. Mutations in actin would 

probably fatally interfere with many cellular processes. With multiple actin genes this 

problem is circumvented by redundancy. At the amino acid sequence level, the different actin 

isoforms produced by the members of one actin gene family are typically highly conserved, 

obviously due to their critical functional roles in cells (Villalobo et al., 2001). The slightly 

different proteins could be expressed in different tissues of an organism or at different stages 

during development. 

Primary structures of actins from different eukaryotic species exhibit unusual high 

sequence identities. The amino acid sequence for human cytoplasmic actins compared to actin 

in the simplest eukaryote, brewers yeast, showed only 39 amino acid differences (Genbank). 

Comparisons of actin from other low eukaryotes to humans revealed that actin has a 

remarkably conserved amino acid sequence, probably more than any other protein (Li and 

Graur, 1991, Reece et al., 1992). Such stringent conservation in such divergent life forms is 

inconvenient. One can conclude from this phenomenon that the cellular role of actin and its 
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conserved three-dimensional structure is of fundamental importance for the survival of the 

eukaryotic cell.

1.4.1.) Crystal structure of actin

Fig. 7. A schematic representation of the x-ray structures of an ATP-bound 

actin monomer. Each subdomain of G-actin is colored differently, and the 

subdomain definition as introduced by Holmes et al. is used. Subdomain I, 

including the N- and C-terminus (residues 1–32, 70–144, and 338–375), is 

colored cyan; subdomain II (residues 33–69) is colored tan; subdomain III 

(residues 145–180 and 270–337) is colored lime; and subdomain IV 

(residues 181–269) is colored mauve. ATP is bound in the cleft between the 

subdomains. The x-ray structures of G-ADP are very similar to those of G-

ATP except for the structure of the DNase I binding loop in subdomain II 

(see text). Residues 38–50 of subdomain II, including the DNase I binding 

loop of G-ADP, are overlaid with those of G-ATP and are shown in white

(from Chu and Voth, 2005).

Actin consists of a single polypeptide chain of about 375 residues and an approximate

molecular mass of nearly 43,000 Da. The amino acid sequence and biochemical properties of 

actin are highly conserved throughout evolution. First, crystallographic data indicated that the 

actin monomer is a globular protein consisting of two domains, called small and large 

domain, connected by a hinge region. Analysis with atomic resolutions (Kabsch et al., 1990) 

revealed that the two domains are not very different in size, with nearly equal numbers of 
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residues. Both, the amino- and carboxy-terminus of actin are located in the small domain 

which is made up of residues 1-144 and 338-375 (rabbit alpha-actin numbering). The large 

domain is built from residues 145-337. Each domain can be further subdivided into two 

subdomains. The small domain consists of subdomain 1 with the N- and C-terminus (residues 

1-32, 70-144, and 338-375) and subdomain 2 (residues 33-69). The large domain comprises 

subdomain 3 (residues 145-180 and 270-337) and subdomain 4 (residues 181-269). The 

course of the polypeptide chain is very similar in subdomains 1 and 3, each having a repeating 

motif comprising a five-stranded beta-sheet consisting of a beta-meander and a right-handed 

beta-alpha-beta unit flanked by several alpha-helices (Kabsch & Vandekerckhove, 1992).

About 40% of the structure is alpha-helical.

Subdomains 1 and 3 are thought to have evolved by duplication of an ancestral gene, 

and subdomains 2 and 4 may have been subsequently inserted into subdomains 1 and 3, 

respectively. The four subdomains are interconnected through a bound nucleotide and a metal 

ion residing in the cleft between the two domains (Kabsch et al., 1990). The tightly bound 

cation is directly associated with the phosphates of the nucleotide (Valentin-Rac et al., 1989). 

The nucleotide/cation complex is bound at the bottom of the cleft between subdomains 1 and 

3, with the adenosine base resting in a hydrophobic pocket formed between subdomains 3 and 

4. Theoretically, the four subdomains of actin can move independently or collectively, 

producing an opening and closing of the nucleotide cleft (Tirion et al., 1995). Allosteric 

interactions have been documented in the small domain between the DNase I loop 

(subdomain 2), the C terminus and the complex of the bound nucleotide and the tightly bound

metal ion (Kim et al., 1995). This dynamic feature of actin structure would be important not 

only for the transformation of the globular actin monomer to the filamentous actin monomer 

during actin polymerization but also for actin filament dynamics. Monomeric actin binds 1 

mol of ATP or ADP-Pi rather than ADP, which binds with lower affinity. In complex with the 

nucleotide, a divalent cation per mol of protein, either Mg
2+

 (Kd = 1.2nM) or Ca
2+

 (Kd = 0.12 

nM), binds to the cleft. Actin is an Mg
2+

-stimulated ATPase, with a single high affinity and 

several low affinity binding sites for divalent Mg
2+

. At low salt concentrations, in which actin

does not polymerize, the ATPase activity is low. 

The property of monomeric actin to assemble under physiological salt concentrations to 

filamentous actin has so far prevented the crystallization of the uncomplexed monomer. The 

above shown structures have been derived from complexes of actin with deoxyribonuclease I 

(DNase I), gelsolin and profilin, all proteins that prevent polymerization.
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1.4.2.) Actin isoforms

In vertebrates at least six actin isoforms are expressed in temporally and spatially regulated 

patterns. These highly conserved proteins have been classified by both their isoelectric point 

and primary tissue or ,

These three main actin isotypes (alpha, beta and gamma) show >90% amino-acid (aa) 

homology between isotypes and >98% homology within members of a particular isotypic 

group. The isoforms differ little in sequence but have distinct expression patterns. The 

majority of the isotype heterogeneity is located in the amino-terminal 30 amino acids. The -

actins, mostly expressed in muscle cells where they are a major constituent of the contractile 

apparatus, differ in a few (mostly four to six) amino acids. - and -actin, which are present in 

non-muscle cells, are different in just one amino acid and in 25 amino acids to -actin genes 

(Doolittle, 1992). The - and -actins co-exist in most cell types as components of the 

cytoskeleton and as mediators of internal cell motility. These cytoplasmic actins are 

evolutionary older than -actins and also found in all cells of lower eukaryotes. In plants there 

are many isoforms which are probably involved in a variety of functions such as cytoplasmic 

streaming, cell shape determination, tip growth, graviperception, cell wall deposition, etc

(Meagher and Williamson 1994; Meagher et al., 1999). The angiosperms contain complex and 

relatively highly divergent actin gene families comprising 8-40 genes (Bernatzky and 

Tanksley 1986a; Reece, McElroy, and Wu 1992; Moniz de Sa and Drouin 1996). More than 

100 actin genes are present in the petunia genome, but most of them are thought to be

pseudogenes (McLean et al. 1990).

The existence of multiple actin isoforms within tissues and even within a single cell 

suggests functional divergence among them. Actin isoforms exhibit different biophysical and 

biochemical properties under some experimental conditions in vitro (Allen et al., 1996; Just et 

al., 1994).

1.4.3.) Polymerization of actin monomers

Actin is a flexible molecule that exists in the cell as either a monomer, G-actin, or as a 

filamentous polymer, F-actin. In vitro, the former is obtained in low salt buffers while the 

latter is spontaneously formed upon addition of physiological concentrations of salt. G-actin 

provides the building blocks for filament assembly. The assembly of ATP-actin into filaments 

is initiated by a thermodynamically unfavorable nucleation step, in which two actin molecules 

must come together in a specific geometric conformation. As this dimer is more likely to 

rapidly dissociate to monomers than to assemble, several actin-binding proteins support that 
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nucleation step (see below). Addition of another monomer leads to a stable trimer, which is 

the nucleus for the elongation. Due to the arrangement of the asymmetric actin subunits in a 

specific orientation in the growing polymer, actin filaments have a polar structure. The ends 

of the filament are referred to as barbed and pointed according to the arrowhead-like 

appearance of myosin heads generated by decorating F-actin with heavy meromyosin or 

myosin subfragment 1 (S1). These ends correspond to exposed subdomains 1 and 3 and 

subdomains 2 and 4, respectively. 

Incorporation of actin monomers into filaments stimulates the actin ATPase. When an 

actin molecule is incorporated into the filament, bound ATP is hydrolyzed to ADP. 

Nucleotide hydrolysis is not essential for polymerization of actin, but it is required for the 

normal function of F-actin. ATP-actin is added at a faster rate at the barbed end as compared 

to the binding to the pointed end of the filament. Because of this difference in the 

polymerization rate at the two ends, the critical concentration of G-actin differs, too: at the 

pointed end it is higher than at the barbed end. This behavior leads to the phenomenon known 

as treadmilling (Fig. 8; Selve and Wegner, 1986). In this steady state, at a given concentration 

of free actin, a net loss of actin molecules at the pointed end and a simultaneous net gain of 

monomers at the barbed end can be observed. As both actions level each other, the net length 

of the filament does not change. But importantly, this phenomenon creates a net flow of 

individual actin monomers through the filament, with monomers newly incorporated at the 

barbed end being translocated to the other end and released there. This allows for dynamic 

turnover of actin filaments. 

Fig. 8. Treadmilling of actin filament. After incorporation from ATP-actin into the 

filament, the ATP is hydrolyzed to ADP. Net addition of ATP-actin at the plus end 

and net loss of ADP-actin at the minus end allows dynamic turnover of the actin 

filament (from Cooper 2000, The Cell, 2
nd

 Edition). 
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The release of phosphate after the hydrolysis of ATP to ADP of newly incorporated 

monomers proceeds more slowly than the formation of the filament. This leads to a cap of 

ATP-actin at the barbed end of the growing filament, carrying newly incorporated F-ATP 

subunits, while monomers containing ADP and phosphate transiently accumulate in the rest of 

the filament (Carlier et al., 1991). The hydrolysis during polymerization leads to a 

conformational change of the incorporated actin molecules and subsequent destabilization of 

the filament. These nucleotide-dependent allosteric changes might underlie the difference in 

the monomer-monomer affinity between ATP-monomers and ADP-monomers. Different 

studies have revealed that this conformational change is directly linked to subdomain 2, in 

particular the DNase- I-binding loop, and to the C-terminal area in subdomain 1 (Orlova and 

Egelman, 1992; Muhlrad et al., 1994). ADP-G-actin slowly but reversibly undergoes a 

conformational transition (Drewes & Faulstich 1991). Thus, the release of the inorganic 

phosphate is related to the destabilization of the filament and promotes its disassembly. ADP-

actin filaments exhibit also a higher susceptibility to depolymerizing proteins (Pollard et al.,

2000). The fact that these proteins can “distinguish” between ATP- and ADP-actin reinforces

the assumption that these two states are structurally different. Dissociated ADP-actin subunits 

rapidly exchange their bound ADP for ATP. 

As filaments are formed, the concentration of available monomers drops to the critical 

concentration of G-actin, the point at which the net rates of filament assembly and 

disassembly are equal. Below this critical concentration actin assembly cannot proceed and 

assembled filaments begin to depolymerize. The critical concentration in the cell is influenced 

by certain actin binding proteins and/or actin ligands. Judging from the polymerization 

properties of actin in vitro, most of the monomeric actin in cells must be sequestered by actin 

binding proteins and thereby reversibly hindered from assembling into filamentous actin. 

1.4.4.) Structure of the actin filament

Till now, the structure of the actin filament is not yet resolved at atomic resolution. Electron 

microscopy and X-ray fiber diffraction have shown that F-actin consists of two parallel 

protofilaments interwoven with each other to form a tow-start long-pitch double helix which 

is right-handed (Pollard et al., 2000). They are related to each other by an axial rise per 

monomer of 27.5 A and a rotation angle of -166.2° around the filament axis (Holmes et al., 

1990). The actin subunits in the two-start helix have an approximate 55 A spacing between 

center to center. The large domain of an actin monomer is located near the central axis of the 

filament, and the small domain is at a large radius from the filament axis. In the middle of the 

fiber, the density is low. The N-terminus of actin is well exposed at a large radius.
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In the filament, each actin subunit is 

surrounded by four others. Extensive 

interactions occur between molecules 

along the long-pitch actin helix. About 45 

residues are involved in actin-actin 

interactions. Subdomains 2 and 4 of one 

actin monomer have actin-actin interfaces 

interacting with subdomains 1 and 3 of 

the other actin monomer. A model by 

Egelman et al. (1982) suggested an 

unusual property for F-actin with incorporated actin monomers having the ability to rotate 

within the filaments, although the axial rise per subunit is quite fixed. 

According to the observations collected so far about the structure of the actin filament, 

it is considered not to be a rigid structural element, but as a dynamic, responsive structure. 

Depending on the isoform of actin, the type of bound nucleotide and cation, and the presence 

of other proteins bound to actin, it can exist in multiple conformations (DosRemedios et al., 

2003).

1.4.5.) Actin-binding proteins

Many processes important for the viability of eukaryotic cells depend upon the capacity of 

actin to be restructured in a controlled manner by polymerization, depolymerization, cross-

linking and anchorage. All motility processes involving actin are controlled by the interaction 

in the G- or the F-form with a large number of actin-binding proteins (abps). Actin 

remodeling is influenced in different ways, resulting in a variety of actin filament structures. 

More than 160 abps that can control filament dynamics and participate in the assembly, 

disassembly, and rearrangement of the cytoskeleton have been identified (DosRemedios et al.,

2003). These proteins are generally classified according to their effects on actin organization 

in vivo and in vitro. For instance, some abps connect the filaments with each other and form 

bundles or two- and three-dimensional web-like networks of F-actin (e.g. alpha-actinin). 

Other abps affect monomers by controlling sequestration or nucleotide exchange and thus 

maintain a pool of monomers in solution and hinder polymerization (e.g., profilin). There are 

abps that sever filaments and bind to the barbed ends, affecting F-actin turnover (e.g., 

gelsolin). Other abps control filament formation and stability by capping one of the ends of 

the filament (e.g., CapZ capping the barbed end, tropomodulin capping the pointed end of F-

actin), thereby preventing the incorporation of G-actin. Moreover, abps can bind to F-actin 

Fig. 9. Lorenz model of F-actin (Lorenz et al., 1997).



Introduction

23

and accelerate filament disassembly (e.g., ADF/cofilin) or move along the filaments (e.g. 

myosins). Finally, small GTPases and cellular signaling molecules control actin remodeling

by regulating the activities of abps and numerous direct and indirect effectors (Hartwig et al.,

1991; Vandekerckhove, 1990; DosRemedios et al., 2003).

The geometry and internal dynamics of actin filaments might be functionally important 

in the interaction between F-actin and many actin-binding proteins. In addition, it was also 

possible to recognize smaller entities as actin-binding domains, linking the actin-binding 

activities with cellular signals. This efficient protein machinery can provide a fast response to 

extracellular stimuli. This is required for the rapid polymerization or depolymerization of 

actin filaments in the cell, for example under the leading membrane edge. The inventory of 

discovered actin-binding proteins is still growing steadily. Most families of abps have been 

widely conserved over phylogeny, in both amino acid sequence and biochemical properties, 

and they can be found in diverse organisms from humans to yeast (Pollard et al., 2001). 

However, the protist abps described so far seem to be somehow different (Villalobo et al., 

2001; Morrissette and Sibley, 2002). The complexity of abps might well reflect the need of 

the cell to provide sufficient redundancy for maintaining crucial cellular functions. For 

instance, deletion of several actin regulatory proteins by mutagenesis often had no detectable 

effect on the cell, although those proteins were thought to be essential for actin organization 

and conserved throughout various species (Noegel and Schleicher, 1991). 

1.4.6.) Functional role of F-actin 

Although actin is a slow ATPase, the important function of it is not an enzymatic one. Even 

though it does inhibit DNase I and activate the myosin ATPase, actin has no relevant 

enzymatic activity. The momentous role of actin lies in its structural and dynamic role as a 

major component of the cytoskeleton in the cell. This property depends on its capacity to 

assemble and disassemble a variety of filamentous structures. Actin can form bundles or 

networks. In actin bundles, the filaments are parallel to each other by actin-bundling proteins.

Other abps cross-link actin filaments to different types of networks. Actin networks are 

continuously reorganized in cells that rapidly change their shape. The dynamics of actin 

filaments is of primary importance for actin functions in the cell. Rapid filament assembly and 

disassembly is required for quick remodeling of the actin cytoskeleton in response to 

changing stimuli. 

Actin filaments form an integral part of the structural framework that supports the 

plasma membrane of the cells while providing a platform for signaling and metabolic 

proteins. A variety of cellular organelles are held in place by the actin cytoskeleton, while on 
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the other hand the actin-driven process of cytoplasmic streaming is a well documented 

example of cytoskeleton-driven organelle movement (Fehrenbacher et al., 2003).

In addition to its structural role providing support for the cell, actin is also an important 

element in cellular motility. Movement of myosin along actin filaments produces force for 

muscle contraction, and amoeboid locomotion is brought about by the continuous assembly 

and disassembly of actin and myosin containing complexes in pseudopodia at the front end of 

a moving cell. Amoeboid cell motility plays a vital role in physiological and pathological 

processes ranging from embryonic development and immunological defense to tumor

metastasis. In protozoan parasites related to Paramecium, like Toxoplasma gondii, 

filamentous actin is essential for gliding motility and cellular invasion of the host cell 

(Dobrowolski and Sibley, 1996). The bacteria Listeria hijack the biochemical cell machinery 

to move within cells. It forms tails made from the host cell's actin and these tails are used to 

propel the bacteria throughout the cell.

The view on the role of actin during endo- and exocytosis has changed in the recent 

years. As the actin network beneath the plasma membrane, the cortical actin, was long 

thought to build a barrier for endo- or exocytotic vesicle trafficking, cortical actin patches are 

now considered an integral part of the endocytotic machinery (Yarar, 2003). Actin may 

provide the force for the movement of endocytotic vesicles into the cytosol (Ayscough, 2005).

In exocytotic systems, secretory granules were rapidly coated with F-actin during exocytosis, 

and it has been proposed that this actin coating facilitates the movement of granules across the 

actin network toward their fusion site (Valentijn et al., 2000, Nemoto et al., 2004). Intact actin 

filaments may be required for the transport of secretory graules to exocytotic sites (Oheim and 

Stuhmer, 2000; Lang et al., 2000). Actin also plays a role in the achievement of membrane 

homeostasis. The increased cell surface area, that results from stimulated exocytosis of large 

numbers of secretory vesicles, is compensated through endocytosis of membrane components.

Actin filaments are important in secretory membrane recycling by providing the force for the 

membrane invagination or the pinching of the endocytic vesicles (Jeng and Welch, 2001, 

Schafer, 2004).

Actin is also found in the nucleus, where actin rods, bundles and tubules have been 

described by a number of investigators. Numerous reports link nuclear actin to the 

phenomenon of chromatin remodeling (Olave et al., 2002), whereas new studies implicate a 

role of actin in telomere clustering (Trelles-Sticken et al., 2005). Actin also plays a role in the

mechanisms of nuclear positioning. Several proteins are discussed to play a role in the 

anchoring of nuclei, by directly or indirectly tethering the nuclear envelope to the actin

cytoskeleton (Starr and Han, 2003; Padmakumar et al., 2005).
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Various enzymes interact with actin. Together with the other components of the 

cytoskeleton, it may help to organize cellular processes in space as well as in time.

1.4.7.) Actin drugs

Actin binds about 30 ligands, including drugs and toxins. The most frequent approach to 

studies of actin participation in cell functions is manipulation of the cytoskeleton by actin-

specific drugs. They can act both as filament stabilizing or filament destabilizing agents. The 

best-established ones are phalloidins and cytochalasins (Cooper, 1987).

Cytochalasins. The cytochalasins are a group of membrane permeable fungal 

metabolites. These fungal toxins are related by chemical structure. All are characterized by a 

highly substituted hydrogenated isoindole ring to which is fused a macrocyclic ring which 

varies between the different cytochalasins. Cytochalasin A and B are metabolites of the 

fungus Drechslera (previously Helminthosporium) dematioideum; cytochalasin C and D are 

isomeric metabolites of Metarrhizium anisopliae, cytochalasin E is a metabolite of Rosellinia 

necatrix, and cytochalasin H and J are metabolites of Phomopsis paspali found on Paspalum 

scrobiculatum Linn.. Cytochalasins bind to the barbed end of actin filaments where the rapid 

polymerization takes place (Cooper, 1987). This prevents both association and dissociation of 

subunits at that end. The stoichiometry of binding is about one cytochalasin per actin filament 

(Flanagan and Lin, 1980). They inhibit polymerization of actin in response to cell activation,

but usually do not deplete cellular F-actin (Pendleton and Koffer, 2001). In addition to 

binding actin, cytochalasins A and B also inhibit monosaccharide and some other transport 

phenomena across the plasma membrane.

Phalloidin. Phalloidin is a bicyclic heptapeptide isolated from the poisonous mushroom 

Amanita phalloides. It binds to actin filaments in a 1:1 drug:actin protomer molar ratio 

(Steinmetz et al., 1998). But one phalloidin molecule interacts with more than one, most 

likely three, actin protomers in an actin filament (Oda et al., 2003). As a result, actin filaments 

became strongly stabilized. The equilibrium between filament and monomers shifts toward 

filaments, lowering the critical concentration for polymerization. Phalloidin is not permeant 

through the cell membrane. The phalloidin binding site was determined by Lorenz et al. in 

1993. The usage of a fluorescent derivate of phalloidin is a common approach to visualize the 

actin cytoskeleton of a cell without the use of specific antibodies.

Jasplakinolide. Originally jasplakinolide was isolated from marine sponge Jaspis

johnstoni. Chemically, it is a cyclo-depsipeptide containing a tripeptide moiety linked to a 

polypeptide chain. Jasplakinolide, hast a similar effect and binding site on F-actin as 

phalloidin, and is cell permeant (Bubb et al., 1994).
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Latrunculin A. The marine toxin latrunculin A is isolated from the Red Sea sponge 

Negombata magnifica. It is a macrolide attached to a 2-thiazolidinone moiety. With 

monomeric actin, it forms 1:1 stoichiometric complexes which do not participate in the 

elongation of actin filaments (Yarmola et al., 2000). The observed effect is a 

depolymerization of actin filaments consequent to sequestration of monomeric actin by 

latrunculin (Spector et al., 1989). Over a period of time, latrunculin depletes cellular F-actin; 

the rate of this process depends on the rate of filament turnover (Maekawa et al., 1999). On a 

biochemical level, latrunculin A inhibits adenine nucleotide exchange on actin. It may limit 

the flexibility of the cleft between subdomain 2 and 4, trapping nucleotide and subsequently 

inhibiting the nucleotide exchange (Yarmola et al., 2000). Latrunculin A is membrane 

permeable. 

1.4.8.) Possible roles of actin in SOCE

Secretion-like coupling between elements in the plasma membrane and Ca
2+

 stores has been 

proposed as the most likely mechanism to activate SOCE in several cell types. Membrane-

associated actin network prevents constitutive Ca
2+

 entry. A possible role for the dense layer 

of submembrane cortical actin could be to put up a barrier preventing constitutive SOCE. This 

inhibitory effect of the cortical actin cytoskeleton on SOCE has been shown in platelets 

(Rosado et al., 2000), corneal endothelial cell (Xie et al., 2002) and pancreatic acinar cells 

(Redondo et al., 2003). A common approach to investigate the possible role of actin 

cytoskeleton on the SOCE pathway is the use of toxins which modify the actin cytoskeleton 

which is continually being turned over by polymerization and depolymerization. Such drugs 

can either stabilize actin filaments and thereby enhance actin polymerization (jasplakinolide), 

or inhibit actin polymerization and therefore leading to a progressive dismantling of the 

cytoskeleton (such as cytochalasin D or latrunculin A). A study on myocytes showed that 

CCE was enhanced when F-actin disrupting agents were present whereas it was reduced by 

treatment with F-actin stabilizing agent (Morales et al., 2005). These finding support a 

conformational coupling model with an active participation of actin reorganization in the 

implementation of CCE. In contrast, studies on human hepatocellular carcinoma cell line 

HepG2 (Rosado et al., 2001), glioma C6 cells (Sabala et al., 2002) and human pulmonary 

arterial endothelial cells (Mehta et al., 2003) revealed an inhibitory effect of actin disrupting 

drugs, while in human platelets (Rosado et al., 2000) and pancreatic acinar cell (Redondo et 

al., 2003) only a partial abolishment could be observed. Other studies on a basophilic cell line 

(Bakowski et al. 2001) and corneal endothelial cells (Xie et al. 2002) reported that 
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cytochalasin D did not affect SOCE at all. Cortical actin may also be involved in SOCC 

internalization (Itagaki et al., 2004), which results in the attenuation of SOCE.

Another role is suggested for the more diffuse cytosolic actin network. Such filaments 

could provide a support for intracellular trafficking. New actin polymerization may support 

membrane trafficking towards the plasma membrane (Rosado et al., 2004). Drugs like 

latrunculin A or cytochalasins, which inhibit actin polymerization, can disrupt this process. 

Possible reasons for the variable effectiveness of the agents employed had been 

discussed. One point is that the architecture of the actin cytoskeleton varies between different 

cell types. In cell types with a strong dense layer of cortical actin, a dynamic reorganization 

might be required to facilitate coupling between proteins in the plasma membrane and in the 

Ca
2+

 store membranes. Such a reorganization of the subplasmalemmal actin network has been 

shown to be essential for the transport of exocytotic granules to the apical membrane in 

specialized secretory cells (Muallem et al., 1995, Malacombe et al., 2004, Gasman et al., 

2004). In contrast, in cells with a more evenly distributed cytoskeleton, a reorganization of 

actin might not be necessary. In agreement with this, actin polymerization might not be 

necessary for the activation of SOCE in smooth muscle cells, which do not posses a dense 

cortical layer of actin (Patterson et al., 1999). Another point is that, although turnover of the 

actin cytoskeleton is seen in all cells, the rate of the process varies widely not only between 

different cell types, but also depending on other factors such as cell cycle status. Altogether, 

the variability could reflect cell-specific differences in the dynamics and architecture of the 

cytoskeleton. It is hardly possible to draw conclusions from the above mentioned studies to a 

potential role of the actin cytoskeleton on SOCE in a yet not investigated species, as it 

depends much on the specific cell structure and actin organization. 

1.4.9.) Actin in Paramecium

Different approaches have been tried so far to localize actin in Paramecium. With DNase I 

and heavy meromyosin, labeling of cilia, ciliary basal bodies and a diffuse label of deeper 

layers could be observed (Tiggemann at al., 1981). Localization of actin in living cells was 

achieved by microinjecting fluorescent phalloidin (Kersken et al., 1986a). Again the ciliary 

basal bodies were labeled, together with the labeling of a thin cortical layer and ridges of the 

characteristic “kinetid” surface pattern. This occurrence of actin in the cortex of Paramecium

was confirmed by Cohen and Beisson (1988). Additionally, structures around the oral cavity 

and the surface of food vacuoles were labeled (Kersken et al., 1986a, b). Labeling of these 

structures were already shown with HMM and S1 fragments (Cohen et al., 1984). 

Corresponding with these observations, cytochalasin B inhibited phagocytosis in Paramecium
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(Cohen et al., 1984; Allen and Fok, 1985: Fok et al., 1985; Allen et al., 1995; Zackroff and 

Hufnagel, 2002). None of the efforts so far could proof the occurrence of actin in the cleavage 

furrow of a dividing cell, despite the fact that actin is unequivocally involved in cell division. 

It was neither stained by affinity labeling with phalloidin (Kersken et al., 1986a), nor was 

cytokinesis effected by cytochalasin B (Cohen et al., 1984).

In 1998, Diáz-Ramos et al. cloned an actin gene fragment of 1,138 bp, more than 96% 

of the coding sequence of a standard actin gene. As it was mostly homologous to α-actin of 

other organisms, it was called α-actin, although the position of its two small introns is unique 

in the intron catalogue of actins (with α-smooth human actin as guide sequence, Weber and 

Kabsch, 1994). With a pilot genome project, another actin coding gene fragment of ~600 bp 

could be identified in Paramecium, with homology to β-actin of other organism. In the 

diploma work of Wagner E. (2002), both sequences were completed and additionally two 

more α-actins and another β-actin were identified, at this moment called Ptα-actin 1, Ptα-

actin 2, Ptα-actin 3, and Ptβ-actin 1 and Ptβ-actin 2. Against Ptα-actin 1, polyclonal 

antibodies were raised and investigated in Western Blot analysis and immuno-localization on 

LM an EM level. The obtained data is presented in the manuscript “Immunolocalization of 

Actin in Paramecium Cells”.

Cortical actin could play, as previously discussed, a role in SOCE mechanism. 

Regarding this hypothesis in Paramecium, it would mean that cortical actin could be involved 

in the positioning of the alveolar sacs close to the plasma membrane. The identity of the short 

structures connecting the membrane of the alveoli with the plasma membrane is still 

unknown. The organization could be similar to the spectrin network in erythrocytes, where 

short actin filaments build up a complex with other proteins to anchor the spectrin network to 

the plasma membrane. This hypothesis was investigated in the diploma work of Sehring I. M. 

(2002). Consequences of incubation with cytochalasin B on the positioning of alveolar sacs 

were investigated on the EM-level, whereas effects on the function of alveolar sacs were 

investigated with calcium analysis during exocytosis. In both cases, no effect of the drug 

could be observed. As the sensitivity of Paramecium to drugs often varies from that of 

mammalian cells (Zackroff and Hufnagel, 1998), results obtained by different approaches 

with actin drugs may be crucial. With the ongoing genome project revealing more and more 

actin isoforms in Paramecium, it was also debatable whether all of them would be recognized 

by common actin drugs. The failure to label the cleavage furrow with fluorescent phalloidin 

points in that direction. Possibly also an assumed actin isoform involved in the positioning of 

alveolar sacs is not sensitive for cytochalasin. This could be the reason why no effect on 
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calcium signaling could be observed. Therefore, before any further analysis of calcium 

dynamics and a possible involvement of actin appeared feasible, it was necessary to identify 

and characterize all actin isoforms in Paramecium. The genetic characteristics of the actin 

family are described in the manuscript “The actin multigene family of Paramecium 

tetraurelia”, while data obtained with localization studies using antibodies and GFP 

constructs, and functional studies using RNAi, are presented in the manuscript “A broad 

spectrum of actin paralogs in Paramecium tetraurelia cells displays differential localization 

and function”.
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2.1.) Summary

We applied exogenous guanosine trisphosphate, GTP, to Paramecium tetraurelia cells 

injected with Fura Red for analyzing changes of free intracellular Ca
2+

concentrations, [Ca
2+

]i, 

during periodic back-/forward swimming thus induced. Strain ginA (non-responsive to GTP) 

shows no Ca
2+

signal upon GTP application. In strain nd6 (normal Ca
2+

signaling) an 

oscillating [Ca
2+

]i response with a prominent first peak occurs upon GTP stimulation, but 

none after mock-stimulation or after 15 min adaptation to GTP. While this is in agreement 

with previous electrophysiological analyses, we now try to identify more clearly the source(s) 

of Ca
2+

. Stimulation of nd6 cells, after depletion of Ca
2+

from their cortical stores (alveolar 

sacs), shows the same Ca
2+

oscillation pattern but with reduced amplitudes, and a normal 

behavioral response is observed. Stimulation with GTP, supplemented with the Ca
2+

chelator 

BAPTA, results in loss of the first prominent Ca
2+

peak, in reduction of the following Ca
2+

amplitudes, and in the absence of any behavioral response. Both these observations strongly 

suggest that for the initiation of GTP-mediated back-/forward swimming Ca
2+

from the 

extracellular medium is needed. For the maintenance of the Ca
2+

oscillations a considerable 

fraction must come from internal stores, probably other than alveolar sacs, rather likely from 

the endoplasmic reticulum.

mailto:helmut.plattner@uni-konstanz.de
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2.2.) Introduction

Ca
2+

regulates many cellular processes, like stimulated secretion by exocytosis, gene 

transcription, cell division (Verkhrastky and Toescu, 1998; Berridge et al., 1998; Berridge et 

al., 2000; Berridge et al., 2003), and ciliary activity (Eans and Sanderson, 1999; Lansley and 

Sanderson, 1999; Salathe and Bookman, 1999; Zhang and Sanderson, 2003). The origin of a 

Ca2+ signal can be manifold, e.g., influx from the outside medium and/or release from 

internal stores by widely different signaling mechanisms (Verkhrastky and Toescu, 1998; 

Berridge et al., 2000; Berridge et al., 2003; Barrit, 1999). 

As in mammalian cells, these aspects also occur in ciliated protozoa including 

Paramecium (Plattner and Klauke, 2001). In these cells, the normal intracellular free Ca
2+

concentration, [Ca
2+

]i, mediates normal ciliary beat during forward swimming, while increase 

of [Ca
2+

]i in cilia causes beat reversal and backward swimming (Machemer, 1988; Machemer 

and Teunis, 1996; Preston, 1990). A reversal reaction is easily observed during 

depolarization-induced activation of voltage-dependent Ca
2+

channels in the ciliary membrane 

(Naitoh and Eckert, 1969; Naitoh, 1995). But spill-over from cortical regions during 

exocytosis stimulation can also produce ciliary reversal (Plattner et al., 1985; Husser et al., 

2004). In many cell types [Ca
2+

]i can oscillate with widely different periodicity (from the sub-

second range to hours), either spontaneously, or after different exogenous triggers, with the 

involvement of widely different signal transduction pathways (Petersen and Wakui, 1990; 

Tsien and Tsien, 1990). 

In Paramecium the discovery has been made that exogenous guanosine trisphosphate, 

GTP, causes periodic back- and forward swimming, paralleled by oscillating Ca
2+

currents 

(Clark et al., 1993). This observation has been extended to the related species, Tetrahymena 

(Kuruvilla et al., 1997). Evidence has been found that during GTP stimulation Ca
2+

may in 

part come from the outside and in part from internal stores. Among them the cortical Ca
2+

stores (alveolar sacs) have been envisaged (Wassenberg et al., 1997). 

From this, the occurrence of surface receptors for GTP has been inferred in Paramecium 

(Kim et al., 1997; Mimikakis and Nelson, 1998; Wood and Hennessey, 2003) and 

Tetrahymena (Kuruvilla et al., 1997; Kim et al., 1999; Rosner et al., 2003). The typical 

receptor property, i.e., adaptation (VanHouten, 1994; Torre et al., 1995), has also been 

observed with GTP in Paramecium (Kim et al., 1997) and Tetrahymena (Kuruvilla et al., 

1997). By definition, receptors would have to be of the purinergic type. For GTP this is 

remarkable, as up to now from other cells such receptors are known only for ATP, ADP, 

UTP, and UDP (Burnstock, 2003; Schwiebert, 2003). In contrast, in Paramecium GTP is 

~1000 times more potent than ATP (Mimikakis and Nelson, 1998). Only the non-
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hydrolysable β-y-methylene ATP analogue can produce a similar effect in Paramecium Kim 

et al., 1999). 

If one considers a purinergic receptor for GTP in Paramecium, one would also have to 

consider the existence of different subtypes. This would include those represented (i) by 

multimers formed from units with two membrane-spanning domains, and those (ii) with seven 

membrane-spanning domains, as known from higher eukaryotes (Schwiebert, 2003; 

Braunstein and Schiwebert, 2003; Lazarowski, 2003). The first type is reported to form ion 

channels with low specificity (Boyce and Schwiebert, 2003). This may account for the well 

known permeabilising effect of exogenously added nucleoside trisphosphates (Boyce and 

Schwiebert, 2003). This can induce Ca
2+

-dependent processes, such as exocytosis (Gomperts 

and Tatham, 1988), provided Ca
2+

is in the medium. The second type is involved in signal 

transduction by coupling to trimeric G-proteins, followed by activation of either adenylate 

cyclase or phospholipase C (PL-C) and formation of the Ca
2+

-mobilising agent, inositol 1,4,5-

trisphosphate (InsP3), (Lazarowski, 2003). 

None of these molecules and pathways is established in Paramecium on a molecular 

level. Therefore, analysis of GTP-mediated effects on Ca
2+

-based swimming behavior 

necessarily remains, though functionally stringent, on a merely descriptive level at this stage. 

However, by a more detailed analysis of the phenomena and by inclusion of Ca2+ imaging 

technology, we here try to set a new baseline, considering the rapidly expanding molecular 

biology work with Paramecium. Essentially we use fluorochrome imaging to localize Ca
2+

signals under conditions of varying extracellular Ca
2+

concentrations, [Ca
2+

]o, and we also 

deplete alveolar sacs of their Ca
2+

before subsequent GTP stimulation. We aim at dissecting 

more clearly the different components of the GTP-mediated Ca
2+

signals.
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2.3.) Materials and methods

2.3.1.) Cell materials

Paramecium tetraurelia cells, mutant nd6 (without trichocyst discharge (Lefort-Tran et al., 

1981), were cultured in dried lettuce medium, monoxenically inoculated with Enterobacter 

aerogenes as feeding bacteria, at [Ca
2+

]o = 50_M. In addition we used the mutant pawnB 

(Kung, 1971) and ginA (Mimikakis et al., 1998). All cell lines used additionally contained the 

nd6 mutation. Both, non-discharge (nd) and pawn properties (lack of ciliary reversal reaction 

upon depolarization) were tested before use: (i) by adding the secretagogue 

aminoethyldextran, AED (40 kDa, 1-NH3
+

/kDa [17]), and (ii) by chemical depolarization by 

adding 20mM KCl, respectively. 

2.3.2.) Stimulation conditions

For [Ca
2+

]i analysis, cells where washed in 1mM HEPES buffer adjusted to pH 7.2 with Tris. 

The solution was supplemented with 1mM KCl and 1mM Ca
2+

(modified after Clark et al.,

1997). Eventually lower values of [Ca
2+

]o where achieved by adding the ultrafast Ca
2+

-

chelator, BAPTA (time constant = 0.5_s [42]), to the trigger solution to produce [Ca
2+

]o of 

~30 nM, i.e., slightly below [Ca
2+

]i at rest (~65nM [Klauke and Plattner, 1997]). Aliquots 

were stimulated by AED to deplete cortical Ca
2+

stores (Hardt and Plattner, 2000) before GTP 

was added within 3 min.

Cells were stimulated by adding, through a pipette, GTP (in 10mM Tris buffer, pH 7.2) 

to the medium at the anterior pole of individual cells. The actual concentration of GTP 

reaching the cell surface was estimated from the dilution after release from the microcapillary 

as 15 _M, according to the approach previously described (Klauke and Plattner, 1997). 

Although this is slightly above the 10 _M generally used in the Paramecium literature, in fact, 

slightly higher concentrations are required for maximal stimulation (Mimikakis et al., 1998). 

Mock applications were performed with buffer, without GTP added to the trigger 

solution. [Ca
2+

]o was eventually reduced to a calculated value of ~30nM by adding BAPTA to 

the stimulation medium - not before. Simultaneous application of stimulant and the Ca
2+

chelator, BAPTA free acid, is an established method that avoids cell damage (Klauke et al., 

2000). 

2.3.3.) Ca
2+

fluorochrome analysis

Cells loaded by microinjection with the Ca
2+

fluorochrome Fura Red were stimulated and 

evaluated in a conventional light microscope by 2 analysis, as previously described (Klauke 

and Plattner, 1997; Klauke et al., 2000). Fura Red was used at a concentration to yield an 
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intracellular concentration of ~50 µM. In the f/f0 ratio analysis, any fluorescence readings 

during stimulation (f) are expressed as a ratio referred to the reading at rest, time t0 (f0), just 

before stimulation. The ratio method allows measurements of [Ca
2+

]i independently from 

fluorochrome concentration in the cell. The maximum emission of Fura Red upon excitation 

is 650 nm. For excitation, wavelengths of 440 and 490 nm are used and the ratio of emission 

at both wavelengths is calculated. Thus, interference from auto-fluorescence and effects from 

shape change are eliminated [46], although the time required for filter changes (1.5 s per final 

data point) restricts time resolution. We recorded f/f0 ratios over a time period of up to 1 min. 

[Ca
2+

]i analysis was performed at the cortical site (below cilia) where the stimulus had 

been applied. A frame of ~3× 10 µM was adjusted to such an area, just as in our previous 

work (Klauke and Plattner, 1997; Klauke et al., 2000).The f/f0 ratios thus obtained were 

evaluated by the ANOVA test which allows statistical comparison of several data sets. 

Usually, per data set shown, the time course of five cells (unless indicated otherwise) has been 

analyzed by this point-per-point digital analysis.
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2.4.) Results

2.4.1.) Compatibility with previous electrophysiological and behavioral analyses

Before analyzing new aspects by Ca
2+

-fluorochrome imaging we tried to reproduce important 

aspects of GTP-mediated Ca
2+

signaling in Paramecium, as reported from 

electrophysiological work. These analyses have been conducted in presence of extracellular 

Ca
2+

, [Ca
2+

]o = 1 mM. We measured f/f0 ratios in a cortical region adjacent to the stimulation 

site, as specified in 2.3.3.

Fig. 1. Examples of Fura Red f/f0 recordings during GTP stimulation in nd6 (a, c, d) 

and pawnB (b) cells under the conditions indicated. GTP was added to the cells at t = 

0 s, usually in presence of Ca2+ (a, b, d), while in (c) BAPTA was added to the GTP 

stimulant, as specified in Section 2. In (d) AED was applied shortly before GTP 

stimulation (but after decay of the AED-mediated Fura Red f/f0 signal shown in Fig. 

5d) to probe the response to GTP when alveolar sacs were depleted of most of their 

Ca2+. Note the eventual occurrence of a predominating first peak (a, d) which 

becomes more clear in the statistical evaluations shown in Fig. 3.
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In all strains we analyzed (except ginA), GTP-induced [Ca
2+

]i oscillations with a period 

of about 7 s (Figs. 1 and 2). This is within the frame of previous work, with periods of about 

5–10 s (Wassenberg et al., 1997; Mimikakis and Nelson, 1998; Mimikakis et al., 1998; Clark 

et al., 1997), always depending on whether smaller peaks are also taken into consideration. 

Occurrence and absence of oscillating Ca
2+

signals strictly correlates with the occurrence and 

absence of periodic ciliary reversal, respectively, interrupted by forward swimming (Table 1), 

also as reported in previous work on GTP stimulation. In nd6 cells, for unknown reasons, 

adaptation to GTP reduces the oscillation frequency (an aspect not pursued here). Any further 

variation to this reaction pattern is specified in Table 1. Our findings include the occurrence 

of periodic [Ca
2+

]i fluctuations in nd6 cells as well as in both pawn strains analyzed, pawnA 

(not shown) and pawnB. The intensity (f/f0) of GTP-induced [Ca
2+

]i signals is evaluated in 

Fig. 3, either the first (abundant) peak only or the average of the following peaks, 

respectively. This appeared feasible to us since we frequently see that the first f/f0 peak 

induced by GTP is larger than the subsequent ones (Fig. 3 columns a versus columns b). For 

unknown reasons pawn cells produce rather variable [Ca
2+

]i amplitudes (see large S.E.M. for 

pawnB in Fig. 3) and their behavioral response also varies (Table 1). We can well reproduce 

reports on adaptation of Paramecium to GTP (Kim et al., 1997) showing that nd6 cells 

become adapted to GTP over ~15 min (Figs. 4 and 5a). While the predominance of the first 

peak is a new aspect, all data are well compatible with the electrophysiological work cited 

above. This, together with the subsequent controls, made us confident about the imaging 

methodology we used for the first time on this subject.

Before extending our studies to new aspects we performed the following controls. 

Application of buffer to nd6 cells does not evoke any Ca
2+

signal (Fig. 3, 5
th

 column pair, and 

Fig. 5b), thus excluding mechanical stimulation by the flush. This is important considering 

ongoing discussions on the interacting effects of mechanical stress and of nucleoside 

trisphosphates (Forrester, 2003). Similarly we see neither any [Ca
2+

]i, nor any behavioral 

response in the non-responder, strain ginA, when exposed to GTP (Fig. 3, 6th column pair, 

and Fig. 5c). All GTP-mediated [Ca
2+

]i responses are clearly different from those obtained 

during AED-stimulated exocytosis (Fig. 5d), which are of the monophasic type reported in 

our previous work (Klauke and Plattner, 1997).

2.4.2.) Additional new aspects of GTP-mediated Ca
2+ 

signaling

This includes the observation that, in all GTP-sensitive strains analyzed, the first f/f0 peak 

generated by GTP frequently, although not always, exceeds any further peaks. These remain 

of fairly constant height, at least over several oscillations to follow (Figs. 1a, d, and 2). We 

analyzed GTP effects in nd6 cells not only in presence of [Ca
2+

]o = 1 mM, but also with GTP 
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with BAPTA added (Figs. 1c and 3). This is a very fast Ca
2+

chelator, with a time constant of 

0.5µs (Kao and Tsien, 1988). Such methodology - avoiding preincubation with the chelator -

has been reliably applied to Paramecium in another context, without any deleterious side-

effects (Klauke et al., 2000). Our findings with stimulation in presence of BAPTA are as 

follows (Fig. 3, 3rd column pair).

 (i) The abundant first peak is 

reduced to the size of the 

following peaks. Concomitantly, 

in Fig. 3, column 3a is 

significantly smaller than column 

1a (P < 0.05). (ii) All peaks are 

smaller with BAPTA present, 

when compared with stimulation 

by GTP in presence of [Ca
2+

]o. In 

Fig. 3, the difference between 

columns 1b and 3b is P = 0.087. 

This suggests two sources of Ca
2+

during GTP-mediated signaling: 

(i) influx from the medium (GTP 

+ [Ca
2+

]o), and (ii) mobilization 

from internal stores (GTP + 

BAPTA). It also implies (iii) that 

the latter component must be 

independent of the influx 

component, thus excluding a 

mechanism of the type Ca
2+

-

induced Ca
2+

-release. 

In sum, our data indicate 

that in Paramecium, during GTP 

stimulation, Ca
2+

from influx and 

from store mobilization are independent processes which are superimposed to each other. 

There is no significant delay in the onset of the first Ca
2+

oscillation peak (Fig. 1), regardless 

of whether [Ca
2+

]o is high or low. Since a Ca
2+

-induced Ca
2+

-release mechanism seems to be 

excluded, one would have to expect some other intracellular signal, as discussed below. 

Fig. 2. Periodicity of Fura Red f/f0 signals recorded after GTP 

stimulation in nd6 and pawnB cells under the conditions indicated. 

Note that in both strains the response shows similar periodicity of 

~7 s, regardless whether Ca2+ is present in, or absent (+BAPTA) 

from the GTP stimulation solution, or whether alveolar sacs have 

been depleted of their Ca2+. Number of cells analyzed in columns 

1–4, N = 5, 5, 5, 4. Error bars=S.E.M. According to the ANOVA 

test applied, the data contained in columns 1–4 are not significantly 

different from each other.
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Similar signaling occurs 

with nd6 cells and with strain 

pawnB (Figs. 1-3). This excludes 

ciliary voltage-dependent Ca
2+

-

channels as mediators of Ca
2+

-

influx. It suggests involvement of 

somatic channels or of ciliary 

channels of another type which is 

not known as yet. While this has 

been known from pawn cells 

already (Clark et al., 1993), the 

involvement of any Ca
2+

channels 

has been questioned altogether 

(Clark et al., 1997). To us, 

involvement of some somatic Ca
2+

channels appears appealing, not 

only because we see a Ca
2+

influx 

component (Fig. 3 column 1a 

versus column 3a, and column 1b 

versus column 3b), but also 

because in another context we 

have found that spill-over of Ca
2+

from somatic domains into cilia 

can easily take place, but not in 

the opposite direction (Husser et 

al., 2004). One has to recall that 

we record f/f0 changes not directly in cilia, but in the nearby cell cortex, as frequently done in 

work with cilia (Evans and Sanderson, 1999; Zhang and Sanderson, 2003; Pernberg and 

Machemer, 1995). Our findings favor as a second component the involvement of intracellular 

Ca
2+

stores in GTP-mediated Ca
2+

signaling. However, for the following reasons we envisage 

other stores than previous work (Wassenberg et al., 1997). 

Fig. 3. Fura Red f/f0 signal increase upon GTP stimulation in 

different strains and under conditions indicated for the respective 

column pairs, 1–6. The 1
st

 column (“a”) of each pair shows the size 

of the first peak recorded immediately after stimulation, column “b” 

designates the average of all following peaks recorded. The first 

peak frequently predominates, e.g., in the columns 1a, 2a and 4a, 

but not in the column pair 3 (+BAPTA added), 5 (mock 

stimulation) and 6 (non-responding ginA cells). N = 5 (for each of 

the individual columns, 1a through 3b), 4 (columns 4a, 4b), 3 

(columns 5a through 6b). P < 0.05 for comparison of columns 1a 

and 1b, 2a/2b, 4a/4b. No significant difference was found between 

columns 1a/3a, 1a/4a, 3a/3b, 3a/5a, 5a/5b, 6a/6b, 5a/6a, 3b/5b, and 

5b/6b. For the column pair 1a/2a significance is only P = 0.127, for 

1b/3b P = 0.087. Error bars=S.E.M. For abbreviations, see Fig. 2.



Chapter 2

39

We tried to figure out which 

intracellular calcium pool, i.e., 

particularly the cortical stores 

(alveolar sacs) or the endoplasmic 

reticulum (ER), may contribute to 

GTP-mediated Ca
2+

-oscillations. 

The corollaries and the rationale 

of such analyses are as follows. 

From energy-dispersive X-ray 

microanalysis (EDX) we know 

that alveolar sacs (which line most 

part of the cell membrane) have a 

total calcium concentration, [Ca], 

of ~43mM (Hardt and Plattner, 

1999, 2000), most of it 

presumably bound to high 

capacity/low affinity Ca-binding 

proteins (Plattner et al., 1997). 

During stimulation of 

synchronous exocytosis by AED, 

[Ca] in alveolar sacs is reduced to ~20% of its original value within 1 s (Hardt et al., 2000). 

We also know that refilling is unexpectedly slow, with a half-time of ~60 min (Mohamed et 

al., 2003). Although [Ca] may be less high in the ER, it deserves interest in the context of 

GTP-mediated Ca2+ signaling because it approaches ciliary bases where no alveolar sacs 

occur (Hauser et al., 2000). To differentiate between the two candidates for stores possibly 

involved in GTP-mediated signaling, i.e., the alveolar sacs and the ER, we proceeded as 

follows. 

In a series of experiments with nd6 cells we have depleted alveolar sacs of their Ca
2+

by 

massive stimulation with AED. Following this, these cells have been stimulated with GTP. 

The time elapsed between the two stimuli was only 3 min, which is much too short to allow 

for any significant refilling (Mohamed et al., 2003). Under these conditions, during GTP 

stimulation, we observe oscillating f/f0 signals with a large first peak (Figs. 1d and 3, column 

4a); subsequent peaks are quite similar to those occurring during stimulation by GTP + 

BAPTA, without previous depletion of Ca
2+

from alveolar sacs (Fig. 1c versus d). Notably the 

first peak is very high, irrespective of AED pre-treatment (Fig. 3, column 4a). Taken together 

Fig. 4. Adaptation to GTP. The Fura Red f/f0 response, averaged 

from all peaks, has been determined immediately after GTP 

addition (column 1, black) and 5 (column 2, grey) or 15 min later 

(column 3, white). Column 3 is not significantly different from 

controls (nd6 mock stimulation, ginA) shown in Fig. 3. N = 5, 3, 3 

(columns 1–3). Error bars=S.E.M. Abbreviations as in Fig. 3.
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Fig. 5. Fura Red f/f
0
 recordings representative of different controls. (a) 

Recording from a nd6 cell 15 min after GTP stimulation (time shown: 15.0, 

15.15, 15.5 min, etc.) shows adaptation when compared with Fig. 1a. (b) nd6 

cell, mock-stimulation, (c) ginA cell, GTP stimulation (no response). For 

comparison with GTP-mediated responses, we show in (d) the response of a nd6 

cell to AED (no GTP), as occurring during induction of synchronous 

exocytosis—in agreement with the literature cited in the text. This is to be 

compared with GTP stimulation after AED application (Fig. 1d).

this suggests the occurrence not only of a Ca
2+

influx, but also the release from a store other 

than the alveolar sacs. The behavioral response under these conditions is variable, as 

summarized in Table 1, but periodic back- and forward swimming is observed. 

Behavioral responses parallel rather strictly the periodic Ca
2+

signals, notably the 

occurrence of a dominant first peak (Table 1). GTP + BAPTA causes no periodic back and

forward swimming in nd6 cells. A normal, though weaker response occurs after liberating 

Ca
2+

from alveolar sacs by AED pre-treatment. The extent of the behavioral reaction to GTP 

is weaker in pawnB cells. The reason of this minor inconsistency between nd6 and pawnB 

cells may be as follows. Absolute [Ca
2+

]i levels (not determined by the method used here) at 
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rest or after stimulation may vary from strain to strain (Klauke and Plattner, 1997). This 

discrepancy can suffice to yield quantitatively different responses, as also shown in previous 

work (Mohamed et al., 2003), considering that we measure f/f0 ratios irrespective of [Ca
2+

]rest i

. Beyond this variability it is important to note that all strains, but ginA, produce Ca
2+

oscillations under the conditions indicated. The requirement of a first strong peak for 

induction of a reversal reaction and the absence of both these phenomena in presence of 

BAPTA indicates the relevance of a Ca
2+

influx signal, while ongoing [Ca
2+

]i oscillations can 

be driven by internally released Ca
2+

. The response after pre-treatment with AED indicates 

that the internal store contributing to f/f0 oscillations during GTP stimulation is most likely the 

ER. 

Table 1. [Ca
2+

]
i
 oscillations

a

 and behavioral response

Strain Stimulation [Ca
2+

]
i
 Oscillations occurrence/1

st

 peak Behavioral response

nd6 GTP
b

Oscillation/abundant Periodic reversal

GTP, 5 min Oscillation/abundant Periodic reversal

GTP, 15 min No oscillation/missing None

GTP+BAPTA
c

No oscillation/missing None

Buffer No oscillation/missing None

AED
d

GTP Weak oscillation/occurring (but weaker) Less pronounced periodic response

pawnB GTP Weak oscillation/occurring (but weaker) Less pronounced periodic response

ginA GTP No oscillation/missing None

a

 Data are based on the respective figures. For number of cells analyzed, see figure legends.

b

 This indicates the immediate response to ~15µM GTP, unless indicated otherwise.

c

 BAPTA added to GTP, not before.

d

 AED: aminoethyldextran secretagogue used at ~2µM.



Chapter 2

42

2.5.) Discussion

Using fluorochrome analysis, we first confirm that GTP-mediated periodic back- and forward 

swimming in Paramecium is paralleled by Ca
2+

oscillations, as previously found by 

electrophysiology (see Sections 1 and 3). The new information we obtained includes the 

following aspects. (i) The occurrence of a dominant first peak (with higher amplitude than the 

following ones) is important for the induction of the behavioral response described. (ii) The 

occurrence of lower [Ca
2+

]i amplitudes, though with unchanged period, at low [Ca
2+

]o, implies 

that these signals are driven from internal Ca
2+

stores. (iii) The occurrence of identical 

oscillations after depleting alveolar sacs of their Ca
2+

disqualifies these stores as relevant 

source of Ca
2+

during GTP stimulation. From this we imply (i) the occurrence of GTP-

activated Ca
2+

-influx channels, most likely outside cilia, and (ii) the activation of Ca
2+

release 

independent of Ca
2+

influx. Our data allow us to re-interpret origin, mechanism and potential 

functional aspects of GTP-mediated Ca
2+

signaling in Paramecium.

2.5.1.) Are there purinergic surface receptors in Paramecium and what may be their 

function?

To our knowledge there are no GTP receptors reported to occur on the cell surface of any 

other eukaryote (Schwiebert, 2003). Is it feasible to assume such an aberrant situation for 

Paramecium?

In fact, as far as the signal transduction machinery in Paramecium is concerned, we 

already know several striking deviations from the rule. An example relevant for a re-

interpretation of previous data is as follows. For instance, the SERCA-type Ca
2+

-pump is 

strictly insensitive (Länge et al., 1995) to the classical inhibitor, thapsigargin (Inesi and 

Sagara, 1994), probably because of an aberrant binding site (Hauser et al., 1998), while its 

activity is inhibited by caffeine (Kissmehl et al., 1998). No Ca
2+

release from alveolar sacs is 

achieved, neither with ryanodine, nor with InsP3 (Länge et al., 1995), but with the polyamine 

secretagogue AED (Hardt et al., 2000; Mohamed et al., 2002). These data, together with the 

unexpectedly slow refilling (Mohamed et al., 2003), shed some doubt on conclusions derived 

from experiments with SERCA inhibitors, assuming a role for alveolar sacs in Ca
2+

release 

and uptake cycles during GTP stimulation (Wassenberg et al., 1997). Considering the 

endogenous Ca
2+

signaling component which we assume for GTP activation, the ER is a more 

likely candidate than alveolar sacs (see below), unless one would concede to alveolar sacs an 

unexpected hybrid character. However, these aspects also require more detailed analysis, 

since one store may be susceptible to two different activators, at least in mammalian cells 

(Solovyova and Verkhratsky, 2003). 
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The fact that GTP causes the phenomena described, while ATP or UTP do not 

(Mimikakis and Nelson, 1998), remains undisputed, although non-hydrolysable ATP 

analogues work equally well at very low concentrations (Wood and Hennessey, 2003). 

Binding studies strongly suggest the occurrence of purinergic receptors in Paramecium 

(Wood and Hennessey, 2003) and Tetrahymena (Rosner et al, 2003). In the future, molecular 

cloning and modeling may specify such receptors in more detail. In metazoans, two subgroups 

of purinergic receptors exist (Schwiebert et al., 2003): (i) one family with Ca
2+

-channel 

properties (Braunstein and Schwiebert, 2003; Boyce and Schwiebert, 2003), and (ii) another 

one involved in signaling by second messengers, e.g., InsP3 (Lazarowski 2003). According to 

our findings with Paramecium, both receptor types would be required to account for the two 

components observed, one depending on [Ca
2+

]o and another one operating by internal store 

mobilization, respectively. The first type is of unknown cation specificity and its relation to 

channels described in Paramecium electrophysiologically (Machemer, 1988; Machemer and 

Teunis, 1996; Preston, 1990; Preston et al., 1991) remains open. This is in contrast to previous 

studies with Paramecium which did not consider the involvement of Ca
2+

influx (Clark et al., 

1997). (On the other hand, our data are not appropriate to exclude the involvement of any 

other specific ion channel.) The second receptor type may use trimeric G-proteins with Gα0/i 

subunits of the type suggested to occur in Paramecium by DeOndarza et al. (DeOndarza et al., 

2002) on the basis of Western blots with heterologous antibodies and of pertussis toxin-

mediated ADP-ribosylation. Clearly, molecular identification is required also for these 

aspects. The large sequences of bona fide InsP3 receptors meanwhile cloned in our lab (E.-M. 

Ladenburger, I. Korn, R. Kissmehl and H. Plattner, in preparation) may be another detail of 

the emerging puzzle. Channels with hybrid properties, sharing characteristics of InsP3- and 

ryanodine-receptors, have been described on a pharmacological basis in Toxoplasma gondii 

(Lovett et al., 2002), a closely related member of the phylum Alveolata. Furthermore, a 

crosstalk between both types of stores in producing Ca
2+

oscillations has been discussed in 

some mammalian systems (Tsien and Tsien, 1993). 

2.5.2.) How would Ca
2+

oscillations be produced?

A feedback between Ca
2+

mobilization and Ca
2+

-activated and Ca
2+

-inhibited processes can 

cause [Ca
2+

]i oscillations in widely different cells (Hajnóczky and Thomas, 1997; Grimaldi et 

al. 2003; Halet et al., 2003; Mccarron et al., 2003; Miyazaki et al., 1993; Parri and Crunelli, 

2003; Pines et al., 2003). This could encompass, e.g., phospholipase C and Ca
2+

-inhibited 

Ca
2+

release via InsP3 receptors. To explain oscillations at low [Ca
2+

]o in Paramecium, this is 

just one theoretical option to be pursued. InsP3 receptors may also occur in the cell membrane, 
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at least in mammals (Tanimura et al., 2000). If this turns out to be the case, it could be one 

among several possible explanations for our observation that, in Paramecium, oscillations are 

quite similar, though of different amplitudes, with and without Ca
2+

in the medium. However, 

other activators of Ca
2+

release channels can also produce [Ca
2+

]i oscillations (Ng et al., 2001; 

Tomida et al., 2003). Examples are the interference of Ca
2+

pumps and ion exchangers 

(Kawano et al., 2003) or other ion pumps with InsP3 receptors (Miyakawa-Naito et al., 2003). 

Specifically, purinergic receptor activation in mammalian cells can produce Ca
2+

mobilizing 

second messengers other than InsP3 (Bruzzone et al., 2003). Finally, feed-back with, as well 

as adequate positioning of intracellular Ca
2+

binding proteins has to be considered (Tomida et 

al., 2003; Falcke, 2003). In Paramecium, the periodic response may also be influenced by the 

ecto-ATPase which hydrolyses GTP equally well (Levin et al., 1989). 

At this time, for Paramecium one can only speculate about the molecular machinery 

potentially involved in GTP-mediated [Ca
2+

]i oscillations. Clearly more work is required to 

elucidate the chain of events leading to the ciliary response to be discussed below.

2.5.3.) Effect on ciliary beat

It is established that [Ca
2+

]i in the ciliary basis is critical for beat regulation (Lansley 

and Sanderson, 1999; Tamm, 1994). Depending on the [Ca
2+

]i actually “seen” by the basal 

portion of cilia, the actual Ca
2+

level serves to drive either regular beating (forward 

swimming), or a beat reversal. The latter occurs in Paramecium after a [Ca
2+

]i increase 

beyond a certain threshold (Husser et al., 2004). 

Could the behavior observed be accounted for by store mobilization? We have seen in 

Paramecium cells by EDX analysis that, during stimulated exocytosis, Ca
2+

spill-over occurs 

from the somatic cytosol into cilia, whereas Ca
2+

fluxes in the opposite direction have never 

been observed [18]. Since depletion of Ca
2+

from alveolar sacs still allows Ca
2+

oscillations to 

occur in our experiments with GTP, we presume the ER as the relevant store, particularly 

since it reaches quite far out to the cell periphery (Hauser et al., 2000), where alveolar sacs 

spare the basis of cilia. 

[Ca
2+

]i oscillations could contain a code for back- and forward swimming. Such 

oscillations have been shown to activate in mammalian cells a Ca
2+

/calmodulin-dependent 

protein kinase by superposition of waves (Koninck and Schulman, 1998). A related kinase 

with calmodulin motifs (Kim et al., 1998) has recently been discussed in the context of ciliary 

beat regulation in Paramecium (Kim et al., 2002). This is another track to be followed up. 
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2.5.4.) Why should a cell release GTP?

Release of ATP from the cytosol of undamaged cells is established with mammalian cells 

(Forrester, 2003) which may thus achieve an auto- and/or paracrine effect via purinergic 

surface receptors. Like in mammals, in Paramecium cells ATP and GTP occur in 

concentrations of 1 and 0.3 mM/l, respectively (Lumpert et al., 1990). Considering the small 

cell volume of 0.7 × 10.10 l (Erxleben et al., 1997), even a dense population (e.g., 103 

cells/ml) could hardly account for the release of any sufficient GTP into the medium to 

deliver a concentration sufficiently high for a long range signaling effect (“blood in the water” 

effect after cell damage). Since purinergic receptors are activated by micromolar ligand 

concentrations (Schwiebert, 2003), an auto-/paracrine effect appears much more plausible, 

i.e., for near-range signaling by GTP in Paramecium. Along these lines, Iwamoto and 

Nakaoka (Iwamoto and Nakaoka, 2002) have shown that GTP at a concentration of 10 _M 

stimulates cell division in Tetrahymena. Moreover they found that shearing forces induced by 

slight centrifugation have the same effect. This is known from mammalian cells to cause 

nucleotide leakage (Forrester, 2003). In another study with Paramecium, Prajer et al. (Prajer 

et al., 1997) observed [Ca
2+

]i oscillations accompanying cell division. More concise ideas on 

signaling into the nucleus by superposition of [Ca
2+

]i oscillations are available from 

lymphocytes (Tomida et al., 2003). In a P. caudatum strain we had previously observed a 

spontaneous 8-s period (similar to our current observations) whose generation and functional 

effect has not been pursued (Plattner and Klauke, 2001). Taken together, all this would be 

compatible with an auto- and/or paracrine effect of GTP in viable cells via purinergic 

receptors. In fact, exogenous nucleoside trisphosphates are also known to stimulate ciliary 

beat activity, at least in higher eukaryotes (Zhang and Sanderson, 2003; Braunstein and 

Schwiebert, 2003) which, in contrast to lower eukaryotes, do not have the capacity to reverse 

their ciliary beat. 

Could all this, in functional terms, imply that cells would be made susceptible by an 

auto-/paracrine pulse of GTP to ongoing divisions? Would such cells be at the same time 

liable to periodic back- and forward movement, thus to remain in a favorable environment? 

This is another distinct question raised by our observations. Altogether, the function we 

envisage is widely different from what has been discussed up to now for GTP-mediated 

[Ca2+]i oscillations.
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3.1.) Summary

We have selected a conserved immunogenic region from several actin genes of Paramecium, 

recently cloned in our laboratory, to prepare antibodies for Western blots and 

immunolocalization. According to cell fractionation analysis, most actin is structure bound.

Immunofluorescence shows signal enriched in the cell cortex, notably around ciliary basal 

bodies (identified by anti-centrin antibodies), as well as around the oral cavity, at the 

cytoproct and in association with vacuoles (phagosomes) up to several µm in size. Subtle 

strands run throughout the cell body. Postembedding immunogold labeling/EM analysis 

shows that actin in the cell cortex emanates, together with the infraciliary lattice, from basal 

bodies to around trichocyst tips. Label was also enriched around vacuoles and vesicles of 

different size including “discoidal” vesicles that serve the formation of new phagosomes. By 

all methods used, we show actin in cilia. Although none of the structurally well-defined 

filament systems in Paramecium are exclusively formed by actin, actin does display some 

ordered, though not very conspicuous, arrays throughout the cell. F-actin may somehow serve 

vesicle trafficking and as a cytoplasmic scaffold. This is particularly supported by the 

postembedding/EM labeling analysis we used, which would hardly allow for any large-scale 

redistribution during preparation. 

mailto:helmut.plattner@uni-konstanz.de
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3.2.) Introduction

Actin is a highly flexible cytoskeletal component that participates in many static and dynamic 

functions in eukaryotic cells (Pollard et al., 2000). This includes reversible self-assembly of 

monomeric G-actin to F-actin filaments. Also generally known is that these filaments may be 

more or less bundled and can serve different functions, such as structural enforcement and 

restructuring of the cell cortex, rearrangement of cortical components during intracellular 

signaling, organelle dynamics and transport, etc. The latter includes well-established functions 

such as phagosome formation and plasma streaming, i.e., cyclosis (Shimmen and Yokota, 

2004). However, quite recent results highlight a much broader functional spectrum of F-actin 

than previously assumed. This applies to early steps of exocytosis, including dense core

vesicle docking (Morales et al., 2000; Pendleton and Koffer, 2001; Manneville et al., 2003; 

Gasman et al., 2004), late steps of endocytosis (Engqvist-Goldstein and Drubin, 2003; 

Guilherme et al., 2004), exo-endocytosis coupling (Valentijn et al., 1999), endo-phagosome

interaction (Kjeken et al., 2004), delivery of endocytosed receptors to lysosomes for 

degradation (Stoorvogel et al., 2004), vacuole fusion in yeast (Merz and Wickner, 2004), and 

positioning of the nucleus (Starr and Han, 2003). Some aspects are still poorly understood, 

particularly, e.g., the role of actin in flagella of algae (Mitchell, 2000; Hayashi et al., 2001; 

Hirono et al., 2003), whereas its occurrence in cilia has remained a matter of debate. Another 

line of experiments concerns the potential role of actin in mediating the connection between 

cortical Ca
2+

-stores and the plasma membrane (Patterson et al., 1999; Rosado and Sage, 2000; 

Kunzelmann-Marche et al., 2001; Wang et al., 2002).

Different actin isoforms occurring in many organisms may serve specific functions in 

the respective cells (Pollard et al., 2000; Wagner et al., 2002). For localization, antibodies 

(ABs) may be used at the light microscope (LM) and electron microscope (EM) levels, as well 

as for Western blots. Bicyclic peptide toxins, phalloidin or jasplakinolide, can bind rather 

specifically to F-actin, thus allowing fluorescence labeling (Wieland and Faulstich, 1978; 

Bubb et al., 2000). This or the alternative approach, F-actin disruption by toxins of the type 

cytochalasin B and D or latrunculin A, is also widely used for functional analyses also with 

ciliates (see below).

In previous times, mainly before molecular biology approaches could be undertaken, 

biochemical, functional, and immunolocalization studies were tried to probe the potential 

function of F-actin in ciliates such as Paramecium (Tiggemann and Plattner, 1981; Cohen et 

al., 1984; Fok et al., 1985; Kersken et al., 1986a,b), Tetrahymena (Mitchell and Zimmerman, 

1985; Hirono et al., 1987b,1989; Hoey and Gavin, 1992), Pseudomicrothorax (Hauser et al., 

1980), Histriculus (Pérez-Romero et al., 1999), Climacostomum (Fahrni, 1992), and 
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Spirostomum (Zackroff and Hufnagel, 1998). However, with ciliates, F-actin–disrupting drugs 

frequently had to be used in conspicuously high concentrations to abolish, e.g., phagocytosis 

(Fok et al., 1987; Zackroff and Hufnagel, 1998, 2002). With a variety of protozoa of the 

phylum Alveolata, actin genes or partial sequences of it have been cloned. This holds in 

particular for ciliates, such as Tetrahymena (Zimmerman et al., 1983; Cupples and Pearlman, 

1986; Hirono et al., 1987a) and Paramecium (Díaz-Ramos et al., 1998), but also for their 

pathogenic relatives of the group of Apicomplexans such as Toxoplasma (Delbac et al., 2001).

Our present analysis also addresses some special subcellular structures in Paramecium cells 

that contain multiple filament systems (Allen, 1971; Cohen et al., 1984, 1987; Cohen and 

Beisson, 1988; Keryer et al., 1990a, b; Allen et al., 1998; Beisson et al., 2001; Clérot et al., 

2001). We focus on regions with dense-core secretory vesicles (“trichocysts”), cortical 

filament bundles (“infraciliary lattice,” cf. Allen 1971, 1988), the narrow space between the 

plasma membrane and tightly attached cortical Ca
2+

-stores (“alveolar sacs,” see Plattner and 

Klauke, 2001), in addition to abundant vesicles of the phago-/lysosomal and recycling system

(Fok and Allen, 1990; Allen and Fok, 2000). Recent cloning of several actin genes of 

Paramecium tetraurelia in our laboratory opened up a new way to structural localization with 

this cell, whose regular “design” facilitates such studies. So far, studies on actin in 

Paramecium have not addressed all relevant aspects, and many aspects have remained 

controversial.
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3.3.) Materials and Methods

3.3.1.) Stocks and Cultures

The wild-type strain of P. tetraurelia used was stock 7S. Cells were cultivated in a decoction 

of dried lettuce monoxenically inoculated with Enterobacter aerogenes as a food organism, 

supplemented with 0.4 µg·ml
–1

 ß-sitosterol (Sonneborn, 1970). For subcellular fractionation, 

we used axenic cultures (Kaneshiro et al., 1979). Cells were grown at 25C to early stationary

phase as previously described (Kissmehl et al., 1996).

3.3.2.) Expression of Paramecium Actin-specific Peptides in Escherichia coli

For heterologous expression of actin-specific peptides we selected the amino acid sequence of 

actin1-1 (accession number AJ537442). After changing all deviant Paramecium glutamine 

codons (TAA and TAG) into universal glutamine codons (CAA and CAG) by PCR methods, 

the coding regions of either E57-P243 (N-terminal region) or L251-G366 (C-terminal region) 

of Paramecium actin1-1 were cloned into the XhoI/BamH1 restriction sites of pET 16b 

expression vector of the pET System from Novagen (Madison, WI) which employs a His10 tag 

for purification of the recombinant peptides.

3.3.3.) Purification of Recombinant Actin1-1 Peptides

Recombinant actin1-1 peptides, actin1-1E57-P243 and actin1-1L251-G366 were purified by affinity 

chromatography on Ni
2+

-nitrilotriacetate agarose under native conditions, as recommended by 

the manufacturer (Novagen). The recombinant peptides were eluted with a step gradient, 100 

to 1000 mM imidazole in 50 mM sodium phosphate (pH 6.0) with 300 mM NaCl added. The 

fractions collected were analyzed on SDS polyacrylamide gels, and those containing the

recombinant peptides were pooled and dialyzed in phosphate-buffered saline (PBS).

3.3.4.) Antibodies Used

ABs against the two recombinant actin peptides, actin1-1E57-P243 and actin1-1L251-G366, were 

raised either in rabbits or mice. After several boosts, 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 ABs), followed by an affinity step on the 

corresponding actin1-1 peptide. One of these ABs recognizes the N-terminal and the other the 

C-terminal region of actin1-1, yet results achieved in this study were indistinguishable with 

either type of ABs. Therefore, no further distinction is made, unless indicated. We used the 

sequence of Paramecium actin 1-1 because it is rather similar for numerous isoforms that we 

have cloned (R. Kissmehl, J. Mansfeld, E. Wagner, I. Sehring, H. Plattner, unpublished data) 
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and thus should allow us to establish an overall distribution of actin, notably of F-actin, in 

Paramecium.

Mouse polyclonal ABs against Paramecium actin1-1 were selectively used for the 

colocalization at the LM level, in conjunction with an anti-centrin (Dictyostelium discoideum) 

polyclonal AB produced in rabbits (designation HisDdCentrin2 from R. Gräf, University of 

Munich) used to identify ciliary basal bodies (Daunderer et al., 2001).

3.3.5.) Cell Fractionation

Cells were deciliated by a Mn
2+

-shock (for details, see below) and cilia were purified by 

differential centrifugation (Nelson, 1995). Whole-cell homogenates were prepared in 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. Soluble and particulate 

fractions were separated by centrifugation at 100,000 x g for 60 min at 4C. Cell surface 

complexes (“cortices”) were prepared according to Lumpert et al. (1990), and trichocysts were 

isolated by the method of Glas-Albrecht and Plattner (1990). A protease-inhibitor 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.

3.3.6.) Electrophoretic Techniques and Western Blot Analysis

Protein samples were denatured by boiling for 3 min in sample buffer (0.4 M Tris–HCl, 1% 

SDS, 0.5% DTT, 20% glycerol, pH 8.0) and subjected to electrophoresis on linear gradient (5–

20%) SDS polyacrylamide gels using the discontinuous buffer system of Laemmli (1970). 

Before electrophoresis, samples were alkylated for 30 min at 20C by 2% iodoacetamide. 

Protein standards were used in accordance with manufacturer directions. Gels were either 

stained with Coomassie blue R250 or prepared for electrophoretic protein transfer onto 

nitrocellulose membranes. Protein blotting was performed at 2 mA/cm
2

 for 1 hr according to 

the technique of Kyhse-Andersen (1989) using the semidry blotter from BioRad (Munich, 

Germany). ABs were diluted 1:1000 in 0.25% (w/v) non-fat dry milk and Tris-buffered saline, 

pH 7.5, and applied overnight at 4C. AB binding was visualized by a second AB coupled to 

alkaline phosphatase (Sigma: Taufkirchen, Germany) using 5-bromo-4-chloro-3-indolyl 

phosphate and Nitro Blue tetrazolium as substrates.



Chapter 3

52

3.3.7.) Immunofluorescence Labeling

3.3.7.1.) Basic Procedure

Cells were washed twice in 5 mM Pipes buffer, pH 7.0, containing 1 mM KCl and 1 mM 

CaCl2. Cells were fixed in 4% (w/v) freshly depolymerized formaldehyde for 20 min at room 

temperature. Cells were then permeabilized and fixed in a mixture of 0.5% digitonin and 4% 

formaldehyde, dissolved in 5 mM Pipes buffer, pH 7.0, for 30 min. Cells were washed twice 

in PBS, 2 x 10 min in PBS with 50 mM glycine added and 30 min in this solution with 1%

bovine serum albumin (BSA) added. The rabbit anti-actin AB was applied in a dilution of 

1:50 in PBS (+1% BSA) for 90 min at room temperature. After 4 x 15 min washes in the same 

solvent, FITC-conjugated anti-rabbit ABs, diluted 1:50, were applied for 90 min, followed by 

4 x 15 min washes in PBS. Samples were shaken gently during all incubation and washing 

steps.

3.3.7.2.) Deciliated Cells

Cells were washed twice in 5 mM Pipes buffer, pH 7.0, each containing 1 mM KCl and 

CaCl2, at room temperature and suspended in 50 mM MnCl2 solution in 10 mM Tris-HCl, pH 

7.2. After 2 min at 4C, cells were removed by centrifugation and resuspended in the same 

solution. After 10 min of gentle shaking, 90–95% of cells were deciliated. Deciliated cells 

were removed by centrifugation and washed twice in Pipes buffer before further use.

Deciliated cells were fixed in 8% (w/v) freshly depolymerized formaldehyde with 0.5% 

digitonin, 1 mM ATP, 10 mM MgCl2, and 10 mM KCl added, for 20 min on ice in Pipes 

buffer, pH 7.0. After fixation, cells were washed twice in PBS, 2 x 10 min in PBS with 50 mM 

glycine added and 30 min in this solution with 1% BSA added. The mouse anti-actin AB was 

applied in a dilution of 1:50 in PBS (+1% BSA) for 90 min at room temperature. After 4 x 15 

min washes in the same solvent, FITC-conjugated anti-mouse ABs, diluted 1:50, were applied 

for 90 min, followed by 4 x 15 min washes in PBS. A second labeling with anti-centrin ABs

from rabbits was performed as described above, using Texas Red–conjugated anti-rabbit ABs. 

Anti-rabbit and anti-mouse fluorescent AB conjugates were from Sigma-Aldrich (St Louis, 

MO) and Serva (Heidelberg), respectively.

3.3.7.3.) Light Microscopy

Cells were mounted with Mowiol supplemented with n-propylgallate to reduce fading. To 

analyze fluorescence staining, we used a conventional LM, type Axiovert 100TV (Zeiss; 

Oberkochen, Germany), or a confocal laser scanning microscope (CLSM) type LSM 510 

(Zeiss) equipped with a Plan-Apochromat x63 oil immersion objective (numeric aperture 1.4). 
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Images acquired with the LSM 510 software were processed with Photoshop software (Adobe 

Systems, San Jose, CA).

3.3.8.) Fixation and Embedding for Postembedding EM Analysis

Using a quenched-flow apparatus (Knoll et al., 1991), Paramecium cells were rapidly injected 

into 8% formaldehyde plus 0.1% glutaraldehyde dissolved in Pipes buffer, pH 7.2 (0C), with 1 

mM KCl and CaCl2 each added, further fixed for 60 min at 4C, washed in PBS (pH 7.4) + 50 

mM glycine (2 x 10 min), dehydrated by increasing ethanol concentrations (30%, 50%, 70%, 

90%, 96%, 2 x 15 min each, and 2 x 100%, 30 min each), and impregnated with LR Gold

resin (London Resin, London, UK) at 0C, with two changes in 2-hr intervals each and then 

overnight, followed by UV-light polymerization at –35C for 72 hr.

3.3.9.) Immunogold Labeling and EM Analysis

3.3.9.1.) Postembedding Method

Ultrathin sections mounted on formvar-coated Ni grids were pretreated (2 x 10 min) with 20 

µl of PBS, then for 10 min with PBS with 50 mM glycine added, and finally immersed in PBS 

supplemented with 0.5% BSA and 0.5% goat serum (2 x 10 min, room temperature), to 

eliminate nonspecific gold adsorption. Grids were then incubated with rabbit AB, diluted 1:20 

in PBS supplemented with 0.3% BSA-c (BioTrend, Köln, Germany), pH 7.4, 1 hr at room 

temperature. BSA-c as an acetylated form reduces nonspecific adsorption of gold conjugates 

due to increased net charge.

Samples were washed in PBS/BSA-c (0.3%) three times, 10 min each, and treated for 1 hr 

with gold conjugates. We used goat anti-rabbit IgGs coupled to gold of 5 nm (Au5) provided 

by Sigma, diluted 1:30.

3.3.9.2.) Preembedding Labeling

Without exception, cells were fixed with 8% formaldehyde + 0.1% glutaraldehyde and 

simultaneously treated with digitonin (Sigma) and the other additives, as described above for 

LM analysis of deciliated cells, incubated with primary rabbit ABs against Paramecium

actin1-1, followed by Au5-conjugated second ABs, with the aim to make the narrow 

subplasmalemmal space accessible. After embedding in LR Gold (London Resin), sections 

were additionally subjected to the postembedding labeling procedure with the same primary 

and secondary ABs, respectively.
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3.3.9.3.) Specificity of Immunogold Labeling and Further Processing

This was verified by the significant reduction of the number of Au5 particles on sections 

incubated with ABs that had been preadsorbed with the original antigen.

3.3.9.4.) Further Processing and Quantitative Evaluation

After labeling, sections were rinsed with distilled water, fixed for 5 min with 2% 

glutaraldehyde, and routinely stained for 3 min with 2% aqueous uranyl acetate (unbuffered, 

pH 4.5). EM micrographs were taken at defined magnifications and enlarged to x77,000. Au5

grains were counted and referred to area size determined by superposition of square lattices 

with 5, 10.0 and 20.0 mm spacing, respectively, depending on the size of the structure to be 

analyzed (Plattner and Zingsheim, 1983). The actual area sizes to which the numbers of gold 

grains were referred were determined from the number of hit points.
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3.4.) Results

3.4.1.) Actin-specific ABs, Cell Fractionation, and Western Blot Analysis

Molecular cloning from a pilot sequencing project (Dessen et al., 2001; Sperling et al., 2002) 

as well as from the ongoing Paramecium genome project of the Groupement de Recherche 

Européen at the Genoscope (Evry, France) revealed that P. tetraurelia contains an actin 

multigene family with at least 30 members, all encoding actin and actin-related proteins with 

calculated molecular masses ranging between 38 and 45 kD (R. Kissmehl, J. Mansfeld, I. 

Sehring, E. Wagner, H. Plattner, unpublished data). One of them, actin 1-1 (accession number 

AJ537442), a member of the actin-1 subfamily with rather conserved immunogenic regions 

(Fig. 15), was chosen for heterologous expression in E. coli (after changing all deviant 

Paramecium glutamine codons into universal glutamine codons) and subsequent production of

polyclonal ABs. Various polyclonal ABs were raised against the N-terminal (E57-P243) or C-

terminal region (L251-G366, Fig. 15), all readily recognizing the recombinant peptides used 

for immunization when tested in slot blots and Western blots (data not shown). After affinity 

purification, the actin-specific ABs were further characterized in ELISA and Western blots. 

Results obtained were similar, whether ABs were used against the N-terminal or the carboxy-

terminal region of actin 1-1, confirming their high specificity against actin or actin-specific 

peptides (data not shown). The following analyses, including Western blots, and LM and EM 

analyses, have been performed predominantly with ABs against the C-terminal region of 

Paramecium actin1-1 (Fig. 15).

Fig. 15. Multiple alignment of the C-terminal region of Paramecium actin1-1. Actin-specific sequences from 

Paramecium tetraurelia (AJ537442), Toxoplasma gondii (P53476), Dictyostelium discoideum (AA052255), 

Caenorhabditis elegans (X16797), Drosophila melanogaster (NP_523625), Mus musculus (NP_033739), and 

Homo sapiens (AAH16045) were aligned using the CLUSTALW program. Identical residues are shaded (black), 

while lesser conserved positions are labeled greyish.
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Western blots from homogenates 

display a strong band of 43 kD and a weak 

one of 40 kD (Fig. 16). Such bands also 

occur in the 100,000 x g pellet, while the 43 

kD band is much weaker in the 100,000 x g 

supernatant. The 43 kD band is typical of

actin, while the 40 kD band may represent 

one of the shorter isoforms of the actin or 

actin-related gene products of Paramecium

(Kissmehl et al., unpublished data). A 43-

kD band also clearly occurs in cilia and in 

cortices, while it is hardly discernible in the 

trichocyst fraction. Both the 100,000 x g 

supernatant and pellet also display some 

very weak bands of lower size, possibly 

generated by partial proteolysis during 

fractionation. None of the bands were 

visible when Western blots were produced

with the corresponding preimmune sera or 

in controls with the second AB alone (data 

not shown).

3.4.2) Immunofluorescence Labeling

To account for some variability in the immunofluorescence staining, we present typical 

extremes of CLSM images from double labeling experiments (Figs. 17A–D), with mouse anti-

actin FITC-ABs and rabbit anti-centrin Texas Red-ABs, the latter specific for the centrosome 

in Dictyostelium (Daunderer et al., 2001) and basal bodies in Paramecium. This is in contrast 

to the pattern obtained by the monoclonal AB 20H5 against centrin from Chlamydomonas

(Sanders and Salisbury, 1994) which in Paramecium brilliantly stains not only basal bodies 

but also the infraciliary lattice (Klotz et al., 1997; Beisson et al,. 2001). Labeling with both

anti-actin and anti-centrin ABs in part coincides with ciliary basal bodies of the outer cell 

surface and along the oral cavity, the outline of the oral cavity, and on the cytoproct. This 

structure is identified by its “posterovental” position, size, and shape (Allen, 1988). The 

degree of coincidence (yellow) on basal bodies and in the oral cavity may vary; e.g., it is 

Fig. 16. Western blot using affinity-purified anti-actin 

(Paramecium type 1-1) ABs showing a prominent band 

of 43 kD in the homogenate and in the fractions 

indicated, except trichocysts. This band represents 

preferably structure-bound actin (100,000 x g pellet) and 

appears also in isolated cortex and ciliary fractions. Note 

a fainter band of 40 kD in the homogenate and in the 

100,000 x g supernatant and pellet, which both contain 

further weak bands of lower mass (possibly degradation 

products or cross-reacting actin-related proteins). Right 

lane: molecular mass markers.
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higher in Figs. 17A,B than in Figs. 17C,D. The gradient of coincidence in Fig. 17A indicates 

some differential positioning of the respective antigens along the z-axis.

Fig. 17B shows the occurrence of actin around vesicles and vacuoles of various sizes, 

whereas the position of the red-labeled structures may suggest coincidence with elements of 

the osmoregulatory system—aspects that have not been followed in any more detail. Fig. 17D

documents more clearly a cortical actin layer and actin filaments throughout the cytoplasm, 

frequently in a radial arrangement, and sometimes with local concentration.

We used conventional LM analysis to analyze immuno-FITC labeling of cilia with anti-

actin ABs (Fig. 18), thus taking advantage of a thicker optical section layer. While 

intracellular details are largely blurred, ciliary basal bodies and cilia on the outer cell surface 

are clearly labeled. This may also apply to cilia in the oral cavity, although this is not resolved 

in Fig. 18.

Fig. 17. Colocalization of actin and centrin (yellow) by CLSM using mouse ABs against actin (green) and rabbit 

ABs against centrin (red). Two deciliated cells (A,B vs. C,D) showing extreme situations of labeling are 

presented. (A,C) are superficial sections; (B,D) are median focal planes. Note colocalization at basal bodies in 

top-most focal planes (arrowheads), on the cytoproct (cp) and in parts of the oral cavity (oc). Basal bodies 

located in layers outside the optical section are preferably red (A) or green (C), thus suggesting a layered 

arrangement of actin and centrin in these regions of the cell. Note occurrence of actin in the outermost cortex 

layer particularly in (D, arrowheads) as well as of interior actin clusters probably associated with vacuoles (v in 

B) and as filament bundles indicated by arrows (D). (B) displays centrin staining at two conspicuous sites where 

the osmoregulatory system is located (asterisks) and actin labeling associated with large vacuoles (v). Bars = 10 

µm.
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Fig. 18. Conventional anti-actin AB-fluorescence image of a cell permeabilized under conditions preserving 

cilia. (A) superficial, and (B) median plane. Note labeling of cilia (ci) in (A) and of their basal bodies (bb) in 

(A,B), of specks and strands in (B), and of the presumable oral cavity (oc) in (A,B). Bars = 10 µm.

3.4.3) Comparative Analysis of CLSM and Immunogold EM Labeling

For most results achieved by CLSM analysis, we find equivalents in the immunogold EM 

analyses (Figs 19 to 25), as specified below and summarized in Table 1. Off-cell background 

is low [2.15 gold grains per µm
2

 ± 0.85 (SEM)], as it is on irrelevant structures, such as 

mitochondria, trichocyst contents, and alveolar sacs (2.2, 1.4, and 0.3 gold grains per µm
2

, 

respectively).

After postembedding labeling, gold granules are scattered, yet with specific 

concentration zones over the cytosolic compartment. This holds for the cell cortex (Figs. 20 to 

22) with its ciliary basal bodies, as well as for regions adjacent to the oral cavity, including a 

zone enriched in ciliary basal bodies (Fig. 24A) and a zone enriched in recycling vesicles 

(discoidal vesicles) dedicated to phagosome formation (Fig. 24B). It also holds for regions 

deeper inside the cytoplasm where elements of vesicle trafficking are enriched (Fig. 25). Cilia 

are also labeled at the EM level (Figs. 19 and 14, Table 2), just as with the other methods used 

(Figs. 16 and 18). In sum, there is good agreement between LM and EM labeling. Because the 

cytoproct shows up rarely, we were unable to analyze it at the EM level.

Fig. 23 represents experiments with digitonin-permeabilized cells, showing AB-gold 

labeling in the narrow subplasmalemmal space between the plasmalemma and the outer side 

of alveolar sacs, while there is only spurious label occasionally seen after mere section 

labeling (Figs. 19 and 21). Apart from this aspect, little label only is seen in the cell cortex 

with permeabilized cells (Fig. 23). While digitonin permeabilisation may be more appropriate 

than section labeling to show the presence of some actin in the very narrow outermost 

cytosolic space, particularly when enhanced by additional postembedding labeling (Fig. 23), it 

may cause a serious overall loss of antigen. The abundance of cortical label after 

postembedding labeling justifies reliance in this study mainly on the postembedding 

procedure for further evaluation. Concomitantly, all figures presented with the exception of 

Fig. 23 were obtained by this method.
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Fig. 19. Postembedding immunogold labeling in the cell cortex. Note almost absence of background outside the 

cell and within membrane-bound organelles such as alveolar sacs (as), trichocyst tips (tt), mitochondria (m), and 

a Golgi field (go). This is in contrast to the occurrence of clear, though scattered, labeling of cytoplasmic ridges 

® typical of the Paramecium cell surface, around a trichocyst tip (top) and close to a trichocyst attachment site 

(ta), in a cilium (ci), in a ciliary basal body (bb), and along filamentous materials emanating from there 

(rectangle), probably infraciliary lattice. Note a single gold grains (arrowheads) on the complex formed by the 

cell membrane and the outer side of an alveolar sac. Bar = 0.1 µm.
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3.4.4.) Specification of Results Obtained with Postembedding Labeling

Beyond the general labeling of the cytosolic compartment of the cell cortex (Figs. 19 to 22), 

we recognize that gold granules are enriched to a variable extent in a variety of structures.

Fig. 20. Similar situation as in Fig 19, but in addition with more distinct label around a trichocyst tip (tt) and a 

ghost (gh) from a released trichocyst, and much less in diffuse association (frames 1, 2) with two basal bodies 

(bb) from which typically kinodesmal fibers (kf) originate. Cell surface ridges ® are also labeled. Note almost 

absence of label outside the cell or inside alveolar sacs (as), the trichocyst tip and ghost, as well as in a 

mitochondrion (m). Bar = 0.1 µm.

The cytoplasm of cell surface ridges, typical of ciliated protozoa, are labeled (Figs. 19 and 

20). This also holds for the cytoplasm surrounding the tips of the elongate trichocyst 

organelles, as shown in cross-section (Figs. 19 and 20) and in longitudinal section (Fig. 21). 

The gold label associated with cortical basal bodies is somewhat variable and may in part sit 

inside this structure, as shown particularly in Fig. 22B, where it shows up below the basal 

plate (Fig. 22A). Gold label also occurs adjacent to cortical basal bodies, e.g., in the 

filamentous mass in Fig. 20. This material is associated with the origin of a kinodesmal fiber 

emanating from a basal body from where the infraciliary lattice also emanates. From there, 

these filament bundles pass near adjacent trichocyst tips (Fig. 19), as established by Allen 

(1971) (1988). Although the bulk of the latter filament system is made of centrin (Beisson et 
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al., 2001), some actin clearly appears to be associated with it. Gold label also surrounds ghosts 

from discharged trichocysts (Fig. 18).

Fig. 21. Similar situation as in 19 and 20, but with more clearly visible label (rectangle) particularly surrounding 

a longitudinally cut trichocyst tip (tt) and occasional label (arrowheads) in the very narrow subplasmalemmal 

space between the plasma membrane (pm) and the outer alveolar sacs membrane (oam). Note absence of label 

from the off-cell region, alveolar sacs (as), and mitochondria (m). Bar = 0.1 µm.

Table 2 summarizes labeling densities on a quantitative level (gold grains per µm
2

). 

These are, in decreasing magnitude, as follows: 301.0 Au/µm
2

 for cytoplasmic regions around

oral cavity and around food vacuoles, 141.5 for cell surface ridges, 111.9 for immediate 

surroundings of trichocysts, between 89.5 and 95.6 for infraciliary lattice, ciliary basal bodies,

and cilia, followed by cortical cytoplasm (37.8) and the complex formed by the plasma 

membrane and the outer alveolar sacs membrane (25.9 Au/µm
2

). For statistics, see Table 1.

While the abundant filament bundles located in the cytoplasm around the oral cavity are made 

of materials other than actin (see “Discussion”), the distinct labeling in between such bundles

(Fig. 24A) again indicates association with actin. As in the cell cortex, some label may be 

associated with ciliary basal bodies around the oral cavity. Furthermore, we find intense

labeling of cytosolic regions enriched in vesicles accumulated near the cytopharynx (Fig. 
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24B). Many are oblong and thus represent discoidal vesicles known to serve membrane 

recycling from the cytoproct, i.e., formation of new phagocytic vacuoles (Fok and Allen, 

1988; Allen and Fok, 2000). In these domains of the cell, less labeling is seen immediately 

below the cell membrane than between the adjacent round and discoidal vesicles.

Fig. 22. Postembedding immunogold labeling of ciliary basal bodies (bb) located on the outer cell surface, in 

longitudinal (a) and in cross-section (b), with additional label on diffuse materials surrounding the basal body 

(framed in a). Note again absence of label on irrelevant structures, such as alveolar sacs (as), mitochondria (m) 

and a trichocyst body (tb). Bars = 0.1 µm.

Deeper inside the cell, small vesicles of different diameters are embedded in 

considerably labeled cytosol, frequently in close association with a large vacuole (Figs. 

25A,B). This arrangement suggests their identity either as lysosomes or as acidosomes in 

typical arrangement with phagosomes. These interpretations are suggested by the work of 

Allen and Fok (2000); e.g., considering the flat shape of the large vacuole indicating an early 

biogenetic stage of a food vacuole. Fig. 25B shows association of actin label with parallel 

microtubular aggregates, the gold label unilaterally concentrated at sites where microtubules

enter the section plane. Also in Fig. 25B, a heavily labeled “trail” is in direct extension of the 

adjacent microtubular bundle. This indicates involvement of actin in phago-lysosomal vesicle 

trafficking, although after the preparation protocol required for immunogold analysis, distinct 

filaments are difficult to recognize. However, some of these gold aggregates may be the 

equivalent of the fluorescent strands visualized by anti-actin ABs in Fig 17.
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Fig. 23. Combination of pre- and postembedding immunolabeling shows label in the narrow subplasmalemmal 

space (at/between arrowheads) between the plasma membrane (pm) and the outer alveolar sacs (as) membrane 

(oam), with little background on irrelevant structures outside the cytosolic compartment. Note deformation of the 

cell surface membrane complex (pm/oam), with some label attached particularly in regions with a “grazing” 

section plane, due to the permeabilisation applied. This cell has been digitonized during aldehyde fixation for 

impregnation with primary AB and IgG-Au
5
 and embedded for incubation with the same ABs in sequence. Bar = 

0.1 µm.

Table 2. Labeling density (gold grains/µm
2

) achieved with anti-actin AB/gold conjugate over different structural 

components, background [2.15 ± 0.85 (SEM), n = 6, determined off cell, or in the lumen of food vacuoles] 

subtracted.

Structure analyzed Gold grains/mm2 6SEM n

Cilia 89.5 ±25.5 21

Basal bodies 91.0 ±24.9 12

Plasma membrane/outer alveolar membrane complex 25.9 ±4.1 14

Cell surface "ridges" 141.5 ±56.8 6

Alveolar sacs contents 0.3 ±0.3 21

Cortical cytoplasm 37.8 ±4.9 5

Infraciliary lattice 95.6 ±6.2 3

Surroundings of trichocyst tips 111.9 ±27.0 7

Trichocyst contents 1.4 ±0.8 8

Mitochondria 2.2 ±1.0 11

Small vesicles associated with oral cavity and around food 

vacuoles

7.0 ±7.0 63

Cytoplasmic regions around oral cavity and around food vacuoles 301.0 ±7.6 2

SEM = standard error of the mean; n = number of structural components analyzed.
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Fig. 24. Label around the oral cavity, in a region enriched in ciliary basal bodies (bb) in (A) or in vesicles (B). 

These represent, at least in part, discoidal vesicles (dv) known to recycle membranes for nascent phagosome 

formation, which may be assisted by round vesicles (rv) as discussed in the text. A particularly densely labeled 

domain in (A) is framed. Some label is located between unlabeled fibrous materials (fm, not actin-type). Also 

note some label on basal bodies (bb) and within some cilia (ci). In (B), the label is scattered between the 

discoidal vesicles (dv). In (A) and (B), a 1-µm-thick layer below the oral cavity plasma membrane is heavily 

labeled, starting at a distance from the plasma membrane. Bars = 0.1 µm.
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Fig. 25. Label of the cytosolic compartment around small vacuoles (sv), probably acidosomes, approaching a 

large one (lv), probably a nascent food vacuole (see text). Particularly labeled domains are highlighted (boxes 1, 

2). Some of this label is associated with microtubule bundles (mt), e.g., in (B), but not in (A). In (B) a “trail” 

marked by box 2 is especially strongly labeled, although no distinct filament system can be recognized because 

of the preparation required. Only occasional gold grains are seen in non-cytosolic compartments, e.g., 

background in vacuole in (A). Bars = 0.1 µm.
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3.5) Discussion

3.5.1) Background from Previous Work

Occurrence of most actin in Paramecium in structure-bound form contrasts with the 

abundance of monomeric actin in Apicomplexans (Sibley, 2004), including Toxoplasma

(Poupel et al., 2000; Wetzel et al., 2003). This makes fluorescence labeling studies with F-

actin–specific drugs feasible. In Paramecium, phalloidin, heavy meromyosin, and DNaseI 

have clearly revealed labeling of the cell cortex, particularly of ciliary basal bodies 

(Tiggemann and Plattner, 1981; Kersken et al., 1986a,b). Phalloidin also has labeled the 

nascent food vacuole (Kersken et al, 1986a,b). Concomitantly, cytochalasin B has been 

reported to inhibit formation of phagocytic vacuoles (Allen and Fok, 1983,1985; Fok and 

Allen, 1988). It also inhibits docking of trichocysts (Beisson and Rossignol, 1975), and it even 

can detach docked trichocysts from the cell surface (Pape and Plattner, 1990). When 

phagocytosis has been analyzed with different F-actin–disrupting drugs and analogs, 

respectively, the requirement of concentrations well above those used with mammalian cells 

has been confirmed (Beisson and Rossignol, 1975; Pape and Plattner, 1990; Zackroff and 

Hufnagel, 1998). This is in line with the low sensitivity of F-actin in other ciliates. In total, 

these data are all compatible with our current results obtained with ABs against the original

Paramecium antigen.

Previous attempts to localize actin in Paramecium have led to controversies. One 

discrepancy concerned the composition of cortical filament bundles, notably of the infraciliary 

lattice emanating from ciliary basal bodies. While the bulk of this filament system has been 

established as centrin (Beisson et al., 2001), this does not necessarily preclude association of

centrin filaments with actin, as we can show. Recall that widely different affinity stains for 

actin, including heavy meromyosin, have resulted in cortical labeling in Paramecium

(Tiggemann and Plattner, 1981; Kersken et al., 1986a,b), as well as in Tetrahymena (Méténier, 

1984). Theoretically, previous LM and preembedding-EM localization studies could have 

faced the problem of soluble antigen relocation and even loss during permeabilisation. This 

would not easily be possible with the postembedding immuno-EM labeling procedure used 

now. Another hint to real cortical F-actin localization in Paramecium came from the in vivo 

labeling by injection of fluorescent phalloidin (Kersken et al., 1986a,b), resulting first in 

cortical labeling and, over longer time periods, in disappearance from the cortex and re-

assembly as thick trans-cellular filament bundles of a type not previously seen. Conversely,

aberrant phalloidin binding by F-actin formed by some isoforms may preclude labeling 

(Hirono et al., 1989), while such forms may bind actin-specific ABs.
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3.5.2) Additional Functional Aspects Derived from This Study

Cortical F-actin is generally required for cyclosis—an actomyosin-based process (Shimmen 

and Yokota, 2004). This is a permanent ongoing process also in Paramecium (Sikora et al.,

1979), where it serves the delivery of trichocysts to the cell cortex (Aufderheide, 1977) and 

the cycling of phago-lysosomal elements through the cell body (Fok and Allen, 1988,1990; 

Allen and Fok, 2000). Myosins occur in Paramecium (Cohen et al., 1987), just as in other 

protists (Gavin, 2001).Our present EM analysis verifies that in the Paramecium cell cortex, 

actin is enriched at ciliary basal bodies, as discussed above on the LM level. From there it 

emanates to the infraciliary lattice and around trichocyst docking sites. The association of 

actin with ciliary basal bodies has led to the description of the “basal body cage,” particularly 

in Tetrahymena (Hoey and Gavin, 1992), where association with myosin has been 

demonstrated (Garcés et al., 1995). The loose arrangement of gold label within and around 

basal bodies, as we see it here, suggests that during permeabilisation for LM analysis, F-actin 

emanating from basal bodies may collapse to a compact arrangement. In sum, a more loosely 

arranged cortical F-actin in conjunction with myosin may underlie cytoplasmic streaming and 

possibly trichocyst docking. Concomitantly, inhibition of trichocyst docking by cytochalasin 

B (Beisson and Rossignol, 1975) would be compatible with both actin-based transport by 

cyclosis and enrichment of actin around trichocyst tips (this study).

Assembly of F-actin around nascent phagosomes is well established, not only in 

mammalian cells but also in Paramecium cells (Allen and Fok, 1983; Fok and Allen, 1988). In 

detail, fusion of acidosomes with the nascent food vacuole depends on F-actin (Fok et al.,

1987), as does maturation along the phago-lysosomal pathway, where multiple fusion/fission 

processes occur (Allen and Fok, 1985; Allen et al., 1995). Interestingly, in our study, gold

labeling immediately below the cytopharyngeal plasma membrane is less intense than 

between the closely packed globular and discoidal vesicles slightly below. This can be seen in 

line with the following reports. In Dictyostelium, F-actin prevents clustering of endosomal 

vacuoles (Drengk et al., 2003). Alternatively, in yeast, actin is required for Ca
2+

-mediated 

vacuole interaction leading to fusion (Merz and Wickner, 2004). The final step of this cycle in 

Paramecium, exocytotic release of spent phago-lysosomes, can also be inhibited by 

cytochalasin B (Allen and Fok, 1985). In agreement with this previous work, the site of 

phagosome formation, vacuoles of different size, and the cytoproct are clearly labeled with 

anti-actin ABs in our CLSM and EM pictures. Therefore, the fine filaments described at the 

cytoproct by Cohen et al. (1984) are, at least to some extent, F-actin. However, centrin also 

occurs at the cytoproct, according to the CLSM pictures presented in Fig 17.
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At the EM level, we see that the cytosolic compartment around large and small vacuoles 

is frequently heavily labeled (even when filaments are difficult to discern due to faint contrast

resulting from preparation for immuno-EM analysis). This holds, e.g., for domains with 

clearly visible microtubule bundles deep inside the cell and for regions with discoidal vesicles

approaching the cytopharynx. The latter are delivered along microtubule rails, using dynein as 

a motor (Schroeder et al., 1990). Therefore, actin at these sites may serve not as a motor, but 

rather as a kind of scaffold. In sum, apart from association with non-actin filaments (see 

below), we see that actin is also associated with the second cytoskeletal element, the 

microtubules. This agrees with functional data obtained by combined drug application (Fok et 

al., 1985).

Label also occurs around the oral cavity outside the site of phagosome formation in the 

cytopharynx. Such filaments are known not to represent actin, either in Paramecium (Clérot et 

al., 2001), or in other ciliates (Viguès et al., 1999). In these regions, F-actin may again serve 

structuring of these firmly established subcellular domains and/or vesicle trafficking.

Interestingly, co-assembly of polymerizing actin with other filament components from 

Tetrahymena can be produced in vitro (Mitchell and Zimmerman, 1985).

Vesicles deeper inside the cytoplasm, often close to a large phagosome, are also 

surrounded by gold label. All this reflects that actin is present throughout the cell in LM 

analyses, frequently as strands. Actin may thus participate directly or indirectly in vesicle 

trafficking, including cyclosis.

Not only ciliary basal bodies, but also the ciliary shaft, are labeled by anti-actin ABs. 

Labeling of cilia has been reported previously based on peroxidase-based preembedding 

immunostaining in Paramecium (Tiggemann and Plattner, 1981) and in quail oviducts

(Sandoz et al., 1982). Because this method is subject to redistribution artifacts (Plattner and 

Zingsheim, 1983), we considered a re-analysis by Western blots and by the postembedding 

EM methodology to be necessary. It is known only from flagella of the green alga,

Chlamydomonas (Mitchell, 2000; Hayashi et al., 2001; Hirono et al., 2003), that actin is 

mandatory for normal beat activity. This may apply also to cilia of Tetrahymena, whose 14S 

axonemal dynein binds actin (Muto et al., 1994). More details on the role of actin in cilia 

remain to be elucidated.

Another poorly understood aspect concerns coupling of cortical calcium stores to the 

cell membrane. With mammalian cells, one of the molecules considered to establish such 

connections, particularly for store-operated Ca
2+

-influx, is actin (Patterson et al., 1999; Rosado 

and Sage, 2000; Kunzelmann-Marche et al,. 2001; Wang et al., 2002). Interestingly, we find 

gold label that may be associated with the narrow subplasmalemmal space not only using a 
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variation of the general labeling procedure that facilitates access of ABs (Fig. 23), but also, 

though to a lesser extent, using postembedding labeling (Figs. 19 and 21). This becomes 

evident particularly after statistical evaluation (Table 2). Although cytochalasin B application 

did not change concomitant Ca
2+

 signals (Mohamed et al., 2003), we keep this question open 

because the different actin isoforms found in Paramecium (Kissmehl et al., in preparation)

may have different drug sensitivities.

Our present immunogold EM analysis largely depends on the preparation schedule used, 

whereas we obtained no such clear-cut labeling pattern with other approaches (data not 

shown). The current approach implied rapid injection (spraying) of cells in 0C aldehyde

fixative, containing high formaldehyde and very low glutaraldehyde concentrations, followed 

by low temperature embedding and UV polymerization at –35C. This can considerably restrict

diffusion of macromolecules and, even more, of filamentous aggregates. Therefore, we 

consider the current approach, elaborated on a (semi-)quantitative basis, more reliable than 

some previous attempts to localize actin in such cells.
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4. 1.) Summary

Molecular cloning from a Paramecium tetraurelia pilot genome project, the subsequent 

sequencing of a Megabase chromosome as well as the ongoing genome project revealed that 

P. tetraurelia contains an actin multigene family with at least 30 members encoding actin, 

actin-related and actin-like proteins. They group into twelve subfamilies; a large subfamily

with 10 genes, seven pairs and one trio with >82% amino acid identity, as well as three single 

genes. The different subfamilies are very distinct from each other. In comparison to actins in 

other organisms, P. tetraurelia actins are highly divergent, with identities topping 80% and 

falling to 30%. We analyzed their structure on nucleotide level regarding the number and 

position of introns. On amino acid level, we scanned the sequences for the presence of actin 

consensus regions, for amino acids of the intermonomer interface in filaments, for residues 

contributing to ATP binding, and for known binding sites for myosin and actin drugs. Several

of those characteristics are lacking in several subfamilies. The divergence of P. tetraurelia

actins and actin-related proteins within each other as well as with sequences of other 

organisms is well represented in a phylogenetic tree, where P. tetraurelia sequences only 

partially cluster. 

mailto:Ivonne.Sehring@uni-konstanz.de
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4.2.) Introduction

Actin is described as one of the most abundant and highly conserved proteins in eukaryotic 

cells. It may be present as monomeric G-actin or as filamentous F-actin and is involved in 

many vital cellular functions such as organelle transport (Snider et al., 2004), cell motility 

(reviewed in Pollard and Borisy, 2003), cytokinesis (Otegui et al., 2005), cytoplasmic 

streaming in plants (Shimmen and Yokota, 2004), in regulating trafficking of membrane 

proteins like the vacuolar H
+

-ATPase (Beaulieu et al., 2005), in exocytosis (Bader et al.,

2004) and in different steps during endocytosis (Yarar et al., 2005), phagosome/lysosome 

fusion (Kjeken et al., 2004; Stockinger et al., 2006) and post-Golgi transport (Cao et al.,

2005). Nuclear actin is involved in transcription (reviewed in de Lanerolle et al., 2005). This 

functional diversification may be accounted for the molecular diversification of actin in the 

ciliated protozoan, Paramecium tetraurelia, where immuno-localization has revealed 

numerous sites of actin enrichment (Kissmehl et al., 2004).

The number of actin genes in a species can widely vary (Hightower and Meagher, 

1986). Multicellular organisms have several isoforms of cytoplasmic actin, which are 

coexpressed in most cell types and share very similar sequences with each other (Herman, 

1993). In addition, a range of actin-like (alp) and actin-related proteins (arp) exist, which are 

conserved across all eukaryotes (Goodson and Hawse, 2002; Kandasamy et al., 2004; Muller 

et al., 2005). Arp functions range from specialized effects on conventional G- and F-actin 

structures to structural activities that are apparently independent of actin. Actins, alps and arps 

define a large family of homologous proteins, the actin superfamily, which share the same 

structural architecture, known as the “actin fold”, and an overall sequence similarity to actin 

(Muller et al., 2005). The actin fold is functionally characterized as an ATPase domain with 

ATP-binding capacity in the presence of Mg
2+

 or Ca
2+

. Monomeric actin binds ATP, which is 

hydrolyzed to ADP after incorporation of the actin monomer into a filament. This hydrolysis 

is important for the dynamic turnover of actin filaments. Also for several arps, hydrolysis of 

bound ATP is necessary for their function (Nolen et al., 2004). 

A brief look into close relatives of Paramecium shows wide variability. Although in 

most eukaryotes actin is encoded by a multigene family, there are also organisms where only 

one single actin gene is described so far, e.g. the Apicomplexans Toxoplasma gondii and 

Cryptosporidium parvum (Nelson et al., 1991; Kim et al., 1992; Dobrowolski et al., 1997). 

Genes encoding actin have been cloned also in several other members of the Apicomplexans 

(Cevallos et al., 2003; Wesseling et al., 1989), which, together with ciliates such as 

Paramecium and Tetrahymena, belong to the phylum Alveolata. In Cryptosporidium, the 

actin gene is intronless, and in Toxoplasma it has one intron. In Plasmodium falciparum, 
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another Apicomplexan, there are two genes encoding actin (Wesseling et al., 1989). One gene 

(actin I) is intronless and is expressed throughout the parasite life cycle, while the actin II 

gene has one intron and is transcribed only in the sexual stages. Several studies on ciliate actin 

showed that it is different from that of other eukaryotes and therefore described as 

“unconventional” (reviewed in Villalobo et al., 2001). 

In P. tetraurelia, a first characterization of actin on the molecular level was achieved

when Diáz-Ramos et al. (1998) cloned an actin gene fragment of 1,138 bp, i.e., more than 

96% of the coding sequence of a standard actin gene. It was called alpha-actin as it was 

mostly homologous to that form in other organisms. Sequence data provided by a pilot 

sequencing project (Dessen et al., 2001; Sperling et al., 2002), the sequencing of a 

macronucleic one-megabase chromosome (Zagulski et al., 2004) and a current genome project 

at Genoscope (Evry cedex, France) allowed us to search the P. tetraurelia genome for further 

actin genes. We found 30 genes for actin, arps and alp, to be grouped in 12 widely diverging 

subfamilies, with varying intron numbers and positions, ATP- and drug-binding sites. This 

diversification suggests unprecedented specification in localization and function within one 

cell. 
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4.3.) Material and Methods

4.3.1.) Stocks and cultures 

The wild-type strains of P. tetraurelia used were stock strains 7S and d4-2, derived from stock 

strain 51S (Sonneborn, 1974). Cells were cultivated in a decoction of dried lettuce 

monoxenically inoculated with Enterobacter aerogenes as a food organism, and 

supplemented with 0.4 µg·ml
-1

 ß-sitosterol (Sonneborn, 1970). Bacteria were removed by 

washing and starving for several hours.

4.3.2.) 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 actin 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 containing the artificial restriction sites EcoRI/NotI was:

5'-AACTGGAAGAATTCGCGGCCGCGGAATTTTTTTTTTTTTT-3'. The subsequent PCR 

reaction (50 µl) was performed with the Advantage 2 cDNA polymerase mix (Clontech, Palo 

Alto, California) using actin specific oligonucleotides (Table A1, supplemental material) with 

or without the artificial restriction sites XhoI, HindIII or StuI 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 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-TA 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.

4.3.3.) 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). 

4.3.4.) Preparation of non-radioactive and radioactive probes

Oligonucleotide 1 and 2 were also used to generate non-radioactive and radioactive probes by 

utilizing the PCR DIG Probe Synthesis Kit from Roche Diagnostics (Mannheim, Germany) or 
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by [γ−
32

P]dATP incorporation using a Random Primers Labeling System (Gibco-BRL, 

Cergy-Pontoise, France), according to the supplier's protocol. 

4.3.5.) Hybridization cloning

Hybridization cloning from an indexed library of Paramecium macronuclear DNA (Keller 

and Cohen, 2000) was carried out as described previously (Kissmehl et al., 2002). 

4.3.6.) Annotation and characterization of further actin genes

In order to identify further actin genes in Paramecium, the developing Paramecium database 

(http://www.cgm.cnrs-gif.fr.) was screened by using the nucleotide and amino acid sequence 

of actins either from other organisms or already identified and annotated Paramecium actin 

genes. Positive hits were further analyzed by performing BLAST searches at the NCBI 

database (Altschul et al., 1997). Additional classification was performed using ARPAnno 

(http://bips.u-strasbg.fr/ARPAnno/), an actin-related protein annotation server (Muller et al.

2005). Conserved motif searches were performed with either PROSITE 

(http://www.expasy.org/prosite; Bairoch et al., 1997), or with BLAST-RPS using pfam entries 

of the corresponding CDD database (Bateman et al., 2004; Marchler-Bauer et al., 2005). 

Phylogenetic and molecular evolutionary analyses were performed with either Clustal W and 

PhyloDraw (version 0.8; Department of Computer Science, Putan National University, Korea 

[http://pearl.cs.pusan.ac.kr/phylodraw/]), or the Mega version 3 program (Kumar et al., 2004).
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4.4.) Results

Molecular cloning from three independently initiated P. tetraurelia genome projects, i.e., a 

pilot sequencing project (Dessen et al., 2001; Sperling et al., 2002), the sequencing of a 

macronucleic one-megabase chromosome (Zagulski et al., 2004) and the current genome 

project at Genoscope (Evry cedex, France), revealed that P. tetraurelia contains an actin 

multigene family with 30 members encoding actin, actin-related and actin-like proteins. They 

can be classified into 12 subfamilies, most of them with several members each.

4.4.1) Actin 1 subfamily

In order to complete the missing ends of the first published actin gene of P. tetraurelia (Diáz-

Ramos et al., 1998), we took advantage of an indexed genomic library (Keller and Cohen, 

2000) by using a ~1 kb probe designed from the sequence of this actin gene (accession 

number X94954). By performing a two hybridization step, 27 positive spots were detected on 

type 1 filters, seven of which were also analyzed in detail on type 2 filters. The following 

clones were then retrieved and sequenced: 47F1, 55B19, 87M3, 96J10, 107D11, 139C10, and 

149A2 (internal designations; Keller and Cohen, 2000). One of them, clone 87M3, 

corresponds to the incomplete actin sequence previously published (Diáz-Ramos et al., 1998). 

It contains the entire actin sequence including the missing 5’- and 3’-ends, but also 18 

nucleotide substitutions (when compared to the sequence published by Diáz-Ramos et al.,

1998) predominantly at the ends of the sequence. This actin gene, actin 1-1 (accession number 

AJ537442), consisting of 1128 bp, encodes a protein of 375 amino acids, with a calculated 

molecular weight of 41,675 (Table 3). This gene has also been cloned from the cDNA 

synthesized from the total RNA of vegetative cells. The coding sequence is interrupted by two 

short introns that display the characteristics of P. tetraurelia introns, bordered by 5’-GT and 

AG-3’ and of 21-31 nucleotides in size. 

By sequencing the other 6 clones, we found two other isoforms, actin1-2 (accession 

number AJ537443) and actin 1-3 (accession number AJ537444), which differ from each other 

by 4 to 8% on the nucleotide level (Table 3). However, on the amino acid level all three actins

are identical and they all contain the two introns at the same position. The presence of all 

three genes in a cDNA library indicates that all three isoforms are expressed. For other actin 

subfamily 1 members, see below.
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Table 3. Molecular characteristics of actins (act), actin-related (arp), and actin-like proteins (alp) in P. tetraurelia

DNA Protein

Gene/

subfamily

Accession

number

Scaffold

number
d

Length

  [bp] ORF

[bp]

  Intron

[number]

 Identity
a

[%]

 Length

   [aa]

Size

  [kDa]

 Identity
a

       [%]

 Identity
a, b

        [%]

actin1

     act1-1
c

     act1-2
c

     act1-3
c

     act1-4
c

     act1-5

     act1-6
c

     act1-7
c

     act1-8

     act1-9
c

     act1-10
c, e

AJ537442

AJ537443

AJ537444

AJ537445

CR855974

CR548612

CR855973

CR855972

CR855988

CR855989

     13

     20

     32

   111

     85

       1

       8

   105

     41

     73

1183

1182

1184

1179

1180

1128

1128

1168

1158

1200

1128

1128

1128

1128

1128

1128

1128

1113

1131

1149

    2

    2

    2

    2

    2

    0

    0

    2

    1

    1

100

98.0

94.8

78.6

80.5

65.8

71.5

79.3

75.2

66.2

375

375

375

375

375

375

375

370

376

103

41.7

41.7

41.7

41.7

41.6

41.2

41.7

42.1

43.3

11.9

100

100

100

89.9

91.5

61.7

76.9

70.2

63.3

10.9

100

100

100

89.9

91.5

61.7

76.9

70.2

63.3

12.2

actin2

     act2-1
c

     act 2-2

AJ537446

AJ537447

    40

   102

1256

1257

1131

1131

    5

    5

100

89.9

376

376

42.4

42.4

100

99.5

59.6

59.6

actin3

     act 3-1
c

     act 3-2
c

AJ537448

CR548612

       8

       1

1113

1113

1113

1113

    0

    0

100

82.7

370

370

42.4

42.1

100

82.7

44.1

44.7

actin4

     act 4-1
c

     act 4-2

CR855971

CR856039

   147

   128

1066

1062

1038

1038

    1

    1

100

90.8

345

345

38.5

38.5

100

96.8

28.2

28.5

actin5 (arp1)

     act 5-1
c

     act 5-2

     act 5-3

CR855970

CR855969

CR855968

   156

     20

     13

1282

1284

1284

1131

1131

1131

    6

    6

    6

100

93.5

80.3

376

376

376

42.8

42.8

42.9

100

100

86.7

39.6

39.6

39.1

actin6

     act 6-1
c

     act 6-2

CR855967

CR855986

     52

     60

1296

1294

1185

1185

    4

    4

100

90.5

394

394

44.1

45.0

100

93.7

30.9

31.1

actin7 (arp4)

     act 7-1
c

     act 7-2

CR855941

CR855965

   115

    113

1217

1217

1164

1164

    2

    2

100

89.3

387

387

44.9

44.8

100

95.4

23.7

25.0

actin8

     act 8-1
c

CR548612         1 1100 1056    2 100 351 40.6 100 37.0

actin9 (arp10)

     act 9-1
c

CR855964     122 1026   999     1 100 332 38.0 100 17.6

arp2

     arp 2-1

     arp 2-2 

CR855976

CR855992

     14

     42

1314

1309

1176

1176

    5

    5

100

90.7

391

391

43.8

43.9

100

96.2

41.2

40.2

arp3

     arp 3-1

     arp 3-2 

CR856038

CR855990

     62

     24

1401

1401

1278

1278

    5

    5

100

92.6

426

426

48.9

48.9

100

98.6

36.2

36.2

alp1 (arp5)

     alp 1-1 CR855977      19 2002 1978     1 100 658 76.9 100 25.0

a

 Sequences were aligned by Clustal W

b

 Numbers are referred to the amino acid sequence of act1-1

c

 Genes are analyzed also on the cDNA level

d

Paramecium genome project, series of cloned pieces of DNA representing overlapping regions of a particular 

chromosome, that are in the right order

e

 Putative pseudogene

4.4.2.) Actin 2 subfamily

Among the 722 protein encoding genes identified in the course of the pilot sequencing project 

of the P. tetraurelia macronuclear genome we also found a partial sequence with homology to 
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another mammalian actin. Sequencing of the corresponding clone, clone M07D05u resulted in 

the identification of the 5’- end of this gene. To obtain the missing 3’- end, we took advantage

of the indexed genomic library, which we analyzed in two subsequent hybridization steps by 

using a specific probe designed from sequence M07D05u. Besides clone M07D05u, another 9 

positive spots were detected on type 1 filters, which were analyzed in detail on type 2 filters. 

The following clones were then retrieved and sequenced: 15M16, 27N16, 27P11, 27P12, 

47j22, 74C9, 87H1, 87J8, 93E10, and 134L2. Most of the clones do contain the complete 

sequence information of this gene, but also of a closely related actin isoform. The two genes 

were called actin2-1 (accession number AJ537446) and actin2-2 (accession number 

AJ537447). Sequencing from a Paramecium cDNA-library revealed the cDNA information of 

the corresponding genes. The ORFs, which are interrupted by 5 short introns, encode proteins 

of 376 amino acids with calculated molecular masses of 42.4 kDa (Table 3).

4.4.3.) Other actin subfamilies

During early steps of the P. tetraurelia whole genome shotgun sequencing undertaken by 

Genoscope (http://www.genoscope.cns.fr), and by manual assembly of single reads excluded 

from the draft assembly we used, we were able to identify further actin coding genes, given a 

total number of 30 genes encoding actins, arps and alp. Subfamily nomenclature was given in 

chronological order of their finding. 

Interestingly, the megabase chromosome sequencing project (Zagulski et al., 2004) 

revealed a cluster of three actin genes (scaffold1; accession number CR548612; actin1-6, 

actin3-2 and actin8-1). On the related sister scaffold (scaffold 8) only two actins were present 

(actin1-7, accession number CR855973, and actin3-1, accession number AJ537448). The 

incidence of two closely related isoforms is probably due to recent whole genome duplication 

in P. tetraurelia (J. Cohen and L. Sperling, personal communication; Aury et al., in press).

4.4.4.) Actin sequences

The 30 genes found in P. tetraurelia can be divided into twelve subfamilies: seven pairs, one 

trio, three single genes, and a large subfamily with 10 members, one of those seems to be a 

pseudogene (Table 3). Within a subfamily, proteins are of equal size. Exceptions are the 

members of subfamily 1 which vary between 367 and 376 amino acids (aa).
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Fig. 26. Position of introns (drawn to scale) in the nucleotide sequence of the different actins and actin-related 

proteins in P. tetraurelia. Within a subfamily, both localization and length of the introns are identical. The 

position of the introns are as follows (bp): subfamily 1, intron I (241-270), intron II (907-933); subfamily 2, 

intron I (110-140), intron II (218-243), intron III (332-354), intron IV (731-754), intron V (976-1001); subfamily 

4, intron I (900-925); subfamily 5, intron I (45-74), intron II (139-163), intron III (359-381), intron IV (690-

716), intron V (922-948), intron VI (1108-1132); subfamily 6, intron I (93-120), intron II (273-303), intron III 

(530-528), intron IV (799-825); subfamily 7, intron I (514-539), intron 2 (738-766); subfamily 8, intron I (121-

141), intron II (780-804); subfamily 9, intron I (818-845); subfamily arp2, intron I (35-57), intron II (169-189), 

intron III (321-350), intron IV (920-949), intron V (1129-1161); subfamily arp3, intron I (58-82), intron II (168-

191), intron III (410-435), intron IV (1170-1196), intron V (1280-1305); subfamily alp1, intron I (84-109).
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While several P. tetraurelia actin genes encode proteins with the common actin length 

of 375 aa, there are also smaller (down to 332 aa) and larger proteins (up to 394 aa). Both 

arp2 and arp3 isoforms, with 391 aa and 426 aa, respectively, are in the range of the usual 

lengths for those proteins. Additionally one gene encodes a large actin-like protein with 658 

aa (Table 3). Amplification with gene-specific primers from P. tetraurelia cDNA indicates 

the expression of selected isoforms and reveals cDNA information about these genes. 

Comparison of these sequences with the genomic version allows us to determine number, size 

and position of the introns. The number and positions of introns varies between the different 

subfamilies, while they are of the same size and position within a subfamily (Fig. 26). An 

exception is again subfamily 1, where six members possess two introns, while the other four 

members contain only one, and they are not all at the same position and of the same length. In 

subfamily 3, the two members do not contain any introns. Subfamily 5, where the ORF is 

interrupted by six introns, has the highest number of introns (Fig. 26, Table 3). For actin1-10, 

intron splicing creates a stop mutation and would result in the expression of only a 103 amino 

acid fragment of the protein. As the presence of spliced act1-10 cDNA was experimentally 

verified, the existence of such a short peptide is possible. However, this has not been analyzed 

so far.

Members within a subfamily share more than 80% sequence identity at the nucleotide 

level (alignment with Clustal W). Exceptions are the members of subfamily 1 whose amino 

acid composition varies by up to 34%. The different actin subfamilies are highly divergent 

from each other. Comparing the amino acid sequence of all of them to actin1-1, the isoforms 

of the actin2 subfamily have the highest identity with less than 60%. All other subfamilies 

show even less than 50% identity on amino acid level with actin1-1, with the lowest value of 

17.6% for actin9. Actin1-1 was chosen as reference sequence as it is, together with the 

identical (on amino acid level) isoforms actin1-2 and actin1-3, the most conserved actin in 

comparison to actins from other organisms (Table 4). Nevertheless, even these isoforms share

less than 80% identity with actins of selected model organisms. Members of other subfamilies 

have less than 50% identity between each other, with the most diverse isoform, actin9-1, 

sharing only 17.6% identity. This wide diversification of P. tetraurelia actins is manifested in 

the differences found in several actin characteristics, as shown below.



Chapter 4

80

Table 4. Identities between P. tetraurelia actin paralogs and actins from other organisms on    

amino acid level
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actin1-1 78.5 73.9 73.9 71.8 72.3 73.4 72.3 73.4 72.6

actin1-2 78.5 73.9 73.9 71.8 72.3 73.4 72.3 73.4 72.6

actin1-3 78.5 73.9 73.9 71.8 72.3 73.4 72.3 73.4 72.6

actin1-4 77.4 70.2 69.9 70.2 69.9 70.2 69.7 69.4 69.9

actin1-5 76.3 70.7 70.5 71.0 69.4 70.2 69.7 69.9 69.9

actin1-6 57.7 54.5 56.1 56.1 56.1 56.1 56.1 56.1 56.4

actin1-7 69.1 66.88 64.4 66.5 66.2 64.4 65.4 64.9 65.7

actin1-8 59.8 58.8 57.1 57.4 56.6 57.1 56.6 56.6 56.6

actin1-9 57.0 53.3 52.3 52.5 51.5 52.5 51.7 51.5 52.0

actin2-1 62.6 61.3 60.5 58.6 60.5 60.5 61.8 60.2 62.1

actin3-1 46.9 44.2 45.0 46.6 45.0 44.7 44.7 44.5 44.7

actin4-1 30.6 29.5 30.3 30.6 30.9 30.6 30.6 30.3 30.6

actin5-1 42.2 40.6 40.3 41.6 40.6 41.1 40.6 40.6 40.6

actin6-1 30.6 29.6 30.1 33.2 30.9 31.1 31.4 30.6 31.4

actin7-1 24.2 22.9 22.7 24.7 23.7 23.5 23.7 23.7 23.7

actin8-1 38.9 35.6 37.5 38.1 38.6 37.8 38.3 36.9 38.1

actin9-1 19.5 20.4 20.4 20.4 20.1 19.5 19.8 19.8 19.5

a

 Sequences were aligned by Clustal W method

4.4.5.) Actin-related proteins (arps)

Because of high sequence identity and similarity between actin and arps sequences, and low 

sequence identity of P. tetraurelia genes to those of other organisms, it is sometimes difficult 

to unambiguously classify a P. tetraurelia sequence from BlastP database searches. Indeed 

the search of homologs for some isoforms leads to protein hits exhibiting a significant E-

value. Among these, conventional actin sequences are dispersed among arp sequences.

Therefore, the assignment of some subfamilies could have been exchanged, e.g., actin5 with

arp1. Additionally, we used ARPAnno, an actin-related protein annotation server designed by 

Muller et al. (2005), for classification of our sequences. In general, the results from NCBI 

Blast search and ARPAnno concur, only in two cases different classifications were obtained 

(see below). In spite of these variations, to avoid confusion in nomenclature, we do not 

change the existing names (as deposited in the database).

Several arps are subunits of chromatin remodeling complexes (Olave et al., 2002). The 

nuclear arps, arp4 and arp6, which are copresent in the SW12-SNF2 complex, are 

omnipresent in eukaryotic organisms, except for the parasite Encephalitozoon cuniculi

(Muller et al., 2005). Similarly, in the P. tetraurelia genome, we only found orthologs for 
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arp4 (actin7) but none for arp6. The designation as arp4 is due to blast search hits for arp4 

from the NCBI database. In contrast, alignment with ARPAnno gave the best score (score 

ranging from 0 to 100) for arp2 (29.1), but the score for arp4 is just slightly below (28.8). 

Arp4 is also member of the chromatin remodeling complex INO80 which also includes arp5 

and arp8. Both arp5 and arp8 are generally absent from lower phyla. In the P. tetraurelia

genome, only an ortholog for arp5 (denominated alp1) exists, none for arp8. In contrast, all 

cytoplasmic arps are present in the P. tetraurelia genome. Both arp2 and arp3 are represented 

by two isoforms. For the third cytoplasmic arp, arp1, we found three orthologs (actin5-1, 

actin5-2 and actin5-3). The functionally obligate heterodimeric partners arp7 and arp9, the 

two arps restricted to fungi so far, are not present. Actin9, the most divergent actin isoform in 

P. tetraurelia, is difficult to classify. While NCBI database blast resulted in hits for both actin 

and arp10, ARPAnno alignment showed the best, but very low, score (24.8) for both arp2 and 

orphans (sequences lacking common defining characteristics). 

4.4.6.) Phylogenetic distribution

The growing number of sequence data from different organisms available allows us to 

investigate the phylogenetic distribution of P. tetraurelia actins and actin-related proteins. A 

phylogenetic tree with 71 sequences from 25 other organisms, including 18 sequences from P. 

tetraurelia, was created using PhyloDraw (matrix: neighbor joining). We selected at least one 

member of each subfamily; for subfamily one, the isoforms actin1-2 and 1-3 were excluded. 

The diversity of P. tetraurelia actins is well presented in the phylogenetic tree (Fig. 27). The 

first members of subfamily 1 cluster in a single-standing branch (A), while actin1-6 and 1-7 

group together with subfamily 3 (B). Subfamilies 4, 8 and 9 group together and are isolated 

from any other actin or arp (C). A close cluster is formed by actin subfamily 7 and arp 

subfamily 2 (D). Other subfamilies are scattered throughout the tree, but only alp1-1 is close 

to an ortholog from other ciliates or Apicomplexans (in this case, T. thermophila alp). Only a 

large branch (E) includes actin from different ciliates, i.e. P. tetraurelia subfamily 6, arp 

subfamily 3 and actin-like protein 1 together with arps from Tetrahymena and Plasmodium, 

however with several intermediates. Within this large cluster, P. tetraurelia arp3 clusters with 

arp3 from other organisms (E*). Subfamily 5 is isolated from any other actin or arp.
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Fig. 27. Phylogenetic tree of actins and arps encompassing (GenBank accession numbers in parentheses) 

Arabidopsis thaliana actin (AAM65277), arp2 (AAC69601), arp4 (AAM53244) and alp (ARP5) (BAB03145); 

Caenorhabditis elegans actin (CAA34718) and arp3 (AAF36012); Chlamydomonas reinhardtii actin 

(BAA09449); Cryptosporidium hominis actin (XP_667340); Cryptosporidium parvum actin (AAA28295); 

Danio rerio arp1 (NP_998537) and arp10 (AAH45412); Dictyostelium discoideum actin (P02577), actin26 

(XP_646389), actin27 (XP_636189), arp1 (XP_636500), arp2 (XP_645275) and arp6 (XP_637435); Drosophila 

melanogaster arp (CAA55240), actin, (BAA20058) and actin (AAF57294); Gallus gallus arp5 

(NP_001008446); Homo sapiens actG2(CAG38753), ß-actin (AAH16045), arp1 (AAH06372), arp2 

(NP_005713) and arp3 (NP_005712); Laminaria japonica actin (ABB80121); Leishmania major actin a 

(CAC22667); Mus musculus arp5 (AAH52039); Neurospora crassa arp3 (AAC78497); Oryza sativa actin1 

(XP_475316) and arp4 (XP_479987); Paramecium tetraurelia act1-1 (CAD60960), act1-4 (CAD60963), act1-5 

(CAH69678), act1-6 (CAH03399), act1-7 (CAH69677), act1-8 (CAH69676), act1-9 (CAH69752), act2-1 

(CAD60964), act3-1 (CAD60966), act4-1 (CAH69675), act5-1(arp1-1) (CAH69674), act6-1 (CAH69671), act7-

1 (arp4-1) CAH74221), act8-1 (CAH03397), act9-1 (arp10) (CAH69669), alp1-1 (arp5) (CAH69680), arp2-1 

(CAH69679) and arp3-1 (CAH74222); Plasmodium berghei actin2 (XP_680164) and actin3 (CAC48194); 

Plasmodium falciparum actin (NP_700976), actin I (AAA29465), actin II (AAA29467) and actin(Arp1) 

(NP_703241); Rattus norvegicus ß-actin (ATRTC) and arp10 (AAH87143); Saccharomyces cerevisiae act1p 

(NP_116614) and arp5 (CAA95933); Tetrahymena thermophila actin1 (AAP79896), arp (AAN73251), arp2 

(AAN73249) arp3 (AAN73250), actin family protein (EAS01136) and actin family protein (EAR99381); 

Theileria parva actin (EAN33188); Toxoplasma gondii actin (AAC13766); Trypanosoma brucei actin 

(AAA30151) and arp3 (EAN76600); and Xenopus borealis actin (CAA30390).
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4.4.7.) Actin consensus pattern

PROSITE has developed three signature patterns which detect most of the sequences known 

to belong to actin. Two of them (ACTINS_1, [FY]-[LIV]-G-[DE]-E-A-Q-x-[RKQ](2)-G,

position 54 to 64, and ACTINS_2, W-[IV]-[STA]-[RK]-x-[DE]-Y-[DNE]-[DE], position 357 

Fig. 28. Characteristic features of P. tetraurelia actins, arps and alp, including consensus and drug binding 

motifs. These are identical within subfamilies wherefore only one isoform of each is shown exemplarily. The 

actin signatures (green) are based on the three actin consensus pattern according to PROSITE: ACTINS_1, [FY]-

[LIV]-G-[DE]-E-A-Q-x-[RKQ](2)-G; ACTINS_2, W-[IV]-[STA]-[RK]-x-[DE]-Y-[DNE]-[DE] and ACTINS_3, 

[LM]-[LIVM]-T-E-[GAPQ]-x-[LIVMFYWHQ]-N-[STAQ]-x(29-N-[KR]. Not all isoforms contain the typical 

consensus pattern found in most of the actin genes described in other species. Also the three residues mediating 

the binding of phalloidin (G158, R177 and D179) are not present in every subfamily (red). The same is true for 

the residues (blue) relevant for the binding of latrunculin A (D157, R183, D184, R210, D211, K213, E214 and 

K215).
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to 365) are specific for actins, while one signature (ACTINS_3, [LM]-[LIVM]-T-E-[GAPQ]-

x-[LIVMFYWHQ]-N-[STAQ]-x(29-N-[KR], position 106 to 118) picks up actins, actin-

related proteins and actin-like proteins. We used ScanProsite (http://www.expasy.org/prosite) to 

search for the actin signatures in P. tetraurelia actin sequences. Most of the actin paralogs, 

namely the actin subfamilies actin2, actin4, actin5, actin6, actin7, actin9, the arps and the alp, 

do not possess any actin consensus pattern (Fig. 28). Actin signatures are mainly present in 

the actin1 subfamily, where every isoform has at least one consensus pattern, but only the 

isoforms actin1-1 to actin1-5 have all three of them. The ACTINS_1 and ACTINS_3 

signatures are restricted to the actin1 subfamily. The ACTINS_2 signature is the most 

common, with an expression in nearly all isoforms of the actin1 subfamily (except for actin1-

6), in the actin3 subfamily and in actin8-1.

4.4.8.) Amino acids influencing polymerization

Several specific amino acids were proven to be involved in subunit interaction across the actin 

filament. An intermolecular coupling of the DNase I binding loop (residues 38-52) and the C 

terminus (Kim and Reisler, 1996), and of the hydrophobic plug (residues 262-274) and the C

terminus (Feng et al., 1997) has been suggested. Examples for intermonomer cross-linking of 

F-actin are the residue pairs H40/E167, Q41/C374, S265/C374, and Q41/C265 (Hegyi et al., 

1992; Kim et al., 2000). We 

aligned the P. tetraurelia actin 

sequences with a number of actins 

from other organisms (namely 

those of Table 2, additionally 

another H. sapiens actin sequence 

[accession number CAG38753] 

and a P. falciparum sequence 

[accession number PFL2215w]) 

and checked for the presence of 

the above-mentioned residues. 

Most isoforms do not possess a 

pair of interacting amino acids 

(Table 5). Only in subfamily 1 we could find such pairs. This is mainly due to the lack of the 

residues in the DNase I binding loop, H40 and Q41, respectively, in all other subfamilies. In 

most subfamilies, the amino acid conservation in the DNase I binding loop is generally weak 

Table 3. Amino acids influencing polymerization
a

 (Pairs H40/E167, 

Q41/K113, Q41/S265, Q41/C374, S265/C374)

   H4/E167   Q41 /  K113    S265    C374

actin1-1 H E Q K N C

actin1-4 H E K K N C

actin1-5 H E Q K H C

actin1-6 Q E N K K C

actin1-7 Q E K K E C

actin1-8 Y E D K S C

actin1-9 K E Q E K C

actin2-1 Q E P A I C

actin3-1 - E - K N C

actin4-1 - D - K N C

actin5-1 Y D K Q E Q

actin6-1 N Q D K P T

actin7-1 - D - K P M

actin8 - E - K P C

actin9 - D - E Y N

arp2 A D D K W V

arp3 Q D K P E A

alp1 - D - D S P

http://www.expasy.org/prosite
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(data not shown). The same holds true for the hydrophobic plug. The amino acid S265, which 

interacts intermolecularly with two residues, is only present in actin1-8.

4.4.9.) ATP binding

Both actin and arps bind ATP. The hydrolysis of ATP to ADP is proposed to induce a 

conformational change which is required for their biological function (Otterbein et al., 2001; 

Nolen et al., 2004). The conservation of 17 key reference residues involved in nucleotide 

binding was analyzed for each isoform (Fig.

29). The isoforms can be clustered in three 

groups. The first group is composed of 

actin1-1 till actin1-8, the subfamily actin2, 

actin5-1, actin5-2, and the arp subfamilies 2 

and 3, that all posses >60% conserved 

residues. The second group, composed of 

actin1-9, the subfamilies actin3, actin5-3, 

actin6, and actin8, has 40-60% conserved 

residues. The third group displays a very low 

level of conserved residues with less than 

30% (subfamilies actin4, actin7 and actin9).

4.4.10.) Binding residues for myosin II

Actin binds a substantial number of proteins 

collectively called actin binding proteins. 

One of the best studied is myosin II. We 

looked for the expression of myosin II 

binding residues (Rayment et al., 1993) in P. 

tetraurelia (Fig. 30). The binding site is well 

conserved in subfamilies 1 (except act1-8), 2 

and 4. In several members of subfamily one, 

all residues are present. Most of the other 

subfamilies show at least 40% identity, only 

in some actin/arp subfamilies the 

conservation is weak. 

Fig. 29. Conservation pattern of 17 residues (D13, 

S16, G17, L18, K20, Q139, D156, D159, G160, V161, 

K215, G304, T305, M307, Y308, and K338) known to 

participate in ATP binding to actin. For subfamilies in 

which the conservation pattern is identical for all 

members, only one is shown.

Fig. 30. Conservation pattern of 23 myosin II-binding 

residues (2, 24, 25, 40, 42, 144-148, and 341-353). For 

subfamilies in which the conservation pattern is 

identical for all members, only one is shown.
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4.4.11.) Drug binding residues

Not only actin binding proteins, but also several drugs can interact with actin and where they 

interfere with polymerization and depolymerization. Phalloidin binds to actin filaments and 

stabilizes them against depolymerization (Wieland and Faulstich, 1978). Using fluorescently 

labeled phalloidin is a common approach to visualize actin filaments. While microinjection of 

fluorescent phalloidin in P. tetraurelia resulted in distinct labeling pattern, no staining of the 

cleavage furrow could be achieved (Kersken et al., 1986), despite the fact that actin is 

unequivocally involved in cell division. Also in the related ciliate, T. pyriformis, actin did not 

bind phalloidin (Hirono et al., 1989). Since mutagenesis studies of actin have been an 

effective approach to identify binding sites for actin drugs, we had a closer look at phalloidin 

binding sites. As such, G158, R177 and D179 have been suggested (Drubin et al., 1993; 

Belmont et al., 1999). Using the multiple sequence alignment of actins, we found that only six 

actin isoforms possess all three of these amino acids (Table 6, Fig. 28). While G158 is highly 

conserved and exists in all isoforms, the other two residues are lacking in many subfamilies. 

Table 6. Drug binding residues
a

phalloidin latrunculin A
b

G158 R177 D179 D157 R183/D184 R210/D211 K21/E214/K215

actin1-1 G R D S R A R D K E K

actin1-4 G R D S R A R D K E K

actin1-5 G R D S R A R D K E K

actin1-6 G K N S R L K N K E R

actin1-7 G R D S R A K D K E K

actin1-8 G R Y S S T R D K E K

actin1-9 G R C C N A D I K E K

actin2-1 G K H S R D N A D T K

actin3-1 G R D S Y A S L Y V A

actin4-1 G Q P I E I P D K F I

actin5-1 G R D V R D I I K Y K

actin6-1 G F S L A E D K S E E

actin7-1 G R D C E Y S L M Y G

actin8 G F N S K S L Q Q Q Q

actin9 G G Y L R E C Y D T Y

arp2-1 G R N A R H R E K E A

arp3-1 G H P S R D R E K E K

alp1-1 G R N L L N L Q Q E R

a

 Analysis was performed using Clustal W. Bold and italic, all interacting residues are 

present; italic, not all residue are present

b

 each combination represents an allele in yeast mutagenesis studies

Latrunculin is another actin binding drug for which mutagenesis studies revealed the 

binding residues. This drug sequesters actin monomers by making 1:1 complexes (Yarmola et 

al., 2000). In yeast mutagenesis studies, three mutated alleles (act1-112: K213, E214, K215; 

act1-113: R210, D211; act1-117: R183, D184) lead to a complete resistance to latrunculin A

(Ayscough et al., 1997). Analysis of P. tetraurelia actin sequences showed that the residues 

for latrunculin A binding are mainly present in the actin1 subfamily, but no isoform possesses 
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all of them (Table 6, Fig. 28). Only sporadic binding residues can be found in the other 

subfamilies, and none in actin subfamilies 3, 7 and 8. Amino acid D157, which has also been 

implicated in the binding of latrunculin A (Belmont et al., 1999), is not present in P. 

tetraurelia actins (Table 6).
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4.5.) Discussion

In the present work, we describe 30 genes coding for actins, actin-related proteins or actin-

like proteins in P. tetraurelia, which cluster in 12 subfamilies. 

4.5.1.) Identification of arps and alp

The amino acid sequence variation between the different Paramecium subfamilies is very 

high. When compared to actin1-1, which is most identical to conventional actins, most of 

them show less than 50% identity. In the literature, arps share between 17 and 60% amino 

acid identity with conventional actins. Due to contradictorily hits with blast searches in the 

database, some P. tetraurelia subfamilies could be assigned to both, actins or arps. Most 

“double-hits” are confirmed by alignments with ARPAnno. The same holds true for the single 

alp found in the Paramecium database, where NCBI blast search showed also hits with arp5, 

which is supported by a best ARPAnno score for arp5. Hence, the respective proteins are 

annotated as actins in the Paramecium database, with the indication arp in brackets. 

From the eleven arp subfamilies described in the database, six have presumably 

orthologs in P. tetraurelia. The lack of several subfamilies is not unexpected as some of them 

are restricted to, or absent from different phyla (Muller et al., 2005). All cytoplasmic arps are 

present in the Paramecium genome (named actin5 [arp1], arp2 and arp3). Arp1 (also called 

centractin), a major component of the dynactin complex, is present in a wide range of 

organisms, from yeast to humans, but absent from Arabidopsis, rice and possibly from other 

plants (Muller et al., 2005). Yeast has a single arp1 gene, whereas higher eukaryotes have at 

least two or perhaps three isoforms (Kandasamy et al., 2004). In P. tetraurelia, we found 

three isoforms (actin5-1, 5-2 and 5-3). With a length of 376 amino acids, they match the 

general length of arp1 in vertebrates, but they are less identical to conventional actins than in 

general (~40% in comparison to 55-60%, Hollerein and Holzbaur, 1999).

Like arp1, a second actin-related protein is found in the dynactin complex – arp10 

(yeast) or arp11 (fly and vertebrates). According to NCBI database blast, actin9 could be an 

ortholog of arp10. However, ARPAnno alignment resulted in no score for arp10 and an even 

low score for arp2 and orphans, which makes an accurate classification difficult. The actin-

related proteins arp2 and arp3 form the arp2/3 complex, which is a major nucleator of actin 

polymerization (Pollard and Beltzner, 2002). For both of them two isoforms are present in P. 

tetraurelia, while they are coabsent from Apicomplexans (Gordon and Sibley, 2005). 

Additionally we found sequences which are presumably orthologs of the nuclear arp4 (actin7) 

and arp5 (alp1). Admittedly, the classification of actin7 as arp4 according to NCBI blast 

search might be critical, as ARPAnno gave a slightly better score for arp2. Both, arp4 and 
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arp5, are thought to be copresent in chromatin remodeling complexes with some other arps. 

Surprisingly we could not find orthologs of the respective partners (arp6 and arp8) in the 

database. Arp4 and arp6 are the most conserved arps regarding the distribution among the 

eukaryotic phyla, while both arp5 and arp8 are absent from several organisms (Muller et al.,

2005). It would be interesting to determine if the lack of these arps correlates with a lack of 

the corresponding complementary subunit, or if their functions are fulfilled by other proteins. 

However, it its possible that potential genes escaped our data mining approach due to high 

evolution rates or if they were disrupted by many or unconventional introns. 

4.5.2.) Actin isoforms

The high number of actin and arp sequences in P. tetraurelia seems to be quite unusual for an 

unicellular organism. While for several multicellular organisms, an exorbitant number of actin 

genes was reported (for example, petunia was shown to have over 100 actin genes [Meagher 

and McLean, 1990), the situation in protists seems to be rather different. Several genome 

projects (for Leishmania major, Plasmodium berghei, Plasmodium falciparum, Trypanosoma 

brucei and Tetrahymena thermophila) revealed only about 10 sequences related to the actin 

superfamily. However, in Dictyostelium discoidium, also over 30 genes for actin and arps 

were found (Eichinger et al., 2005). 

Several possible reasons were discussed why organisms have multiple actin isoforms 

(Rubenstein, 1990). One argument is that, as actin plays a role in many cellular processes, 

organisms need a large quantity of actin, and the best way to provide enough actin may be to 

have multiple genes. In fact, in P. tetraurelia, we found three isoforms which are identical 

one amino acid level (actin1-1, 1-2 and 1-3), and they are all expressed. While their existence 

could be explained with genome duplications in P. tetraurelia, the expression of all three of 

them might be a tool for gene amplification. A related explanation is that, because some cells 

need more actin than others, multiple genes provide a mechanism for differential regulation of 

actin expression. In this case, the amino acid differences would also be less functionally 

significant, but the regulation of the expression of the genes would be critical. For instance, 

the two Drosophila cytoplasmic actin genes show a differential temporal and spatial 

expression (Wagner et al., 2002). Finally, amino acid difference may be important, allowing 

the different isoforms to exert different roles in the same cell. The high degree of divergence 

observed in P. tetraurelia actins might be a hint to the last hypothesis. Mammals synthesize 

different isoforms of actin in a tissue specific fashion, strongly suggesting that there may be a 

functional basis for this isoform multiplicity (Vanderkerckhove and Weber, 1978). Plant 

actins show diversity in their gene sequences, protein isoforms, and tissue distribution. In the 
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model plant Arabidopsis, there are eight actin genes, which can be divided into vegetative and 

reproductive classes, and are expressed in a tissue-specific manner (Kandasamy et al., 2002). 

The spectrum of actin proteins may reflect the mixture of actin functions and/or patterns of 

regulation in plant organs (Meagher and McLean, 1990). But also within a single cell, 

specialized function could be observed. Within muscle cells, muscle actins may be 

preferentially utilized for the formation of myofibrils, whereas cytoplasmic actin isoforms 

may be used exclusively for certain cytoskeletal functions. Several studies in other systems 

also suggest that different isoforms do have specialized functions (Herman, 1993). This may 

also be assumed for the numerous isoforms we find in P. tetraurelia, considering the multiple 

localization sites (Kissmehl et al., 2004).

Another interesting point is the possible redundancy of various isoforms. Assuming that 

the different subfamilies have indeed different functions, could one isoform nevertheless 

compensate the loss of another? In Chlamydomonas reinhardtii, the loss of the conventional 

actin is compensated by enhanced expression of a highly divergent actin called “novel actin-

like protein” (NAP), which is only negligibly expressed in stationary wild type cells (Kato-

Minoura et al., 1998). NAP homologues are present in several green algae, order Volvocales 

(Kato-Minoura et al., 2003).

4.5.3.) Phylogenetic distribution

The diversity of P. tetraurelia actins and arps is well represented in the phylogenetic tree 

(Fig. 27). The tree shows that many P. tetraurelia sequences are different from conventional 

actins, but it also reveals that subfamilies are different from one another. Subfamily 7 clusters 

together with arp family 2 (D), which is in good agreement with the ARPAnno results 

defining actin 7 as arp2. Subfamilies 4, 8 and 9 cluster together in an isolated branch (C). As 

these subfamilies are the most divergent actins within the P. tetraurelia actin family, the 

clustering of these long branches has to be analyzed in more detail. Most subfamilies do 

hardly cluster with actins from other organisms, even not with those from other ciliates. Apart 

from the single T. thermophila arp sequence in (D), only one large branch where Paramecium

sequences go together with sequences form other apicomplexans can be observed (E). Alp 

from P. tetraurelia form one branch with T. thermophila alp, and another branch can be 

observed with arp3 sequences from P. tetraurelia and several other organisms (E*). This is 

the single example for a well defined branch with sequences from P. tetraurelia and orthologs 

from other organisms. To verify the resulting tree, a phylogenetic tree with 40 additional 

sequences was created, as well as an additional program was used (Mega3), which both had 

the same clusters and isolated branches for P. tetraurelia sequences (data not shown). These 
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findings agree with the diversity within ciliate actins which was recently reported for other 

ciliates by Kim et al. (2004). Similarly, arps from apicomplexans do not group with any of the 

known arp clades (Gordon and Sibley, 2005), as we confirm, although they are considered 

closely related to ciliates.

4.5.4.) Actin consensus pattern

Analyses of the actin sequences known so far allowed PROSITE to develop three actin 

signatures. In P. tetraurelia, only five isoforms (actin1-1 to actin1-5) do possess all three. 

Most P. tetraurelia actins do not contain any of these signatures (Fig. 28). Neither arps nor 

alp possess the actin consensus pattern which usually serves to detect them. One should keep 

in mind that these patterns detect most, but not all, actins, arps and alps in the database. There 

are a number of known false negative hits using these patterns in PROSITE search 

(http://www.expasy.org/cgi-bin/nicesite.pl?PS00406). The lack of any actin consensus pattern 

in most of the P. tetraurelia isoforms illustrates again the highly divergent character of actins 

and arps in this organism.

4.5.5.) Amino acids influencing polymerization

The DNase I binding loop, the hydrophobic plug and the C-terminus region are among the 

structural elements of monomeric actin proposed to form the intermonomer interface in F-

actin (Kim et al., 2000). Several amino acids have been shown to be involved in the 

intermolecular interaction across the actin filament. In P. tetraurelia actin subfamilies, many 

of them are lacking (Table 5). This is especially true of the residues in the DNase I binding 

loop and the hydrophobic plug, which in general are not well conserved. Among Spirotricha 

(ciliates), these regions are segments of increased nonconservative sequence variations (Croft 

et al., 2003). The alteration of the residues H40 and Q41 in the DNase I binding loop may 

affect filament formation (Schmitz et al., 2005). Both residues are best conserved in 

subfamily 1, together with the corresponding partners. Concordantly, immuno-localization 

with antibodies raised against subfamily 1 showed several polymeric structures (Kissmehl et 

al, 2004). It has to be mentioned that, as the antibodies were designed at a time where not all 

isoforms had yet been found, it might well be that they also recognize members of subfamily 

2 and subfamily 3 (~60% and ~50% identity in the regions selected for antibody production). 

Residues that normally mediate binding between adjacent monomers are also largely 

altered in several apicomplexans, thus providing an explanation for the absence of stable, long 

filaments in these parasites (Schmitz et al., 2005; Sahoo et al., 2006), apart from sequestration 

of actin monomers and capping filaments by actin-binding proteins (Poupel et al., 2000). The 
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absence of residues involved in intermonomer contact does not necessarily mean that these 

isoforms are not able to polymerize. One should keep in mind that the analysis was based on 

certain primary structures. It is still possible that, due to the different length of the isoforms, 

the resulting conformation may allow interaction with the adjacent monomer. Moreover, for 

several P. tetraurelia sequences an explicit classification as actin or arp is not possible. Arp1 

is the sole arp able to form a homopolymer filament in vivo in other eukaryotes (Bingham and 

Schroer, 1999). 

4.5.6.) ATP binding 

Proceeding from actin1 to actin9, the sequence conservation in P. tetraurelia actins relative to 

actins in other organisms decreases. This raises the important question of nucleotide binding 

capacity. Binding and hydrolysis of ATP is important for the function of actin and several 

arps (Otterbein et al., 2001; Nolen et al., 2004). Arp2 was shown to have a higher ATP 

binding affinity than arp3. This is consistent with the conservation pattern we found in P. 

tetraurelia arp2 and arp3 orthologs (Fig. 29). The lowest residue identity was observed in 

subfamily 7, which also matches as arp4. Indeed, a recent report suggests that, in yeast, ATP 

binds weakly to arp4 (Sunada et al., 2005). The identities of binding residues in the different 

arp subfamilies in P. tetraurelia are in accordance with the conservation pattern of the 

respective arp subfamilies shown in a comparative analysis (Muller et al., 2005). It remains 

open whether actins/arps with a restricted number of conserved residues are able to bind ATP, 

though with lower affinity, or whether other residues are involved. Interestingly, ATP binding 

may not be important for nuclear arps, as several studies have shown that mutation in 

nucleotide contact residues of several arps did not impair their function (Cairns et al., 1998; 

Shen et al., 2003). Similarly, although arp1 has been shown to bind and hydrolyze ATP 

(Bingham and Schroer, 1999), the extreme stability of the arp1 filament suggests a lesser role 

for hydrolysis and depolymerization (Clark and Rose, 2005).

4.5.7.) Binding residues for myosin II

Regarding the variety and diversity of P. tetraurelia actin isoforms, the question arises 

whether differences in actin isoform structure determine which ABPs can bind. The myosin II 

binding site is very differentially conserved across P. tetraurelia subfamilies. Most 

subfamilies show conservation between 40 to 60%. The possibility of those isoforms to bind 

myosin II with either lower affinity or via other residues needs to be clarified. The lowest 

conservation could be observed in orthologs designed as actin/arp and arps, which are not 

supposed to bind myosin II. Several members of subfamily 1 possess all of the necessary 
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residues. Immuno-localization studies with antibodies raised against actin subfamily 1 

showed cortical actin in P. tetraurelia (Kissmehl et al., 2004), both on LM and EM level. 

Cortical actin interacts with myosin and is essential for cyclosis, an actomyosin-based process 

(Shimmen and Yokota, 2004). 

4.5.8.) Drug binding residues

Surprisingly, for cytochalasins, some of the most common drugs used to influence the

dynamics of actin, we could not find any data on putative binding residues. However, for the 

filament stabilizing drug phalloidin and for the monomer sequestering drug latrunculin A, 

several studies revealed amino acids involved in their binding. Jasplakinolide, another potent 

inducer of actin polymerization, binds actin filaments competitively with phalloidin, 

presumably due to common binding sites (Bubb et al., 1994). The binding residues for 

phalloidin (Drubin et al., 1993; Belmont et al., 1999) are not well conserved in P. tetraurelia

actins (Table 6, Fig. 28). May that be an explanation for the failure to label the cleavage 

furrow in P. tetraurelia with fluorescent phalloidin (Kersken et al., 1986)? Indeed, immuno-

localization studies with an isoform-specific antibody against actin4, a subfamily lacking the 

phalloidin binding site, resulted in the labeling of the cleavage furrow (I. M. Sehring, C. 

Reiner, J. Mansfeld, H. Plattner, and R. Kissmehl, submitted for publication).

A similar situation occurs with the binding residues for latrunculin A. Most of them are 

lacking in the majority of isoforms, and no isoform possesses all of them (Table 6, Fig. 28). In 

fact, many studies with Paramecium had to apply unusually high drug concentrations. 

Transferring tools commonly used in other systems to P. tetraurelia may be problematic

because the drug can not bind to the responsible isoform.

4.5.9.) Conclusion

Analysis of all these different features on nucleotide and amino acid level revealed striking 

differences in homologs of actin and actin-related proteins in P. tetraurelia, both within the 

organism and in comparison to other organism. This wide diversity may be a hint for different 

functions and localization of the actin and arp paralogs within a Paramecium cell. 
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5.1.) Summary

To localize the different actin paralogs found in Paramecium and to disclose functional 

implications, we used overexpression as GFP-fusion proteins and AB labeling, as well as 

gene silencing. Several isoforms are associated with food vacuoles of different stages. GFP-

actin either forms a tail at the lee-side of the organelle, or it is vesicle-bound in a homogenous 

or in a speckled arrangement, thus reflecting an actin-based mosaic of the phagosome surface 

appropriate for association/dissociation of other vesicles on travel through the cell. Several 

paralogs occur in cilia. A set of actins are found in the cell cortex where actin outlines the 

regular surface pattern. Labeling of defined structures of the oral cavity is due to still other 

actins, while some are distributed in a pattern suggesting association with the numerous Golgi 

fields. A substantial fraction of actins is associated with cytoskeletal elements that are known 

to be composed of other proteins. Silencing of the respective actin genes/gene subfamilies 

entails inhibitory effects on organelles compatible with localization studies. Knock-down of 

the actin found in the cleavage furrow abolishes cell division, while silencing of some other 

actin genes alters vitality, cell shape and swimming behavior.

mailto:Ivonne.Sehring@uni-konstanz.de
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5.2.) Introduction

Actin, a most abundant cytoskeletal protein, is of paramount importance for structuring the 

cell cortex, amoeboid movement, cyclosis, vesicle trafficking, cell division and for cell 

contraction etc. In the past few years new aspects have emerged. This includes a contribution 

to docking of dense-core secretory vesicles (Gasman et al., 2004), endocytosis (Merrifield et 

al., 2002; Merrifield, 2004; Kirkham and Parton, 2005; Yarar et al., 2005), arrangement of 

Golgi elements (Lin et al., 2005), formation of Golgi-derived vesicles (Carreno et al., 2004;

Cao et al., 2005) and numerous interactions with phagocytic as well as endocytic and 

lysosomal vesicles of different stages (Damiani and Colombo, 2003; Drengk et al., 2003;

Stoorvogel et al., 2004; Yam and Theriot, 2004; Kjeken et al., 2004; Hölttä-Vuori et al.,

2005). A universal function of F-actin is the formation of the cleavage furrow in animal cells 

(Otegui et al., 2005). A plethora of proteins interacting with actin further contributes to the 

dynamics and specificity of actin interactions (Pollard et al., 2000). Such interactions allow 

for a broad diversification of the actin cytoskeleton, even though some lower eukaryotes 

possess only one actin gene (García-Salcedo et al., 2004), while humans have six (Pollard, 

2001). The closely related ciliate T. thermophila possesses four actin genes (Williams et al., 

2006) In addition, a range of actin-like proteins (alp) and actin-related proteins (arp) exist 

(Goodson and Hawse, 2002; Kandasamy et al., 2004; Muller et al., 2005).

The ciliated protozoan Paramecium is a highly organized unicellular organism with an 

elaborate ultrastructure (Fig. 35). We now can show a widely diversified set of genes 

encoding paralogs of actin and arp in Paramecium. Essentially we found nine subfamilies of 

actin genes (ten members of subfamily 1, two or three members in the other subfamilies) and 

two subfamilies of arp (with one or two members each), with identities on the amino acid 

level ranging between 100 and 63 % (for members of the actin1 subfamily) and 60 to 18% for 

the other subfamilies, when referred to Paramecium actin1 (Table 7; Kissmehl et al., in 

prep.). Indirectly the question as to why this multiplicity has evolved, probably by gene 

duplications (Ruiz et al., 1998), and maintained during evolution, is addressed in this paper in 

the context of localization and functional analyses. These reveal differential positioning and 

functional engagement, in established vesicle trafficking pathways and beyond. 

Microfilaments of actin may play a role in the transport to the cell cortex and the recognition 

of the docking sites by trichocysts (Beisson and Rossignol, 1975).

We mainly used overexpression as green fluorescent protein (GFP) fusion proteins, 

eventually complemented by antibody (AB) localization, and silencing of the respective genes

by RNAi. Because of the abundance of many isoforms (Table 7), not all could be analyzed in 

detail. 
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In most species actin is sensitive to drugs which stabilize either G-actin (cytochalasin B 

or D, latrunculin A) or F-actin (phalloidin, jasplakinolide) (Wieland and Faulstich, 1978;

Visegrády et al., 2004). However, in lower eukaryotes the situation is rather complex. For 

instance, Apicomplexan parasites (Plasmodium, Toxoplasma), close relatives of our non-

parasitic ciliates, contain abundant actin mainly in monomeric or short polymeric form 

(Poupel et al., 2000; Schmitz et al., 2005). Also surprising is the inability of any previous 

work to visualize in Paramecium a cleavage furrow by fluorescent phalloidin (Kersken et al.,

1986a) while phagocytosis could easily be inhibited by cytochalasins (Cohen et al., 1984;

Allen and Fok, 1985; Fok et al., 1985; Allen et al., 1995). 

We now show that the specific localization of different actin paralogs in Paramecium is 

paralleled by functional diversification. Analysis of Paramecium cells appears rewarding as 

they display a most elaborate membrane trafficking system (Fig. 35), with distinct, 

predictable pathways (Allen and Fok, 1983; 2000; Fok and Allen, 1988; 1990; Plattner and 

Kissmehl, 2003) in which the different actin isoforms participate, as we now show. In the 

present work we combined the different techniques to establish a functional and topological 

overview of actin diversification in a Paramecium cell.

Fig. 35. Schematic Paramecium cell. The plasma membrane (pm) is covered with cilia (ci). Along the oral 

groove, they beat rhythmically to wash food towards the oral cavity (oc). The phagosomal apparatus contains of 

several elements (as, acidosomes mediating acidification of a food vacuole [fv] after pinching off; cytopharyngal 

fibers [cf], post oral fibers [pof], cytoproct [cp, site of exocytotic release of spent phagosomes]). Dense-core 

vesicles (trichocysts, tr), are attached to the plasma membrane. Osmoregulation is executed by two contractile 

vacuole complexes (a, ampula; cv, contractile vacuole; ds, decorated spongiome; ss, smooth spongiome). The 

red arrows indicate transport routes during phagosomal processing. Discoidal vesicles (dv) and other recycling 

vesicles (rv) are responsible for return transport of membranes. The endosomal system, composed of parasomal 

sacs (ps) and early endosomes (ee), is arrayed in a regular fashion. er, endoplasmatic reticulum; ga, golgi 

apparatus. 
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5.3.) Materials and Methods

5.3.1.) Stocks and Cultures

Wildtype Paramecium cells derived from stock 51s were used, i.e., d4-2 cells for 

microinjection of GFP constructs and 7S cells for additional experiments. Cells were 

cultivated at 25°C in a decoction of dried lettuce inoculated with Enterobacter aerogenes, 

supplemented with 0.4 µg/ml β-sitosterol (Sonneborn, 1970).

5.3.2.) Heterologous Expression and Purification of Paramecium Actin-Specific Peptides 

For heterologous expression of peptides of actin4-1 and 5-1, we selected regions of the 

proteins with less than 25% identity to other subfamilies to obtain subfamily-specific ABs. 

Within these subfamilies, the identities at these regions were more than 90% on the amino 

acid level (Kissmehl et al., in prep.), ensuring that each member of one subfamily will be 

recognized by the ABs. After changing all deviant Paramecium glutamine codons (TAA and 

TAG) into universal Glutamine codons (CAA and CAG) by PCR methods, the coding regions 

of either M1-A160 (actin 4-1) or H175-L290 (actin 5-1) were cloned into the NcoI/XhoI 

restriction sites of pRV11a vector which contains a His6 tag for purification of the 

recombinant peptides. 

Recombinant actin4-1 and actin 5-1 peptides were purified by affinity chromatography 

on Ni
2+

-nitrilotriacetate agarose under denaturizing conditions, as recommended by the 

manufacturer (Novagen, Darmstadt, Germany). The recombinant peptides were eluted with a 

pH gradient, pH 8 to pH 4.5, containing 8 M urea in 100 mM sodium phosphate buffer. The 

fractions collected were analyzed on SDS polyacrylamide gels, and those containing the 

recombinant peptide were pooled and dialyzed in phosphate-buffered saline (PBS).

5.3.3.) Antibodies 

ABs against the two recombinant actin peptides act4-1 and act5-1 were raised in rabbits. After 

several boosts, positive sera were taken at day 60 and affinity purified on a column loaded 

with the corresponding actin peptide. Finally, both sera were cross-purified against each 

other.

5.3.4.) Electrophoresis and Western Blots

Protein samples were boiled and subjected to electrophoresis on 10% SDS polyacrylamide 

gels as previously described (Kissmehl et al., 2004). Gels were stained with Coomassie Blue 

R250 or prepared for electrophoretic protein transfer onto nitrocellulose membranes. Protein 

blotting was performed at 1 mA/cm
2

 for 1 hour using the semidry blotter from BioRad 
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(Munich, Germany). ABs were diluted 1:1000 in 0.5% (w/v) non-fat dry milk and Tris-

buffered saline, pH 7.5, and applied overnight at 4°C. AB binding was visualized by a second 

AB coupled to peroxidase using an enhanced chemiluminescence detection (ECL) kit 

according to the manufacturer (Amersham Biosciences, Freiburg, Germany).

5.3.5.) Immunofluorescence Labeling

Cells were washed twice in 5 mM Pipes buffer, pH 7.0, containing 1 mM KCl and 1 mM 

CaCl2, fixed in 4% (w/v) formaldehyde for 20 minutes at room temperature (RT) and then 

permeabilized and fixed in a mixture of 0.5% digitonin and 4% formaldehyde, dissolved in 5 

mM Pipes buffer, pH 7.0, for 30 minutes. Cells were washed twice in PBS, 2 x 10 minutes in 

PBS with 50 mM glycine added and 10 minutes in this solution with 1% bovine serum 

albumin (BSA) added. The rabbit anti-actin ABs were applied in a dilution of 1:50 in PBS 

(+1% BSA) for 90 minutes at RT. After 4 x 15 minutes washes in PBS, FITC-conjugated anti-

rabbit ABs (Sigma-Aldrich, St Louis, MO), diluted 1:100 in PBS (+ 1% BSA), were applied 

for 90 minutes, followed by 4 x 15 minutes washes in PBS. Samples were shaken gently 

during all incubation and washing steps. Cells were mounted on coverslips with Mowiol 

supplemented with n-propylgallate to reduce fading and analyzed either in conventional 

fluorescence microscopes, type Axiovert 100TV or type Axiovert 200M, or in a confocal 

laser scanning microscope, type CLSM 510, equipped with a Plan-Apochromat objective lens

(all Carl Zeiss, Jena, Germany). Images acquired with the ProgRes C10plus camera and 

ProgRes Capture Basic software (Jenoptik, Jena, Germany) were processed with Photoshop 

software (Adobe Systems, San Jose, CA). 

5.3.6.) GFP Constructs

For overexpression of actin, the pPXV-eGFP-vector or pPXV-eGFPmcs-vector (Wassmer et 

al., 2006) were used (eGFP = enhanced green fluorescent protein, Hauser et al., 2000). All 

genes were cloned between SpeI and XhoI sites in-frame with the gene encoding GFP, except 

act8-1 where StuI where used instead of SpeI due to an internal SpeI restriction site. PCR 

primers used were as follows.

act1-2, 5’aA2, 5’GCTCTAGAGAGGAACAGCATCAGCA3’, 3’aAX, 

5’CCGCTCGAGTCAGAAACACTTTCTGTGAACAATGG3’; act1-4, 5’aA4 

5’GCTCTAGAGAGGAACAGCATCAGCAGGCCTATGAGTGAAGAACATCCAGC3’, 

3’aA4X, 5’CGGCTCGAGTCAGAAGCATTTTCTATGAACC3’; act1-6, 5'SpeI-Act1.6, 

5’GCGACTAGTATGTAAGCTTAAT ATCCAGC3’, 3’Xho-Act1.6END, 

5’CCGCTCGAGTCAGAAACATTTTCTGTGAAC3’; act1-9, 5’Spe-Act1-9, 5’GG 
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ACTAGTATGAATGATGAAAAACCAGCAGTCG3’, 3’Xho-Act1-

9,5’CCGCTCGAGTCAAGTGACTGTCT AACATTTTCTGTG3’; act2-1, 5’bA1, 

5’GCTCTAGAGAGGAACAGCATCAGCAGGCCTATGGACGACGTAATCCCAGTTG3’, 

3’bAX, 5’CCGCTCGAGTCAGAAGCATTTTCTGTGCACATAACC3’; act4-1, 5’Spe-

Act4-1,5’GGACTAGTATGAATAGCGATGAAATAATA3’, 3’Xho-Act4-1, 

5’CCGCTCGAGTCAATTAGGACACTTTCTTTCTA3’; act5-1, 5'SpeI-Act5.1, 

5’GCGACTAGTATGGATAATGAC ATATTTGCTAATAACT3’, 3´Xho-Act5.1, 

5’CCGCTCGAGTCACAATTATTTTTTGATTAAAATG3’; act6-1, 5'SpeI-Act6.1, 

5’GCGACTAGTATGGAAAGTGAGTATGACTAAAAAG3’, 3´Xho-Act6.1, 

5’CCGCTCGA AGTCAAAATGTTCTCTTATGAATAAG3’; act8-1, 5´Stu-Act8.1, 

5’GAAGGCCTATGAATAATAATGATTCCAC CTTCTATTA3’, 3´Xho-Act8.1, 

5’CCGCTCGAGTCAAAAGCACTTTCTTTATACTA3’.

PCR reactions and cloning was carried out according to standard procedures. To avoid 

possible disturbance of (de-)polymerization and localization, GFP was cloned at the N-

terminus of the gene of interest, separated by an 11 amino acid spacer (Doyle and Botstein,

1996; Verkhusha et al., 1999; Wetzel et al., 2003).

5.3.7.) Microinjection of GFP constructs

Plasmid DNA was prepared with a plasmid midi kit (Qiagen, Hilden, Germany) according to 

the manufacturer’s protocol. 50 µg of plasmid DNA was linearized by digestion with 20 units 

of SfiI overnight at 50°C. The DNA was precipitated with 1/10 (v/v) 3 M sodium acetate pH 

5.2, with 2.5 (v/v) ethanol added, and incubated for 60 minutes at –20°C. DNA was pelleted 

by centrifugation, washed with 70% (v/v) ethanol and dried. The pellet was resuspended in 10 

µl Millipore-filtered water and centrifuged for 30 minutes at 4°C. Microinjection of the DNA 

into the macronucleus was carried out as previously described (Froissard et al., 2002). 

5.3.8.) Immuno-Electron Microscopy

Cells derived from clones transformed with GFP-act8-1 were fixed for 1 hour on ice with 8% 

formaldehyde + 0.1% glutaraldehyde in PBS, pH 7.4, followed by two washes in PBS, pH 7.4

at RT. Cells were dehydrated in an ethanol series followed by embedding in LR-Gold resin 

(London Resin, London, GB). Ultrathin sections were decorated with affinity-purified, 

polyclonal anti-GFP antibody (Wassmer et al., 2006), followed by protein A-gold (5 nm) 

conjugates (pA-Au5nm, Dept. Cell Biol., Univ. Utrecht, Utrecht, NL). These and any further 

steps for electron microscope (EM) immuno-analysis were essentially as described (Kissmehl 

et al., 2004).
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5.3.9.) Gene Silencing Constructs

The double T7-promotor plasmid pPD129.36 described by Fraser et al. (2000) was used. The 

following primers were used.

act1-2, 5’aA2Xba1, 5’GCTCTAGAGAGGAACAGCATCAGCA3’, 3’aAX, 

5’CCGCTCGAGTCAGAAACACTTTCTGTGAACAATGG3’; act1-6, 5´Xba-Act1.6, 

5’GCTCTAGAAAATAGGTATAGCGGGAGATGAT3’, 3´Xho-Act1.6, 5’CCGCTC 

GAGCAAAAACAGGTACGCAATGAG3’; act1-9, 5’Xba-Act1-9, 

5’GCTCTAGAATGAATGATGAAAAACCAGCAGTCG3’, 3’Xho-Act1-9, 

5’CCGCTCGAGTCAAGTGACTGTCTAACATTTTCTGTG3’; act2-1, 5’Xba-Act2-1, 

5’GCTCTAGAAAGTAGCCTGGTCAAATGG3’, 3’Xho-Act2-1, 

5’CCGCTCGAGCATATCATCCCAACGAGTG3’; act3-1, 5’Xba-Act3-1, 5’GCT 

CTAGATACAGGATTCTAAATAAAACAA3’, 3’Spe-Act3-1, 

5’GGACTAGTCTATTCCATAGCCTCCC3’, 5'Stu-Act3-1, 

5’GAAGGCCTATGATAGAATCTCATCCTCCTGTTG3’, 3'Xba-Act3-1, 

5’GCTCTAGATCAA AAACATTTAATGTGAGCAATC3’act3-2,  5’Spe-Act3-2, 

5’GGACTAGTTACAAGAATCTTAAACGATTAA3’, 3’Xho-Act3-2, 

5’CCGCTCGAGCTATCTCTATAGATTCCC3’; act4-1, 5’Xba-Act4-1(518-535), 

5’GCTCTAGAAAG CGCCAATCGGAGGAG3’, 3’Xho-Act4-1(885-903), 

5’CCGCTCGAGTGGTGCCAAAGCAGACAAG3’, act5-1, 5’Xba-Act5-1, 

5’GCTCTAGATATTGACTGAACCTCCTTATG3’, 3’Xho-Act5-1; 

5’CCGCTCGAGGTACCTTGCTCTTCTCAAC3’; act6-1, 5´Xba-Act6.1, 

5’GCTCTAGACTGCTGTTTTAAATAAGTCTG3’, 3´Xho-Act6.1, 

5’CCGCTCGAGTCAAAATGTTCTCTTATGAATAAG3’; act7-1,  5’Xba-Act7-1, 

5’GCTCTAGAGGCTTAC GAATTACCAGAC3’, 3’Xho-Act7-1, 

5’CCGCTCGAGAGCTCCCAACCAAGATGC3’; act8-1, 5’Xba-Act8-1, 

5’GCTCTAGATTTCCAGTGGAAAAACAACAG3’, 3’Xho-Act8-1, 

5’CCGCTCGAGACCATCGGGCAAAT CATACA3’; act9-1, 5’Xba-Act9-1, 

5’GCTCTAGATTGGCAATGTACTTCCTC3’, 3’Xho-Act9-1, 5’CCGCTCGAGT 

TCCAAAATATGTGTCAGTG3’.

PCR reactions and cloning was carried out according to standard procedures. 

5.3.10.) Gene Silencing by Feeding

The RNaseIII-deficient E. coli strain HT115 (Timmons et al., 2001) was transformed with the 

gene silencing plasmids. Overnight cultures in Luria-Broth (LB) medium supplemented with 
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ampicillin (amp) and tetracycline were diluted with LB/amp medium 1/100 the new cultures 

were grown to an OD600nm between 0.2 and 0.4. The cultures were induced with 125 µg/ml 

isopropyl-thio-ß-D-galactopyranoside (IPTG) for 3 hours, centrifuged and the pelleted 

bacteria resuspended in Paramecium culture medium. The OD600nm was adjusted with 

medium to 0.25 and supplemented with 100 µg/ml ampicillin and 12 µg/ml IPTG. 

Single Paramecium cells were isolated and grown for about twenty fissions, again 

isolated and grown for another twenty fissions before each clone was starved to induce 

autogamy (Berger, 1986). Autogamy was monitored by fluorescence microscopy after 

staining with Hoechst 33342 (Molecular Probes, Leiden, NL). Autogamous cells were fed, 

first with normal bacteria and used only 3 days later for RNAi feeding experiments. 

Paramecium cells were washed twice in PIPES buffer and starved for at least 2 hours in 

PIPES at RT before use in feeding experiments. In single cell experiments, one cell was 

added to 150 µl feeding solution in a depression well. Cells were cultured at 25°C during the 

experiment and transferred every 24 hours to a freshly prepared feeding solution. The 

phenotype was analyzed 96 hours after the start of the feeding experiment. 

5.3.11.) Behavioral and Functional Assays

Cells were observed in their wells under a binocular microscope to ascertain their normal 

swimming behavior. For further tests, cells were transferred in 10 µl drops and observed for 

30 seconds after addition of an equal volume of a 2-fold concentrated test solution. 

Depolarization of the plasma membrane, indicated by ciliary reversal and pronounced 

backward swimming, was induced by adding 40 mM KCl. Cells that showed any significant 

backward swimming events were scored as positive responders. Hyperpolarization was 

induced by adding 20 mM CaCl2, and cells that showed accelerated forward swimming were 

scored as positive responders. To analyze exocytotic capacity, cells were triggered with 0.2% 

aminoethyldextran (Plattner et al., 1984) in a buffer consisting of 10 mM Tris/HCl, 0.1 mM 

CaCl2, pH 7.0. Exocytotic tests were repeated with saturated picric acid, the traditional 

(lethal) test used in genetic studies. 

For evaluation of the phagocytotic capacity, cells were fed with Congo Red-stained 

yeast, fixed with 4% (w/v) formaldehyde after 3, 5 and 10 minutes and the phagocytotic 

activity of at least 20 cells was evaluated. The decrease in phagocytotic capacity concerned as 

well the number of food vacuoles formed as the number of yeast cells per vacuole. While in 

control cells the amount of yeast displayed a variation of up to 30 yeast cells per vacuole, 

phagocytotically restricted Paramecium cells formed only small vacuoles with less than 10 

yeast cells.
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5.3.12.) Statistical Evaluation

For statistical evaluation of changes in the division rate and in the phagocytotic capacity in 

RNAi experiments, One Way Analysis of variance (Anova) was used to determine statistical 

significance.
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5.4.) Results

5.4.1.) Actin Isoforms and their Localization 

Based on a Paramecium genome data base search (Sehring et al., submitted.), Table 7 

summarizes the actin paralogs considered in the present work. Beyond the diversification in 

numerous subfamilies, with usually only two members each (except subfamily 1) Table 7 also 

reveals striking similarities between members within the subfamilies 2 to 9. 

To investigate the subcellular localization of the different actin isoforms, GFP 

constructs were made. For the isoforms act1-2, act1-6, act1-9, act2-1, act3-1, act5-1, act6-1 

and act8-1, the ORF was cloned into pPXV-eGFP (Hauser et al., 2000), the Paramecium

overexpression vector (Haynes et al., 1995). The GFP gene was fused to the 5’-end of the 

actin gene with a spacer interspersed to avoid any possible disturbance of folding and 

polymerization due to the GFP tag (Doyle and Botstein, 1996; Wetzel et al., 2003). The 

plasmids (~5µg/µl) were introduced into postautogamous Paramecium cells by microinjection

into the macronucleus and GFP fluorescence was analyzed in descendants of the injected 

cells. A summary of the subcellular localization of the actin isoforms investigated is given in 

Table 8.

Actin subfamily 1. To take into account the wide diversification of the actin1 subfamily

(Table 7), the subcellular localization of the isoforms act1-2, act1-4, act1-6 and act1-9 were

examined in more detail. GFP-act1-2 formed comet tails at food vacuoles, which propelled 

them through the cytoplasm (Figs. 36A-C). Alternatively it may be accumulated in patches at 

the surface of food vacuoles (Figs. 36D-F). Transformation with GFP-act1-4 resulted in 

diffuse fluorescence throughout the cytoplasm (data not shown), as with GFP-act1-6 (Figs.

36G, H). With GFP-act1-9, pronounced comet tails could be observed, which propelled food 

vacuoles even in opposite directions through the cytoplasm, with the tail always at the rear 

side (Figs. 36I-N). Those GFP-act1-9 comet tails could not be observed on every food 

vacuole, since they were very dynamic structures, which have rapidly polymerized and 

depolymerized. Furthermore, thin, very dynamic tails were also seen to propel smaller 

vesicles. 
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Fig. 36. GFP localization of members of the act1 subfamily. (A-C) A confocal time series of a cell transformed 

with GFP-act1-2 reveals actin comet tails which propels vacuoles (labeled with * and +) through the cytoplasm. 

(D-F) Confocal z series of a cell transformed with GFP-act1-2. Note the irregular distribution of patches around 

the surface of some food vacuoles (fv). (G, H) Transformation with GFP-act1-6 resulted in diffuse cytosolic 

staining without any specific localization (G, median; H, superficial plane). (I-N) In cells transformed with GFP-

act1-9, actin comet tails on food vacuoles occurred. Food vacuoles can move in opposite directions through the 

cytoplasm (see the movement of the two vacuoles labeled with * and + within 150 seconds). See supplementary 

material Fig2.mov for the following details related to Fig. 2: Thin, very dynamic tails can propel some food 

vacuoles and small vesicles through the cytoplasm. From the posterior end of the oral cavity, actin filaments 

were catapulted into the cytoplasm (Fig2.mov). mn, macronucleus; oc, oral cavity; fv, food vacuoles. Bars = 10 

µm.
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Actin3-1. Transformation of Paramecium cells with GFP-act3-1 resulted in a diffuse 

staining of the cytoplasm, although a specific labeling also could be observed (data not 

shown). A GFP signal was found at the 

surface of food vacuoles, but in this case 

the vacuoles were almost completely 

surrounded by a layer of GFP-act3-1 of

variable thickness. 

To enhance the GFP fluorescence, 

ABs against GFP were applied to 

transformed cells. In the cell cortex, 

GFP-act3-1 outlined the ridges of the

egg-carton-like cell surface relief typical 

of Paramecium cells, as well as cilia 

(Fig. 37).

Actin4-1. Examination of the localization of GFP-act4 was not possible, as cells did not 

divide after microinjection and were too sensitive for observation under the microscope. 

Therefore, we raised a polyclonal AB against a 160aa peptide of act4-1 to obtain subfamily 

specific ABs. The region chosen has less than 25% identity to other subfamilies, which makes 

it unlikely that the ABs will react with any of the other actins or arps. The ABs were affinity-

purified not only against the peptide for immunization, but also against peptides used to raise 

ABs against act1-1 (Kissmehl et al., 2004) and against act5-1, and were tested in Western 

Blots for their cross-reactivity, which was negative (Fig. 38A). Immunolocalization studies 

with the ABs against act4 showed labeling of the oral cavity, around nascent food vacuoles 

(Fig. 38B), in cilia and in the cell cortex (Fig. 38C). In dividing cells, a weak labeling of the 

micronucleus separation spindles could be observed (data not shown). The most striking 

labeling was that of the cleavage furrow. Beginning with an early stage of division until 

fission is completed, act4 was associated with the cleavage furrow (Figs 38D, F). For 

comparison, act5-1 specific ABs did not label the cleavage furrow (Fig. 38G). 

Fig. 37. Application of an anti-GFP AB to cells 

transformed with GFP-act3-1 constructs. Confocal images 

from superficial (A) and median (B) focal planes of a 

dividing cell. Note labeling of cilia (ci) in (A, B), labeling 

of the cortical “egg-case” relief in (A) and diffuse staining 

of the cytoplasm in (B). The cleavage furrow is not labeled. 

Bars = 10 µm.
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Fig. 38. Immunolocalization of actin using 

subfamily specific ABs. (A) Western blot 

analysis of affinity-purified anti-act4-1 AB 

(lane 1-3) and anti-act5-1 AB (lane 4-6) 

against the recombinant act1-1 (L
261

-G
366

; lane 

1, 4), act4-1 (M
1
-A

160
; lanes 2, 5) and act5-1 

peptides (H
175

-L
290

; lanes 3, 6), respectively. 

There is no cross-reactivity between the 

isoforms. The double band in lane 2 is 

probably due to formation of dimers. (B-E) 

Localization of act4. (B, C) Superficial and 

median focus plane showing labeling of the 

oral cavity (oc), around a nascent food vacuole 

(fv), of cilia and at the cell cortex. (D, E) 

Superficial and median plane of a dividing cell. 

Note labeling of the cleavage furrow (cf) and 

the old and new oral cavity (oc). (F) 

Superficial plane of a cell in an earlier stage of 

division. Again the cleavage furrow is labeled, 

as well as the old and the new oral cavities. (G) 

For comparison a cell in the same dividing 

state as in (F), but labeled with an anti-act5 

AB, reveals no labeling of the cleavage furrow. 

Bars = 10 µm.

Actin5-1. Transformation of Paramecium cells with GFP-act5-1 resulted in a discrete 

labeling around a sub-set of food vacuoles. In contrast to the labeling observed with other 

GFP-constructs at food vacuoles, GFP-act5-1 formed neither patches nor tails but a fine ring 

on the surface of the respective food vacuoles. Indeed, there was no consistent covering of the 

whole food vacuole (arrow head in Fig. 39A), and the label could not be found around all 

food vacuoles (Figs 39A,B). At the oral cavity, the following structures were labeled. (i) Two 

half-moon-shaped labeled structures can be assigned to the peniculus (Figure 39B). (ii) 

Anchored by a wreath-like structure with pointed pattern, probably the quadrulus of the oral 
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cavity, a dynamic fiber system is emanating into the cytoplasm (arrow in Fig. 39B). (Note that 

the cell shown in Figure 5A contains numerous autofluorescent crystals). Immunolocalization 

studies with affinity purified ABs against act5-1 showed similar localization as observed with 

GFP tagged act5-1, thus excluding possible artifacts due to GFP overexpression or 

fixation/permeabilisation during preparation for immunolocalization studies.

Fig. 39. GFP localization of act5-1. GFP tagged act5-1 occurs predominantly throughout the cytoplasm, although 

it is also found on individual food vacuoles (fv) (arrowhead, A).The focus plane in (B) reveals a strong signal on 

different structures of the oral cavity, e.g. the peniculus (p) and the quadrulus (q). A dynamic fiber system 

emanating from the oral apparatus is indicated by an arrow. mn, macronucleus; oc, oral cavity; c, crystals. Bars = 

10 µm.

Actin8-1. The fluorescent signals obtained with GFP-act8-1 were in many cases similar 

to those obtained with GFP-act5-1. Labeling around single food vacuoles could be observed, 

but in contrast to the incomplete envelopment with GFP-act5-1, the food vacuoles seem to be 

entirely covered (Figs 40A,C). The two half-moon-shaped structures at the presumed 

peniculus and the curved structure of the presumed quadrulus are also labeled, and a dynamic 

fiber system which originates from the latter could be observed (Figs 40A-C). Careful 

comparison of cells transformed with GFP-act5-1 with cells transformed with GFP-act8-1 

showed that one probably deals with two different fiber systems emanating from the oral 

cavity. Beyond that, focusing on the surface of transformed cells revealed regular rows of 

small dots underneath the plasma membrane, arranged in about 2 µm distance to each other 

(Fig. 40D) which can easily be identified as “parasomal sacs”. They correspond to stationary 

sites of constitutive exocytosis and coated pit endocytosis (Plattner and Kissmehl, 2003). 
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Fig. 40. Transformation of Paramecium cells with the GFP-act8-1 construct resulted in a weak cytosolic signal, 

labeling around some food vacuoles (fv; A, C) and at the presumable peniculus (p) and the quadrulus (q) of the 

oral cavity (A, B; C, detail). From the latter, a dynamic fiber system originates (B, see also supplemental 

material Fig6.mov). Close to the surface dotted to elongate structures are labeled (arrows in B) which continue 

deeper into the cytoplasm and probably represent Golgi fields (see text). The superficial plane in (D) reveals 

regularly spaced, labeled, very small dots at the plasma membrane (small bar = 2 µm, double arrow = cell axis), 

i.e., the sites occupied by “parasomal sacs”. (E, F) In immuno-gold EM-analyses, using anti-GFP AB/gold, label 

was enriched at the boundary of the rough ER in association with smooth vesicular, round to elongate 

membrane-bounded elements (E) or in Golgi fields (F). mn, macronucleus; oc, oral cavity; cv, contractile 

vacuole. Bars = 10 µm (A-D), 100 nm (E, F).
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Furthermore, small point-like to rhod-shaped organelles could be observed (Figure 40B)

which, in z-stacks, actually showed some enrichment towards the cell surface (data not 

shown). Those organelles were smaller than 1.0 µm and did not move with the cyclosis steam.

In EM analysis with cells overexpressing GFP-act8, using anti-GFP ABs followed by pA-

Au5nm, we frequently found label at the periphery of the rough ER in association with smooth 

vesicular membrane-bounded elements (Fig. 40, F). These may represent Golgi elements with 

some deformation, possibly due to the overexpression of actin (García-Salcedo et al., 2004).

Fixation used preserves F-actin, its position in filaments and its antigenicity as multiply 

shown in the literature.

Actin2-1 and actin6-1. GFP localization of act2-1 and act6-1 resulted in a diffuse 

staining all over the cytoplasm, with no specific highlighted structure. This is similar to the 

results obtained with GFP-act1-6. However, enhanced with anti-GFP ABs, GFP-act2-1 is 

found in cilia (data not shown).

The different subcellular localizations achieved by a GFP-tag of specific isoforms or 

subfamily-specific ABs are summarized in Table 2 and, with the inclusion of previous data, in 

the final schematic Figure 45.

5.4.2.) RNA Interference by Feeding

For functional analysis of the different actin subfamilies, gene-silencing experiments were 

performed by using the RNAi approach by feeding. Paramecium cells were fed with E. coli

expressing double-stranded RNA coding for specific actin, which elicits a small interfering 

RNA mediated silencing process of the target genes. As negative control, the empty feeding 

vector (pPD) was used for mock silencing. To ascertain the reliability of the RNAi-based 

feeding procedure, we performed controls with the pPD-nd7 construct (Skouri and Cohen, 

1997). Silencing of the nd7 (nondischarge) gene successfully suppressed exocytosis of 

trichocysts. The effects of gene silencing on various behavioral and physiological aspects 

were examined. In detail, cell shape, cyclosis, exocytotic capacity, the contraction period of 

the contractile vacuoles, phagocytotic capacity, the general swimming behavior and the 

swimming reaction upon depolarization and hyperpolarization have been analyzed. For each 

actin subfamily, one gene was cloned into the silencing vector. Within the respective

subfamilies, the nucleotide identity is high enough to expect co-silencing (Ruiz et al., 1998). 

An exception is the large actin1 subfamily with 10 members which vary up to 35%, therefore 

constructs for the specific isoforms act1-2, act1-6 and act1-9 were made. To confirm co-

silencing within the subfamilies, and to exclude any functional compensation by the 

unsilenced paired isoform, we tested a construct where both isoforms of the actin3 subfamily, 
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act3-1 and act3-2, were cloned in tandem. RNAi with this construct gave identical results 

compared to those obtained with the isoform act3-1 alone (Table 9). To exclude silencing 

variation due to the length of the introduced dsRNA or cross-silencing of other subfamilies, 

constructs of different length were designed for act2-1 and act3-1. Within both subfamilies, 

all constructs showed the same effects. A summary of the results obtained with the different 

gene silencing constructs is given in Table 9.

Cell division. Cell fissions per day were calculated to see if silencing of any of the actin 

subfamilies affects the growth rate of Paramecium. In general, a slightly reduced division rate 

could be observed 24 hour after the start of the feeding experiment, probably due to slower 

division of cells overcoming autogamy and the change of the bacteria used for feeding. Cell 

growth was not influenced by most of the silencing constructs (Fig. 41). Only silencing of 

act4 or act9 resulted in a significant reduction of the division rate. Silencing of act9 led to half

of the division rate, while cells silenced in act4 could not divide anymore and subsequently

died. 

Fig. 41. Comparison of the division rate of cells silenced in different actin subfamilies. Only silencing of act4 

and act9 affect the division rate, all other subfamilies show no significant difference when compared with the 

control (empty pPD vector). While silencing of act9 caused delayed growing, cells silenced in act4 cannot divide 

anymore and are dying. Error bars = s.e.m., (*) s.e.m. = 0.
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Cell shape. We could recognize changes in the general cell shape after silencing of act4, 

act7 or act9. Act4 silenced cells arrested during division could be observed, named 

“boomerang” (Fig. 42A). Cells silenced in act7 were generally enlarged with a pointed 

anterior end, called “dolphin” (Fig. 42B). Paramecium cells fed with the act9 silencing 

construct obtained a triangle cell shape (Fig. 42C).

Fig. 42. Morphological changes in cells silenced in act4, act7 or act9. Cells silenced in act4 

(A) are not able to divide, thus resulting in a “boomerang” appearance. Cells silenced in act7 

become slightly oversized with a pointed anterior end (“dolphin” shape, B). Silencing in act9 

results in triangle-shaped cells (C). Bars = 10 µm.

Swimming behavior. The general swimming behavior of Paramecium cells was 

observed. Cells silenced in act2 or act3 showed similar phenotypes. Swimming was impaired 

as cells were stagnant and accumulated at the bottom of the wells. Cells silenced in act4 

showing the boomerang phenotype and cells silenced in act9 with a triangular shape where 

swimming in narrow circles, probably due to their morphological changes. The swimming 

reaction upon depolarization or hyperpolarization of the plasma membrane - pronounced 

backward swimming in the first and accelerated forward swimming in the latter case - was not 

impaired in any of the silencing assays (Table 9).

Exocytosis of trichocysts. We considered that cytochalasin B treatment abolished 

trichocyst docking in Paramecium (Beisson and Rossignol, 1975) and the occurrence of anti-

actin AB labeling around trichocysts docked at the plasmamembrane (Kissmehl et al., 2004). 

With ongoing cell divisions, every daughter cell has to produce a new arsenal of trichocysts 

and to transport them to the cell cortex. If any of the actin subfamilies would play an essential 

role within this process, after 96 hours of feeding (approximately 16 fissions) a reduced 

number of docked trichocysts would be expected. None of the silencing constructs led to a 

reduction in exocytosis, except “boomerang” cells (silenced in act4) where the exocytotic 

capacity was reduced to 10% (Table 9).



Chapter 5

112

Phagocytosis. To analyze the formation and fission of food vacuoles and the possible 

role of specific actin subfamilies 

in the process of phagocytosis, 

Paramecium cells were fed with 

Congo Red-stained yeast to 

visualize newly formed food 

vacuoles. Cells silenced in act2, 

act3, act4, act7 or act9 were found 

to have a significantly reduced 

number of phagosomes compared 

with control cells (Fig. 43). While 

silencing of act7 reduced the 

phagocytotic capacity of the cells 

to ~70%, silencing of both act2 

and act3 reduced phagocytosis to 

30%. With cells silenced in act4, phagocytosis was reduced to 30% and to 70% with cells 

silenced in act9, provided cells had retained normal morphology. In contrast, “triangle” cells 

(act9) had a phagocytotic capacity of only 10%, while in “boomerang” cells (act4) no new 

food vacuoles were generated at all (Fig. 43, Table 9).

Contractile vacuole complex and cyclosis. In cells silenced in act9 with a triangle shape, 

the contractile vacuole complex was 

severely perturbed. The pumping cycle 

was increased from a value of 10 to 15 

seconds in control cells to more than 100 

seconds (Fig. 44). It is noteworthy that 

no method has demonstrated the 

occurrence of any actin isoform in the 

osmoregulatory system. Therefore, any 

actin silencing effects are probably due 

to indirect effects outside the system 

itself. No other subfamily impaired the 

contractile vacuole complex (Table 9). 

In triangular cells achieved by 

silencing in act9, the velocity of cyclosis 

was accelerated two to three times when 

Fig. 43. Comparison of the phagocytotic capacity of cells silenced 

in different actin subfamilies. While silencing of members of the 

act1 subfamily, act5 or act6 does not significantly affect 

phagocytosis (P<0.05; control: pPD vector), it is reduced to ~70% 

in cells silenced in act7 and to ~30% in cells silenced in act2 or 

act3. With act9, in normally shaped cells phagocytosis is slightly 

impaired while there is a strong inhibition in triangle shaped cells 

(~10%). In cells silenced in act4, no phagocytosis could be 

observed (*). Data were collected in five different experiments from 

at least 20 cells per group. Error bars = s.e.m.

Fig. 44. Silencing of act9 affects the contraction period of 

the contractile vacuoles in misshapen transformants. While 

the complex works normal in act9 silenced cells with 

normal shape, its contraction period is strongly increased in 

triangle-shaped cells. Feeding with pPD vector does not 

cause any defect in the cycle of the contractile vacuole 

complex. Data were collected in three different experiments 

from at least 10 cells per group. wt: wildtype. Error bars = 

s.e.m.
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compared to control cells (Table 9) – an aspect difficult to explain without more detailed 

studies being performed.

5.4.3.) Salient Features of Results

A variety of actin isoforms are expressed in Paramecium, frequently with a specific 

localization and concomitantly with a specific function. Many of the aspects we describe have 

remained undetected in previous affinity labeling studies with Paramecium. Some of our 

results are without precedent, also in other cells. The localization of paralogs from different 

families can overlap. Particularly the interaction of actin isoforms with phagosomes is very 

complex. Some other isoforms have a unique localization, e.g., in the cleavage furrow, in cilia 

or in some other prominent cytoskeletal aggregates. It should be stressed, however, that we do 

not claim that any of the prominent filamentous structures of Paramecium would be 

exclusively or predominantly made up of actin. However, intermingling with actin is a feature 

known from different cytoskeletal components in other cells (Manneville et al., 2003; Lin et 

al., 2005).

Fig. 45. Schematic distribution of actin isoforms in the Paramecium cell, as outlined in Table 1. The trafficking 

scheme is based on reviews by Fok and Allen (1990), Allen and Fok (2000) and Plattner and Kissmehl (2003). 

Actin distribution is based mainly on the present data obtained with GFP localization in vivo and with AB 

labeling, but also takes into account data from previous work (Tiggemann and Plattner, 1981; Kersken et al., 

1986a, b; Kissmehl et al., 2004). The scheme contains elements of the osmoregulatory system (a, ampula; cv, 

contractile vacuole; ds, decorated spongiome; ss, smooth spongiome), though consistently unlabeled, of the 

phagosomal apparatus (as, acidosomes mediating acidification of a food vacuole [fv] after pinching off; cf, 

cytopharyngal fibers; cp, cytoproct [site of exocytotic release of spent phagosomes]), ci, cilia; dv, discoidal 

vesicles and other recycling vesicles, rv; ee, early endosome; er, endoplasmatic reticulum; ga, golgi apparatus; 

gh, ghosts (from released trichocysts); oc, oral cavity;  pm, plasma membrane; pof, post oral fibers; ps, 

parasomal sacs; tr, trichocysts. 
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5.5.) Discussion

5.5.1.) Comparison with Previous Localization Studies

Previously we had localized actin in Paramecium by using fluorescently tagged DNase, heavy 

meromyosin, phalloidin and ABs against actin (Tiggemann and Plattner, 1981; Kersken et al.,

1986a, b) and, more specifically, by ABs against actin1-1 (Kissmehl et al., 2004). Altogether 

this resulted in labeling of cilia, basal bodies, oral cavity, surface of food vacuoles, cytoproct, 

infraciliary lattice, cell surface ridges, the complex formed by the cortical calcium stores 

(alveolar sacs) and the cell membrane, surroundings of trichocyst docking sites, between 

bundled microtubules and <1.0 µm-sized vesicles. 

While these studies anticipated part of our current results, the abundance of actin 

paralogs (Kissmehl et al., in prep.) found in the context of the Paramecium genome project 

suggested a more complicated pattern. By overexpression as GFP fusion proteins and with 

subfamily-specific ABs, a variety of new and detailed features for specific isoforms emerged.

5.5.2.) Aspects of Current Localization Studies and their Functional Implications

Cytosolic compartment. The role of actin isoforms with predominantly or exclusively diffuse 

cytosolic localization (Table 8) is difficult to appreciate. In Apicomplexans the small 

percentage of F-actin has been attributed to interaction with actin-binding proteins (Delorme 

et al., 2003). Remarkably, maintenance of cytosolic actin is vital for Drosophila although 

reasons remain unknown (Wagner et al., 2002).

Cilia. Occurrence of actin in cilia has been ascertained already (Tiggemann and 

Plattner, 1981; Kissmehl et al., 2004). We now show the presence of actin2-1, actin3-1, 

actin4-1 and actin5-1 in cilia. Actin may serve positioning of the inner dynein arms just as in 

Chlamydomonas flagella (Hayashi et al., 2001, Yanagisawa and Kamiya, 2001).

Swimming behavior is affected by silencing genes for actin2, actin3, actin4 and actin9, 

all but actin9 certainly occurring in cilia (Table 9). With actin4 and actin9, this could be due 

to a change in cell shape. Since phagocytosis is reduced, also after silencing of these genes, 

reduced food/energy supply could compromise cells in their swimming activity. However,

there was no effect on the swimming behavior upon de- or hyperpolarization. 

Cell cortex structures. GFP-actin3-1 outlines the ridges of the egg case-shaped cell 

surface. A similar staining pattern is seen with ABs against actin4-1 and actin5-1. It is not 

possible to attribute this pattern to concise populations of filaments known from the 

Paramecium cortex (Allen, 1971; 1988), e.g., it is rather different from that of the 

“infraciliary lattice”, a cortical meshwork mainly made up of centrin (Beisson et al., 2001). 
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Nevertheless, the infraciliary lattice has been shown by post-embedding EM analysis to 

contain substantial actin (Kissmehl et al., 2004).

GFP-actin8-1 is localized, among others, to parasomal sacs, i.e. coated pits (Allen,

1988). Our identification relies on the small size of labeled dots and their very regular 

arrangement, both largely excluding any other surface structures. This corresponds to the 

complex role of actin in endosome formation at the cell membrane, as established for higher 

eukaryotes (Merrifield et al., 2002; Merrifield, 2004; Kirkham and Parton, 2005; Yarar et al.,

2005).

Oral cavity. While actin was known to occur around the oral cavity of Paramecium

(Cohen et al., 1984; Kersken, 1986b) we now can specify this for actin5 and actin8. They are 

associated with the peniculus and quadrulus structures, as defined by Allen (1988), but also 

beyond, and as part of the oral cavity lining (Kissmehl et al., 2004) and the oral filament 

system. In this context the mobility of these fibers must be emphasized, which could be 

construed as an auxiliary mechanism to guide the processing food vacuole when leaving the 

buccal cavity. The identification of actin8-1 as part of the endosomal system, as described 

above, corresponds to the labeling of the quadrulus and peniculus. These oral elements 

contain a high number of parasomal sacs, arranged in several rows (Allen et al., 1992).

Phagosomes and cyclosis. Involvement of F-actin in phagosome formation in general 

(Kjeken et al., 2004) and in Paramecium in particular has been repeatedly documented (see 

above). Beyond that, several functions in the lifespan of a phagosome may require specific 

actins. 

Cyclosis is an established actin-dependent process (Shimmen and Yokota, 2004) also 

occurring with phagosomes in Paramecium (Sikora et al., 1979). In Tetrahymena, for directed 

phagosome transport an unconventional myosin is required (Hosein et al., 2005), but no 

unilateral actin arrangement has been seen. In contrast, in Paramecium we surprisingly see 

GFP-actin paralogs, (actin1-2 and actin1-9), attached unilaterally to the lee-side, as if pushing 

phagosomes. This recalls the actin-based propulsion of Listeria and related pathogenic 

bacteria (Tilney and Portnoy, 1989), while this is new for organelles in eukaryotes. Although 

the actin-tails are short and not seen with immuno-staining using anti-actin1-1 ABs, their 

occurrence during overexpression may indicate a way of vesicle propulsion during cyclosis. 

The surface of some phagosomes displays a speckled appearance of GFP-actin. This can 

reflect a functional mosaic pattern whereby some vesicles fuse and others pinch off during 

circulation through the cell (Allen and Fok, 1983; 2000; Fok et al., 1985; Allen et al., 1995). 

For instance, vacuole fusion in yeast requires F-actin disassembly (Wang et al., 2003). 
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Fig 42 shows inhibition of phagocytosis by silencing the actin genes of subfamily 2, 3, 4 

or 9, particularly when resulting cells are of aberrant morphology (Table 9). Remarkably, 

actin isoforms investigated are localized to cilia by GFP or AB labeling. Therefore, reduced 

phagocytosis may be due to effects on engulfing bacteria by reduced ciliary activity and 

further processing of phagosomes.

Rod-shaped organelles. GFP-actin8-1 also stains rod-shaped, <1.0 µm-long organelles 

scattered throughout the cytoplasm, with some enrichment towards the cell surface (Figure

39B). According to size, form and position, as well as their number these structures may 

correspond to the numerous Golgi elements found in Paramecium (Estève, 1972). In immuno-

gold EM-analysis, label was enriched at the boundary of the rough ER (Figs 40E,F), but 

overexpression may have distorted Golgi stacks, as observed in Trypanosoma cells (García-

Salcedo et al., 2004), so they could not be identified unequivocally. The labeling resembles 

that achieved with the GFP fusion protein of the a8 subunit of the V-ATPase in Paramecium

which was shown to represent the Golgi complex (Wassmer et al., 2006).

Nuclear and cell division. Our observation that the micronuclear cytospindle contains 

actin4 according to AB labeling is compatible with a role of actin in nuclear positioning (Starr 

and Han, 2003). 

The notorious failure of demonstrating F-actin in the cleavage furrow of Paramecium

(Kersken et al., 1986a) is apparently due to the absence of phalloidin-binding motifs in actin4 

that forms this structure (Sehring et al., submitted). Using specific AB labeling we were 

successful in visualizing this structure (Figs 38B-F). Concomitantly, silencing of the actin4 

genes inhibits cell division (Fig. 41A). Similar results were obtained with the act1 gene of T. 

thermophila, where silencing impaired phagocytosis, motility and cell separation (Williams et 

al., 2006).

Cell shape and other effects. Some of the Paramecium actins may contribute to cell 

shaping, as seen by changes following silencing of actin7 or actin9 genes (Figs 42B,C). 

Among them, only silencing of the actin9 gene affected the division rate (Fig. 41).

In addition it greatly reduced the contraction period of the contractile vacuole (Fig. 44). 

The effects may be very indirect, e.g., due to interaction of actin with transport systems or ion 

channels (Fukatsu et al., 2004) which then may affect the performance of the contractile 

vacuole.

Localization of cortical F-actin and its effects can be intriguing. On the EM level, anti-

actin1-1 ABs labeled the narrow space between the plasmamembrane and alveolar sacs 

(Kissmehl et al., 2004). In related Apicomplexans equivalent structures are also connected by 

short F-actin strands (Jewett and Sibley, 2003). A similar structure/function effect is discussed 
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for mammalian cells whose cortical Ca
2+

 stores may be positioned by F-actin (Rosado and 

Sage, 2000; Wang et al., 2002; Roderick and Bootman, 2003; Turvey et al., 2005). Although 

we could not show in Paramecium such effect in response to cytochalasin (Mohamed et al.,

2003), this may be due to the involvement of drug-insensitive isoforms. Any disturbance, e.g., 

by gene silencing, may entail the considerable effects on cell form and performance, as we 

describe.
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Chapter 6

Discussion and future perspectives

6.1.) Calcium sources during GTP mediated Ca oscillations in Paramecium

In the manuscript “Ca
2+

 oscillations mediated by exogenous GTP in Paramecium cells: 

assessment of possible Ca
2+

 sources” the calcium dynamics upon triggering of Paramecium

cells with exogenous guanosine trisphosphate (GTP) were investigated using fluorochrome 

analysis. Triggering of Paramecium cells with GTP leads to pronounced back- and forward 

swimming which is paralleled by oscillating membrane depolarizations, as shown with 

electrophysiological methods (Clark et al. 1993). The goal of this work was to reveal the 

changes of the intracellular calcium concentration underlying the membrane depolarization 

events and to find out the involved sources of calcium and the mechanism of their activation. 

The cortical calcium stores of Paramecium, the alveolar sacs, play a crucial role in important 

calcium-dependent signal pathways, like the exocytosis of trichocysts. The question arose to 

what extend those calcium stores participate in the reaction upon GTP stimulation, and which 

other cellular components are involved. Some aspect in the model of the proposed signal 

transduction (Figure 6) could be rebutted.

Calcium imaging during triggering with GTP revealed an oscillating pattern of the 

calcium response. It is similar to the oscillations in membrane depolarization, with the same 

temporal frequency but with a prominent first peak. To generate the power of the first peak, 

calcium from the external medium is needed. Our data excludes ciliary voltage-dependent 

Ca
2+

-channels as mediators of the Ca
2+

-influx, because in the pawnB strain (lacking ciliary 

voltage-dependent Ca
2+

-channels) similar calcium oscillations occurs. As open question 

remains the nature of the influx channels. It could be both another type of ciliary channel 

which is yet unknown, or somatic channels localized in domains close to the cilia could be

involved. Spill-over of Ca
2+

 from the somatic cytosol into cilia was previously shown (Husser 

et al., 2004). Our data showed that the first prominent Ca
2+

 peak is important for the induction 

of the behavioral response. Under experimental conditions where Ca
2+

 oscillations without the 

first peak where induced, no behavioral response could be observed. These findings indicate 

the relevance of a Ca
2+

 influx signal. But our data also revealed that external Ca
2+

 is not 

exclusively responsible for the Ca
2+

 dynamics. For the further peaks, both Ca
2+

 from influx 

and from store mobilization is involved. The independent processes are superimposed to each 

other. To further investigate the internal Ca
2+ 

source, different experimental conditions were 

used to exclude specific possible sources, i.e. Ca
2+

 from alveolar sacs. These cortical Ca
2+

stores do not play a role in GTP-mediated Ca
2+

 signaling, according to our findings. Most 
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likely the ER, which is known to reach until the ciliary bases where no alveolar sacs occur, is 

involved as intracellular calcium pool. However, this requires more detailed analysis.

The oscillating pattern of the Ca
2+

 response suggests a quite fast dynamic of calcium 

release and calcium buffering. A feedback mechanism between Ca
2+

 mobilization and Ca
2+

-

activated and Ca
2+

-inhibited processes can cause Ca
2+

 oscillations in different cells. Possible 

components are, e.g., phospholipase C and Ca
2+

-inhibited Ca
2+

-release via IP3 receptors, or 

the interference of Ca
2+

 pumps and ion exchangers. Also feed-back with intracellular Ca
2+

binding proteins may play a role. This is another aspect where further investigations can 

elucidate the molecular machinery involved in the GTP response and subsequently the 

biological meaning of it. It could clear the question whether the theory of an auto- and/or 

paracrine effect of GTP via purinergic receptors holds true.

6.2.) Actin in Paramecium

Actin is one of the cytoskeletan proteins which are discussed to be involved in the positioning 

of cortical calcium stores and thus in calcium signaling. The presence of actin in ciliates has 

been previously reported (Tiggemann at al., 1981; Cohen et al., 1984; Kersken et al., 1986a, 

b; Cohen and Beisson, 1988), but without many clues as to its function and general 

organization. For localization studies, phalloidin, heavy meromyosin or the subfragment 1 of 

myosin as specific probes for polymerized actin were used. In the manuscript 

“Immunolocalization of actin in Paramecium cells” we showed for the first time actin 

localization with specific antibodies raised against Paramecium actin. The polyclonal 

antibodies were raised against a conserved immunogenic region of several actin genes of the 

subfamily 1. Immunofluorescence and postembedding immunogold labeling/EM analysis 

showed label enriched in the cell cortex, around ciliary basal bodies, around the oral cavity, at 

the cytoproct, in cilia, in association with phagosomes and in the cytoplasm. Actin did display 

some ordered, though not very conspicuous, arrays throughout the cell. These findings were 

in coincidence with those of the previous studies mentioned above. 

While working with the already identified actins in Paramecium, the ongoing 

Paramecium genome project with its growing data base allowed further search for actins and 

actin related proteins in the Paramecium genome. Sequence analysis revealed a large family 

of actin and actin related proteins. In the manuscript “The actin multigene family of 

Paramecium tetraurelia” 30 genes encoding actins, actin-related proteins or actin-like proteins 

were described. The paralogs were grouped into twelve subfamilies, according to their length, 

the number and position of their introns and the best matches with blast research. Paralogs for 
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actin-related proteins (arp) could be grouped in two subfamilies, and one actin-like protein 

(alp) was also found. Due to mixed results obtained with blast research in the database, not all 

of the identified sequences could be clearly assigned, as they were in part assigned to actin or 

arp. Alignment with an arp-alignment server confirmed the classification of several actins as 

arps. Phylogenetic analysis showed the great divergence of Paramecium actin/arp sequences; 

the most conserved actin sequences are less than 80% identical to actin sequences from other 

organisms. Due to these overall differences, we looked at several actin characteristics in 

detail. The amino acid sequences was analyzed regarding conserved actin consensus regions, 

amino acids influencing polymerization, ATP binding sites, and known binding sites for

common actin binding protein and drugs. Most isoforms do not possess any of the three actin 

consensus pattern. With the reservation that analyzes on primary structure does not include 

possible divergence in conformation due to the different length, our analyzes revealed striking 

differences in Paramecium actin/arp sequences. We could show that the amino acids 

necessary for the binding of phalloidin, the common drug to label F-actin, are not present in 

most of the paralogs, e.g. in those occurring in the cleavage furrow. This finding can explain 

the failure to visualize the cleavage furrow by fluorescent phalloidin in Paramecium.

Due to the great number of different actin isoforms, not all of them could be analyzed 

in detail. In the manuscript “A broad spectrum of actin paralogs in Paramecium tetraurelia

cells displays differential localization and function”, some of them were investigated. By 

using GFP constructs we have tagged members of the subfamilies and observed their 

localization by fluorescence imaging. GFP-localization of the different actin isoforms showed 

highly specific targeting to different components of the Paramecium cell. Using GFP 

constructs for localization studies has the advantage to visualize the protein in living cells. 

Especially for a protein with such strong dynamics as actin, with its ongoing polymerization 

and depolymerization, this could reveal functions of proteins which would not be accessible 

with other methods. One example is the interesting observations of actin tails on food 

vacuoles produced by the overexpression of GFP-act1-2 and GFP-actl-9 which seem to be 

used to push the vacuoles through the cell similar to the pathogenic bacterium Listeria during 

its invasion of a host cell from an adjoining cell.

Nevertheless, additionally for two subfamilies, specific antibodies were raised for 

immuno-localization studies. Affinity purified polyclonal antibodies against actin4-1 labeled, 

among other things, the cleavage furrow of dividing cells. Actin4-1 is one of the isoforms 

lacking the phalloidin-binding motifs. This explains the notorious failure of demonstrating F-

actin in the cleavage furrow of Paramecium. Immunolocalization studies with affinity 
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purified antibodies against actin5-1 showed similar localization as observed with GFP tagged 

actin5-1, excluding possible artifacts due to GFP overexpression or fixation/permeabilisation 

during preparation for immunolocalization studies.

Another approach used was an RNAi technique to test possible roles of the different 

actin subfamilies in a variety of behavioral and functional aspects of a Paramecium cell. As 

actin is known to be involved in a broad range of tasks in other organisms, the adequate 

functions in Paramecium were investigated, e.g. motility, phagocytosis, exocytosis, and cell 

division. Indeed, gene silencing of diverse actin subfamilies lead to different phenotypes. 

Many of the findings are in coincidence with the localization studies. One example is the 

silencing of isoforms localized in cilia, which lead to an impairment of the swimming 

capability. The formation of phagosomes was also disturbed, which could be due to a reduced 

capability to move food particles into the cytopharynx by beating cilia. Another striking 

example is the phenotype of cells silenced in actin4, which were unable to divide, in 

agreement with its localization in the cleavage furrow. Other processes, like the docking of 

trichocysts, where an involvement of actin could be suspected, were not impaired by any of 

the investigated subfamilies. In those processes either actin subfamilies not yet investigated 

could play the major role, or those functions are so crucial that redundant genes step in.

The data presented in this thesis give a first overview about the various localization 

and function of some members of the large actin family in Paramecium. To complete the 

view of the actin family in Paramecium, it would be necessary to investigate all subfamilies 

by localization and functional studies. For a full understanding of the complexity of actin 

interactions, a more detailed analysis of the obtained data would be meaningful. 
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Chapter 8

Supplemental material

TABLE A1: Oligonucleotides used to study gene expression (cDNA)

DNA Oligonucleotide Sequence

  Synthesis of cDNA

cDNA 3'-EcoRI/NotI-dTT 5'-AACTGGAAGAATTCGCGGCCGCGGAATTTTTTTTTTTT-3'

  Primers used to clone actins from the actin 1 subfamily

act1-1 5'-Act1-1 5'-CCGGTATTGCAGGAGATGATG-3'

act1-1 3'-Act1-1 5'-ACCGCTTTCGTCGTATTCG-3'

  Pairs of actin specific (5') and unspecific (3') primers

act1-1 5'-XhoI-Act1-1

3'-EcoRI/NotI

5'-CCGCTCGAGATGTCTGAAGAACACCCAGCAG-3'

5'-AACTGGAAGAATTCGCGGCCGCGG-3'

act1-2 5'-StuI-Act1-2

3'-EcoRI/NotI

5'-CCGAGGCCTATGTCTGAAGAACACCCAGCAGTTG-3'

5'-AACTGGAAGAATTCGCGGCCGCGG-3'

act1-3 5'-StuI-Act1-3

3'-EcoRI/NotI

5'-CCGAGGCCTATGTCTGAAGAACACCCAGCAGTCG-3'

5'-AACTGGAAGAATTCGCGGCCGCGG-3'

act1-4 5'-HindIII-Act1-4

3'-EcoRI/NotI

5'-GGGGTTTTAAGCTTAAAGTATCC-3'

5'-AACTGGAAGAATTCGCGGCCGCGG-3'

  Pairs of actin specific (5' and 3') primers

act1-6 5'-StuI-Act1-6

3'-XhoI-Act1-6

5'-AAAAGGCCTATGTAAGCTTAATATCCAGC-3'

5'-CCGCTCGAGTCAGAAACATTTTCTGTGAAC-3'

act1-7 5'-StuI-Act1-7

3'-XhoI-Act1-7

5'-GAAGGCCTATGTCAGATTAATTACCAGCAGTTATAAT-3'

5'-CCGCTCGAGCAATGAGTAACTCCATCTCCTGAATCG-3'

act1-9 5'-StuI-Act1-9

3'-XhoI-Act1-9

5'-GAAGGCCTATGAATGATGAAAAACCAGCAGTCG-3'

5'-CCGCTCGAGTCAAGTGACTGTCTAACATTTTCTGTG-3'

act2-1 5’bAStu 5'-AAGGCCTATGGACGACGTAATCCCAGTTGTG

3’bAX 5'-CCGCTCGAGTCAGAAGCATTTTCTGTGCACATAACC

act3-1 5’A3

3’A3X

5'-GTAATTGAAAATGCTTCTTGC

5'-CCGCTCGAGTCAGAAACATTTAATATGTGC

act3-2 5’Stu-Act3-2

3’Xba-Act3-2

5'-GAAGGCCTATGATAGAATCTCATCCTCCTGTTG

5'-GCTCTAGATCAAAAACATTTAATGTGAGCAATC

act4-1 5’Stu-Act4-1

3’Xho-Act4-1

5'-GAAGGCCTATGAATGATGAAAAACCAGCAG

5'-CCGCTCGAGTCAAGTGACTGTCTAAGATTTTC

act5-1 5’Stu-Act5-1

3’Xho-Act5-1

5'-AGGCCTATGGATAATGACATATTTGCTAATAACTCG

5'-CCGCTCGAGTCACAATTATTTTTTGATTAAAATG

acti6-1 5’Spe-Act6-1

3’Xho-Act6-1

5'-GCGACTAGTATGGAAAGTGAGTATGACTAAAAAG

5'-CCGCTCGAGTCAAAATGTTCTCTTATGAATAAG

act7-1 5’Stu-Act7-1

3’Xho-Act7-1

5'-GAAGGCCTATGTTCATACCATACAAAAAAAATAAAGGG

5'-CCGCTCGAGTCAATAAAACATTTTTTTTTCTATTAG

act8-1 5’Stu-Act8-1

3’Xho-Act8-1

5'-GAAGGCCTATGAATAATAATGATTCACCTTCTATTA

5'-CCGCTCGAGTCAAAAGCACTTTCTTTATACTA

act9-1 5’Stu-Act9-1

3’Spe-Act9-1

5'-GAAGGCCTATGAGTCTAGACAAATAATCAAGG

5'-GGACTAGTTCACGGTTTAATAGAAATAAAA
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Chapter 9

Summary

Summary

This thesis works on two themes. In the first part of the work, calcium dynamics upon 

triggering of Paramecium cells with GTP were performed using fluorochrome analysis. The 

results are presented in Sehring et al. (2004). Paramecium reacts upon GTP response with 

periodic back- and forward swimming. A reversion of the cilia stroke is achieved by high 

levels of calcium in cilia. On electrophysiology level, this behavioural response is 

accompanied with depolarisations of the membrane potential. In this work, different 

components which were proposed to be involved in the intracellular signaling (according to 

the model of Wessenberg et al. 1997; Figure 6) were investigated. We showed that calcium 

from the external medium as well as from intracellular stores is involved in signal 

transduction. In contrast to the model, neither the voltage-dependent ciliary calcium channels 

nor the cortical calcium stores, the alveolar sacs, participate in the reaction. The identity of the 

influx channels is still unknown. As intracellular store the ER could take part. Both needs 

further investigations.

As could be shown, the alveolarsacs are not involved in the reaction upon triggering 

with GTP. But as cortical calcium stores, they play a major role in exocytosis. An open 

question is their positioning and structural connection to the plasma membrane. A potential 

candidate is actin, as it was shown to be involved in calcium signaling in other systems. Thus, 

in the second part of this thesis, actin in Paramecium was investigated. At the beginning, a 

polyclonal antibody against actin1-1 was available which was used for immunohistological 

studies. The data obtained were published in Kissmehl et al. (2004). With the ongoing 

genome project, all genes coding for actin, actin-related proteins or actin-like proteins in 

Paramecium could be identified. A characterization of the paralogs on nucleotide and amino 

acid level is presented in the manuscript Kissmehl et al. (2006). Some of the genes were 

analyzed in detail, especially their localization using green-fluorescent proteins and/or 

specific antibodies, and their functional significance using RNAi (RNA interference). The 

obtained data revealed a specific targeting for some of the paralogs with a consistent 

differentiation function. The results are presented in the manuscript Sehring et al. (2006).
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Zusammenfassung

In dieser Doktorarbeit wurden zwei Themenkomplexe bearbeitet. Im ersten Teil der Arbeit 

wurde die Calciumdynamik während der Erregung von Parameciumzellen durch GTP mittels 

Fluorochromanalyse untersucht. Die Ergebnisse wurden in der Arbeit Sehring et al. (2004) 

veröffentlicht. Zugabe von GTP in das Medium führt zu periodischen Vor- und 

Rückwärtsschwimmen der Zellen. Eine Umkehrung des Cilienschlags wird durch einen 

Anstieg der Calciumkonzentration in den Cilien ausgelöst. Elektrophysiologisch ließen sich 

währenddessen Depolarisationen des Membranpotentials mit gleicher Periodizität aufnehmen. 

In dieser Arbeit wurde durch verschiedene Versuchsansätze überprüft, inwieweit die nach 

dem Modell von Wessenberg et al. (1997) beteiligten Komponenten (siehe Figur 6) 

tatsächlich bei der Weiterleitung des extrazellulären Signals eine Rolle spielen. Es konnte 

gezeigt werden, das sowohl Calcium aus dem Medium als auch aus intrazellulären Speichern 

an der Signalvermittlung beteiligt ist. Allerdings sind, im Gegensatz zum vorgeschlagenem 

Modell, weder die spannungsabhängigen Calciumkanäle in den Cilien noch die kortikalen 

Calciumspeicher, die Alveolarsäcke, in die Reaktion eingebunden. Über welche 

Calciumkanäle der Einfluss in die Zelle vonstatten geht ist noch ungeklärt. Als intrazellulärer 

Speicher könnte das ER beteiligt sein. Beides bedarf weiterer Analysen.

Die Alveolarsäcke sind, wie gezeigt werden konnte, nicht an der Calciumreaktion auf 

GTP beteiligt. Als kortikale Calciumspeicher spielen sie jedoch während der Exocytose eine 

wichtige Rolle. Eine nach wie vor offene Frage ist dabei die Positionierung und strukturelle 

Verbindung der Alveolarsäcke an der Zellmembran. Ein möglicher Kandidat hierfür ist Aktin, 

dessen Beteiligung bei Calciumreaktionen in anderen Systemen nachgewiesen werden konnte. 

Im zweiten Teil der Arbeit wurde daher Aktin in Paramecium untersucht. Zu Beginn der 

Doktorarbeit stand ein polyklonaler Antikörper gegen Aktin 1-1 zur Verfügung, der für 

immunhistologische Studien verwendet wurde. Die Ergebnisse wurden in der Arbeit Kissmehl 

et al. (2004) veröffentlicht. Mit dem fortschreitendem Paramecium Genomprojekt während 

dieser Doktorarbeit konnten alle Gene, die Aktin, actin-related proteins oder actin-like 

proteins in Paramecium codieren, identifiziert werden. Eine Analyse der unterschiedlichen 

Paraloge auf Nucleotid- und Aminosäurenebene wird im Manuskript Kissmehl et al. (2006) 

gezeigt. Mehrere Gene wurden im Detail analysiert, speziell in Bezug auf Lokalisierung unter 

Verwendung des „Green-fluorescent-proteins“ und/oder spezifischer Antikörper, und auf ihre 

funktionelle Bedeutung mit RNAi (RNA interference). Es konnte gezeigt werden, dass die 

einzelnen Subfamilien zum Teil unterschiedlich in der Zelle lokalisiert sind, und dass diese 
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Lokalisierung mit differenzierten Funktionen der Paraloge übereinstimmt. Die Ergebnisse 

werden in dem Manuskript Sehring et al. (2006) dargestellt. 
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