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ABSTRACT
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In ciliates, unicellular representatives of the bikont branch of evolution, inter- and intracellular signalling pathways
have been analysed mainly in Paramecium tetraureha, Paramecium multimicronucleatum and Tetrahymena thermophila and in
part also i Euplotes ratkovr. Electrophysiology of ciliary activity in Paramecium spp. 1s a most successful example.
Established signalling mechanisms include plasmalemmal ion channels, recently established intracellular Ca®*-release
channels, as well as signalling by cyclic nucleotides and Ca’". Ca’*-binding proteins (calmodulin, centrin) and
Ca’T-activated enzymes (kinases, phosphatases) are involved. Many organelles are endowed with specific molecules
cooperating in signalling for intracellular transport and targeted delivery. Among them are recently specified soluble
N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), monomeric GTPases, H-ATPase/pump,
actin, etc. Little specification is available for some key signal transducers including mechanosensitive Cia?*-channels,
exocyst complexes and Ca”*-sensor proteins for vesicle—vesicle/membrane interactions. The existence of heterotrimeric
G-proteins and of G-protein-coupled receptors is still under considerable debate. Serine/threonine kinases dominate
by far over tyrosine kinases (some predicted by phosphoproteomic analyses). Besides short-range signalling, long-range
signalling also exists, e.g. as firmly installed microtubular transport rails within epigenetically determined patterns, thus
facilitating targeted vesicle delivery. By envisaging widely different phenomena of signalling and subcellular dynamics,
it will be shown (¢) that important pathways of signalling and cellular dynamics are established already in ciliates, (i)
that some mechanisms diverge from higher eukaryotes and (i) that considerable uncertainties still exist about some

essential aspects of signalling.
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I. INTRODUCTION - AN OVERVIEW

(1) Principles of signalling

As cells became ‘eukaryotic’ by sequestration of an increased
genome in a nucleus, a dialogue between the nucleus and
the cytoplasm had to be organised. Within an increasing
cell body, signalling became important also within the
cytoplasm. Signalling implies transfer of information of
widely different sorts (Good, Zalatan & Lim, 2011). This
can involve many aspects, from soluble messengers to
molecular interactions of structure-bound proteins which

may mediate signals zia step-by-step processes. In its broadest
sense, therefore, signalling includes not only primary signals
and second messengers, but also molecular components on
membrane surfaces which are required as short-range signals
for recognition and specific organelle interaction, as well as
long-range signals, such as pre-established microtubular rails
for directional organelle transport (Fig. 1). Below, I outline
this multiple meaning of ‘signalling’ and also the multiplicity
of signalling mechanisms and their interactions.

Signalling involves many diverse pathways (Gomperts,
Kramer & Tatham, 2009) for which professional terminology
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Fig. 1. Long-range and short-range signalling, and molecular
cues, as exemplified by vesicle trafficking. Frequently long-range
signals and short-range signals are at work consecutively,
also including in defined molecular recognition. These three
steps are highlighted in blue, green and red, respectively. The
example given concerns the many forms of intracellular vesicle
trafficking, not only in ciliates, but in man and plants. Left
panel: as a long-range signal microtubular guidance helps to
target organelles over a range of many micrometres to specific
sites. In ciliates, this holds true, e.g. of secretory vesicle docking
and of vesicle recycling processes, including guidance of vesicles
to a newly forming food vacuole at the cytosome. Middle panel:
at the respective target sites, within a sub-micrometre range,
molecular recognition and docking of vesicles is enabled by
SNARE proteins. Right panel: in a final step, molecular cues
provided by SNARE proteins and associated proteins, combined
with a local Ca?* signal, act as a short-range signal within the
range of tens of nanometres. Abbreviations: mt, microtubule;
sto, Ca* store; tm, target membrane; vm, vesicle membrane.

See Appendix (Section XIX) for further definitions.

and standard abbreviations are used, as summarized in
a glossary in Appendix (see Section XIX). Molecular key
players are Ca’*, cyclic nucleotides, protein kinases and
phosphatases and a variety of target proteins.

Examples comparing ciliates with ‘higher’ cukaryotes
are found throughout this review. A typical example of
long-range signalling is the guidance of secretory vesicles
by microtubular rails (see Section IV.1). The same holds
for some specific recycling vesicles (see Section V.1). Cyclic
nucleotides can be long- and short-range signals depending
on the distance between the site of their formation and
the target structure. Even Ca’" — normally the prototype
of a short-range signal (see Section II.1) — can exceptionally
act as a long-range signal in spill-over phenomena (see
Section II.1). Signal transfer from an endosymbiont-bearing
vacuole to the macronucleus is a typical example of
long-range signalling (see Section XIII.2), as is the transfer
of maternal genomic information to a newly forming
macronucleus in ciliates (Section XV.1). The sequence of
long-range signalling and molecular recognition, followed
by short-range signalling, e.g. by Ca?t, is exemplified
mn Fig. 1. For instance, after targetted vesicle transport
along microtubules, docking occurs by molecular recognition
at a target membrane wia specific docking proteins,
including SNAREs (see Section 1V.3). Ca’" is the final
short-range signal, essentially causing membrane fusion
by a conformational change of a Ca’"-sensing protein

(see Section IV.3). Thus, the transfer of a signal to a
remote target can be achieved. Membrane-membrane
interactions during vesicle trafficking, including exocytosis,
endocytosis, recycling and phagocytosis, are of this category
(see Sections IV and V). Similar mechanisms can be
performed in widely different situations throughout the
cell, although each with specific key players (protein
paralogs).

Altogether, work with metazoan cells has established that
widely different signalling components and mechanisms
may contribute to intracellular signalling and organellar
dynamics. Signalling may involve exogenous stimuli
(receptor activation, electric activation) and formation of
‘metabolic activators’ derived from metabolic compounds,
such as cAMP (from ATP), cGMP from GTP, cyclic
adenosine diphosphoribose (cADPR) and nicotinic acid
adenine dinucleotidephosphate (NAADP), formed from
nicotinamide adenine dinucleotide (NAD) and nicotinamide
adenine dinucleotidephosphate (NADP), respectively. It
may also involve Ca?*-influx and/or release, protein
phosphorylation and dephosphorylation. Such messages
will finally regulate a rearrangement of molecules and the
transport of organelles which finally can result in specific
molecular interactions.

The temporal range of ‘signalling’ goes from very rapid
(sub-millisecond range) to more or less slow processes
(minutes, hours). Directional organelle movements and
recognition by cognate proteins for docking at another
organelle, eventually followed by fusion, is an example of
signalling whose steps range from a rather slow (intracellular
transport), medium (docking) to extremely fast speed
(membrane fusion). These steps all involve molecular cues
and some steps require second messengers, all of which apply
to eukaryotic cells, from protozoa on.

(2) Background information about signalling from
ciliates to man

All this applies to eukaryotic cells, from protozoa to mam-
mals, although information available from protozoa is much
more rare than for metazoa. Among protozoa, information
comes mainly from Dictyostelium spp. (Amoebozoa), whereas
data for ciliates (Alveolata) became available only relatively
recently. These two taxa are unicellular representatives
of the two main branches of ‘higher’ organisms, unikonts
and bikonts [also called Amorphea and Diaphoretickes and
SA[R]P (He etal, 2014)]. Unikonts are related to meta-
zoa and bikonts to plants (Baldauf etal., 2000; Adl etal.,
2005, 2012; Cavalier-Smith, 2010). Considering also the
close relationship of ciliates with pathogenic Apicomplexa,
such as Plasmodium (malaria-causing agent) and 7oxoplasma,
it now is a challenge to review for the first time com-
prehensively signalling mechanisms in their broadest sense
in ciliates.

Analysis of signal transduction in ciliates started with
ploneer work using electrophysiology (Naitoh & Eckert,
1969; Eckert & Brehm, 1979; Machemer, 1988a,b; Saimi
& Kung, 2002). Voltage changes by de- or hyperpolarisation



can generate distinct signals and, thus, modulate swimming
behaviour which involves Ca?* signals (Machemer, 19885)
and generation of cyclic nucleotides (Schultz & Klumpp,
1993; Yang etal., 1997). Thus, electrophysiology with ciliates
has brought about paradigms for research up to mammalian
cells. By contrast, analysis of signalling inside these cells, e.g.
by mobilizing intracellular Ca’", has lagged behind for a
long time.

In all eukaryotes Ca’" can participate in mutiple ways
in cellular signalling according to the following principles.
Metabolic compounds can serve as second messengers.
For instance, in metazoan cells, inositol 1,4,5-trisphosphate
(InsP3) generated upon stimulation from phosphatidylinositol
4,5-bisphospate (PInsPy) is an activator of a subgroup
of intracellular Ca®"-release channels, CRCs (Berridge,
Bootman & Roderick, 2003), specifically of InsPs receptors
(IPsRs). CRCs of different types can release Ca’" ions
from different organelles. Extra- and intracellular Ca?*
sources can cooperate in some cells by coordinated
activity of Ca?* influx and CRCs, both acting in concert.
Thereby Ca’* influx can either precede or follow store
depletion (Barritt, 1999; Clapham, 2007). As will be
discussed, only the latter mechanism is established in
ciliates (see Section VIII). Ca’" can modulate many
functions as a second messenger in a cell (Berridge,
Bootman & Lipp, 1998; Berridge etal, 2003). Additional
signalling processes that use Ca?t as a direct or indirect
signal encompass formation of other second messengers
and/or protein phosphorylation or dephosphorylation upon
stimulation, also in ciliates.

There are many more similarities between ciliates and
metazoans (see Appendix). As in some mammalian cells,
Ca®" influx in ciliates occurs in concert with mobilisation
from cortical pools (alveolar sacs, compartments closely
attached to the cell membrane) when exocytosis is stimulated
(Plattner & Klauke, 2001). Other organelles release Ca’*
in response to InsP3 which is formed by phospholipase C
activity also in ciliates. In metazoans, NAADP and cADPR
are additional activators of different Ca®* stores (Lee, 2012)
and there is preliminary evidence that this may also hold
true for ciliates (Plattner ezal., 2012). In response to hyper-
and depolarisation, cyclic 3',5'-adenosine monophosphate
(cAMP) and cyclic 3',5’-guanosine monophosphate (cGMP),
respectively, are generated in ciliates (Schultz & Klumpp,
1993; Yang etal, 1997). In the latter case, Ca’* is
a primary ‘second messenger’ provided by influx and
causing ¢cGMP formation. Formation of the metabolic
second messengers depends on specific cyclases and, also in
ciliates, stimulation can result in transient phosphorylation
of certain proteins by specific protein kinases; also protein
phosphatases may depend on Ca?" as a second messenger.
Many of the signal-producing proteins and target proteins,
as well as kinases and particularly phosphatases have to
be positioned at proper sites to guarantee a fast and
specific response (Inagaki etal., 1994). Some are assembled,
together with anchoring proteins, as signalling complexes,
eventually together with their targets (Good etal, 2011;
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Esseltine & Scott, 2013). Thus, a cue for proper positioning
may be a prerequisite for proper local signalling from
ciliates to mammals — an aspect of paramount importance
particularly also for local Ca?t signals arising from
specific Ca®T channels. Proper positioning is also important
for calcium-binding proteins (CaBPs). Among them
are high-affinity/low-capacity types, such as calmodulin
(CaM) or synaptotagmin. Low-affinity/high-capacity forms
(calreticulin, calsequestrin) are mainly contained in calcium
stores. High-affinity/low-capacity CaBPs contains either
EF-hand loops or C2 domains and perform extensive
conformational change after Ca>* binding, thus transmitting
information, as described below. Centrin 1s cytosolic
and possesses domains for both functions, high- and
low-affinity Ca** binding and, thus, can also serve as
a sink for Ca?t. For details in Paramecium tetraurelia, sce
Plattner (2014).

One of the well-established short-range signalling
mechanisms, from ciliates to man and plants, 1s the specific
recognition of vesicles/membranes of different types by
a kind of key—lock mechanism using organelle-specific
proteins. This task 1is essentially executed by specific
GTPases (monomeric G-proteins) in conjunction with
SNARE proteins (Jahn & Scheller, 2006; Jahn &
Fasshauer, 2012). This acronym is derived from ‘soluble
N-cthylmaleimide sensitive factor [NSF] attachment protein
receptors’. Eventually this leads to membrane fusion in
dependency of local intracellular Ca®" concentration,
[Ca®T];. As summarised previously (Plattner, 20104) many,
although not all of the molecular key players known
from mammalian cells, particularly from neuronal systems
(Siidhof, 2013), are known also from ciliates. Yet the Ca?*
sensor involved in membrane fusion remains enigmatic in
ciliates. At the cell membrane, processes such as exo- and
endocytosis require a stimulation-induced local increase in
[Ca’*]; also in ciliates (Plattner & Klauke, 2001). Beyond
stimulated signalling, constitutive signalling also occurs, as
is the case during intracellular vesicle trafficking. This
also requires local availability of Ca?t in the nearby
cytosol. Local spontaneous Ca’* signals can be seen with
fluorochromes.

Cell functions discussed herein specifically for ciliates
range from ciliary beating, different organelle/membrane
interactions including exo- and endocytosis and phagocy-
tosis, graviperception, apoptosis-related phenomena as well
as interaction between cells by paracrine signalling. They
all are accompanied by intracellular signalling processes. In
its broadest sense signalling, particularly in ciliates, also has
to take into consideration epigenetic phenomena (Nowacki
& Landweber, 2009; Chalker, Meyer & Mochizuki, 2013;
Simon & Plattner, 2014). As will be discussed, there are also
controversies regarding important details of signalling in cil-
1ates. An example 1s the unsettled issue of phosphorylation of
tyrosine residues in proteins. There is also some uncertainty
about the existence of heterotrimeric GTP-binding proteins
in ciliates.
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(3) Some characteristics of the ciliate species under
scrutiny

Ciliates are free-living relatives of parasitic Apicomplexa,
such as Plasmodium and Toxoplasma. Ciliates and Apicomplexa
both belong to the superphylum Alveolata since their cortex
is paved with subplasmalemmal alveoli — flat sacs serving
as Ca?* stores. Ciliate species mainly used for signalling
studies are Paramecium tetraurelia and Tetrahymena thermophila,
unless indicated otherwise. P. tetraurelia is several times
bigger (~40 x 100 um) than 7. thermophila (~25 x 50 Wm)
and was, therefore, frequently preferred for techniques such
as electrophysiology, microinjection (function repair studies,
antibody and Ca?t fluorochrome studies), subcellular
fractionation etc. Both species show nuclear dimorphism
as they possess a diploid germline micronucleus from which
a transcriptionally active ‘somatic’ macronucleus is derived
(Orias, Cervantes & Hamilton, 2011; Simon & Plattner,
2014). The micronucleus is transcriptionally inactive and
serves for information storage and transfer to a new
macronucleus. The macronucleus is polyploid in P. tetraurelia
(Aury etal., 2006; Duret etal., 2008) where, moreover, most
genes are represented by a number of paralogs originating
from three rounds of whole-genome duplications (Aury
etal., 2006). Such genes are also called ohnologs after
geneticist Ohno (1970). When ohnologs originate from the
last round of duplication, they may differ only slightly in
their nucleotide sequence and, therefore, most likely serve
for gene amplification. This also applies to a variey of
genes/proteins involved in signalling (Plattner, 2010a,b).
Due to their similarities, it 1s difficult (although mostly not
required) to differentiate between some of the most recent
ohnologs by methods such as gene silencing or antibody
localisation. Example are SNARE ohnologs, as discussed in
Section IV.3. Since 7. thermophila does not have some of
these complications (Eisen ezal., 2006) it can be a favourable
alternative for some problems in cell signalling.

(4) Why study signalling in ciliates?

Signalling in the eukaryotic cell is also fascinating from
an evolutionary point of view. In parallel to the evolution of
increasingly complex and diversified cells, many mechanisms
are present already in protozoans. Nevertheless, knowledge
about signalling at this level of evolution is relatively
scant. The patchiness of information and remarkable
recent progress enabled by molecular biology provided the
motivation to summarise current knowledge about signalling
in ciliates herein. Among them are species of Paramecium
and Tetrahymena which have served as model systems for
many aspects over decades (Simon & Plattner, 2014). As we
shall see, some protein molecules and mechanisms involved
in signalling are maintained from ciliates up to human
brain function where they contribute to ‘wire and fire’
[synaptogenesis and long-term potentiation (learning)]. As
will be discussed, this includes CaM, voltage-gated Ca’*
channels and their inhibition by forming a Ca’"/CaM
complex; it also includes dimeric Ca’*- and CaM-activated

phosphatase 2B (calcineurin). In this we will see specific
differences to plants.

There are several reasons to study signalling in ciliates.
(1) Concerning one of the most important components
of signalling, Ca’*, early classical electrophysiology with
ciliates (see Section III) provided basic insights (Machemer,
19884,b) some of which could be successfully extended
to mammalian cells. Conversely, recent progress with
multicellular organisms stimulated further work with ciliates.
() Ciliates offer the unique possibility to induce synchronous
exocytosis and rapid total deciliation, each entailing massive
de novo organelle formation, based on signalling phenomena
(see Section XIII.1). This allows the study of signalling
during organelle biogenesis. (z2z) In ciliates, a highly regular,
largely epigenetically based cell structure allows for precisely
localised signalling, thus facilitating structure—function
correlation (Simon & Plattner, 2014; Plattner, 2015a).
The eggcase-shaped surface of a Paramecium tetraurelia cell
displays ~3000 unit fields (kinetids) with about as many
cilia and docking sites for dense core-secretory organelles
(trichocysts) in an alternating arrangement. In the smaller
genus, 7elrahymena, mucocysts substitute for trichocysts, but
the cells, although smaller, have the same regular design. (i)
Every ciliate cell contains two different types of nuclei,
a germline micronucleus and a transcriptionally active
macronucleus, also derived from a micronucleus (Orias
etal., 2011; Sperling, 2011). During macronucleus formation,
genome reshaping takes place under epigenetic control and
the underlying signalling mechanism can be studied (Singh
etal., 2014). This is based on epigenetic information transfer
via scanning RNA (scnRNA) transcripts from the parental
macronucleus to the new forming macronucleus (Nowacki,
Shetty & Landweber, 2011; Swart etal., 2014). The study
of epigenetic inheritance is at the forefront of research
in cell biology, and not only in ciliates. (s) Ciliates are
at the crossroads of two lineages, unikonts and bikonts.
Ciliates, originating about 0.8—1 billion years ago (Parfrey
etal.,2011; Dorrell etal., 2013), are assigned to bikonts whose
further diversification led to plants (Plattner & Verkhratsky,
2015; Plattner, 2015). () Finally, ciliates are close relatives
of some of the most pernicious apicomplexan parasites,
Plasmodium and Toxoplasma, which are considerably younger
than ciliates (Dorrell ezal., 2013). Since little is known, e.g.
about Ca’* signalling, in the parasitic forms one may expect
that comparison with free-living forms may provide seminal
insights (Plattner etal., 2012).

II. SUBCOMPARTMENTALISATION OF
SIGNALLING PATHWAYS

Local limitation of signalling restricts signals to specific
targets. Amongst soluble signals, this is particularly important
for Ca?* (Neher, 19984,6). Stimulus-evoked Ca’" signalling
can occur selectively in cilia or along non-ciliary (somatic)
regions of the cell membrane, whereas constitutive local
intracellular  Ca’" signalling requires organelle-specific



Ca?*-release channels. This local regulation allows for
efficient, energetically low-cost information transfer and
strictly localised signalling avoids inadvertent activation of
additional processes. Therefore, many proteins involved in
signalling are localised to specific sites, including in ciliates.

elevance o1 1ocC a signallin
1) Rel flocal Ca?* signalling

The best example of the importance of compartmentalised
signalling concerns Ca’T. Ca’" signals are in the form
of dissolved (free) Ca’" which is rapidly removed by
dilution (diffusion), binding to CaBPs, sequestration into
stores and/or extrusion from the cell (Berridge etal., 2003).
Importantly, the efficacy of Ca?* signals depends on the
very local value of [Ca’']; in a superlinear function
(Neher, 19984). Therefore, Ca’*-influx and Ca’*-release
channels require precise localisation with regard to a specific
target (Neher, 1998b). In ciliates, depolarisation-sensitive
Ca’*-influx channels are found exclusively in the ciliary
membrane (Machemer & Ogura, 1979). As is known from
CRCs of the superfamily including IPsRs and ryanodine
receptors (RyRs) in P. fetraurelia, a multiplicity of different
PICRCs occurs in widely different organelles (Ladenburger
& Plattner, 2011). Some occur only in one organelle, others
in several, and one organelle may possess one or several
types of CRC:s of either type [IPsRs and RyRs (or RyR-like
proteins, RyR-LPs)]. They may mediate Ca’t signalling
in different — largely unspecified — ways and, thus, locally
govern vesicle trafficking.

(2) Local Ca?* signalling in Paramecium

The relevance of locally restricted signalling may be exem-
plified by one of the best-analysed phenomena in ciliates —
signalling for trichocyst exocytosis. Upon stimulation, Ca*
release from alveolar sacs initiates additional Ca?* influx via
unidentified channels in the cell membrane. This sequence
is termed store-operated Ca’* entry (SOCE) also in ciliates
(Plattner & Klauke, 2001). The influx component can be seen
in ¥Ca?* flux measurements (Kerboeuf & Cohen, 1990).
Together, the internal release and influx of Ca?*, cause a suf-
ficient increase in [Ca’*]; in the narrow subplasmalemmal
space to stimulate trichocyst exocytosis. This also accelerates
subsequent steps leading to exocytosis-coupled endocytosis
(Plattner, Braun & Hentschel, 1997), as in different mam-
malian clear and dense core-secretory vesicle systems such as
pituitary (Thomas et al., 1994; Wu et al., 2014) and chromaffin
cells (Artalejo etal., 1995).

A [Ca®"]; increase was observed in Paramecium tetraurelia
using Ca’* fluorochromes also when the extracellular
Ca’* concentration, [Ca’*],, was abruptly increased, but
this did not induce trichocyst exocytosis (Erxleben etal.,
1997). This supports the concept of the requirement for
strictly subcompartmentalized, local Ca®* signalling; further
spillover beyond the cell cortex did not lead to exocytosis
(although it can activate transcriptional activity as discussed
in Section XIII).
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Normally Ca’* signals in cilia do not spill over into
the soma (Husser etal, 2004). Only precisely localised
Ca’* signals produce specific responses. This concept of
spatially highly restricted signalling has been assessed in
great depth for neuronal transmission (Neher, 19985). All
subcompartmentalisation of intracellular Ca?* channels
in ciliates serves a similar purpose. As suggested by
the distribution of CRCs, in ciliates, this principle may
also apply to other trafficking organelles. One example
1s the phagocytotic pathway (Ladenburger & Plattner,
2011), with its complicated input, retrieval and recycling
of vesicles (Fok & Allen, 1993). In metazoans, not only
Ca’", but also ‘metabolic’ second messengers and proteins
involved in signalling usually follow the principle of
subcompartmentalisation (Barford, 2010). This also applies
to ciliates, as outlined in Section VIII.

ITII. CILIARY BEAT ACTIVITY

Some of the regulation mechanisms for ciliary activ-
ity — although not all — are similar in ciliates and mam-
malian cells. In mammals, cAMP, cGMP and Ca’* have
a modulatory effect, predominantly by activating specific
kinases (Salathe, 2007). Activation of cAMP-activated pro-
tein kinase A (PKA) accelerates ciliary beating just as in
ciliates. By contrast, the role of cGMP and cGMP-activated
protein kinase (PKG) is less well defined in mammals than in
ciliates. In both systems, Ca?* has several regulatory func-
tions. Remarkably, in ciliates, Ca?* influx into cilia takes
place wvia voltage-dependent channels that do not occur in
animal cilia (although such channels occur in some neurons
of the differentiating and differentiated central nervous sys-
tem of man). In all cells, vesicles delivering proteins to cilia do
not flow to the ciliary plasma membrane, but rather fuse in
the nearby ‘somatic’ plasma membrane from where proteins
dissipate into the ciliary membrane. However, the precise
way in which membrane proteins and soluble proteins move
into the cilia is not yet known, especially for ciliates. Several
molecular cues also regulate the biogenesis of the ciliary
axoneme, as discussed in Sections IV.2 and IV.3.

In ciliates, ‘mature’ cilia ready for function are governed
by multiple signals. Normal ciliary beat activity depends
on hydromechanical coupling of the cilia, as shown
in ctenophores (Tamm, 2014) as well as in ciliates
(Sleigh, 2014). In ciliates, modification of beat activity
can be achieved by electrophysiological signals, i.e. hyper-
and depolarisation, respectively (Machemer, 19884,6). The
accompanying signals (ion fluxes) arise at different sites on
the cell surface and are followed by formation of the cyclic
nucleotides, cAMP and ¢cGMP, respectively (Schultz etal.,
1984; Schultz & Klumpp, 1993; Yang etal,, 1997). These
activate the respective protein kinases for phosphorylation of
specific ciliary proteins. A Ca?t/CaM complex participates
in the phosphorylation of different dynein proteins and thus
affects ciliary beating, as originally shown with Tetrahymena
pyriformis (Blum et al., 1980).
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(1) Aspects pertinent to biogenesis of cilia

Such signalling commences with signals for proper deposition
of molecular components, also in cilia. In metazoans, most
membrane proteins destined for cilia are thought to be
selected at different levels from the trans-Golgi network
onwards (Sung & Leroux, 2013). They may be delivered
(1) first to the periciliary membrane, () to more lateral
parts of the cell membrane for subsequent diffusion into the
ciliary membrane, or (uz) to the ciliary pocket (Bloodgood,
2012) by recycling endosomes or other vesicles. In ciliates,
the latter are clathrin-coated parasomal sacs. Concomitantly
auxiliary proteins contributing to the biogenesis of cilia
include coatamer proteins (COPs), adaptor proteins (APs),
SNAREs, GTPases including Rab-types, dynein- and
kinesin-type motor proteins, intraflagellar transport (IFT)
protein complexes, Beadle-Bardet Syndrome (BBS) protein
complexes (BBSome) (Valentine etal., 2012), etc. SNAREs
[syntaxin (Syx3), synaptosomal associated protein of 25 kDa
size (SNAP-25)] and Rab8 are considered mandatory for
the formation of a primary cilium in metazoans (Kim &
Dynlacht, 2013).

Only selective aspects of targeting are available for ciliates.
In ciliates, biogenesis of cilia depends on specific centrin
isoforms  (Stemm-Wolf etal., 2005; Jerka-Dziadosz etal.,
2013). Recently it has been shown that the establishment
of ciliary planar polarity (explained in Section III.2) in
meningeal ependymal cells also depends on centrin (Ying
etal., 2014). BBSome subunits govern channel delivery in
Paramecium spp. For instance, downregulation of subunits
7, 8 or 9 reduces the delivery of Ca’T-dependent KT
channels (serving to reverse the membrane potential after
depolarisation) (Valentine etal,, 2012), while this does not
affect voltage-dependent Ca’* channels (whose transport
pathway thus remains open). For electrophysiological details,
see Section IIL.2. Cilia of Paramecium spp. contain the
GTPase-modulating protein Sec7, i.e. transport protein
7, a guanine nucleotide exchange factor relevant for
secretion; this is a ciliary homolog of ADP [adenosine
diphosphate]-ribosylation factor nucleotide site opener
(ARNO), a guanyl nucleotide exchange factor (GEF)
found in the cytoplasm (Nair, Guerra & Satir, 1999).
In Paramecium tetraurelia, PiSyx1 1is distributed over the
entire cell membrane (Kissmehl ¢tal., 2007) and thus may
serve as a receptor also for docking of vesicles destined
for ciliary biogenesis. Surprisingly the v-/R-SNARE (see
Appendix for terminology conventions) PtSybl0 forms a
ring in the periciliary cell membrane and its silencing slows
down ciliary activity (cell rotation) (Schilde etal., 2010). It
should be noted that generally the designation of P/Syx
subtypes is comparable with those in mammals; because
of wide deviations, including an additional longin domain
(see Section IV.2), this is not the case with PtSyb subtypes
indicated by Arabic numbers. The presence of this v-SNARE
in the target membrane may be explained by an excess
of vesicle delivery. Normally parasomal sacs are assumed
to serve not only for constitutive endocytosis but also for
constitutive exocytosis including cell membrane biogenesis

(Flotenmeyer, Momayezi & Plattner, 1999; Capdeville,
2000). In summary, delivery mechanisms and underlying
molecular cues and signals may vary for the different ciliary
components, although knowledge is restricted, and not only
in ciliates.

Dileptus margaritifer possesses sensory cilia on its proboscis
(cell body extension used to search for prey) and locomotor
cilia on the cell body. There is an enigmatic transformation
of cilia when the proboscis is dissected from the cell body; this
causes transformation of microtubule singlets to doublets with
dynein arms (Golinska, 1982). For cilia, this is considered
the first, and still the only known transformation process
(Jerka-Dziadosz & Frankel, 2014), but the signals involved

remain enigmatic.

(2) Functional aspects of Ca’* increase in cilia

Identical orientation and spatial arrangement of cilia is a
prerequisite to their functional coupling in a metachronic
beat pattern and this orientation depends on ‘planar cell
polarity’. As demonstrated in epithelia, this type of polarity
requires a newly discovered coiled-coil protein, basal body
orientation factor 1 (bbofl), associated with basal bodies
(Chien etal,, 2013). Whether a homolog exists in ciliates
remains to be analysed. In 7. thermophila, disorientation
protein mutant A (DisAp) protein exerts such an effect on
the organisation of ciliary arrays (Galati ezal., 2014) by its
regulatory effect on elongation of striated (kinodesmal) fibres
emanating from ciliary basal bodies in an anterior direction.
Also in ciliates, functional coupling of cilia does not require
any further signals; it occurs by mere hydromechanical
(colligative, adhesive) forces when cilia are appropriately
spaced, 1.e. in the regular, epigenetically predetermined
pattern (Beisson & Sonneborn, 1965; Frankel, 1973; Beisson
& Jerka-Dziadosz, 1999; Beisson, 2008). This depends on
proper positioning of daughter basal bodies during biogenesis
which requires specific centrin isoforms (Stemm-Wolf
etal., 2005; Jerka-Dziadosz etal, 2013) and some other
conserved centrosome/basal body-associated proteins, such
as FOR20 [FOP (FGFR1 oncogene partner)-related protein
of 20kDa] (Aubusson-Fleury ezal, 2012). In conclusion,
proper morphology achieved by epigenetically determined
morphogenetic signalling, based on distinct co-assembly of
protein components, enables coordinated ciliary beating in
ciliates. This is prerequisite to mechanical coupling between
cilia.

In ciliates, ciliary beating takes place spontaneously
in metachronal waves due to a phase shift between
longitudinally arranged, hydrodynamically coupled cilia
(Machemer, 19884). Any change in beat direction and
speed requires specific signalling (Machemer, 1988b).
Important examples are accelerated forward swimming due
to hyperpolarisation or reversal of ciliary beat direction
(‘ciliary reversal’) due to depolarisation (Eckert & Brehm,
1979; Kung & Saimi, 1982). Similarly swimming behaviour
can be governed by chemo-attractants and -repellents (Van
Houten, 1998). During chemosensory transduction, distinct
ion conductances are activated and, thus, yield specific



behavioural/swimming responses (Kung & Saimi, 1982;
Saimi & Kung, 1987; Bell efal., 2007).

In ciliates, normal ciliary beat depends on Ca’* (Naitoh
& Kaneko, 1972), as does any change in beat activity. This
includes not only beat direction (see below), but also beat
frequem:g which, in an extracted model, depends on [Ca?*]
via a Ca**/CaM complex (Nakaoka, Tanaka & Oosawa,
1984). Remarkably many cation channels of ciliates, ciliary
and non-ciliary (‘somatic’), are regulated by Ca®' via a
Ca?t/CaM complex (Kung efal, 1992; Saimi & Kung,
1994, 2002). During ciliary reversal induction (Fig. 2),
[Ca?*] increases rapidly by influx zia voltage-dependent
Ca’* channels (Machemer & Ogura, 1979) over the entire
length of a cilium in ctenophores (Tamm, 2014) as well as in
Paramecium tetraurelia (Husser et al., 2004), both systems having
been analysed by widely different methods. Interestingly, in
ciliates, CaM is distributed over the entire length of cilia
(Maihle efal., 1981; Momayezi efal., 1986) where it exerts
different functions. One concerns the plasma membrane
Ca?t-ATPase (PMCA). PMCA was demonstrated not only
in the somatic plasmalemma (Wright & Van Houten, 1990;
Elwess & Van Houten, 1997), but also in cilia of Paramecium
tetraurelia (Yano etal., 2013). This confirms older biochemical
data from Tetrahymena thermophila (Dentler, 1988). PMCA
may, therefore, possibly belong to the standard inventory
of cilia not only in ciliates but also up to mammals. For
instance, in cilia of olfactory neurons of mice, PMCA
contributes to the downregulation of Ca?* signals (Saidu
etal., 2009). It should be noted, however, that no information
is available for PMCA in cilia of ctenophores and that
cilia in metazoa beyond ctenophores contain other types of
Ca?*-influx channels.

In mammals, this pump is activated by subplasmalemmal
actin (Dalghi efal., 2013). Actin also occurs in cilia of ciliates
(Kissmehl etal, 2004), notably isoforms PiActl, PfAct2,
PtAct3, PtAct4, and PfAct5 (Sehring efal.,, 200756). Another
function at the cell membrane level is the activation of cation
channels pertinent to ciliary activity (Preston efal, 1991).

How can the ciliary beat be changed? A physical signal
(anterior or posterior mechanical stimulation) results in
an electric signal. Hereby a receptor potential (hyper-
or depolarisation) is formed at the level of the somatic
cell membrane, followed by an action potential formed
at the level of the ciliary membranes (Kung & Saimi,
1982). As described below, this is followed by formation
of cyclic nucleotides, activation of protein kinases and
phosphorylation of specific proteins. All this prepares the
cilium for specific mechanical work.

(a) Hyperpolarisation response

Accelerated forward swimming by hyperpolarisation is
triggered not only by touching cells at the rear end,
but also by an appropriate change in extracellular ionic
conditions or by adding a chemoattractant (Kung &
Saimi, 1982; Yang efal, 1997; Van Houten, 1998). The
hyperpolarisation-induced receptor potential is carried by a
K™ outward current (Naitoh & Eckert, 1969) and further on
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Fig. 2. Cihary reversal is an example of spatial signal
restriction in ciliates. Depolarisation activates voltage-gated
Ca?" channels. The influx of Ca is restricted to several
hundred ions per cilium by negative feedback wa a
Ca?*/calmodulin complex (not shown). Ca’* in cilia is
downregulated by binding to Ca®*-binding proteins (CaBPs),
such as centrin, within the cilium and at its base, thus avoiding
signal spread into the cell soma. The occurrence of a plasma
membrane Ca?T-ATPase (PMCA) in cilia is thought to be likely.
Note that normally cortical calcium stores (alveolar sacs) do not
contribute to this ciliary activity.

activates highly Cia?*-selective hyperpolarisation-activated
channels in the somatic membrane, peaking within 20—80 ms
(Preston, Saimi & Kung, 19924). This is followed by
activation of adenylyl cyclase which forms cyclic AMP
(cAMP), a process depending on the hyperpolarising K+
conductance (Bonini, Gustin & Nelson, 1986; Schultz &
Schonborn, 1994). According to quenched-flow analyses
cAMP is formed already within one ciliary stroke (Yang
etal, 1997) which lasts ~40ms. [Note that the minimal
analysis time for quenched-flow analyses includes the ~30 ms
dead time of the instrument]. Thus, there is a perfect
match between an electrical and a chemical signal. This
cyclase, that is reportedly Ca’" sensitive (Kudo etal,
1985a; Kudo, Muto & Nozawa, 19854), is an integral
membrane protein coupled to an ion channel domain
with a voltage sensor and a K" -pore loop (Weber etal,
2004). Subsequent activation of a PKA in cilia (Hochstrasser
& Nelson, 1989) causes phosphorylation of specific ciliary
proteins, such as components of dynein, the motor protein
responsible for ciliary movement (Hamasaki efal, 1991;
Walczak & Nelson, 1993; Kutomi efal., 2012). This chain of
events accelerates forward swimming by accelerated dynein
activity, before the increased cortical [Ca”*]; inactivates the
hyperpolarisation-sensitive Ca’*-influx channels (Preston,
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Saimi & Kung, 19925); any participation of CaM in the
inactivation of the hyperpolarisation response has not been
investigated as yet.

(b) Depolarisation response

Ciliary reversal is induced not only by mechanical stimulation
at the anterior part of the cell, e.g. when a cell hits an obstacle,
but also by an appropriate change of ionic conditions in the
medium, such as increased [K*], causing depolarisation.
In the first case, mechanosensitive channels enriched at the
anterior part of the somatic cell membrane are activated
(Ogura & Machemer, 1980). A receptor potential forms by
a Ca’* influx (Naitoh & Eckert, 1969), followed by a K+
efflux (Satow, Murphy & Kung, 1983), both in the somatic
(non-ciliary) part of the cell membrane (Machemer, 19884,5).
This triggers a Ca?*-based action potential by activating
depolarisation-activated (voltage-dependent) Ca’>* channels
that are restricted to the ciliary membrane (Machemer &
Ogura, 1979) (Fig. 2). The membrane potential is returned
to resting level by a voltage-gated and Ca’*-activated K+
current — the respective channels also residing in the cilia
(Valentine et al., 2012). Most of these data have been collected
from Paramecium tetraurelia. Remarkably, voltage-gated Ca?*
channels are also found in our central nervous system.

Depolarisation entails formation of cGMP (Schultz, Pohl
& Klumpp, 1986), by activation of Ca’*/CaM-activated
guanylate cyclase (Kudo etal., 19854,0; Schultz & Klumpp,
1991) and of a PKG, all in cilia (Miglietta & Nelson,
1988). The respective guanylate cyclase is localised to the
cilia. membrane (Linder etal., 1999). Phosphorylation of a
set of proteins somehow causes the reversal of the ciliary
beat direction. Inhibition of phosphatase 1 (PP1), sustains
backward swimming (Klumpp, Cohen & Schultz, 1990), thus
reflecting a role in signal termination. Ca®* influx is short
since voltage-dependent Ca?t channels are inactivated by
the same Ca’" that they conducted, by forming an inhibitory
Ca?t/CaM complex (Brehm & Eckert, 1978). Again the
same mechanism is maintained up to the mammalian
central nervous system (Levitan, 1999). Here, an additional
Ca’*-binding protein, CaBP1, and the Ca?*/CaM complex
mutually control each other (Findeisen, Rumpf & Minor,
2013). It remains to be seen whether a similar fine-tuning
mechanism also exists in ciliates.

(3) Subsequent regulation steps in cilia

Anywhere in the cell, free Ca’™ can be rapidly
downregulated by binding to CaBPs. Total calcium
(structure-bound + dissolved) and free (dissolved) calcium
can be differentially determined by using energy-dispersive
X-ray microanalysis (EDX) and fluorochrome analysis,
respectively. In Paramecium spp., this has been exemplified
not only with exocytosis (see Section IV) but also with cilia
(Husser et al., 2004). Upon depolarisation, an increase of total
and free calcium can be detected in the cilia within one ciliary
beat. As seen by EDX total calcium concentration remains
at an increased level, in contrast to free [Ca’"] which

rapidly decays according to fluorochrome measurements.
This indicates that Ca?* ions are rapidly bound and trapped
inside cilia. Nevertheless, the reversal reaction lasts tens
of seconds before normal forward swimming is resumed.
Remarkably, this is much longer than the signal of free Ca?*
(Husser etal., 2004). The ongoing response may be sustained
by the occurrence of additional Ca?*/CaM complexes in
the axoneme where CaM also occurs (Momayezi et al., 1986).
The actual reversal reaction has tentatively been explained
by occupancy of the carboxy-terminal Ca?*-binding loops
of CaM by Mg?* (Machemer & Teunis, 1996) — the last
of the four hierarchically occupied EF-hand Ca?*-binding
loops. Moreover, in cilia differential binding of Ca’* to
other Ca’-dependent and Ca’*-independent CaM binding
proteins (CaM-BPs) takes place (Evans & Nelson, 1989),
although their respective roles are not precisely known. Not
only PKA, PKG and CaM, but also Ca’*-dependent protein
kinases (CDPKs), which possess an integrated CaM-like
sequence (see Section IX.1), are found in the cilia of
Paramecium  tetraurelia (Kim, Messinger & Nelson, 1998).
Collectively these mechanisms can prolong ciliary reaction
in some way beyond the actual duration of the free Ca?*
signal in cilia.

Thus, a physical signal (hyperpolarisation or depolarisa-
tion) results in a Ca?* signal, then in a chemical signal (cyclic
nucleotides) which results in the covalent modification (phos-
phorylation) of ciliary proteins. The spectrum of proteins
phosphorylated by PKA and by PKG, respectively, is differ-
ent (Ann & Nelson, 1995) and they govern ciliary motility in
different ways (Bonini & Nelson, 1990). These mechanisms
transmit mechanical stimuli to chemical signals which in turn
are transmitted to a mechanical response, i.e. accelerated for-
ward swimming or ciliary reversal. Thus, Ca*" can initiate
several ciliary responses along different pathways (Machemer
& Teunis, 1996) and this is achieved by modification of the
phosphorylation state of specific proteins.

(4) Organismal aspects

During ciliary reversal, normally no Ca’* is spilled into
the soma of a Paramecium tetraurelia cell (Husser et al., 2004).
A spill-over in the reverse direction does occur, however,
when massive exocytosis is induced. Then, Ca’* moves from
the cell cortex into cilia and, thus, induces ciliary reversal
without previous depolarisation (Husser etal., 2004). This
also entails cGMP formation (Knoll, Kerboeuf & Plattner,
1992) and, thus, this process proceeds as during ciliary
reversal induced by depolarisation. Such automatic coupling
of trichocyst exocytosis and ciliary reversal is also triggered
when a Paramectum tetraurelia cell contacts a predatory cell
(Knoll, Haacke-bell & Plattner, 19915); this is meaningful in
the context of the escape mechanism that helps to ward off
predators such as Dileptus margaritifer (Harumoto & Miyake,
1991). Currently such escape phenomena are known in
an increasing number of ciliates (Buonanno, Harumoto &
Ortenzi, 2013). During this defence reaction, whose primary
chemical signal is unknown, vigorous local trichocyst release
first forms a spacer between predator and prey, while



the prey activates the ‘reverse gear’ (Knoll efal, 19915).
This is perfectly mimicked by the standard secretagogue
for Paramecium spp., aminoethyldextrane (AED). Its local
application induces local trichocyst release also in deciliated
cells as well as in mutants devoid of voltage-dependent Ca*+
channels (Plattner ¢fal., 1984; Plattner, Sttirzl & Matt, 1985).
In such cells AED also rapidly induces ciliary reversal by
spillover of Ca’* from the soma into cilia as documented
by fast confocal fluorochrome and EDX analysis (Husser
etal., 2004). Since this reaction is short it may easily be
overlooked (Harumoto, 1994). Thereby the depolarisation
step is bypassed. Lectins contained in the trichocyst tip
(Haacke-Bell & Plattner, 1987) may additionally contribute
to the defence mechanism.

IV. ORGANELLAR TRAFFICKING SIGNALS -
GENERAL RULES AND IMPLICATIONS FOR
VESICLE TRANSPORT IN CILIATES

In mammalian cells, the principal pathway of vesicles
from the endoplasmic reticulum to the cell membrane was
elucidated by Palade (1975) and the underlying molecular
machinery by Rothman (2014). The basic principles of
trafficking also apply to ciliates.

Long-range guidance of vesicles during trafficking along
microtubules has been detected in mammalian gland cells
(Lacy etal, 1968) and motoneurons (Gray, 1978). In
these cells, as in most others, transport goes from the
minus to the plus end of microtubules, ie. from the
cytocentre to the cell periphery. Transport in the reverse
direction was first described in Paramecium tefraurelia (Plattner,
‘Westphal & Tiggemann, 1982), subsequently in mammalian
epithelial cells and finally in immune cells (Griffiths, Tsun &
Stinchcombe, 2010). Short-range signals and target proteins
for final signal transduction are quite similar in protozoa and
metazoa. Such chemical signals inherent to proteins govern
the direction of vesicle trafficking, attachment and fusion. A
paradigmatic example is neurotransmitter release (Stidhof,
2013, 2014).

Short-range signals encompass several proteins mediating
vesicle docking and fusion, with the involvement of Ca%*,
SNARE (Rothman, 2014; Siidhof, 2014) and Rab proteins
(Mizuno-Yamasaki, Rivera-Molina & Novick, 2012; Pfeffer,
2013), as specified below. This was detected with mammalian
cells and yeast before being explored in ciliates (Bright
etal., 2010; Plattner, 2010q4,6). These basic aspects are
early evolutionary achievements maintained throughout
eukaryotic kingdoms (Dacks & Field, 2007; Kloepper, Kienle
& Fasshauer, 2008; Stenmark, 2012).

This section contains multiple facets of signalling
phenomena as exemplified in Figs 1, 3 and 4 for the
secretory pathway and the phagocytotic cycle in Paramecium.
Surprisingly trichocysts contain signals for their filling state,
for their inherent polarity and, thus, for their docking
competence. Short-range signals or molecular cues, as
known from metazoans, encompass vesicle- (v-) SNAREs
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Fig. 3. Molecular cues and short-range signals governing
membrane trafficking in ciliates reside in SNARE proteins,
small GTPases (Rab proteins) and their modulators, in
addition to HT-ATPase molecules. In mammalian cells, luminal
acidification has been shown to cause a transmembrane signal
by a conformational change in the multimeric HT-ATPase
molecule, thus enabling the binding of Rab proteins wma their
modulators and then forming a complex with SNAREs. For
membrane fusion to occur as the final signalling step Ca®* has
to be provided as a short-range signal.

which, together with additional proteins, have to match
with appropriate target- (t-)SNAREs (Jahn & Fasshauer,
2012) (Fig. 3). This also applies to ciliates (Plattner, 2010a,5)
(Fig. 4). Upon a local increase of [Ca®*]; during the course
of stimulation both membranes can fuse. Ca?+ flushing from
the outside medium through the exocytotic opening into
the trichocyst lumen provides an additional signal, required
specifically for the explosive decondensation and vigorous
release of trichocyst contents (Plattner & Klauke, 2001).

(1) Support by microtubules

Trichocyst transport is saltatory (Aufderheide, 1978), ie.
facilitated and guided by microtubules emanating from
ciliary basal bodies, along which they slide in minus-end
direction for final docking at the cell membrane (Plattner et al,,
1982). The regular arrangement of docking sites between
regularly spaced cilia in Tefraliymena thermophila and Paramecium
tetraurelia is mediated by epigenetic signals (Frankel, 1973;
Beisson, 2008). Organelles undergoing trafficking encompass
not only dense core-secretory organelles, ie. trichocysts in
Paramecium spp. and mucocysts in Tefrahymena spp., but also
clear vesicles for the biogenesis of the plasmalemma (Schilde
etal., 2010) and release of acid hydrolases (Kiy ef al., 1993) at
ill-defined sites. In ciliates, recycling vesicles and phagosomes
also travel along defined routes determined by microtubular
arrays (Fok & Allen, 1993; Wloga & Frankel, 2012). In
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Fig. 4. The membranes of vesicles trafficking along the principal pathways in a Paramecium sp. cell (nuclei omitted) contain
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vacuole; ds = decorated spongiome (part of contractile vacuole complex); dv = discoidal vesicles (recycling from cytoproct); ee = early
endosomes, er = endoplasmic reticulum; fv = food vacuole; ga = Golgi apparatus; gh = ghost (empty trichocyst membrane); oc = oral
cavity; pm = plasma membrane; ps = parasomal sacs (clathrin-coated endocytotic vesicles); rv = recycling vesicles; sec22 = transport
protein 7 (guanine nucleotide exchange factor) relevant for secretion; ss = smooth spongiome (part of contractile vacuole complex);
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1. thermophila microtubules have been shown to contain
a-tubulin in association with a variety of different S-tubulins,
thus allowing for differential functionalisation (Pucciarelli
etal., 2012). Furthermore, a number of microtubules are
composed of distinct post-translational modifications of
tubulin, in Paramecium tetraurelia (Adoutte etal., 1991) as well
as in Tetrahymena thermophila (Wloga etal., 2008; Wloga &
Gaertig, 2010). Such arrays compose the ‘(postjoral fibres’
in Paramecium multimicronucleatum and P. tetraurelia or the ‘deep
fibre’ in Tetrahymena thermophila; they guide nascent food
vacuoles and drive recycling vesicles back to the cytopharynx
(Allen, 1974).

(2) Molecular signals

In mammalian cells, the lumen of all these travelling
organelles is more or less acidic due to their endowment with
a V-type HT-ATPase (Mellman, 1992; Forgac, 2007). Also
they store more or less Ca’* inside (see Section VIII). It was
also shown with mammalian cells that acidification causes a
conformational change in the heterooligomeric HT-ATPase
molecule which, thus, transmits a signal to the cytoplasmic
side. This in turn allows for the docking of small GTPase
molecules and their respective modulators (Hurtado-Lorenzo
etal., 2006). Rab-type GTPases mediate directional trans-
port, for instance in the exo- and endocytotic pathway
by interacting with organelle-specific protein effector
molecules.

In higher eukaryotes, the different types of trafficking
organelles contain specific GTPases and their respective
effector molecules as well as complementary SNAREs on
cach of the interacting membranes. GTPases are activated
by binding GTP which causes a conformational change.
Minor changes in amino acids in GTPases can change
their specific binding capabilities, whereas effectors usually
have no common binding motif (Grosshans, Ortiz &
Novick, 2006). Some SNAREs have been recognised as
effector partners (Zerial & McBride, 2001). This also applies
to longin-type v-SNAREs, variations of ‘synaptobrevins’
containing a longin domain, for some of which binding
of small GTPases has been shown (De Franceschi etal.,
2014). Although still called ‘synaptobrevins’ longin-type
SNARE:s are the predominant v-/R-type SNAREs in plants
and in ciliates such as Paramecium tetraurelia (Schilde etal.,
2006, 2010) and Tetrahymena thermophila (De Franceschi et al.,
2014). Globally this means that in eukaryotes specificity of
membrane interaction is determined by several cues.

An example of an effector molecule is early endosome
antigen 1 (EEAT), the marker of the early endosomal mem-
brane of metazoan cells (Mishra etal., 2010). (Unfortunately
such organelle-specific proteins interacting with GTPases are
practically unknown from ciliates.) As mentioned, G'TPases
contain structural determinants providing interaction with
specific effectors (Khan & Ménétrey, 2013). Such proteins
enable reversible binding to, and reversible activation of



the next compartment of the trafficking pathway (Pfeffer,
2013). Modulatory proteins include GTPase activating
protein (GAP), guanosine nucleotide dissociation inhibitor
(GDI) and guanosine nucleotide exchange factor (GEF).
Together with organelle-resident SNAREs, firmly installed
by a single-pass carboxy-terminal stretch, this complex is
the key for docking at the specific target membrane. Finally,
in concert with a discrete Ca?t signal and a Ca®"-sensor
protein (Rizo, Chen & Arac, 2006), a trans-complex of v-
and t-SNAREs can mediate fusion (Jahn & Scheller, 2006).
As established in metazoans, this type of signal recognition
by molecular cues is essential for delivery of vesicles to their
correct targets by matching protein—protein interaction.
What is the situation in ciliates?

H*-ATPase (Fok etal., 2002; Wassmer etal., 2005, 2006)
and SNAREs (Plattner, 20105) are documented for all
trafficking vesicles in P. tetraurelia, together with small
GTPases in 7. thermophila (Bright etal., 2010). G'TPase
modulating proteins GAP, GDI and GEF in ciliates await
elucidation. Although the Ca®* content of trafficking vesicles
is unknown in ciliates, its presence can be inferred on the
one hand from the presence of Ca®" in such organelles in
mammalian cells (Section VIIL.2) and on the other hand
from the presence of CRGCs in these organelles in Paramecium
spp. (Ladenburger & Plattner, 2011).

The situation during the secretory cycle in ciliates is
as follows. Dense core-secretory vesicles of ciliates, such
as trichocysts (Paramecium spp.) and mucocysts (7etrahymena
spp.), collectively called extrusomes in the different ciliate
species, contain in part similar and in part different
contents (Verbsky & Turkewitz, 1998) and they serve
different purposes (Hausmann, 1978). Trichocysts are bipolar
structures, with a ‘tip” and a ‘body’. The presence of
SNARE:s in the P. tetraurelia trichocyst membrane, probably
PiSyb5, 1s most likely, although not identified conclusively
(Schilde etal, 2010). Extrusomes are special in several
ways. Trichocysts contain no recognisable H'-ATPase
(Wassmer etal,, 2005, 2006) and the organelles are not
recognisably acidic (Lumpert ezal., 1992; Wassmer etal.,
2009), including trichocyst precursor stages (Garreau de
Loubresse, Gautier & Sperling, 1994). No Ca’* is detected
inside trichocysts (Hardt & Plattner, 2000). However, low
numbers of HF-ATPase and low concentrations of Ca?*
cannot be excluded. Remarkably a sufficient level of cytosolic
Ca’* is required for trichocyst biogenesis (Ladenburger et al.,
2009). Possibly Ca?* has to be removed from the lumen
at a certain stage of maturation since Ca?* would cause
decondensation of the contents after maturation (proteolytic
processing), as it does during exocytosis when exogenous
Ca’" gets access to the organelle lumen (Bilinski, Plattner
& Matt, 1981; Klauke etal., 1998). This sequence of events,
Ca?*-insensitive precursor — Ca’*-sensitive proteolytically
cleaved mature granule lattice protein (pro-Grlpl — Grlpl),
has been verified in detail for Tetrahymena thermophila
mucocysts (Verbsky & Turkewitz, 1998).

In 7. thermophila, lysosomal sorting receptors, homologous
to sortilin of higher eukaryotes, represent a signal for the
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biogenesis of mucocyst contents. This includes proteins
relevant for proteolytic processing of some precursors, their
eventual aggregation and/or sorting in part in soluble and
in part in insoluble form (Briguglio, Kumar & Turkewitz,
2013). In detail, non-aggregating protein, granule tip protein
Grtlp, a constituent of the organelle tip, is bound by a specific
subtype of sortilin, in contrast to the granule lattice protein,
Grl3p; the latter, however, requires a sortilin-mediated
mechanism indirectly, as this selects cathepsin 3 which in
turn is required for Grllp processing.

As known from mammalian cells, during maturation
of dense core-secretory organelles a proprotein convertase
(Steiner, 1998) cleaves the proprotein on the way through the
cell (Orci etal., 1985) to generate a mature secretory protein.
In Tetrahymena thermophila this involves predominantly one
form of an aspartyl cathepsin that recognises specific aspartyl
residues of mucocyst Grl proteins (Kumar, Briguglio &
Turkewitz, 2014); point mutations fail to perform proper
self-assembly and to acquire secretory competence.

There s similar mechanism
for Paramecium spp. In ciliate mutants, extrusomes with
non-proteolytically processed contents are not transported
to the cell membrane (Pouphile ezal, 1986; Tiedtke etal.,
1988) — thus suggesting a probable cue for recognition by
motor proteins. Previously, selection of secretory proteins by
sortilin has been known from mammalian brain where it
mediates the delivery of neurotrophic factor to the regulated
secretory pathway (Chen et al., 2005).

Trichocysts are transported to the cell membrane
according to their inherent polarity, tip first, and their
secretory matrix contents provide an additional signal
for docking competence (Pouphile etal., 1986). Formation
of a ‘tip’ structure is relevant not only in Paramecium
spp., but also, although structurally less impressively, in
Tetrahymena thermophila. Here, unilateral assembly of one
of the non-Grl proteins and of Grtlp are mandatory for
exocytosis competence (Bowman et al., 2005).

When exocytotic membrane fusion is induced in Parame-
cium tetraurelia under conditions inhibiting decondensa-
tion/release of trichocyst contents, the trichocyst membrane
reseals, the organelles become detached and undergo a new
round of docking for successful exocytosis upon stimulation
under standard conditions (Klauke & Plattner, 2000). This
phenomenon of ‘frustrated exocytosis” indicates the occur-
rence of additional signals provided by the filling state that
mediate competence for docking of trichocysts at the cell
membrane. Such signals can include physical links between
the contents of a trichocyst and its membrane, to be visualised
only with appropriate fast-freezing methods (Momayezi et al.,
1993).

Granule proteins similar to some of the Tetrahymena
spp. mucocyst proteins are the trichocyst matrix proteins
(tmp) of P. tetraurelia (Garreau de Loubresse, 1993) and
Pseudomucrothorax dubuus (Peck, Swiderski & Tourmel, 1993).
From analyses with Tetrahymena thermophila one may conclude
that the tip part of extrusomes is probably delivered by
vesicles separate from those producing the ‘body/matrix’

reason to assume a
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(Briguglio etal., 2013). The degree of acidity of the lumen
of mucocyst precursors remains to be established, but
probably it may not differ from the situation described
for Paramecium spp.

Considering widely different secretory contents, several
cues may govern extrusome biogenesis in the two genera,
Paramecium and Tetrahymena, respectively. Clathrin-mediated
budding of some vesicles also requires an adaptor protein
complex. For instance, AP3 contributes to mucocyst
biogenesis (Briguglio etal., 2013). In 7. thermophila, a small
GTPase, type T{RabD41 is recognised on docked mucocysts
(Bright etal., 2010).

Early endosomes (called ‘terminal cisternae’ in Paramectum)
and late endosomes [‘acidosomes’ in Paramecium (Allen,
Ma & Fok, 1993)], phagosomes of different age after
pinching off, and diverse recycling vesicles are endowed
with a V-type HY-ATPase (Wassmer etal., 2005, 2006),
with v- and t-type SNAREs (Plattner, 20105) and with
CRCs (Ladenburger & Plattner, 2011). They all vary from
organelle to organelle. Participation of the plasmalemmal
t-SNARE, PrSyx1, in trichocyst exocytosis has been derived
from immuno-localisation and gene-silencing experiments
(Kissmehl etal., 2007). In Tetrahymena thermophila and
Paramecium  letraurelia, organelles along the endocytotic
pathway down to phagosomes and lysosomes dispose of
organelle-specific small GTPases (Bright etal., 2010). Thus,
signalling follows the established pathway in these organelles,
although trichocysts exhibit several features that are unusual
for dense core-secretory organelles, i.e. neutral pH and
absence of any detectable Ca*, as outlined above.

A tentative identification of a Rabll effector protein
has been presented for 7. thermophila (Zweifel etal., 2009).
The intracellular distribution and dynamics of CDA12 and
CDA13 (CDA = cell division protein A) during conjugation
and cell division is comparable to family of Rab1 I-interacting
proteins (FIPs) in mammalian cells (Fielding etal., 2005).
In particular, Rabll would be interesting because it is
known from mammalian cells to be a master switch for the
regulation of cell surface biogenesis, structure and function
(Welz, Wellbourne-Wood & Kerkhoff, 2014); this is achieved
by regulating widely diversified trafficking pathways.

(3) Support by F-actin, SNAREs and
Ca’*-dependent proteins

In higher eukaryotes, actin is another regulator of membrane
fusion and fission (scission), from exocytosis (Geron, Schejter
& Shilo, 2013) and endocytosis (Mooren, Galletta & Cooper,
2012) to phagosome formation and processing (see Section
V). With ciliates, such analyses have long been hampered by
the insensitivity of some of the actin isoforms to diagnostic
fluorescently labelled drugs (Sehring etal., 2007a). Thus, the
expected involvement of F-actin in endocytosis via parasomal
sacs could not be documented. Only by gene silencing studies
could PtAct4 be identified as a key player (Sehring, Reiner
& Plattner, 2010) and this isoform, in fact, does not possess
normal phalloidin binding signatures (Sehring ez al., 2007a).

Finally, Ca?t has to be provided also in ciliates for
promoting organelle interactions up to fusion. As specified
below, this 1s achieved by P/CRCs specifically localised
to, or indirectly associated with the different trafficking
compartments (Ladenburger & Plattner, 2011). Briefly, for
trichocyst exocytosis Ca’* is provided by release from the
cortical stores, the alveolar sacs, and by superimposed influx
from the outside medium (Plattner & Klauke, 2001). For
further details, see Section VIII. Local Ca’* signals appear
indispensable also for other trafficking organelles which also
contain PICRCs, although functional scrutiny of such Ca?*
signals is still missing for most organelles in ciliates.

For none of the trafficking vesicles of ciliates has
any Ca?f-sensor protein been ascertained which, in
metazoans, is mainly synaptotagmin. This is a single-pass
membrane protein with an amino-terminal anchor and
two Ca’*-binding loops attached to p-barrel motifs
called G2A and C2B domains (Rizo etal, 2006). A
double C2-domain protein, DOC2 (double C2-like domain
containing protein), enables microneme exocytosis for
host cell invasion by Apicomplexa, although it lacks a
transmembrane domain (Farrell etal., 2012) — in contrast
to synaptotagmin. Remarkably the existence of this molecule
type has been suggested for P. tetraurelia although further
scrutiny is required. In the Paramecium database only related
proteins with eight C2 domains can be found (R. Kissmehl &
H. Plattner, unpublished observation). Similar CaBPs with
more than two G2 motifs are also established for some
metazoan cells where they can substitute for synaptotagmin
(Min, Chang & Siidhof, 2007; Martens & McMahon,
2008). In addition, in mammalian cells, such ‘extended
synaptotagmins’ are also able to connect cortical Ca* stores
[endoplasmic reticulum (ER)] with the plasma membrane
(Giordano etal., 2013) — an interesting aspect, considering
the likely absence of classical connections by Orai/Stim
proteins in ciliates. Despite the potential importance of such
(C2-domain-carrying proteins for signalling none of these
functions has been analysed in ciliates as yet. Docking of
trichocysts and assembly of functional exocytosis sites in
Paramecium tetraurelia requires calmodulin (Kerboeuf etal.,
1993) and CaM is enriched in such sites (Plattner & Klauke,
2001).

In multicellular organisms, SNAREs occurring on delivery
vesicles (v-SNAREs) usually contain an Arg (R) residue in
the central layer of their SNARE domain, whereas target-
(t-)SNAREs usually contain a Glu (Q) residue (Fasshauer
etal., 1998; Sutton etal, 1998). However, like elsewhere,
there are also exceptions to this rule in Paramecium tetraurelia
(Plattner, 2010a,6). The SNARE domain is essential for
pairing of SNAREs in trans-position which allows for
subsequent membrane fusion (Jahn & Scheller, 2006; Jahn
& Fasshauer, 2012). Whereas the central amino acid is not
essential and because of the absence of any stringent cues for
the assignment of v-/R- and t-/Q-SNARESs, respectively, to
certain organelles, association with organelle-specific small
GTPases 1s essential (Novick & Zerial, 1997; Zerial &
McBride, 2001; Grosshans et al., 2006).



In ciliates, syntaxin homologs generally can be attributed
more easily to specific membranes, comparable to the
situation in different systems; this is not so easy with
synaptobrevins. As mentioned above, in Paramecium tetraurelia
many of the ‘synaptobrevins’ contain an additional longin
domain. Examples are PtSybl, PiSyb2, PiSyb3, PiSyb6,
PtSyb7, PtSyb8, and PtSyb9 (Schilde etal, 2006, 2010).
Longins are abundant also in plants where they contribute
to organelle targeting (Rosst etal., 2004), but such effects
have not been analysed in ciliates as yet. Altogether cues for
specific organelle targeting of/by these SNARESs, particularly
of ‘synaptobrevins’, are not so obvious, particularly in ciliates.
As found by the analysis of exocytotic mutants of Paramecium
tetraurelia, in the secretory cycle additional proteins play
different roles that still have to be specified (Vayssié etal.,
2000; Froissard et al., 2004).

Clear vesicles, likely candidates for the biogenesis of the
cell membrane and of alveolar sacs, can be recognised only
under specific conditions. For instance, vesicle docking is
‘frozen’ when docking is allowed under conditions where
fusion with their target membrane is inhibited by silencing
the SNARE-specific chaperone, N-ethylmaleimide-sensitive
factor (NSF) (Kissmehl etal, 2002; Schilde etal, 2010).
This suggests the involvement of SNAREs also in organelle
biogenesis and in cell membrane formation by constitutive
exocytosis in ciliates. Constitutively active vesicles that
contribute to cell membrane formation during cytokinesis
can be observed in non-manipulated cells. They contain
PICRC-V-4 (Ladenburger & Plattner, 2011), whereas in
ciliates SNAREs have not yet been identified directly in
the cleavage furrow. For good reasons the designation
of constitutive exocytosis as ‘non-regulated exocytosis’ in
the past has been abandoned more recently. Moreover,
NSF silencing induces an impressive amount of autophagic
vacuoles, wherein NSF is degraded, while cells continuously
decrease in size (Kissmehl etal, 2002). Very recently,
autophagic vacuole formation is recognised also to involve
specific SNARE:s in higher eukaryotes (Shen & Mizushima,
2014).

Empty membranes (‘ghosts’) formed in the course of
trichocyst exocytosis-coupled endocytosis are internalised,
and this process is also accelerated by increased [Ca®T];
generated during exocytosis stimulation (Plattner et al., 1997).
Under our standard conditions exo—endocytosis coupling is
accomplished within 0.35 s (Knoll, Braun & Plattner, 1991a).
Comparably rapid coupling has recently been documented,
also using quenched-flow/cryofixation methodology, in
nerve terminals, also via smooth vesicles (Watanabe etal.,
2013). In Paramecium tetraurelia, this process is different from
endocytosis via clathrin-coated pits represented by parasomal
sacs. Here, endocytosis may be ascribed to the activation
of calcineurin, a Ca?*/CaM-activated protein phosphatase
(PP2B) that is enriched on Paramecium’s parasomal sacs
(Momayezi etal, 1996) — the sites of endocytosis by
clathrin-coated vesicles. This function is suggested by the
scission of clathrin-coated vesicles by dynamin [identified
in  Tetrabymena thermophila (Elde etal., 2005)] which, as
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shown in mammalian cells, has to be dephosphorylated by
calcineurin to become active (Marks & McMahon, 1998; Lai
etal., 1999).

V. THE PHAGOCYTOTIC CYCLE

Phagocytosis of particles and bacteria was detected
around 1900 by Metchnikoff in phagocytes from starfish
larvae. Soon he extended this discovery to mammalian
defence mechanisms against pathogenic microorganisms.
In mammals, cues regulating phagocytosis involve actin
filaments, acidification (by HT-ATPase acquired from
endosomes) of phagocytotic vesicles (phagosomes) and fusion
with lysosomes. The phagolysosomes thus formed are able to
digest foreign materials (Underhill & Goodridge, 2012) and
ciliates can, thus, feed on bacteria.

This section outlines the following aspects in ciliates
(Fig. 5). As in other systems, there are multiple mputs
into the phagosomal system of ciliates (Fok & Allen,
1993). At the cytopharynx, from where phagosomes (food
vacuoles) are formed, widely different signals converge. This
includes microtubular arrays, called ‘(postjoral fibres’ in
Paramecium and ‘deep fibres’ in Tetrakymena, emanating from
here to the cytoproct (the site of spent vacuole exocytosis)
and to deeper cytoplasmic regions; they serve to guide
recycling vesicles and other vesicle input (Allen, 1974). Late
endosomes (‘acidosomes’), vesicles recycling from progressive
phagolysosomal stages, and ‘discoidal’ vesicles recycling
from the cytoproct after release of undigested material all
contribute to food-vacuole formation, in addition to fusion
with lysosomes for further maturation (Allen & Fok, 2000).
Acidification by the V-type HT-ATPase, provided by fusion
of acidosomes/late endosomes, is important, as are changing
sets of GTPases, SNAREs, actin isoforms and CRCs.
Altogether they regulate multiple specific fusion/fission
processes.

(1) Role of H*-ATPase, GTPases and SNARE

proteins

Many signals are required to guide a food wvacuole
through a ciliate cell (cyclosis) and basic mechanisms may
be quite similar in different species. Using monoclonal
antibodies (when the molecular biology of ciliates still
was in its infancy) the phagosome cycle was scrutinised
in Paramecium multimicronucleatum (Fok & Allen, 1993; Allen
& Fok, 2000). Among recycling vesicles, 100 nm-vesicles
were retrieved from advanced stages of food vacuoles and
‘discoidal vesicles’ from the cytoproct, all travelling along
cytopharyngeal microtubular ribbons in minus-end direction
using dynein as a motor (Ishida etal., 2011). Thus, there are
clear-cut long-range signals for specific membrane delivery,
supplemented by the following short-range signals. Actin
assembly on a nascent phagosome is a signal for pinching off.
This is followed by fusion with acidosomes/late endosomes
(Allen etal., 1993) endowed with a HY-ATPase (Wassmer
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Fig. 5. Formation of a food vacuole in a ciliate requires
several signalling steps. First, fusion of recycling vesicles causes
the cell membrane at the cytopharynx to bulge in, trapping
bacteria. Second, fusion of acidosomes (late endosomes) allow
for acidification of the phagosome lumen and inactivation of
bacteria. Third, fusion with lysosomes enables degradation of
bacteria by acid hydrolases in the food vacuole which, thus,
has become a phagolysosome. For discussion of involvement of
SNAREs, CRCs, etc., see text.

etal., 2005, 2006, 2009). Silencing of some of the HT-ATPase
subunits inhibits phagosome formation (Wassmer ef al, 2005).
Acidification is necessary not only for activating lysosomal
enzymes after phagosome—lysosome fusion, but is also a
signal for travel onwards through the cell. The lumenal pH
increases steadily to a neutral pH before vesicles reach the
cytoproct.

To understand phagosome cyclosis in ciliates, comparison
with higher eukaryotic cells may be useful. The latter
are paradigmatic for the sequential assembly and role
of H*-ATPase, actin, small GTPases and SNAREs. For
instance, in yeast, vacuoles (acidic lysosome-related com-
partments), specific SNAREs and Rab proteins are required
for the assembly of actin (Karunakaran efal., 2012). In kidney
cells, actin contributes to the targeting of some subunits of
the H"-ATPase to organellar membranes (Beyenbach &
Wieczorek, 2006). Paramecium tetraurelia has the highest num-
ber of genes encoding the a-subunit of the integral VO-part of
the H*-ATPase, many more than in yeast or mammals (17
versus 1 and 4 genes, respectively). Since the VO part associates
reversibly with the catalytic V1 head part zia the a-subunit
one can expect site- and time-variable association of different
V1 parts depending on the actual requirements — an aspect
suggesting extreme fine-tuning in ciliates. Also unexpected
is organelle targeting by the carboxy-terminal half of the
a-subunit molecule in Paramecium tefraurelia (Wassmer et al.,
2006), rather than by the amino-terminal half as in yeast
(Kawasaki-Nishi ef al, 2001). In kidney proximal tubule cells,
acidification of the organellar lumen can cause binding of
small GTPases and their modulators (Hurtado-Lorenzo et al.,
2006; Brown éf al., 2009), which can direct vesicles, from the
Golgi apparatus on, in cooperation with the t-SNARE Syx1
(Schwartz et al., 2007). The question arises whether a similar
targeting mechanism may be applicable to phagosomes
in ciliates.

In Paramecium tetraurelia, Rab7, typical of lytic organelles,
is bound to vesicles in the oral apparatus and on
phagolysosomal membranes (Surmacz, Wiejak & Wyroba,
2006; Osinska efal., 2011); post-transcriptional gene silencing
inhibits food vacuole formation. Specific SNAREs type PtSyx
and PtSyb are also exchanged during phagosome cyclosis
(Kissmehl etal., 2007; Plattner, 2010a,6), as are HT-ATPase
subunits (Wassmer efal., 2005, 2006, 2009). Therefore, one
may well expect, in ciliates, interaction of specific isoforms
of these proteins along the phagocytotic pathway and
interdependent signalling for targeting to specific vesicles
along this pathway.

Proteome analysis of phagosomes from phagotrophic cells,
including many protozoa that obtain energy by digesting
phagocytosed microorganisms, revealed several important
details (Goyette etal, 2012): (i) membrane composition
changes during maturation, (i) Ht-ATPase, small GTPases
as well as proteins relevant for transmembrane transport
processes and trafficking abound, (@) other types of
short-range signalling molecules, although less abundant,
also contribute. For instance, in macrophages, Syx7 is an
important phagosome SNARE. In Paramecium (tetraurelia,
PiSyx7 is also one of the phagosome-resident SNAREs,
integrated into the phagosome membrane at a later stage of
cyclosis (Kissmehl et al., 2007).

Mass spectroscopy of purified phagosomes revealed
453 peptides of which 73 were putative phagosomal
proteins and 28 known for their engagement in
phagocytosis in other organisms (Jacobs ¢ al., 2006). Among
membrane proteins relevant for signalling, Ca?t-ATPase,
H'-ATPase subunits, Rab proteins type 1, 7, and
13 as well as actin-binding proteins were identified,
together with fragments of a synaptobrevin-like protein.
Functional knock-out studies with Tefrakymena thermophila
suggest vacuolar protein sorting proteins, 7tVPS13A and
TtVPS13C, as accelerators of multiple vesicle fusions with
the phago(lyso)some (Samaranayake, Cowan & Klobutcher,
2011). In macrophages, Rab20 is an immune-regulated
phagosomal membrane constitutent (Pei efal, 2014),
whereas in 7. thermophile TiRab20 is associated with
cytoproct-localised phagosomes (Bright et al., 2010).

(2) Role of actin, Ca?* and Ca’*-binding proteins

The occurrence of actin throughout a Paramecium cell,
with isoforms on specific trafficking organelles (Sehring
etal, 20074), likely reflects important functions. This is
also suggested by the situation in higher eukaryotes where
F-actin is co-assembled with a selection of proteins at sites
of clathrin-mediated endocytosis, sorting endosomes, at the
trans-Golgi network, and along the secretory pathway, etc.
(Anitei & Hoflack, 2012). Such trafficking pathways can
contribute to phagosome formation where requirement of
actin is particularly well established (Flannagan, Jaumouille
& Grinstein, 2012).

Actin assembly is unequivocally considered crucial for
formation of a phagosome, also in ciliates. In Tetrahymena
thermophila the actin-binding protein ‘actin depolymerising



factor’ (ADF)/ cofilin binds to the nascent food vacuole where
it promotes actin polymerisation (Shiozaki etal., 2013). In
Paramecium tetraurelia actin isoforms and their arrangement on
phagosomes change during the phagosome cycle (Sehring
etal., 2007b). This can make docking sites available, in a
time-variable sequence, for different organelles, such as
endosomes and lysosomes. It may also provide cues for
fusion and fission processes and perhaps it is also relevant
for motor functions to drive cyclosis. In this regard it is
interesting to examine how and where actin can interact
with some of the many myosin forms found in ciliates (Eisen
etal., 2006; Coluccio, 2008). Interaction with some of the
cortical myosin species (Garcés, Hoey & Gavin, 1995) has
long been considered important for cyclosis. Accordingly,
travelling of food vacuoles in Tetrahymena thermophila has been
shown to depend on actin and myosin type Myolp (Hosein,
Williams & Gavin, 2005).

A role for actin-binding proteins (Watanabe ezal., 1998)
has been documented in Tetrahymena pyriformis. Disruption
of F-actin by cytochalasin D or latrunculin A (Zackroff
& Hufnagel, 2002) or stabilisation of F-actin by injected
phalloidin (Kersken ezal, 1986) inhibits food wvacuole
formation. Silencing of specific actin isoforms disturbs
cell morphology and phagosome formation (Sehring etal.,
2007a,b). However, any specific role of changing actin
isoforms in Paramecium tetraurelia (Sehring etal., 20075) in the
regulation of vesicle docking and fusion/fission processes
along this route remains to be established. In fact, in
macrophages, actin can either activate or inhibit fusion
of phagosomes with lysosomes (Liebl & Griffiths, 2009).
Therefore, the role of changing actin isoforms in Paramecium
spp. may also reflect multiple functions.

Immuno-localisation studies suggest that constitutive Ca**
signalling plays some role during phagosome formation.
CaM and CaM-BPs are bound to an early phagosome
stage in Tetrahymena thermophila (Gonda, Komatsu & Numata,
2000). CGaM 1s associated with food wvacuoles also in
Paramecium tetraurelia (Maihle etal., 1981; Momayezi etal.,
1986). The significance of CaM, although well documented
for nascent and older stages of food vacuoles in Paramecium
tetraurelia (Momayezi et al., 1986) and for large (food) vacuoles
in Tetrahymena thermophila (Maihle etal., 1981), remains to
be analysed. Such analyses should include CaM-BPs and
it reflects the inhibition of food vacuole formation by
the reliable CaM inhibitor, W7 (Gonda etal., 2000). The
multiplicity of fusion processes are concordant with variable
isoforms and CRCs throughout the phagocytic cycle in
Paramecium spp. (Ladenburger & Plattner, 2011). For further
details about Ca’T signalling in the endo—phago-lysosomal
cycle, see Section VIII.

(3) Proteins at the cytoproct

The cytoproct also requires specific signals, or molecular
cues, for its function. Here, specific Rab proteins are found
in Tetrahymena thermophila (Bright etal., 2010): 7TtRabD19,
TiRabD20, T{RabD30 and 7{Rab4A, all in the cytoproct

region. In Paramecium tetraurelia, the same holds for proteins
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crossreacting with antibodies against mammalian annexins
(Knochel et al., 1996), SNAREs of type PtSyb6 (Schilde et al.,
2006) and PSyx1 and PrSyx4 on membranes surrounding
the cytoproct region (Kissmehl ezal., 2007), as well as actin
isoform PtActl (Sehring etal., 20075).

VI. SIGNALLING IN THE CONTRACTILE
VACUOLE COMPLEX

Osmotic and ionic imbalance in freshwater ciliates, resulting
from ongoing permeation, requires permanent counteraction
by the contractile vacuole complex (Allen & Naitoh,
2002; Allen, Tominaga & Naitoh, 2009). Therefore, many
freshwater protozoa and algae contain a contractile vacuole
complex (Hausmann, 1978). Most molecular data pertinent
to organelle function come from Paramecium tetraurelia and
Tetrahymena thermophila, as summarised recently (Plattner,
2013a). The molecular inventory of this complex organelle,
briefly outlined in Fig. 6, includes a V-type HT-ATPase,
CRCs, SNAREs, and many other components.

(1) Signals for contractile vacuole biogenesis

Taking into account the numerous additional molecules
known from other protozoa, a new hypothetical picture
emerges for interaction of components during the biogenesis
and rhythmic function of this organelle (Plattner, 2013b).
Each of these two aspects is based on multiple signalling
events.

Particularly intriguing is the primary signal for formation
of a nucleation site enabling de novo biogenesis of a new
contractile vacuole complex. Strikingly this generally occurs
just before cytokinesis and involves components that are
relevant also for cytokinesis. As summarised by Plattner
(20130), it starts with the new pore (site of vacuole fusion
with the cell membrane for contents release by exocytosis).
Here centrin, CaM, y-tubulin, and NIMA kinase (all
known for their relevance to cytokinesis; NIM =never in
mitosis) are enriched and, thus, may belong to the cues for
nucleation of a pore precursor. The NIMA-related protein
kinase family is greatly expanded in 7. thermophila (Eisen
etal., 2006). Growth of microtubules, from the pore to the
very tip of radial (collecting) canals may be restricted by
‘microtubule destabilizing kinesins’ related to kinesin family
(kif) proteins. These are kinesin-like proteins that are mainly
known from metazoans (Walczak, Gayek & Ohi, 2013), but
that are also abundant in 7Tetrahymena spp. (Wickstead &
Gull, 2006).

Growing microtubules are accompanied by canal-forming
membranes from where a widely branched spongiome
emerges (Allen & Naitoh, 2002). The distal part of the
spongiome is studded with catalytic V1 parts of the
V-type HT-ATPase (Fok etal., 2002). All other parts of the
proximal/smooth spongiome, contain InsP3R-type CRCis,
type PICRC-1I-2 and PtCRC-II-3, and the RyR-related
PiCRC-V-4 as well as several t-/Q- and v-/R-SNAREs.
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Fig. 6. The microscopic structure of the contractile vacuole complex (lower part of figure) in relation to the molecular constituents
of the respective domains, from the pore (site of periodic contents release), iz the contractile vacuole, an enlarged domain (ampulla)
connecting the vacuole to radial arms, and finally to the end region, the spongiome. Data combined from different species according
to Plattner (2013a,b). Six or more arms give the organelle a star-like appearance. The spongiome is endowed with HT-ATPase
molecules in its outermost part (decorated spongiome] that is continuous with the smooth spongiome. This domain harbours SNARE
proteins and Ca?*-release channels (CRCs), type PICRC-II (IP3Rs), serving for the constitutive partial reflux of Ca?* into the
cytosol. The cell membrane/vacuole connection as well as the vacuole/ampulla connection are periodically dis- and reconnected
in ~10s intervals, during cycles of systole and diastole, and, thus, require signalling. Presumably this is also the case during
restructuring of the spongiome in the course of activity cycles. Accordingly, the presence of CRCs, SNAREs, G'TPases, and possibly
also of mechanosensitive channels, strongly suggest extensive signalling processes in this organelle. The vacuole filling state may be
sensed by (still hypothetical) mechanosensitive channels, directly or indirectly causing Ca®* signal formation and membrane fusion
via SNARUFs. Biogenesis of the organelle is under epigenetic control and starts with nucleation signals and formation of an anlage at
the prospective pore, followed by expansion along microtubules with post-translationally modified tubulins and restriction of radial
arm/canal length by a microtubule-destabilizing motor protein related to kif. For further molecular details, see Plattner (2013a,4).
The release of water and Ca”>* by the vacuole is enabled chemiosmotically by HY sequestered zia HY-ATPase activity. Although
a plasma membrane Ca®*-ATPase (PMCA)-type Ca?T-ATPase/pump may occur in the organelle, experiments strongly suggest a
preponderant role of H* /X /Ca?t exchangers (see text). Abbreviations: as, alveolar sac; cm, cell membrane; X, nucleation site.
See Appendix (Section XIX) for other abbreviations.

Among them, PtSyb2 and PfSyx2 occur also at the pore, This encompasses membrane dynamics, including (z) ongoing
together with PfSyb9 and PtSyx15 (Plattner, 2013a,5). vesicle delivery, (i) reversible fusion/fission processes within
the smooth spongiome and (i) exocytotic fluid expulsion
at the pore. (&) H' sequestration drives sequestration of
water and Ca’?t in exchange for H*, and (2) some of the
Ca’* is released back into the cytosol for fine-tuning and for
The presence of H-ATPase, SNAREs and CRCs (Plattner,  mediating ongoing membrane fusion processes within the
2013a,b), together with the existence of specific Rab-type  contractile vacuole complex.

GTPases, identified in Tefrafymena spp. and Paramecium spp. Which Ca?* signals are to be expected and why? Irregu-
(Bright et al., 2010), stongly suggests several roles for SNAREs.  lar, stochastic Ca”* puffs are registered with fluorochromes

(2) Signalling in the mature contractile vacuole
complex



along radial arms; they are attributed to constitutive activ-
ity of PPICRC-II/InsP3R channels (Ladenburger et al., 2006).
The presence of stomatin, which in Paramecium tetraurelia is
found from the peripheral parts of the radial arms up to the
pore (Reuter, Stuermer & Plattner, 2013), suggests the occur-
rence of mechanosensitive channels since both molecules are
always combined with each other in other systems (see
Section VIIL.2). Therefore, increasing pressure may activate
such channels, possibly in conjunction with some of the
other CRCs. The contractile vacuole pore region in Parame-
cum tetaurelia contains RyR-type CRCs, type PICRC-VI-2
and PICRC-VI-3 (Ladenburger & Plattner, 2011). Not only
periodic vacuole emptying may thus be regulated, but also
periodic de-/recoupling of the ampullae — the swollen end
pieces of radial canal — a phenomenon detected by capac-
itance measurements (Tominaga & Allen, 1998; Grenlien
etal.,2002). The periodic transition of flat membranes in dias-
tole to a branched tubular network during systole can hypo-
thetically be mediated by BAR (Bin-amphiphysin-Rvs)-type
proteins that are known from mammalian cells to serve this
transformation (Mim & Unger, 2012; Shen, Pirruccello &
De Camilli, 2012). This function for BAR proteins has been
suggested also for the contractile vacuole complex of Parame-
cum spp. (Plattner, 2013q), based on the effect of F-BAR
protein in Dictyostelium discoidewm (Heath & Insall, 2008). Sim-
ilarly, Dictyostelium IBAR-null mutants have been shown to be
defective in osmoregulation (Linkner eal., 2014). The signal
for this transformation may reside in the decay of internal
pressure in the organelle during systole.

Purinergic Ca*" channels, e.g. type P2X, have not yet
been identified at a molecular level in ciliates (Burnstock
& Verkhratsky, 2009; Coddou etal., 2011; Verkhratsky &
Burnstock, 2014). In Dictyostelium discoideum cells, in which
P2X is associated with Rablla and a Ca’*-regulated
GAP, P2X regulates contractile vacuole activity (Parkinson
etal., 2014) and becomes concentrated in those parts of
the contractile vacuole membrane where the vacuole is
attached to the cell membrane. Here it co-localises with
Rabl11. Their coassembly serves for the release of Ca?* as a
signal required for exocytotic membrane fusion. By contrast,
in Tetrahymena thermophila Rabl11A occurs on endosomes,
whereas RabD2, D10 and D14 are seen on the contractile
vacuole (Bright etal, 2010). Therefore, in ciliates, Ca®*
channels and Rab-GTPases of a type different from those in
Ductyostelium discordewm may be involved in contractile vacuole
discharge, though this requires more scrutiny. InsPs does
not seem to play a role in contractile vacuole fusion since
the CRCs occurring in the pore region, Z/CRC-VI-2 and
PtCRC-VI-3, are both devoid of an InsP3-binding domain
(Ladenburger & Plattner, 2011).

The identity and relevance of mechanosensitive channels
as well as the occurrence of purinergic receptor-type Ca’*
channels in ciliates remain to be settled. So far the occurrence
of the latter has been postulated only for the cell surface
of Paramecium tetraurelia, based on the effects of exogenous
GTP, i.e. periodic forward and backward swimming (see
Section X.1).
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VII. ADDITIONAL DETERMINANTS FOR
VESICLE TRAFFICKING IN CILIATES

Most essential molecules in addition to Rab and SNARE
proteins have been identified in metazoan cells, from yeast
to mammals (see Sections IV.2 and IV.3). Clathrin, APs
and COPs, first identified in mammalian cells (Rothman,
2014), serve for vesicle budding from yeast to multicellular
organisms. Together with specific subtypes of Rab proteins
and SNAREs, subtypes of APs and COPs cooperate
at specific sites of vesicle trafficking (Popoff etal., 2011;
Bonifacino, 2014) and, thus, jointly help to specify delivery
routes. Although COPs and APs also occur in protozoa,
molecular details are limited, in some contrast to Rab
and SNARE proteins. Also in ciliates numerous molecular
recognition and interaction sites, in conjunction with
signalling processes, collaborate to bud vesicles, then to
put them in motion and finally to dock at a target membrane
with which they may fuse. Regrettably, signalling in the
Golgi apparatus of ciliates 1s still poorly understood to date.

A collection of additional proteins relevant for vesicle
trafficking, from intracellular vesicle budding to endocytosis,
can be identified in the Paramecium database (Plattner &
Kissmehl, 2003). This includes APs assigned in higher
cukaryotes to different local events: APl for lysosome
budding from the trans-Golgi network, AP2 for endocytosis,
AP3 acting on endosomes, AP4 on trans-Golgi network,
endosomes and lysosomes; furthermore, COPs for ER
to Golgi and intra-Golgi transport (Malkus, Jiang &
Schekman, 2002). Clathrin i1s another molecular filter
serving for vesicle budding from the Golgi, from endosomes
and at the cell membrane during endocytosis (Arvan
& Castle, 1998; Godlee & Kaksonen, 2013; Rothman,
2014). Specific details are known only from Tetrahymena
thermophila where several APs and eight members of the
dynamin family have been found, together with clathrin
(Elde etal., 2005). Dynamin is a relatively large GTPase-type
protein serving as a ‘pinchase’ for vesicle fission/scission
(Hinshaw, 2000), i.e. during pinching off of vesicles. This
list is complemented by GTPases of type Rab and Rho
(p factor) and their regulators, such as GAPs (activation
proteins) and GEFs (exchange factors), also found in the
Paramecium database (Plattner & Kissmehl, 2003). Many of
the sequences from this database still require verification,
whereas Rab-type GTPases have been more thoroughly
analyed and localised in Tetrahymena thermophila (Bright
etal., 2010).

As to phosphoinositides, the number of molecular species
serving as potential cues for specific molecular interactions
in general and as substrates for local signalling in particular
is remarkably high in ciliates. A Paramecium tetraurelia and
Tetrahymena thermophila genome analysis has revealed the
presence of multiple phosphoinositide kinases (Leondaritis
etal., 2013). Recall that in higher eukaryotes the rather
specific distribution of phosphoinositides in membranes of
different trafficking organelles reflects their importance for
multiple signalling pathways and molecular recognition cues
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(Vicinanza etal., 2008; Michell, 2013). This aspect clearly
deserves further clarification in ciliates.

A considerable problem in ciliates is the identification of
the Golgi apparatus. Our tentative assignment of PiSyxb
to the Golgi (Kissmehl etal., 2007) is supported by the
assignment of this SNARE to this organelle in higher
eukaryotes (Malsam & Séllner, 2011; Hong & Lev, 2014).
Moreover, in ciliates, it would be rewarding to analyse e.g.
sec22 (SNARE binding to COPII) for identifying the Golgi
apparatus. Unfortunately a homologue was found only for
Tetrahymena thermophila (which was not further persued), but
not for Paramecium tetraurelia (Schilde et al., 2006). Attempts to
identify the Golgi apparatus by reliable markers established
in mammalian cells and indicated in the Paramecium database
have failed (Schilde etal., 2006). Therefore, currently only
PiSyx5 remains as a tentative marker (Kissmehl et al., 2007).
In Tetrahymena thermophila, TtRab6 subtypes A to D have been
assigned to the Golgi apparatus, probably for retrograde
transport (Bright etal., 2010), and related sequences can be
retrieved from the Paramecium database.

VIII. WHY THIS MULTIPLICITY OF
CA?*_RELEASE CHANNELS (CRCs) IN CILIATES?

In all eukaryotic cells Ca’" is widely used as a
messenger for many processes. This was first recognised
for stimulus—contraction coupling in mammalian cells and,
from the 1970s on, for stimulus—secretion coupling (Rubin,
1974, 2012). Ca’* regulates many processes even deep inside
cells (Berridge et al., 1998, 2003; Clapham, 2007). Therefore,
selectively to address deep targets, Ca’* has to be provided
at defined sites in microdomains for short periods (Berridge,
2006). This can be achieved anywhere in the cytoplasm by
Ca®* release via CRCs from stores scattered throughout the
cytoplasm. Therefore, different trafficking vesicles are also
endowed with CRCs. In ciliates, the only known and most
important types of CRCs are IPsRs and RyRs, both detected
and specified primarily in mammalian cells (Bezprozvanny,
2005; Lanner et al., 2010; Hamada & Mikoshiba, 2012). Only
recently have CRCs been identified in ciliates.

This section addresses the molecules required for achieving
local, site-specific Ca?t signals throughout a ciliate cell
(Fig. 7). In Paramecium tetraurelia cells, over 30 CRCs with
characteristics of IPsRs and/or RyRs have been identified
by molecular analysis (Ladenburger & Plattner, 2011). They
are consistently distributed over organelles participating
in trafficking and, thus, may provide local Ca?* signals
for membrane interactions and finally fusion, including
exocytosis (Fig. 8). The multitude of CRCs in Paramecium
tetraurelia, all with a characteristic distribution over specific
organelles, suggests differential targeting and the capability
for distinct, locally restricted signalling according to local
requirements. This reflects the importance of strictly localised
Ca’" signalling, also in ciliates, as outlined in Section IL1.
In the following we will discuss two CRCs analysed in
Paramecium spp. in more detail.

(1) InsP3- and RyR-type CRCs

PICRCs  encompass subfamilies I-VI, with paralogs
(also called ohnologs when attributable to whole-genome
duplications) designated by Arabic numbers, e.g. -1, -2 etc.,
within the subfamilies. Concomitantly, designations usable
for molecular databases are, for instance, PICRC-II-1 and
PiCRC-II-2 for an IP3R occurring at the contractile vacuole
complex, or PICRC-IV-1 and PICRC-IV-2 for RyR-LPs
occurring in alveolar sacs (Ladenburger etal., 2006, 2009;
Ladenburger & Plattner, 2011). Let us exemplify the specific
function and localisation of the best analysed PZICRCs.

Exocytosis stimulation in Paramecium spp. activates Ca’"
release from alveolar sacs (Ladenburger etal, 2009) and
this is complemented by Ca’?* influx from the outside
medium (Hardt & Plattner, 2000). Titrating [Ca’*], to
values slightly below [Ca’"]; determined in unstimulated
cells allows one to recognise which occurs first, Ca’" influx
or release from internal stores (Klauke & Plattner, 1997;
Hardt & Plattner, 2000). Thus it was determined that Ca?*
signalling during stimulated exocytosis in Paramectum tetraurelia
involves a mechanism called store-operated Ca?* influx
(SOC, also termed SOCE, store-operated Ca?t entry), as
in human skeletal muscle cells. Ca>* mobilisation from the
sacs is a first step that triggers influx of additional Ca®"
from the outside medium. Whereas the plasmalemmal influx
channels have not been identified as yet, localisation and
genetic-silencing experiments have identified RyR-LP type
PICRC-IV to mediate Ca’" mobilisation from alveolar
sacs (Ladenburger etal, 2009). RyR activators, such as
caffeine and 4-chloro-meta-cresol, have been successfully
applied. They all produce a Ca?* signal for trichocyst
exocytosis by the SOC(E) mechanism, whereas both
phenomena are inhibited after PICRC-IV silencing. The
RyR-LP of Paramecium tetraurelia is activated not only by the
orthodox RyR activators mentioned above, but also by AED
(Ladenburger etal., 2009). RyR-LPs in the parts of alveolar
sac membranes facing the cell membrane (Ladenburger
etal., 2009) provide strictly vectorial dissipation of Ca** over
trichocyst exocytosis sites.

PAP3;Rs bind *H-inositol 1,4,5-trisphosphate as demon-
strated using the isolated InsP3-binding domain after homol-
ogous overexpression (Ladenburger et al., 2006). Surprisingly
the PAP3R is localised to the contractile vacuole complex
where it is constitutively active. Constitutive activity explains
why other efforts to monitor InsP3 increase during stimu-
lation have failed. Formation of InsPs generally requires a
phospholipase C (PLC) which, in ciliates, occurs in different
1soforms (Kloppel et al., 2009; Leondaritis et al., 2011) some of
which may fulfill this task. For comparison, phospholipase C
subfamilies B, y, 8, €, n and ¢ occur in animals and only type
¢ in plants (Munnik & Testerink, 2009), whereas orthologs
in ciliates are addressed in Section IX.1.

Ca’" is sequestered into the contractile vacuole complex
dependent on the activity of a V-type HT-ATPase/pump
(Fok etal., 2002; Wassmer etal., 2005, 2006), probably
in conjunction with a hypothetical Ca?t/H* exchanger
(Plattner, 2013a,b). PtIPsRs contained in the contractile
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Fig. 7. Different isoforms of IPsR/RyR-type (PICRCs) are distributed over different trafficking organelles of a Paramecium cell
(nuclei omitted). Some organelles contain more than one type and a given type can occur in several organelles, often of the same
trafficking route (red dotted arrows indicating pathways of phagocytotic cycle). Furthermore, a ciliated protozoan cell possesses
several ways to eliminate Ca?*, be it during constitutive activity or after stimulation. This includes mechanisms indicated by blue
solid arrows, i.e. extrusion at the cell surface, sequestration into stores and binding to Ca’*-binding proteins (CaBPs). The latter is
the most rapid means of Ca®* downregulation after stimulation (e.g. in cilia; see Fig. 2); then, after Ca?* desorption and dissipation,
some of the slower processes can follow. Among them, extrusion via the contractile vacuole complex appears most effective, although
its mode of action is not yet known in detail, secondary active Ca®* export is most likely (Fig. 6). Refilling of alveolar sacs by a
Ca’t pump is among the slow processes, as is extrusion by the Ca?T pump of the cell membrane. Abbreviations: a, ampulla; als,
alveolar sac; as, acidosomes; ce, centrin; cf, cytopharyngeal fibres; ci, cilium; cp, cytoproct; cv, contractile vacuole; ds, decorated
spongiome; dv, discoidal vesicles; ee, early endosome; er, endoplasmic reticulum; fv, food vacuole; ga, Golgi apparatus; gh, ‘ghost’
(empty trichocyst membrane); oc, oral cavity; pm, plasma membrane; pof, postoral fibres; ps, parasomal sac; rv, recycling vesicles;
ss, smooth spongiome; tr, trichocyst; vtv, various trafficking vesicles.

vacuole complex, mainly in its smooth spongiome, allow  Stock, Grenlien & Allen, 2002)] in a kiss-and-run mode.
for stochastic reflux of Ca®" into the nearby cytosol  The periodic de- and recoupling of radial arms from/to the
(Ladenburger etal., 2006). As mentioned in Section VI, all  contractile vacuole during activity cycles, as established by
this may serve for [Ca’*]; fine-tuning in the cytoplasm, for electrophysiological analysis (Grenlien et al., 2002), could be
ongoing vesicle delivery in the course of membrane turnover regulated by a similar, pressure-induced signalling pathway.

(biogenesis) and also for restructuring of the densely packed Although this scenario of intriguing interactions still
membrane tubules in the smooth spongiome (Plattner,  requires experimental verification, it is in line with
2013b). other results. Interestingly, ceramide is a component of

rafts/microdomains in mammalian cells (Simons & Gerl,
(2) Additional types of CRCs 2010) where it can regulate mechanical sensitivity in lipid

bilayers (Lopez-Montero et al., 2010). When living Paramecium
tetraurelia cells are exposed to labelled ceramide, this is
endocytosed and transferred to the contractile vacuole

in the contractile vacuole complex up to its pore region  System (as well as to food vacuoles where it forms patches)
(Reuter etal, 2013). This scaffolding protein is normally (Iwamotu_& Aﬂen,. 2004},_ just like stomatin (Reuter efal,
associated with microdomains and, on a molecular level, with 2013). _l\f[u:rodoma.m-formmg components C'f“_ﬂd coalesce,
mechanosensitive channels for whose activity it is obligatory and this perhaps includes the mechanosensitive channels
(Lapatsina etal., 2012). Build up of internal pressure during 0 the membranes of the contractile vacuole complex.
contractile vacuole diastole (Tani, Allen & Naitoh, 2001)  Generally mechanotransduction depends on appropriate
could, thus, be a direct or indirect signal for the activation  lipid microdomains (Anishkin & Kung, 2013).

The occurrence of intracellular mechanosensitive channels
in Paramecium fefraurelia cells has been postulated on the
basis of the presence of stomatin in food vacuoles and

of mechanosensitive channels and, directly or indirectly, for Two groups of mechanosensitive channels, primarily
the release of Ca’" (Plattner, 20135). Any Ca®* signal could ~ conducting Ca** (Hamill & Martinac, 2001), have been
induce the exocytosis of vacuole contents [water and ions,  detected by database analysis in ciliates, ie. Piezo

including Ca’* (Allen & Naitoh, 2002; Grenlien efal., 2002;  (otherwise known from a mammalian neuronal cell line)
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Fig. 8. Ca’" signalling mediating trichocyst exocytosis in
Paramecium spp. This includes a site-directed Ca?t flow,
involving steps in the following sequence (indicated by arrows,
1-3). Step I: release of Ca’" from cortical stores (alveolar
sacs); Step 2, a Ca®" influx; Step 3, a second wave of Ca?*
release from the sacs in a tightly coupled sequence called SOCE.
The release channels involved, type PICRC-IV, face the cell
membrane, whereas the SERCA-type Ca? pump is localised
to the opposite side. The nature of the Ca®-influx channels
involved is not yet established.

(Coste etal., 2010) as well as some transient receptor potential
(TRP) channels (Patel & Docampo, 2009; Kung, Martinac
& Sukharev, 2010). In the Interpro Paramecium database,
the Piezo family is represented by proteins of between
2338 and 2765 amino acids (IPRO027272), i.e. comparable
to established Piezo-type mechanosensitive ion-channel
components 1 and 2 of mammals. Among the large
group of TRP channels some are localised to the cell
membrane, some to organelles (Patel & Docampo, 2009),
including lysosomes. TRP channels contribute to phagosome
formation in macrophages (Samie efal, 2013), whereas in
ciliates details remain to be established.

In mammalian cells, trafficking organelles store Ca’* to
a variable extent (Hay, 2007; Sherwood efal, 2007), from
early endosomes (Luzio, Gray & Bright, 2010) to lysosomes
(Christensen, Myers & Swanson, 2002). The membranes of
some of these organelles are known to contain established
CRCs (Zampese & Pizzo, 2012). Concomitantly, Ca?t
regulates phagosome formation, fusion of phagosomes with
endosomes of different stages and with lysosomes (Jaconiefal.,
1990; Hay, 2007; Zampese & Pizzo, 2012). All these examples
of CRCs along the endo/lyso/phagosomal pathway make
us expect a comparable abundance also in Paramecium spp.
(Ladenburger & Plattner, 2011).

In Paramecium tetraurelia, effects indicative of Ca?* signal
formation have been observed after microinjection of
cADPR and of NAADP (Plattner efal., 2012). These second
messengers are formed from NAD and NADP, respectively,
by the same cyclase, CD38 (Lee, 2012). While cADPR
is discussed by some as an endogenous activator of some
RyRs (Ogunbayo efal, 2011; Lee, 2012; Ernst, Fliegert
& Guse, 2013), NAADP is proposed to activate two-pore
channels (TPCs) in acidic compartments (Galione efal.,

2009; Churamani etal, 2013). However, there is also
evidence for co-activation of other types of CRCs (Guse,
2012) and of conductances other than Ca’t (Morgan &
Galione, 2014). Thus, the precise mode of action and Ca?+
specificity or involvement of TPCs is not yet fully settled
even in mammalian cells (Morgan & Galione, 2014). TPCs
occur in acidic compartments, e.g. in recycling vesicles,
lysosomes and phagolysosomes of animals and plants,
whereas only indirect evidence exists for their presence
in protozoa (Patel & Cai, 2015). In Paramecium tetraurelia,
the occurrence of a protein with high-affinity NAADP
binding (Kp = 3.3 nM) has been ascertained (Plattner efal.,
2012), but not investigated further. TPCs are abundant
in choanoflagellates (Cai, 2008) — unikont protozoa at the
base of early animal evolution; so far TPCs have not been
identified at a molecular level in bikonts, such as ciliates. In
summary, Ca>* mobilisation by cADPR and NAADP and
their receptors in ciliates remains to be scrutinised.

As for RyRs (or RyR-LPs) in bikonts other than ciliates,
there are occasionally indirect hints for their occurrence
in plants, but no molecular identification is yet available
(Blatt, 2000; Munnik & Testerink, 2009). Generally their
occurrence is disputed (Edel & Kudla, 2015). In Apicom-
plexa, important details of Ca>* signalling have not been
elucidated yet; for instance, molecular biology suggests the
absence of IP3R/RyR-type CRCs (Prole & Taylor, 2011;
Plattner efal, 2012). This is in contrast to the persistent
observation of InsPj effects in these cells (Passos & Garcia,
1998; Lovett et al., 2002; Lourido & Moreno, 2015).

IX. PROTEIN PHOSPHORYLATION INVOLVED
IN SIGNALLING

An important signalling mechanism is protein phosphoryla-
tion by kinases. In metazoans, this contributes to the regula-
tion of metabolism, cell contraction, intracellular trafficking,
secretion, transcriptional activity, apoptosis etc. (Johnson,
2009). Therefore, this section outlines some basic insights
into protein kinase and phosphatase activities in ciliates and
also covers the controversial question of tyrosine phospho-
rylation. In metazoans, protein kinases include PKA, PKG
(Section II1.2), CaM-kinase and protein kinase C (PKC) (see
below) etc. Whereas in animal cells phosphorylation of seryl
and threonyl residues prevail in cytoplasmic signalling, acti-
vation of some cell-surface receptors and some phenomena
connected to cell cycle activity mainly involve tyrosyl phos-
phorylation. In ciliates, Ser and Thr phosphorylation have
been confirmed, also by PKA and PKG, whereas PKC (see
below) and Tyr phosphorylation by additional kinases are
not well established yet.

In principle, protein modifications known from signalling
mechanisms in metazoans are also found in ciliates, but they
are poorly analysed in the latter. Serine/threonine phospho-
rylation is common, in contrast to tyrosine phosphorylation
which also in ciliates is expected to be restricted to events
related to the cell cycle and mitosis. Scrutiny is hampered by



the paucity of biochemical data and subcellular localisation
studies with phosphoproteins as well as of protein kinases
and phosphatases, but phosphoprotecome analysis currently
provides an important research focus.

(1) Kinases and the phosphoproteome

Protein kinases contribute 3.8% and ~7% to the genome of
1. thermophula (Eisen et al., 2006; Tian et al., 2014) and P. letrau-
relia (Bemm et al., 2009), respectively. Globally the kinome is
larger than in mammals, not only in P. tetraurelia where a large
fraction represents very similar ohnologs from a rather recent
whole-genome duplication, but also in 7. thermophila (Tian
etal., 2014). We currently do not know all essential aspects
of protein kinases; phosphorylation motifs predicted in 7.
thermophila are shared only in part with mammals. Recent
mass spectrometry-based proteome analysis in 7. thermophila
has identified 1384 phosphopeptides and the occurrence
of >1000 protein kinases and protein phosphatases (Tian
etal., 2014). However, since only a few phosphorylation sites
have been specified in these cells, correlation with signalling
processes 1s still difficult. Phospho-Ser/Thr forms largely
prevail over the 3.8% phospho-Tyr forms. Six hundred and
thirty putative kinases are considered cilia specific (Tian
etal., 2014). These predictions require validation.

The field of signalling by protein phosphorylation is not
very advanced in ciliates, compared with the manyfold
signalling modes wa Ser, Thr and Tyr phosphorylation
known imn mammalian cells where this takes place in cell
membrane, cytosol, organelles, and the nucleus (Good et al.,
2011). In ciliates, phosphorylation effects exert a broad
activity spectrum ranging from metabolism and ciliary activ-
ity to surface morphogenesis. For example, phosphorylation
of ciliary rootlet proteins is a signal contributing to the
morphogenesis of the Paramecium tetraurelia cell cortex (Keryer
etal., 1987; Sperling etal., 1991). Mps one binder (MOBI),
a regulator of cytokinesis and exit from mitosis (Luca etal.,
2001) that is widely distributed from protozoa to plants and
mammals (Hergovich, 2011), proved essential for surface
pattern formation in the ciliate, Stentor coeruleus (Slabodnick
etal., 2014). The relevance of mitotic components for the
de novo biogenesis and proper positioning of new contractile
vacuole complexes in the cortex of Paramecium spp. has been
discussed elsewhere (Plattner, 20135).

Phosphorylation by specific Ser/ Thr kinases, such as PKA,
PKG, casein kinase and CDPK, as well as dephosphorylation
by protein phosphatases is discussed throughout this review.
For instance, for the reversible Thr and Ser phosphorylation
of the exocytosis-sensitive phosphoprotein, pp63, see Section
XII. Such examples are involved in signalling along different
functional cascades. In the 7. thermophila phosphoproteome
analysis, peptide sequences characteristic not only of already
known cyclic nucleotide-dependent kinase substrates have
been discovered, but interestingly also for PKC types ¢,
8, ¢, a/B/y and p (Tian etal, 2014). These are valuable
suggestions for experimental validation, although they do not
yet prove the occurrence of the respective protein kinases.
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Remarkably PKC is reportedly absent from plants (Munnik
& Testerink, 2009).

Therefore, the question still is open whether ciliates possess
an orthodox PInsPy turnover and diacyl glycerol (DAG)
formation as a PKC activator. Although this now looks very
likely, experimental validation is required. Another putative
Ser/Thr kinase in 7. thermophila is a casein kinase which has
been cloned and identified in P. tetraurelia (Vetter et al., 2003).

(2) Tyrosyl phosphorylation and mitogen-activated
protein kinases in ciliates?

The effect of the phosphorylation of a Tyr residue in a
protein is significantly different from the phosphorylation
of other amino acid residues. This is due to the fact that the
oxygen of the phenol ring sticks out from the protein back-
bone and, thus, makes a phospho-Tyr site accessible to other
binding partners (Hunter, 2014). To date, true signalling via
Tyr phosphorylation, with dedicated Tyr kinases and Tyr
phosphatases, has not been reported from ciliates (Goldberg
etal., 2006) or was reported as absent (Liu efal, 2011).
Tyr-kinases are known from holozoans, 1.e. choanoflagellates
and related filastereans (Suga etal., 2014), as well as from
amoebocytes (Dictyostelium spp.). In Dictyostelium discoideum,
some kinases phosphorylate transcription factors, Spt6 and
Stat, by dual-function kinase activity that is not specific for
Tyr (Langenick etal., 2008). Such proteins contain a Src
homology (SH2) domain, i.e. a phospho-Tyr binding domain
[Src (name derived from sarcoma) designates a non-receptor
tyrosine kinase family]. Interestingly, one such protein has
been identified in the 7. thermophila database (Manning
etal., 2008; Liu etal, 2011). Here, three phospho-Tyr
phosphatases have also been presumed (Manning etal.,
2008). In general, however, dedicated, monospecific Tyr
kinases are not considered an eclement of signalling in
ciliates, at least not beyond mitotic/nuclear signalling.
Only found from choanoflagellates onwards (Hunter, 2014),
the non-Tyr-specific Thr/Tyr kinases are considered to
represent the origin of metazoan genuine Tyr-kinases.

Remarkably, in mammalian cells, Src, Ras (small GTPase),
mitogen-activated protein kinase (MAPK) and kinases
following in a signalling cascade (see Section X) operate at
many sites, from cell membrane to the transcriptional level,
and so can regulate widely different functions (Avraham
& Yarden, 2011). This also includes early steps of the
secretory pathway at the level of the Golgi apparatus (Farhan
etal., 2010). [The latter also holds true for heterotrimeric
G-proteins (Jamora etal, 1997; Michaelson etal, 2002;
Coria, Masseroni & Diaz Anel, 2014)]. However, very little
1s known from ciliates as yet, except for some aspects of
MAPK-mediated signalling (see Section X).

The cihate Euplotes ratkovi releases a water-soluble
pheromone that can exert an autocrine effect by activation
of Er-MAPK (Vallesi etal, 2010). In mammalian cells,
these enzymes have to be double-phosphorylated in their
Thr-X-Tyr motifs to achieve full kinase activity, whereby the
Tyr residue is autophosphorylated (Fu et al., 2005). It is not yet
known whether this double-phosphorylation including Tyr
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autokinase activity of this kinase also occurs in Euplotes raikovi.
Active MAPK typically acts as a Ser/Thr kinase which,
therefore, would serve for the transmission of the signal
also from the Er-MAPK. The receptor—ligand complex is
internalised, probably not for its downregulation but rather
for signal transfer from inside according to a signalosome
function (Vallesi et al., 2005) familiar from mammalian cells.
This aspect is followed up in Section X.

Phosphoproteome analysis in 7. thermophila strongly
suggests some Ser/Thr and less Tyr-phosphorylation events
along the MAPK and extracellular-signal regulated kinase
(MEK), Ras and cyclin-dependent kinase (Cdk) pathways
involved in signalling during cell cycle regulation and
mitosis (Tian etal., 2014). Experimental verification of one
MAPK type, TtMPK3, has been achieved by expression
studies in Tetrahymena thermophila where further sequences
of extracellular-regulated kinase (Erk)-type proteins have
also been found (Arslanyolu, 2007). Meanwhile more family
members have been identified (Yildiz & Arslanyolu, 2014).
In higher eukaryotes, for instance, MEK is a Tyr/Thr
kinase. Further support for such signal transduction comes
from experiments with Euplotes ratkovi, including heterologous
analyses in mammalian cells (see Section X).

In Tetrahymena thermophila, Tyr phosphorylation of an
alleged insulin receptor-like protein was derived from
immunostaining of Western blots with antibodies that
recognise Tyr phosphorylation sites in mammalian cells
(Christensen etal., 2003). However, antibodies may also
recognise a conformational motif unrelated to phospho-Tyr.
Validation by biochemical analysis, e.g. matrix-assisted
laser desorption/ionisation (MALDI) analysis etc., would
be helpful in such cases.

In summary, no Tyr-protein kinase destined for non-
MAPK-related signalling has been experimentally identified
at a molecular level in ciliates as yet. This aspect currently
awaits experimental scrutiny.

X. SURFACE RECEPTORS FOR
INTRACELLULAR SIGNALLING

In metazoans, surface receptors are responsible for many
functions, from cell survival to cell division, differentiation to
apoptosis, secretion to endocytosis, chemotaxis to immune
defence etc. (Gomperts eal., 2009). Most of these functions
occur not only in multicellular organisms, but also in yeast
and some protozoa, such as Dictyostelium spp. Which receptors
occur in ciliates?

A crucial finding was signalling in neutrophilic
granulocytes by a receptor for formyl-methionyl-leucyl-
phenylalanine (fMLP) — the molecular ‘trace’ of bacteria
which neutrophils can follow by chemotaxis for subsequent
phagocytosis and inactivation by digestion. The fMLP
receptor (Quehenberger et al., 1993) is an example of the large
family of (trimeric) G-protein-coupled receptors (GPCRs).
By combination of different ligands with different GPCR
subtypes and different G-protein subunits, many different

signals can be differentially transduced (Katritch, Cherezov
& Stevens, 2013). In some cases GPCR activation is followed
by PKC activation. GPCRs occur in Dictyostelium discoideum
and in sponges (Strotmann etal., 2011), whereas occurrence
in ciliates requires further scrutiny.

When a chemical signal is released into the medium for
stimulating neighbouring cells such ‘paracrine’ effects can be
transduced via phosphorylation cascades, such as MAPKs.
This applies, for instance, not only to mating-inducing
pheromones released by yeast cells (Merlini, Dudin & Martin,
2013), but also to developing heart tissue (Noircaud &
Andriantsitohaina, 2014). Paracrine signalling by released
proteins is currently under scrutiny for ciliates, as discussed
below. Signalling by nucleotides such as ATP, released from
cells, is established in most animal kingdoms from protozoa
onwards (Verkhratsky & Burnstock, 2014). However, in
ciliates important details about paracrine signalling by
secreted nucleotides remain to be scrutinised.

This section highlights some of the most eminent,
although only partially understood questions of signal
transduction in ciliates, including the motility response
to chemicals (chemokinesis) and directional orientation of
motility (chemotaxis), the controversial issues of GPCRs and
of MAPKs.

In Paramecium spp. and Tetrahymena spp. chemosensory
transduction can involve attractants and repellents,
respectively. For attractants, notably folate, acetate and
glutamate, receptors are envisaged; the effects of repellents
are more diffuse (Van Houten, 1998). More specifically, in
Euplotes ratkovi, pheromones can act via receptors not only as
attractants in a paracrine mode, but also induce an autocrine
signalling cascade (Vallesi etal., 2010). In Blepharisma japonica,
two gamones occur: as usual, gamone 1 is a glycoprotein,
whereas gamone 2 is a tryptophan derivative (Luporini,
Alimenti & Vallesi, 2014). In ciliates, evidence for trimeric
G-proteins and receptor coupling is fragmentary — their
occurrence is elusive. Another concern envisages purinergic
receptors that have been postulated to occur in ciliates.
For instance, extracellular GTP (a quite atypical activator)
triggers clear-cut periodic ciliary responses, but molecular
details are still missing.

(1) Different types of surface receptors

Even normal ciliate cultures require signalling in order to
survive. Thus, an isolated ciliated protozoan cell requires a
small volume enabling it to condition its medium by secreting
proteins that act as survival factors. When transferred into
too large a volume of culture medium, cells usually die. In
Tetrahymena thermophila, survival factors are ~10-22kDa in
size (Rasmussen & Wheatley, 2007). Their signalling pathway
remains to be established. When Tetrahymena thermophila cells
grow in synchronized cultures (not available for Paramecium)
this stimulates the upregulation of over 1700 genes, among
them some of the Rab protein family (Miao ezal., 2009).
The bacterial chemoattractant, N-formyl-Met-Leu-Phe,
known from its effect on neutrophilic granulocytes and
macrophages, is reported to stimulate chemokinesis also



in Tetrahymena thermophila (Leick, 1992). A considerable
chemokinetic effect, ie. increased swimming velocity,
has been induced by a mixture of 0.2—1.5kDa-sized
oligopeptides released from Methanococcus sp. cells at
concentrations of >107% M (Leick & Lindemose, 2007). Any
chemotactic effect promoting increased food acquirement
has not been analysed.

Ciliates can secrete cell type-specific signalling substances,
now called pheromones (previously called gamones or
mating-type factors); they are (glyco)proteins of different
types. Cell surface-bound pheromones occur in Paramecium
and Tetrahymena species, whereas they are released into the
ambient medium as free molecules in Blepharisma and Dileptus
species, also of different species, or finally both bound and
free forms occur in different Euplotes species (Luporini et al.,
2005, 2014; Vallesi etal., 2008). As described in Section IX,
in Fuplotes ratkovi a pheromone released into the medium
can activate, v an autocrine pathway, a mitogenic cascade
involving MAPK activity (Vallesi etal., 2010). Important
signalling steps are activated when the FEuplotes rakovi
pheromone, Er-1, is applied to human T-cells (Cervia etal.,
2013). These data suggest rather extensive effects on the
promotion of mitotic activity also in Euplotes raikovt.

Depending on the Euplotes species, pheromones can also
exert paracrine effects by binding to ‘conspecific’ cells to
induce mating, i.e. sexual activity (conjugation) (Luporini
etal., 2005, 2014; Vallesi etal, 2008). Similar effects are
known from Blepharisma japonicum where gamone type 2 is
secreted by cells of mating type II, but renders cells of
mating type I ready for conjugation (Sugiura & Harumoto,
2001). The signalling cascade thus activated must be rather
complex, as this activation also includes changes in swimming
behaviour and positive chemoresponses that increase the
probability of encounters with conjugation partners (Sugiura
etal., 2010). Generally, a non-self gamone/pheromone
released by a complementary mating type slows down
motility and, thus, facilitates partner pairing for conjugation
(Ricei, 1996). Sumoylation, i.e. the attachment of a small
ubiquitin-like modifier (SUMO), to various proteins is an
important signalling process also in ciliates where it is
required for cell pairing (conjugation) competence (Nasir
etal., 2015) and macronuclear development (Matsuda &
Forney, 2006). Electrophysiology demonstrated a reduction
of spontaneous depolarisation frequency and an increase
in depolarisation- and hyperpolarisation-activated currents
in a complex interplay (Stock etal., 1999). Some of these
currents are Ca’t activated, but the source of Ca*t could
not be established. Along these lines, in Paramecium bursara,
microinjection of InsPg induces conjugation (Miwa & Wada,
1995), yet, unfortunately, these cells also contain symbiotic
Chlorella cells which could account for the effect reported.
In Paramectum spp., no releasable gamones exist. Mating
types are maternally inherited, i.e. by the macronucleus.
Mating type E depends on the expression of mtA, a
membrane-spanning protein. The default type O is formed
by the excision of the mtA promotor mediated by scnRNA
activity (Singh etal., 2014).
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Conjugation (see Section XV) is another process
depending on surface receptors and recognition molecules.
During conjugation, cell-cell fusion takes place. As in
metazoans, this depends on proteins different from SNAREs.
In Tetrahymena thermophila, HAP2, a transcriptional activator,
was identified by green fluorescent protein (GIP)-localisation
and gene deletion as a relevant protein (Cole etal., 2014)
which is known to mediate gamete fusion in invertebrates.
In 7. thermophila, ASI2 (signal transducers and activators
of transcription 2 protein) is considered a putative signal
transduction receptor relevant for the transformation of
the post-conjugation micronucleus to a macronucleus (Li
etal., 2006). Knockout cells are arrested at the stage of
macronuclear anlagen development and they die before
post-conjugation fission.

When  Paramecium  tetraurelia  cells are exposed to
extracellular GTP, >10uM, this causes periodic forward
and backward swimming (different from ciliary reversal)
in ~8s intervals; this is accompanied by oscillating
membrane depolarisations (Clark, Hennessey & Nelson,
1993) and by oscillating intracellular Ca®* signals (Sehring
& Plattner, 2004) that are consistent with oscillating Ca**
currents (Mimikakis, Nelson & Preston, 1998). This effect
is specific to GTP and cannot be induced by any other
nucleotide triphosphate in any comparable concentration.
By contrast, extracellular signalling by GTP is unusual
in higher eukaryotic systems. Here, since the discovery of
paracrine effects of nucleotides (Osipchuk & Cahalan, 1992),
such signalling has remained restricted essentially to ATP
(Verkhratsky & Burnstock, 2014). An extracellular receptor
for ATP has recently been found also in Arabidopsis thaliana
(Chot etal., 2014).

Whereas Paramecium tetraurelia is reported usually to react
only to GTP (Hennessey, 2005), Tetrahymena thermophila
displays repetitive back-/forward swimming not only in
response to GTP (10uM), but also to ATP (~500uM
for maximal response) (Kim etal, 1999). The occurrence
of a receptor is assumed, but the efficiency of drugs on
the effects of ATP and GTP, respectively, differ greatly
(Hennessey, 2005). Considering the rather problematic
pharmacology of ciliates (Plattner etal,, 2009) any further
interpretation, e.g. on the involvement of trimeric G-proteins
(see Section X.2), would greatly benefit from identification
of a receptor at a molecular level. This response to
nucleotide triphosphates i1s unexpected insofar as there are
no purinergic receptors known from ciliates (Burnstock
& Verkhratsky, 2009; Coddou etal., 2011; Verkhratsky
& Burnstock, 2014), in contrast to Dictyostelium discoideum
(Fountain etal., 2007). In Paramecium tetraurelia GTP-induced
signalling involves release of Ca?* from unidentified internal
stores (Wassenberg, Clark & Nelson, 1997), but a stronger
first Ca®T peak depends on [Ca’T], (Sehring & Plattner,
2004). The biological significance of these Ca®* oscillations
and of the repetitive back/forward movement is not
quite clear, but it was suggested that the GTP-induced
behaviour counteracts dispersal of the cells (Sehring &
Plattner, 2004).
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Work with  Paramecium and  Tetrahymena species has
established their capability for positive and negative
chemoresponses to attractants and repellents, respectively
(Van Houten, 1998). Examples of attractants are glutamate
and folate. Silencing of a gene involved in the biosynthesis
of the glycosyl phosphatidylinositol- (GPI-)Janchor of surface
proteins (PIG-A), known from mammalian cells, resulted in
reduced chemoattraction by glutamate and folate (Yano,
Rachochy & Van Houten, 2003). Since then, the folate
receptor was assumed to be a GPI-anchored protein. In
mammalian cells there is an ongoing debate about the
mechanism of signal transmission by GPI-anchored proteins,
considering the absence of a transmembrane domain.

Surface receptors involved in the explosive release of toxic
secretory organelles, the toxicysts, are not known. In this
crudest form of intercellular ‘communication’ toxicysts are
released upon contact with other ciliates serving as prey
(Hausmann, 1978). In Coleps hirtus the toxins of toxicysts
include phytanic acid as well as saturated and unsaturated
fatty acids (Buonanno etal., 2014).

(2) G-protein-coupled receptors in ciliates?

In metazoa, many cell surface receptor—ligand inter-
actions transmitt intracellular signals via heterotrimeric
GTP-binding proteins (G-proteins) composed of a dynami-
cally interacting ar-subunit that associates reversibly with the
B/y-subunits. Thus, trimeric G-protein-coupled receptors
(GPCRs), characterised by seven transmembrane domains,
may be important as a first step in signal transduction.
Depending on the type of GPCR activated and the a-isoform
associated with it, widely different signalling cascades can be
activated in higher eukaryotes (Oldham & Hamm, 2008).
Trimeric G-proteins occur not only at the cell membrane,
but also regulate vesicle trafficking in the Golgi apparatus
(Jamora et al., 1997; Michaelson et al., 2002; Coria et al., 2014).
The a-subunits are typically ADP-ribosylated by bacterial
toxins, such as by Pertussis or Cholera toxin. Among the
signalling pathways following GPCR activation are widely
different chemical or physical signalling steps, ranging from
PInsPy cleavage by PLC to the activation of specific proteins,
including some ion channels. PInsPy is cleaved to InsPg
and DAG. Either compound can activate further signalling
steps, either by Ca’" mobilisation from stores endowed
with IPsRs or by phosphorylation of specific proteins by
DAG-activated PKC.

Trimeric G-proteins are also assumed to be involved in
chemosensory transduction in ciliates where, however, they
have not been identified unambiguously at a molecular level
as yet, as outlined below. Therefore, currently Dictyostelium
discotdeum 1s the only protozoan for which trimeric G-proteins
and GPCRs are well established (Manahan etal., 2004).
Here, the activation cascade following extracellular cAMP
binding is paradigmatic for GPCR activation, followed
by activation of Ras and cytosolic adenylate cyclase (Jin,
2011). The current situation in ciliates is rather intriguing.
Based on the following observations, clarification will require
combining work with molecular biology and biochemistry,

including standard effects of Cholera and Pertussis toxins,
and thio-derivatives of GTP and GDP etc.

The autocrine mitogenic effect of Euplotes rakovt
pheromone activation is assumed to involve a trimeric
G-protein, based on the effects of Cholera toxin and
y —thio-GTP (with an enduring activation effect), as well
as on recognition of a protein of appropriate size (55 kDa),
by antibodies specific for conserved regions of metazoan
a-subunits (Ortenzi etal., 2000). Similarly, evidence for the
occurrence of trimeric G-proteins in Paramecium tetraurelia
has been postulated from Western blots using antibodies
against established subunits, from binding of GTP-y-S
and effects of stimulatory or inhibitory derivatives of
GTP or of GDP as well as from ADP-ribosylation of a
putative a-subunit by Pertussis toxin (De Ondarza etal.,
2003). Here, interference with trimeric G-protein function
reportedly affected swimming behaviour due to effects on
Ca’*-influx channels. In Tetrahymena thermophila, sequences
similar to established genomic sequences of GPCR from
other organisms have been used to prepare constructs for
functional interference (Lampert, Coleman & Hennessey,
2011). Again Ca?* conductivity, and consequently swimming
behaviour, was affected.

Irritatingly comparative genomic and bioinformatics
analyses were unable to identify any of the G-protein subunits
in ciliates, whereas a GPCR-related protein has been found in
some Alveolata (Bradford ezal., 2013). Specifically in ciliates,
a cAMP receptor of a type restricted to invertebrates is
closely related to a rhodopsin-type GPCR (Krishnan etal.,
2012), but any function in signal transfer remains open.
It remains enigmatic what the presence of a GPCR in
the absence of trimeric G-proteins (or, at least, of a catalytic
a-subunit) would signify. Alternatively, signalling by a GPCR
in a mode independent of trimeric G-proteins has been
proposed (Anantharaman efal., 2011), or identification may
be obscured by the notorious lack of similarity between
GPCRs of different sources (Lima etal., 2014).

In  Paramecium  primaurelia  an  N-methyl-D-aspartate
(NMDA)-like receptor has been envisaged (Ramoino etal.,
2006, 2014). If present in ciliates this channel-type receptor
could also be coupled to GPCRs and its activation would be
interesting with regard to the positive chemotactic effect of
glutamate by which its activity is modulated (Zito & Scheuss,
2009). From the Paramecium database, partial sequences have
been retrieved showing some similarity to important domains
and to potentially associated proteins (Ramoino etal., 2014).
However, in contrast to expectations (Ramoino et al., 2006)
no sequences could be found matching with ionotropic
glutamate receptor family members. Again, this would be
compatible with the low level of similarity among members
of the GPCR superfamily (Lima et al., 2014).

Any concise molecular details about signalling vza trimeric
G-proteins (or its o-subunit) and GPCRs remain to
be scrutinised. A stringent combination of experimental
approaches and computer modelling would be particularly
helpful, as has been used with Dictyostelium discordeum (Jin,
2011).



PKC in higher eukaryotes is known to be activated by
DAG in consequence of the activation of trimeric G-proteins.
In Paramecium tetraurelia, partial sequences of a potential
substrate (Hinrichsen & Blackshear, 1993) could not be
attributed to any PKC function or any underlying molecule.
Only recent phosphoproteomic analyses with 7. thermophila
indicated the presence of different PKC paralogs (Tian
etal., 2014). To end such basic uncertainty with ciliates, such
analyses would be promising when combined with expression
studies.

If it occurs in ciliates, a Ca?*/polyvalent cation-sensing
receptor would also be a candidate for interaction with
a GPCR, as for most such receptors in metazoans
(Riccardi & Kemp, 2012). Paramecium letraureha reacts to
polycations, such as AED, by [Ca’"]; increase (Klauke
& Plattner, 1997) and massive exocytosis (Plattner etal.,
1984, 1985). Similarly Tetrahymena spp. release mucocysts
when exposed to cationic components. The secretatogue
effect of AED in Paramecium may be comparable to that of
compound 48/80 in mast cells, a condensation product from
N-methyl-p-methoxyphenethylamine and formaldehyde,
and of other cationic—amphiphilic drugs which all act as
pseudo-allergens. These are currently assumed to use the
machinery of G-protein-coupled receptors or parts thereof
(Setfert, 2015). Nevertheless, effects of polycations could also
involve polyvalent cation-sensing receptors of a type that is
independent of trimeric G-proteins (Bockaert & Pin, 1999)
or some unrelated effects on plasmalemmal cation channels
(Williams, 1997). This aspect of signalling in ciliates also

remains open at present.

XI. GRAVIPERCEPTION AND
GRAVIKINESIS/GRAVITAXIS

Early spaceflight experiments revealed the sensitivity
of mammalian cells in culture to ‘weightlessness’, 1.e.
microgravity (Cogoli, Tschopp & Fuchs-Bislin, 1984). Since
then unicellular models have frequently been used for such
experiments. With ciliates, results are interpreted on the
basis of polar mechanosensitive transduction (Machemer,
1988b, 2014), based on electrophysiological recordings in
mechanosensation experiments with metazoans (Gillespie &
Walker, 2001).

As outlined in this section, ciliates can perceive their
orientation in space depending on the gravity field
(graviperception). Gravity perception results in gravire-
sponses which include gravikinesis (increased motor activity)
and graviorientation, jointly also designated as gravitaxis/
geotaxis. This can be explained on the basis of gradual
polarity of underlying ionic conductances, as outlined below.

Ciliates are able to perceive the earth’s gravity field
(Machemer & Teunis, 1996; Hemmersbach & Braucker,
2002; Hemmersbach & Braun, 2006; Machemer, 2014).
Only genera with statocyst-like organelles, such as
Loxodes (Braucker, Machemer-Roéhnisch & Machemer, 1994;
Hemmersbach etal, 1998), display positive gravitaxis,
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te. they swim downwards. This is in contrast to most
other genera (Hemmersbach etal., 1998), such as Bursara
(Krause & Braucker, 2009), Didinium (Braucker etal., 1994),
Paramecium (Braucker et al., 1994; Roberts, 2010; Machemer,
2014), Stylonychia (Krause, Brdaucker & Hemmersbach,
2010) and Tetrahymena (Mogami etal., 2004) which all
swim upwards. Gravity perception by Loxodes is due
to an intracellular receptor system involving a structure
with density >1.0. Analysis of systems with negative
gravitaxis was much more of a challenge. Analyses included
clectrophysiological recording of very weak signals; first
indications of orientation-dependent sensitivity of ciliates to
the gravity field came from membrane potential recordings
in Paramecium caudatum (Machemer etal,, 1998; Gebauer,
Watzke & Machemer, 1999). Such studies have since been
complemented by micro- and hypergravity experiments.

In cells with negative gravitaxis the cytoplasm exerts
pressure onto sensors that are arranged in the cell membrane
along a polar gradient. These are depolarising mechanosen-
sitive Ca’" channels and hyperpolarising mechanosensitive
K™ channels enriched in the anterior and the posterior
half of the cell (Section III), respectively, as analysed in the
context of gravikinesis (Machemer & Teunis, 1996; Krause
& Briucker, 2009; Krause etal, 2010; Machemer, 2014).
Downward movement activates anteriorly enriched depo-
larisation channels which entails reorientation of the cells in
the upward direction, essentially according to the principles
described for behavioural reactions (Section III). Increased
upward movement is induced and supported by hyperpo-
larisation due to activation of hyperpolarising channels in
the posterior part of the cell. One prerequisite to activation
of mechano-channels is that the cytoplasm has a higher
density than the surrounding medium. Since the difference
is usually very small, the gating energy is only slightly above
the thermal noise and, thus, provides only small voltage
changes recordable during reorientation of the cells in the
gravity field (Machemer etal., 1998; Gebauer etal., 1999;
Hemmersbach & Braun, 2006; Machemer, 2014). Support
by amplifying structures, such as actin filaments, appears
crucial. Concomitantly, current models show such channels
in association with the cortical cytoskeleton, specifically
with filamentous (F-)actin (Machemer, 2014). For ciliates
this is a challenging view, considering that cortical actin
has been under considerable debate until quite recently.
Support comes from the facts that () mechano-channels
are consistently considered associated with the cytoskeleton,
notably F-actin, in other systems (Lapatsina etal., 2012),
this association being mutually interdependent (Kuipers,
Middelbeek & van Leeuwen, 2012); (i) special cortical
isoforms, e.g. PtAct4, have been identified in P. tetraurelia
(Sehring etal., 2010), and (zz) subplasmalemmal localisation
of actin was shown by immuno-electron microscopy (Kiss-
mehl ¢tal., 2004). Therefore, in principle, F-actin associated
with the cell membrane is available for amplifying gravity
signals.

In summary, during negative gravikinesis an omnipresent
physical stimulus is constitutively transduced into an
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electrophysiological signal. This in turn, according to a brief
note, results in a chemical signal involving the formation of
cAMP; conversely manipulation of the cAMP level affects
gravikinesis (Hemmersbach etal, 2002). This 1s in line
with the well-documented observation that, in Paramecium
tetraurelia, cAMP formation is under positive control of
hyperpolarising K+ conductances (Bonini et al., 1986; Schultz
& Schénborn, 1994). See Section 11

XII. METABOLIC ASPECTS OF SIGNALLING IN
CILIATES

As generally known, all cells rapidly consume and regenerate
ATP as their main energy fuel, total turnover taking ~1 min
or fractions thereof. There are few occasions to study such
aspects in detail. During synchronous trichocyst exocytosis in
Paramecium tetraurelia we registered a significant decay in ATP
concentration within seconds (Vilmart-Seuwen etal., 1986).
This enables us to dissect this phenomenon and pinpoint
more specifically ATP-consuming steps.

This section can be summarised as outlined in Fig. 9. In
the context of the ATP decay reported during synchronous
trichocyst exocytosis stimulation (Vilmart-Seuwen et al.,
1986), essentially eight facets of ATP/energy consumption
are discussed, but only a few are elaborated as possibly
relevant in quantitative terms.

ATP is present in Paramecium tetraurelia cells in a con-
centration of ~ImM, as in mammalian cells (Balaban,
2009). Within a few seconds of trichocyst exocytosis stim-
ulation, [ATP] decays significantly (Vilmart-Seuwen et al.,
1986). Here we discuss possible sources of ATP con-
sumption. Theoretically, one is the termination of Ca?*
signalling by activation of Ca>*-ATPases/pumps. Activation
of the SNARE-specific chaperone NSF, a triple A-ATPase
(AAA-ATPase) (Whiteheart, Schraw & Matveeva, 2001) for
the assembly and/or disassembly of SNAREs at membrane
fusion sites, e.g. trichocyst exocytosis sites, will also require
ATP. This AAA-ATPase function is different from the P-type
ATPase activities that hydrolyse ATP for sequestration of
Ca?* into stores and extrusion from the cell. Moreover, in
Paramecium tetraurelia, massive exocytosis induction is superim-
posed on increased ciliary activity that will require ATP for
the formation of second messengers and for the activation
of the motor protein, dynein. HT-ATPase/pump-coupled
H*/X*/Ca’* antiporter activity may be an additional route
of indirect ATP consumption (secondary active transport),
as has been suggested for the activity of the contrac-
tile vacuole complex in Paramecium tetraurelia (Section VI).
The physicochemical disequilibrium between [Ca®*] and
[PO4*7] during a swift cortical [Ca®"] increase will also
be discussed below. Finally we ask how excessive ATP con-
sumption occurring in ciliates during synchronous exocytosis
can be compensated. In this context, a dramatic event is
the reversible dephosphorylation of a 63 kDa phosphopro-
tein that has been identified as phosphoglucomutase, a key
enzyme for access to the glycolytic pathway.

(1) Ca?*-flux, ATP decay and ATP recovery during
synchronous trichocyst exocytosis

During AED-induced synchronous trichocyst exocytosis in P.
tetraurelia, ATP decays significantly by ~20% (averaged from
different strains), from between 1.1 and 1.25mM (Matt,
Bilinski & Plattner, 1978; Lumpert, Kersken & Plattner,
1990), within ~5s. ATP content recovers, depending on
the strain, during the following ~20-30s (Vilmart-Seuwen
etal., 1986; Plattner & Kissmehl, 2005). Considering a
turnover time of ATP of 1-2min in mammalian cells
under steady-state conditions (Skog, Tribukait & Sundius,
1982; Jauker, Lades & Nowack, 1986), the decay of [ATP]
by ~20% within 5s is difficult to explain. This dramatic
decay would appear more feasible if the turnover time
was much shorter. In fact, in Tetrahymena thermophila this
has been estimated as 2s (Jauker etal., 1986), although this
is probably an underestimation. A realistic ATP turnover
time in Paramecium tetraurelia may be between 10 and 30s,
depending on the strain, as can be estimated from the ATP
decay measured during the first second of AED stimulation
(Vilmart-Seuwen etal., 1986) in a wildtype (7S: 30s) and
a closely related strain (K407: 10s), respectively. Such a
turnover time would be compatible with the reestablishment
of [ATP] in Paramecium tetraurelia within <30 after massive
synchronous exocytosis (Vilmart-Seuwen ez al., 1986).

To what extent can ATP hydrolysis be accounted for by
Ca’t-ATPase/pump activity and how does this compare
with the Ca®* leakage rate? Paramecium tetraurelia possesses a
very high Ca?T leakage rate under steady-state conditions. In
unstimulated cells this is ~30 pmole Ca?* per 10% cells over
Smin (Kerboeuf & Cohen, 1990). Considering Avogadro’s
number (6 x 10%%) this corresponds to 3 x 10% Ca* ions
per cell in 5s, the time interval after which [ATP] is seen to
increase again. From the volume of one Paramecium tetraurelia
cell, i.e. 0.73 x 1071°1 (Erxleben etal., 1997) and an [ATP]
of 1.2mM (7.2 x 10?° molecules17!), a cell contains a total
of 5.6 x 10" ATP molecules under steady-state conditions.
Considering a leakage rate of 0.6 x 10® Ca®Ts~!, the ATP
supply would suffice to counteract leakage for ~15min if
Ca’t/ATP efficiency were 1:1. Since a ratio of 1:3 is more
realistic, the ATP supply would be exhausted after 5min
when compensating for Ca?* leakage if not counterbalanced
and disregarding ongoing ATP synthesis. Even though for
a very restricted time after AED stimulation, the actual
Ca’?* influx rate is ~3 times higher than during steady state
(Kerboeuf & Cohen, 1990), ATP expenditure for reestablish-
ment of [Ca’T] homeostasis can only partially explain the
[ATP] decay observed, although it cannot be fully neglected.

Based on the following pilot calculations Ca’* flux data
may be compatible with a relatively low ATP consumption
for primary and secondary active Ca’" transport. Can
Ca’"-ATPases/pumps localised to alveolar sacs (Hauser
etal., 2000) and to the plasma membrane (Wright & Van
Houten, 1990; Elwess & Van Houten, 1997), i.e. SERCA
and PMCA, be significant Ca?" regulators over short
periods? Interestingly the half-time for refilling of alveolar
sacs (with SERCA activity) has been experimentally verified
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sec. messenger formation: cADPR, cAMP, cGMP, NAADP

protein phosphorylation
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Ca?+ sequestration (store refilling, e.g. via SERCA)

Ca?* extrusion via PMCA at cell membrane

exocytosis-coupled endocytosis |
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Fig. 9. Processes responsible for the consumption of ATP observed in Paramecium spp. cells during synchronous exocytosis
stimulation. Pilot calculations reveal that the relative contribution of some aspects to overall ATP consumption must be very low
(e.g. seccond messenger formation, NST activity), in contrast to some other processes. This is likely to include mainly Ca?* extrusion
via secondary active transport (lon exchangers presumably in the contractile vacuole complex), ciliary reversal superimposed on
trichocyst release and kinetic aspects of the interference of Ca?*, phosphate and adenine nucleotides. See Appendix (Section XIX)

for definitions of abbreviations.

by three widely different methods, i situ and w vitro, as 65 min
(Mohamed et al., 2003). Assuming that PMCA activity in the
cell membrane (occupying about the same area as SERCA
in alveolar sacs) has about the same activity, the Ca?*-pump
acivity would be rather small in relation to the Ca®>* load to
explain the swift consumption of ATP within 5, even if one
considers additional SERCA activity in the endoplasmic
reticulum. Therefore, a much more rapid and efficient mech-
anism must be taken into account for the reestablishment of
[Ca®*] homeostasis. Rather than primary active transport,
secondary active transport appears to be the dominant
[Ca?*] regulator and ATP consumer. This can be extrapo-
lated from the substantial release of Ca>* by the contractile
vacuole (Stock etal., 2002) and the significant retardation
effect of the HT-ATPase inhibitor, concanamycin B, on the
reestablishment of [Ca’*]; after strong exocytosis stimu-
lation (Plattner ezal, 2012). Under steady-state conditions
the contractile vacuole complex can, thus, export its excess
of Ca’* caused by steady-state leakage within ~5.9 min
(Ladenburger et al., 2006). Interestingly this is comparable to
the ATP supply that would suffice to counterbalance Ca?*
permeation, as discussed above. Increased [Ca?t]; can be
assumed to activate secondary active extrusion mechanisms,
such as HT/XT/Ca*" exchangers; although not yet
explored in ciliates there are stringent reasons to assume
their existence (Section XIV). Another rapid and powerful
Ca’* regulator after stimulation is the rapid binding of
Ca’" to immobile buffers, such as centrin (Sehring etal.,
2009) — independent of ATP. Our calculations consider
acute roles of direct or indirect active Ca?* transport which,
surprisingly, can account only for a fraction of the ATP
consumed during synchronous exocytosis.

(2) ATP decay — unlikely due to second messenger
formation, SNARE rearrangement or
exocytosis-coupled endocytosis

Some signalling steps depend on metabolites from which
‘metabolic’ second messengers are generated. Formation of

cAMP depends on ATP, that of cGMP on GTP (formed from
ATP by GDP transphosphorylation), InsP3 on PInsPy and
finally cADPR and NAADP formation depend on NAD(P)
(NAD and NADP being H' acceptors in bioenergetic
processes). However, second messenger formation is unlikely
to cause remarkable ATP consumption because of their
low concentration, usually nano- to (sub)micromolar. For
instance, a Kg=3.3nM has been determined for NAADP
in Paramecium tetraurelia homogenates (Plattner etal., 2012).

Could some of the ATP consumption measured during
synchronous trichocyst exocytosis be due to NSI activity?
ATP-driven disassembly of SNARE complexes consumes
ATP and up to six SNARE complexes are usually
assumed to occur per exocytosis site, based on data from
mammalian cells (Plattner, 201056). Consider again the
availability of 5.6 x 10! ATP molecules per cell (Section
XIIL.1). The 50 ATP molecules required to disentangle
a trans-SNARE complex (Cipriano etal, 2013), the six
SNAREs per exocytosis site, and the ~1000 trichocyst
release sites (Plattner efal., 1985) results in a total of 3 x 10°
ATP molecules consumed per cell for the AAA-ATPase
function of NSF. The percentage of ATP consumed during
synchronous trichocyst exocytosis, therefore, would be only
~0.6 x 1073% of the available store. Even assuming 10 times
higher numbers of SNARE:s per site (Sieber et al., 2007) NSF
activity could not explain the ATP consumption actually
observed during synchronous trichocyst exocytosis.

Considerable ATP consumption has been assigned to
recycling of transmitter vesicles in hippocampal synapses
(Rangaraju, Calloway & Ryan, 2014), but this is probably due
to steps beyond membrane resealing. In Paramecium tetraurelia,
retrieval of trichocyst ‘ghosts’ follows synchronous exocytosis
after 0.35s (Knoll etal., 1991a), but takes much longer than
any other process envisaged here (Plattner, Knoll & Pape,
1993). Also [ATP] decay observed in exocytosis-incompetent
strains (Vilmart-Seuwen etal., 1986) makes this an unlikely
explanation for the rapid, transient consumption ATP in the
course of exocytosis stimulation.
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(3) ATP decay due to superimposed ciliary reversal?

Could ATP be consumed extensively in the course of ciliary
reversal which always accompanies exocytosis stimulation
as a consequence of Ca’" spill-over into cilia (Plattner
etal., 1984, 1985; Section III.4)? Data are available for
ATP consumption during normal swimming in Paramecium
sp., (Gueron & Levit-Gurevich, 1999). The active stroke
of one cilium consumes 9 x 107'6 ], the recovery stroke
2x 107107, giving a total of 11 x 107'°] consumed per
ciliary activity cycle. According to the general rule that 44 kJ
are provided per mole ATP and considering Avogadro’s
number, 1] would thus be represented by 0.14 x 10%
ATP molecules. Therefore, one beat cycle would consume
0.15 x 10° ATP molecules per cilium. Assuming a cycle of
20 Hz and the involvement of ~3000 cilia per cell [derived
from the number of unit fields, i.e. kinetids (Erxleben etal.,
1997)], ~7.5 x 10° ciliary beats occur per cell during the
5s of ATP decay. Therefore, during this time, for normal
beat activity, 1.1 x 10! ATP molecules are consumed,
or 0.22 x 10'%s~! which is equivalent to 4% of the ATP
available. This is more than previously estimated for
the smaller Tetrahymena thermophila cells which have been
estimated to consume ~1% of their energy supply for
normal swimming activity (Jauker etal., 1986).

To explain the considerable [ATP] decay within 5s of
AED stimulation one should also take into account the
occurrence of ciliary reversal which involves intense rotation
of the cell. For the following reasons this may require more
ATP consumption than normal swimming. First, recall that
the active stroke consumes considerably more energy than
the recovery stroke and this may also hold for permanent
rotation. Second, this expectation is in line with increasing
ciliary activity in parallel to [Ca’"] increase, as recorded
with permeabilised cells (Nakaoka et al., 1984); consider that
[Ca?*] in cilia also increases considerably during AED
stimulation (Husser etal., 2004). Third, support comes from
experiments with P. tetraurelia mutants where, in response
to AED stimulation, ciliary reversal takes place even in
exocytosis-incompetent strains (Plattner ezal, 1984, 1985)
and they also display ATP decay upon (mock)stimulation
with AED (Vilmart-Seuwen ¢t al., 1986). Interestingly, ‘pawn’
mutants such as strain d4-500r (which cannot react to
depolarisation by ciliary reversal because of the absence of
Ca®" influx via defective voltage-dependent Ca?* channels)
not only perform ciliary reversal upon (mock)stimulation
with AED, but also display the usual [ATP] decay
(Vilmart-Seuwen et al., 1986; Miiller et al., 2002). As discussed
in Section II1.4, this is due to Ca?* spillover from the soma
into the cilia. In summary, ciliary reversal can be considered
to represent an event of extra ATP consumption, assuming
that it is increased by intense rotation activity during reversal.
Still some additional mechanism may be involved.

(4) Effects of massive exocytosis on ATP synthesis

Some of the [ATP] decay seen upon exocytosis stimulation
may be due to inhibited ATP synthesis because of kinetic

considerations resulting from the mass action law. During
AED stimulation the dynamic equilibrium between ADP,
ATP and PO4*~ will be affected by increased [Ca’*].
When calculated from the contribution of the two Ca’*
sources, release from alveolar sacs and influx, and neglecting
downregulation phenomena, the global [Ca’"] would
increase to 0.325 mM (Hardt & Plattner, 2000). Still higher
values can theoretically be extrapolated for cortical cell layers
within short periods, again neglecting rapid downregulation
(e.g. by cortical CaBPs; see above and Sections IIT and V).
Massive [Ca’*]; increase has to be counteracted not only
because of toxic effects of Ca’T, but also because [Ca’*]
could come close to, or even surpass the solubility of [PO4%~]
in the cells. Excessive [Ca’*] increase will bind PO,>~
and, if not transiently forming highly insoluble calcium
phosphates (see http://butane.chem.uiuc.edu/pshapley/
GenChem?2/Tables.html), it could reduce the availability of
phosphate for the ADP — ATP rephosphorylation processes.
Considering the rapid turnover of ATP (Section XII.1) the
cells may be energetically compromised by this kinetic effect
before the excess of Ca?* is downregulated.

Therefore, the kinetics of ATP generation is crucial. In the
cell cortex, the availability of ATP is expected to be restricted
within narrow spaces, such as cilia, and the narrow space
between plasmalemma and alveolar sacs. In large protozoan
species, to improve availability of dissolved Og, mitochon-
dria are frequently enriched in cortical layers (Fenchel, 2014).
This has been observed in P. tetraurelia (H. Plattner, unpub-
lished observation). In Paramecium tetraurelia, when analysed
i vitro, [ATP] within cilia is only ~0.15mM and, thus,
only ~12—-15% of the whole-cell value (Noguchi, Sawada
& Akazawa, 2001). For sufficient energy supply i vitro,
phosphoarginine has to be provided at concentrations of
~0.4mM (Noguchi etal., 2001). This serves for the rephos-
phorylation of ADP to ATP, the substrate of the dynein
ATTPase that drives ciliary beating, and involves phosphoargi-
nine provided by a ciliary arginine kinase which in Zetrahy-
mena pyriformis is 40 kDa in size (Michibata et al., 2014). Gener-
ally, phosphagenes help to maintain the ATP level in narrow
spaces, as discussed previously (Plattner & Kissmehl, 2005). In
muscle, compensation mechanisms include phosphocreatine
(in mammals) or phosphoarginine in crustaceans as a store of
sufficient free enthalpy. In ciliates rapid restoration of energy
supply can, thus, be achieved for the ciliary subcompartment
(Noguchi etal., 2001) and most likely also in the narrow space
between the plasmalemma and alveolar sac. This mechanism
requires positioning of some key enzymes precisely at rele-
vant cortical regions (see below). The compensating effects of
the phosphagenes may not suffice sufficiently to counteract
the abrupt [ATP] decay in narrow spaces and the ciliate cell
therefore activates glycolytic substrates, as follows.

How can a Paramecium cell avoid being compromised by
such ATP decay, particularly considering its rapid turnover?
In Paramecium tetraurelia, a phosphoprotein of 63 kDa (pp63)
is dephosphorylated during trichocyst exocytosis and was,
therefore, called ‘parafusin’ (Gilligan & Satir, 1982). Its
dephosphorylation actually occurs during the 80 ms required



for AED-induced synchronous exocytosis (Hohne-Zell et al.,
1992), followed by rephosphorylation during ~10-30s
(Zieseniss & Plattner, 1985). When the ‘non-discharge’
mutant strain nd9-28° C (Gilligan & Satir, 1982) or any of the
other exocytosis-incompetent strains (Zieseniss & Plattner,
1985) are (mock)stimulated for exocytosis, parafusin/pp63 is
not dephosphorylated. [Recall that exocytosis-incompetent
strains generate the same Ca’* transient as wildtype cells
(Klauke & Plattner, 1997) and the same ciliary response
(Plattner et al., 1984, 1985)]. Evidently the Ca®* signal cannot
be transmitted to the defective fusion machinery and none
of the subsequent steps (membrane resealing, detachment of
ghosts, 1.e. surface restructuring) take place.

Yet parafusin/pp63 has been identified as phosphogluco-
mutase (Hauser ezal., 1997; Miiller et al., 2002). According to
MALDI analysis, the molecule is phosphorylated on Ser and
Thrresidues (Kussmann et al., 1999). In vitro it is dephosphory-
lated by calcineurin/PP2B (Kissmehl et al., 1996), cloned and
characterised also in Paramecium tetraurelia (Fraga et al., 2010).
Itis rephosphorylated by a Ca?*-inhibited casein kinase, also
known in Paramecium tetraurehia (Vetter etal., 2003). Thus, a
Ca’* signal may induce and maintain the dephosphorylated
state and cause activation of phosphoglucomutase activity to
funnel substrate into the glycolytic pathway within the nar-
row subplasmalemmal space where it is localised (Plattner &
Kissmehl, 2005). This activation is assumed to depend on the
desorption of dephospho-parafusin/(p)p63 from structures to
which it is normally bound in its phosphorylated form. Sol-
uble enzymes are known to have frequently a higher activity
state in the free form, e.g. due to more enzyme/substrate
‘encounters’ and lack of steric constraints.

Thus, Paramecium tetraurelia cells reversibly dephospho-
rylate parafusin/pp63 for <30s (Zieseniss & Plattner,
1985) and regain their normal ATP level within ~20-30s
(Vilmart-Seuwen etal., 1986) after AED stimulation.
Remarkably, restoration of the ATP pool is greatly retarded
in cells unable to dephosphorylate parafusin/pp63 (Miiller
etal., 2002; Plattner & Kissmehl, 2005). Considering an ATP
turnover time of <30 (see above) the viability of such cells
could be compromised [although in knockout experiments
with Tetrahymena thermophila, mucocyst exocytosis can still
be performed (Chilcoat & Turkewitz, 1997)]. In fact,
Ca’* homeostasis is compromised in yeast cells after
disruption of the phosphoglucomutase gene (Fu et al., 2000).
Activation of phosphoglucomutase can increase NADH and
ATP production in cytosol and mitochondria and, thus,
avoid compromising the cells energetically during massive
exocytosis stimulation.

In addition, in Paramecium tetraurelia A'TP consumption
will in part be counteracted by stimulation of mitochon-
dria. Upon induction of synchronous trichocyst exocytosis,
[Ca®*] instantaneously increases in mitochondria (Hardt &
Plattner, 2000). This requires a uniporter of a type detected
in Tetrahymena thermophila (Bick, Calvo & Mootha, 2012).
Comparison of signals measured in mitochondria for whole
and free calcium Ca’* using X-ray microanalysis (Hardt &
Plattner, 2000) and fluorochrome analysis (Plattner etal.,
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2012), respectively, reveals that only a small fraction of
Ca’* entering a mitochondrium is retained in the organelle.
Consider that in muscle the entire cascade of oxidative
phosphorylation (Glancy etal., 2013) as well as ATP syn-
thase activity is activated (Balaban, 2009) and only some of
the mitochondrial matrix dehydrogenases (Denton, 2009).
Therefore, a similar ATP-restoring effect can be reason-
ably expected to accompany exocytosis in Paramecium spp.
Additional components of a mitochondrial Ca" uniporter
have been identified in mammalian cells (Sancak et al., 2013).
Here, subunits type 1 and 2 of mitochondrial calcium uptake
(MICU), the pore-forming subunit mitochondrial calcium
uniporter (MCU) in conjunction with the MCU regulator,
essential MCU regulator (EMRE), mediate interaction of
subunits to form a functional channel (Kamer & Mootha,
2014). Note that MICUs are EF-hand CaBPs. In Tetrakymena
thermophila, MCU and MICU1 have been identified, in con-
trast to EMRE, while MICU2 was not the focus of that study
(Sancak etal., 2013). Thus, important aspects are already in
place to support the hypothesis that ATP decay is immedi-
ately counteracted by resynthesis, also in mitochondria.

In summary there remain several possible explanations for
the ATP decay seen during massive exocytosis induction. (z)
Ciliary reversal (assuming that it consumes more ATP than
normal forward swimming). (i) A secondary active Ca’*
transport coupled directly or indirectly to a HT-ATPase is
likely to be more important than a primary active Ca?*
transport. (zz) A swift (5s) reduction in ATP synthesis is
expected for kinetic reasons, i.e. Ca** /PO, disequilibrium
due to a significant cortical [Ca®"] increase. The activation
of parafusin/pp63 by dephosphorylation and the activation
of mitochondrial ATP synthesis are considered able to
counteract ATP decay efficiently, so that [ATP] can be
restored within ~20—30 s without compromising the vitality
of the cells even after massive exocytosis stimulation.

XIII. FEEDBACK FROM CYTOPLASMIC
FUNCTIONAL STATES, FROM MITOCHONDRIA
AND FROM ENDOSYMBIONTS TO THE
MACRONUCLEUS

Generally cells control the production of proteins according
to functional needs, based on a feedback system (Fig. 10).
Mucocyst biogenesis in Tetrahymena thermophila has served as
a paradigm in the field (Haddad & Turkewitz, 1997) and the
underlying mechanisms may be of medical interest (Hutton,
1997). In ciliates, feedback has to reach the macronucleus, but
how signalling takes place in molecular terms remains to be
explored. Remarkably, in Tetrahymena thermophila, the micro-
and macronucleus have different subsets of nucleoporins
which may mediate selective transport of signals into the
macronucleus (Iwamoto etal., 2009). In Paramecium tetraurelia,
corresponding genes are upregulated after massive exocyto-
sis, as 1s also the case after radical deciliation. A genome-wide
microarray analysis of gene expression in Tetrahymena
thermophila revealed the upregulation of an unexpectedly
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Fig. 10. A variety of signals feed back into the transcriptionally
active macronucleus of ciliates. This occurs after massive
exocytosis or after deciliation; other signals emerge from
endosymbiotic bacteria and green algae (similarly to signals
arising from mitochondria).

large number of specific genes also during conjugation
(Miao etal., 2009). Endosymbionts exert a similar feedback
to transcription (Fig. 10). In higher eukaryotes, nuclear
feedback is particularly well established for endosymbiont-
derived organelles, such as mitochondria, but data for
ciliates are not yet very detailed.

(1) Feedback from the cytoplasm to the
macronucleus

Some signalling molecules are transferred from the cytosol
into the nucleus to influence transcription. A longstanding
example is the transcription factor, ‘nuclear factor of
activated T-cells” (NFAT), that is activated via dephosphory-
lation by PP2B and then activates T-lymphocytes (Baksh &
Burakoff, 2000). Interestingly this phosphatase also occurs in
Paramecium tetraurelia according to evidence from cell biology
(Momayezi etal., 1987), biochemistry (Kissmehl ef al,, 1997)
and molecular biology (Fraga etal., 2010). However, nuclear
signalling by calcineurin has not yet been explored in ciliates.

In ciliates, feedback from the cytosol to the transcrip-
tionally active macronucleus does take place. This has
been shown in connection with massive mucocyst release
in Tetrahymena thermophila (Haddad & Turkewitz, 1997) as
well as in Paramecium tetraurelia after massive trichocyst exo-
cytosis (Arnaiz efal, 2010). The same occurs in the course
of reciliation following deciliation (Arnaiz efal., 2010). Genes
encoding components of the respective organelles, which
have to be synthesized de novo, are most intensely transcribed,
but many others are also upregulated. Not all translation
products can easily be fitted into the spectrum one would
expect based on current knowledge about signalling from cilia
to the nucleus in mammalian cells (Basten & Giles, 2013)
and about biosynthesis and function of cilia and of dense
core-secretory organelles. Although unexplored, in ciliates,
PP2B/calcineurin may play a role in organelle regeneration
by activation of gene transcription. In metazoans, different
specific transcription factors were identified as crucial for
ciliary biogenesis and function (Choksi efal., 2014).

In higher eukaryotes nuclear actin is capable of remod-
elling chromatin (Kapoor & Shen, 2014) and can regulate
the transcriptional activity of RINA polymerases (Treisman,

2013). This may also be applicable to ciliates, as PfAct4
localises to the transcriptionally active macronucleus in
regions adjacent to heterochromatin domains (Sehring et al.,
2010). Its monomeric nuclear form (Kapoor & Shen, 2014)
would not have been detected in studies with fluorescent
drugs, such as phalloidin, for which this actin paralog has

no binding motifs.

(2) Feedback from mitochondria and
endosymbionts

In general terms, feedback between endosymbiont and
nuclear genomes is important in several regards. Early i
evolution symbiosis led to the transformation of bacteria to
mitochondria. With pathogenic Apicomplexa the interplay
between a vestigial genome of a plastid-derived endosym-
biont with mitochondria and cytosol has received attention
as an example of recent evolution, with the potential for
medical exploitation (Howe & Purton, 2007). Currently the
interplay between Legionella pmeumophila and amoebae is also
raising medical interest (Escoll efal, 2013). In Paramecium
spp., bacterial endosymbionts provide a feedback to the
nuclear genome. Studies about endosymbionts in ciliates
may yield hints to mechanisms for establishing obligatory
endosymbiosis.

(a) Mitochondnia

Data about signalling between mitochondria and the
macronucleus in ciliates, including Paramecium spp., are
limited (Sainsard-Chanet & Cummings, 1988; Beale & Preer,
2008). As expected from other organisms, the biosynthesis of
important enzymes depends on proper interaction between
the nuclear and the mitochondrial genome. Wildtype mito-
chondria microinjected into Paramecium tetraurelia mutants
or into related species, are degraded due to incompatibility
(Sainsard-Chanet & Cummings, 1988), thus suggesting
fine-tuning between the two compartments. Remarkably,
in humans, transfer of mitochondria from healthy donors,
combined with in vifro fertilisation, is currently under public
discussion as a means to overcome mitochondriopathies.

The mitochondrial genome of seveal ciliates, i.e. species of
Euplotes, Paramecium and Tetrahymena, is now fully sequenced.
How is crosstalk between the mitochondrial and the nuclear
genome effected? 44 protein-coding genes are found in
the mitochondrial DNA of 7. pyriformis (Barbrook etal,
2010), but only 13 in man (Schon, DiMauro & Hirano,
2012). According to mass spectrometry of mitochondria
isolated from Tefrahymena thermophila, 545 of a total of 573
identified mitochondrial proteins are imported (Smith efal.,
2007). In Tetrahymena thermophila, compared to man, fewer
mitochondrial tRNAs (Brunk ef al., 2003) and mitochondrial
ribosomal RNAs are encoded by mitochondrial DNA
(Barbrook etal., 2010). This is in agreement with a tendency
for decreasing autonomy of mitochondria during evolution.
In the future, genomics and proteomics should allow us to
delve more deeply into the signalling between mitochondrial
and macronuclear genomes in ciliates.



(b) Symbuonts

Among ciliates, Paramecium species are particularly liable to
the symbiotic integration of bacteria, e.g. Holospora species,
as obligatory symbionts in their cytoplasm or macronucleus.
A periplasmic protein of 89 kDa supports host cell invasion
(Fujishima & Kodama, 2012). This alters gene transcription
and lowers stress sensitivity. Signalling processes required
for the escape from phagosomes and the establishment of
symbiosis may now be more easily amenable to systematic
study with genetically altered Escherichia coli cells, as shown
with Tetralymena pyriformis (Siegmund et al., 2013).

Some ciliate species (e.g. Paramecium bursaria) can establish
permanent symbiosis with Chlorella algae. Experimental
infection revealed distinct steps (Kodama & Fujishima, 2010):
(2) phagocytosis of the algae, () fusion with acidosomes, (z2)
fusion with lysosomes; (iv) some of the surviving Chlorella
cells bud from the phagolysosomes and, enclosed in a
membrane, (v) accumulate at the cell periphery. Signals
for these distinct steps, also including resistance to the
fusion of stage iv-symbionts with lysosomes, remain to be
elucidated. It became evident from mRNA profiling that,
after subtraction of Chlorella sequences, the transcription of
many proteins is selectively enhanced in symbiont-bearing
P. bursaria cells (Kodama etal., 2014). The propagation of
the algae is synchronised with Paramecium’s cell cycle by an
unknown signal (Gerashchenko, 2010).

XIV. DOWNREGULATION OF THE MOST
COMMON ACTIVATION MECHANISMS

In many cases, activation of a cell should be transient,
occasionally even very short. A good example is Ca’*
(Berridge etal., 2003) of which some aspects in Paramecium
spp. have been discussed in preceding sections. Ca’* signals
in particular have to be rapidly downregulated, not only to
avoid toxic effects, but also to minimise energy expenditure
and to restrict the signal to very local effects near precisely
positioned channels (Sections I, II, VIII and XII). In
all eukaryotic cells inactivation mechanisms can include
feedback by downregulation of Ca’* influx or mobilisation,
by binding to CaBPs, and by sequestration or extrusion from
the cell. Metabolic messengers, such as cyclic nucleotides
are broken down by phosphodiesterases (few details being
known for ciliates). Similarly protein phosphorylation can be
reversed by phosphatases of which ciliates possess different
types. Ciliates have examples of all these mechanisms, as
summarised in Fig. 7 for downregulation of Ca’" signals
by primary active and possibly also by secondary active
transporters.

For Ca®* signals there are different routes of inactivation
(Berridge etal., 2003). Negative feedback by the inhibitory
Ca?t/CaM complex can be used to inactivate ciliary
voltage-dependent Ca’-channels during ciliary reversal
(Brehm & Eckert, 1978), as outlined in Section I1I.2. Binding
to high-capacity/low-affinity CaBPs can also terminate
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a Ca®* signal. This is achieved, for instance, by cortical
centrin after massive trichocyst exocytosis stimulation
(Sehring etal., 2009), but may also take place at the base
of cilia to terminate ciliary Ca’" signals (Gonda, Oami
& Takahashi, 2007). Slow dissipation of Ca’* from the
low-affinity binding sites of CaBPs may subsequently allow
its removal by extrusion. In Paramecium spp. this probably
involves a secondary active transporter (putative H*/Ca?*
and/or a similar antiporter) for Ca’* sequestration in acidic
compartments, such as the contractile vacuole complex
(Plattner etal., 2012; Plattner, 20134) and periodic release
via the contractile vacuole pore (Stock etal, 2002). This
can be concluded from the effect of the H'-ATPase
inhibitor, concanamycin B (Grenlien etal, 2002), which
inhibits [Ca®"]; downregulation after exocytosis stimulation
(Plattner etal., 2012), as outlined in Sections VI and XII.
An abundance of primary and secondary active transporters
and channels have been implied by bioinformatic analysis
of the genomic databases of P. tetraurelia, 'I. thermophila and
of the fish pathogen, Ichthyophthirius multifiliis (Kumar &
Saier, 2015).

Ciliates possess primary active Ca?* transporters, includ-
ing the sarcoplasmic/endoplasmic reticulum- (SERCA-)
type and the PMCA. Both are P-type ATPases, i.¢. forming a
phospho-intermediate. In ciliates, the kinetics of the SERCA
is much slower than required for rapid Ca?* downregulation
(Mohamed etal., 2003) and the same may hold true for the
PMCA (Plattner & Klauke, 2001; Section XII). For instance,
alveolar sacs are refilled with ;9 =65 min (Mohamed ¢t al.,
2003). Therefore, secondary active transport systems are
probably more important (Plattner, 2014), although reliable
data are still missing. In ciliates, primary active Ca’*
transport appears more appropriate for general household
functions rather than for even moderately rapid Ca®*
dynamics.

Many of the signals regulating membrane trafficking
involve several specific steps and, therefore, are transient.
This applies, e.g. to the reversible binding of successive
ligands, as is the case with small GTPases. Also the
phosphorylation state of proteins may change in signalling
cascades. In cilia protein phosphatase 1 (PP1) and PP2C are
localised to the peripheral part of the axoneme (Momayezi
etal., 1996; Grothe etal., 1998) and thus could contribute
to reversing the state of phosphorylation, i.e. of activation.
For instance, termination of ciliary reversal is inhibited
by inhibition of PPl activity (Klumpp etal., 1990). The
importance of the dephosphorylation of dynamin — a
well-established prerequisite for clathrin-mediated endo-
cytosis in other systems — is suggested by the association
of PP2B/calcineurin with parasomal sacs in Paramecium
tetraurelia (Momayezi, Kissmehl & Plattner, 2000).

The behavioural response to exogenous nucleotide
triphosphates, i.e. repetitive back- and forward swimming,
in Tetrahymena spp. and Paramecium spp. (Section X) is
spontaneously attenuated and ended upon longer exposure
time, probably by receptor adaptation (Kim etal, 1999;
Hennessey, 2005).
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XV. EPIGENETIC SIGNALLING, ENCYSTMENT
AND ‘PROGRAMMED NUCLEAR DEATH’ IN
CILIATES

Epigenetic signalling by non-DNA-encoded signals is the
focus of current biomedical research, particularly since
the discovery of prion proteins (PrPs). In mammals, the
normal conformation PrP¢ can be misfolded to PrP* (‘c’ and
‘s¢’ standing for cellular and scrapie disease, respectively).
The PrP*® form propagates based on epigenetic information
transfer onto PrP® molecules — until the abundance of PrP*
acts as a pathogen causing brain degeneration (Prusiner,
2004). Remarkably, the concept of epigenetic information
transfer is based on seminal observations with fungi and
ciliates (Beisson, 2008). The regular design of the ciliate
cell surface (Section 1.4), its surface antigens, macronuclear
differentiation etc. are all epigenetically determined, thus
making ciliates attractive models (Simon & Plattner, 2014).
Phenomena thus controlled range from tailoring of the
new macronuclear genome (Duharcourt, Lepere & Meyer,
2009) when old macronuclei are disrupted (‘nuclear death’,
see Section XV.2) and non-Mendelian expression of
surface molecules (Sonneborn, 1949) to cell surface pattern
formation (Frankel, 1973; Beisson, 2008) and even change
of cell size and shape. The information may come from
the macronucleus, the cell surface, or from soluble material
(kairomones) in the medium. Several important molecular
key players have recently been detected in ciliates and are
discussed below in the context of epigenetic signalling.

The second aspect discussed here concerns apoptosis-like
phenomena. In metazoans, apoptosis is the most prominent
form of programmed cell death which is regulated by a
complicated network. This includes ‘DNA ladder’ formation
by fragmentation to nucleosome-size DNA pieces and multi-
ples thereof, mitochondrial degeneration and participation of
nuclear, mitochondrial and cytosolic proteins. This includes
apoptosis-inducing factors, protease-type caspases, endonu-
cleases, etc. (Norberg, Orrenius & Zhivotovsky, 2010).
Elements of the apoptotic machinery can be traced back
to unicellular unikonts, such as choanoflagellates (Zmasek &
Godzik, 2013), although important questions remain open
with all protozoa.

While ciliate cells can divide over long periods, for
‘quasi-eternal’ life, they can rejuvenate their macronuclei by
formation of new ones from the micronucleus (corresponding
to soma and germline, respectively, in metazoa). There
are two ways, (1) conjugation (cell pairing with exchange
of dividing micronuclei) and () autogamy (internal
‘fertilization” by fusion of dividing micronuclei within one
cell) — each of these processes resulting in the formation of
a new macronucleus per cell, serving for gene transcription.
Degradation of the old macronucleus is paralleled by for-
mation of a ‘DNA ladder’ and the abundance of autophagy,
including mitochondria, with this respect closely resembling
genuine apoptosis (Endoh & Kobayashi, 2006). Is it justified
to consider these details as sufficient criteria for programmed
cell death — or rather ‘programmed nuclear death’?

(1) Feedback from intracellular epigenetic signals

Regulation of surface pattern formation has to consider
not only the specific localisation of components in
anterior/posterior, top/bottom and left/right dimensions,
but also pattern formation on a variable scale. Examples
range from the polar arrangement of somatic ion channels,
sites of contractile vacuole and extrusion sites of spent
food vacuoles (cytoproct), arrangement of cilia for rotational
movement to organisation of kinetids. All are epigenetically
controlled (Beisson & Sonneborn, 1965; Frankel, 1973;
Beisson & Jerka-Dziadosz, 1999; Beisson, 2008). Many
factors cooperate, as derived from the analysis of mutants of
different Paramecium and Tetrahymena species. Whole-genomic
analysis of covariation in mutants or during knockout of
selective components (see below) would appear feasible,
considering these widely different components.

In Paramecium tetraurelia cells, surface pattern formation
depends on protein phosphorylation processes (Keryer etal.,
1987; Sperling et al., 1991). Another factor is the self-assembly
of epiplasmins (Aubusson-Fleury etal., 2013). Alveolins,
proteins with charged repeat motifs, appear relevant
for regular surface pattern formation since knock-down
entails disorganised cortical pattern in misshapen cells, as
demonstrated with Tetrahymena thermophila (El-Haddad et al.,
2013). Such effects are also observed after knock-down of
other cortical components, e.g. of a cortical actin isoform,
PiAct4d (Sehring etal., 2010) and a variety of SNAREs
and PICRCs (Simon & Plattner, 2014). Since y-tubulin
and n-tubulin are required for basal body duplication in
Paramecium tetraurelia (Ruiz etal., 1999, 2000) their proper
positioning may be another critical factor, together with
centrin, in Paramecium spp. (Ruiz etal, 2005) as well as
in Tetrahymena thermophila (Stemm-Wolf etal., 2005). So far,
the role of cortical actin in cortex formation has not been
explored in ciliates although it is known from mammalian
cells to contribute together with tubulin (Li & Gundersen,
2008). In addition to these examples many more factors
may come into play. When ciliary biogenesis has been
analysed in mutants by light and electron microscopy, as
recently summarised by Pearson (2014), multiple basal body
formation in proper arrangement depends on asymmetrically
spaced scaffolds. These include transiently visible structures,
such as the ‘anterior left filament’ of infraciliary lattice
filaments (ILF) (Jerka-Dziadosz etal., 2013) and centrin
isoforms -2 and -3 (Ruiz etal, 2005; Stemm-Wolf etal.,
2005), together with their binding partners, e.g. members of
the Sfi protein family (Stemm-Wolf, Mechl & Winey, 2013).
Transient asymmetry thus forms and determines the mutual
arrangement of newly forming basal bodies (Pearson, 2014).

Epigenetic signalling observed during formation of a
new macronucleus after conjugation or autogamy is a
consequence of nuclear dimorphism. Transcripts from
the meiotic micronucleus pair with gene sequences from
the old macronucleus to generate sequences destined for
the newly forming macronucleus (Duharcourt etal., 2009;
Nowak etal., 2011). This process results in the elimination
of precisely defined ‘internal eliminated sequences’ (IES).



Originally this probably evolved as a mechanism for
the elimination of transposons (Klobutcher & Herrick,
1995; Chalker & Yao, 2011), but later, in ciliates, this
mechanism has been integrated into normal, epigenetically
controlled cell development. IES elimination is executed
by different transposases; in oligotrichs, such as Paramecium
and Tetrahymena, it is a domesticated PiggyBack transposase
(Vogt & Mochizuki, 2013) operating at sites determined by
specific nucleotide flanks. Additional proteins required for
IES elimination are ‘protein involved in development of
the somatic genome’ (Pdsg) found in Paramecium (Arambasic
etal., 2014) and ‘defective in excision’ PIDIES and 7¢{DIE5,
found in P. tetraurelia and 1. thermophila, respectively (Matsuda
etal., 2010). Heterochromatin is formed on IES sites before
excision and this depends on methylation of Lys residue
9 in histone 3 (Liu etal, 2011). End-joining of excision
sites involves a ligase of type IV of the non-homologous
end-joining (NHE]) pathway (Marmignon etal., 2014).

Another epigenetic regulation of differ-
ential gene transcription under varying external or
internal/physiological conditions, has been analysed in
Tetrahymena thermophila by a combined bioinformatic and
proteomic approach (Zhang et al., 2014). Covariation of some
specific post-translational histone modifications, including
acetylation, methylation and mono-ubiquitination, indicates
molecular crosstalk.

Other signalling mechanisms are under epigenetic con-
trol. For instance, mutually exclusive expression of isoforms
of variant surface antigens (vsAG, ‘serotypes’ recognised by
antibodies) in most strains of P. tetraurelia ensures the presence
of one single kind of vsAG (GPI-anchored proteins) per cell
at any time (Preer, Preer & Rudman, 1981; Preer ¢t al., 1987).
This is regulated by a feedback mechanism (Gilley etal.,
1990; Matsuda & Forney, 2005). When a vsAG is removed,
an alternative vsAG isoform can be mmplanted on the cell
surface — all under the control of differential transcription
(Leeck & Forney, 1996). Change of culture temperature
(Antony & Capdeville, 1989; Benwakrim etal, 1998) or
application of antibodies against the specific serotype
actually expressed both induce the removal of the old
vsAGs and transcription of an alternative serotype protein
(Juergensmeyer, 1969). The mutually exclusive expression of
vsAGs in Paramecium tetraurelia depends on an epigenetic sig-
nal; only subtelomeric genes are engaged in the formation of
RNAi-mediated silencing of the silent vsAG species (Barana-
sic etal., 2014). Thus, the considerable extent of chromosome
fragmentation in these ciliate cells becomes important.

The physiological function of vsAGs and details of their
regulation in ciliates remain enigmatic (Simon & Schmidt,
2007). A signalling function in the sense of defence against
predators has been proposed (Harumoto & Miyake, 1993;
Clark & Forney, 2003). In this case, the sense, or precise
function that vsAG variation remains to be answered.

Oxytrichia species are a special case where chromosome
fragmentation is much more extensive than in other ciliates,
followed by rearrangement of DNA during formation
of a new macronucleus from a micronuclear precursor

example,
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(Nowacki & Landweber, 2009). In Oxytrichia spp., during
nuclear transformation achieved by transiently expressed
macronulear RNA templates, some mutations occurring in
the scnRINA can be transferred to the new macronucleus,
while the micronuclear (germline) DNA is unchanged
(Nowacki & Landweber, 2009). In this case the macronuclear
genome can, therefore, be called an ‘epigenome’.

(2) Feedback from extracellular epigenetic signals,
encystment and ‘programmed nuclear death’

(a) Epigenelics

Epigenetic signals can reach some ciliates from the sur-
rounding medium. GPI-anchored proteins, such as vsAGs,
when released from the cell surface of different ciliates, can
potentially provide signalling phenomena (Simon & Kusch,
2013). Another example is chemical signalling among species
by release of substances called kairomones. 7etrahymena vorax
is known for its capability to adapt its oral cavity to the size
of the prey available. Buhse (1967) named the responsible
kairomone ‘stomatin’. Note that such ‘stomatins’ are differ-
ent from the scaffolding SPFH-family proteins (SPFH means
stomatin, prohibitin, flotillin and HAK/C superfamily). Pre-
vious attempts to establish intracellular signal transduction
mechanisms in 7. vorax by inhibitor studies (Ryals, Bae
& Patterson, 1999) suffer from the widely aberrant phar-
macology of ciliates (Plattner etal., 2009). The kairomone
stomatin has been identified as a complex of ferrous iron and
some nucleic acid catabolites (Smith-Somerville et al., 2000).
Other examples are anti-predator defences in planktonic
ciliates (Lass & Spaak, 2003; Lynn, 2010), as has been
detected with FEuplotes octocarinatus (Kusch & Heckmann,
1992). These cells can react to the presence of a predatory
species, Lembadion bullinum, by enlargement of body size and
formation of body extensions to make them less prone to
engulfment. A kairomone of 31.5kDa, called L-factor, was
isolated, and after cloning of the gene, a Cys-rich protein
was recombinantly expressed in E. coli (Peters-Regehr,
Kusch & Heckmann, 1997). The ¢cDNA-derived protein
was of slightly higher molecular weight, but exerted the
same kairomone function as the natural L-factor, although
at somewhat higher concentration (1079 zersus 10712 M).

As in other eukaryotes, gene expression in ciliates can be
regulated epigenetically. Many examples of such epigenetic
signalling, e.g. by histone modifications, mutually exclusive
expression of paralogs etc., are discussed elsewhere (Chalker
etal., 2013; Simon & Plattner, 2014).

() Cysts

Some ciliates, with the exception of Paramecium spp., react
to different stress factors by the formation of cysts. Stress
includes adverse environmental conditions, such as starvation
or high cell density (Tomaru, 2002). Cysts are forms of latent
life (parabiosis) with the capability of ‘reanimation’. Although
analysed in numerous morphological studies, biochemical
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analysis by protein profiling has begun only recently with
Colpoda cucullus (Sogame etal., 2014). The expression of
a heat shock protein and of specific actin isoforms is
enhanced. In Euplotes encysticus, cyst formation induced by
starvation and low temperature triggers the expression
of a variety of proteins, in part of unknown function
and in part related to gene and RNA regulation, protein
degradation, oxidation resistance, stress response, transport
and cytoskeletal organisation including a keratin-like protein
(Chen etal., 2014).

(¢) Programmed nuclear death

The final signal an old macronucleus receives after
conjugation or autogamy is that for its breakdown and
elimination — a process resembling apoptosis. In ciliates,
‘programmed cell death’ is restricted to the degradation of
the old (parental) macronucleus and, therefore, should rather
be designated ‘programmed nuclear death’. Programmed
nuclear death is accompanied by morphological features
familiar from apoptotic metazoan cells, but there are
also essential differences. In  Tetrahymena thermophila, the
macronucleus undergoes autophagy in the following steps
(Akematsu, Pearlman & Endoh, 2010): (z) loss of nuclear
pores in parallel to nuclear condensation; () transformation
of the outer nuclear membrane into an autophagosome-like
membrane, with glycosylation sites and phosphatidylseryl
residues exposed to the cytosolic side; (z2) disintegration of
the inner nuclear membrane; (i) wrapping of mitochondria
with a membrane to which lysosomes become attached; (v)
stepwise fusion of these two organelles with the modified
macronucleus, and finally (v7) autophagosomal digestion of
nuclear and mitochondrial contents. This morphological
sequence differs from apoptosis in metazoans where
nuclei become heavily fragmented. It is unclear why only
macronuclei are degraded; this may be due to differential
permeation properties of nuclear pores in the macro- and
micronuclei (Iwamoto et al., 2009, 2015).

Marginal notes published in the context of work with
protozoa provide few indications of molecular regulators of
programmed nuclear death in ciliates (Srivastava et al., 2010;
Smirlis & Soteriadou, 2011). In Tetrahymena thermophila this is
initiated by an apoptosis-inducing factor and accompanied
by formation of a DNA ladder (Lu & Wolfe, 2001; Akematsu
& Endoh, 2010), as s characteristic of apoptosis in metazoans.
Two genes encoding homologs of apoptosis-inducing factor
are found in the Tetrahymena thermophila genome (Akematsu
& Endoh, 2010). Knock-out of an apoptosis-inducing
factor gene gave ambiguous results (Akematsu efal., 2012);
either knock-out was incomplete, only one gene out of
several ohnologs was knocked-out (when not very similar),
or the effect was compensated by a mechanism yet to
be determined. Unexpectedly the nuclease involved is of
mitochondrial origin, as found with Tetrahymena thermophila;
this enzyme, TMN1 (7etrahymena mitochondrial nuclease),
also occurs in Paramecium tetraurelia (Osada etal., 2014).
Probing Tetrahymena extracts with caspase substrates and
caspase inhibitors was compatible with the presence of some

form of caspase activity (Ejercito & Wolfe, 2003; Gonzalez
etal., 2008). However, no gene for caspase proper has been
found so far (Akematsu ezal., 2012). Molecular identification
and characterisation of caspase-like proteins, similar to the
paracaspase of Dictyostelium discoideum or the metacaspase
of Plasmodwum falciparum and Arabidopsis thaliana (Uren et al.,
2000), would be crucial.

In summary, some gross morphological traits and DNA
ladder formation are in common for programmed cell death
in metazoans and ‘programmed nuclear death’ in ciliates
where, however, some essential features are either different
or still require elucidation.

XVI. CONCLUSIONS

(1) Signalling implies long- and short-range information
transfer, to achieve specific targeting and specific responses.
Signalling regulates many aspects of subcellular dynamics.
In principle, ciliates use similar, although not all,
mechanisms for signalling and trafficking as metazoans,
including Ca?* and cyclic nucleotides, protein kinases and
phosphatases, etc.

(2) Microtubules serve as long-range signals in different
parts of the ciliate cell. Short-range signals include cues for
molecular interactions, as is the case with SNARE proteins
and small GTPases.

(3) Signalling by Ca’* is elaborate in ciliates, including
different influx and intracellular release channels. A local
Ca’* signal probably is required for vesicle docking
and certainly for eventual vesicle/membrane fusion. The
signal-transducing Ca?t sensor remains unidentified in
ciliates.

(4) Different, specifically localised influx channels regulate
ciliary responses. Depolarisation wvia channels in the
non-ciliary membrane activates voltage-dependent Ca’*
channels in the cilia and thereby ciliary beat reversal.
Hyperpolarisation accelerates forward swimming.

(5) Ca’*, eyclic nucleotides and protein phosphorylation
cooperate in the regulation of ciliary beating. Ser/Thr
phosphorylation prevails over Tyr phosphorylation. In
ciliates, dedicated Tyr-kinases probably do not contribute
to signalling beyond a MAPK activity chain. Much work
remains to be done.

(6) In ciliates, specific isoforms of CRCs related to IP3Rs
and RyR-related Ca’*-release channels are localised to
specific vesicles undergoing trafficking. This allows for
very locally restricted signalling and mutually independent
activation of widely different processes. Probably cADPR
and NAADP are additional second messengers for activating
CRCs in some Ca’* stores of ciliates.

(7) Stimulated exocytosis is initiated by Ca’" release
from cortical stores (alveolar sacs), superimposed on
store-operated Ca’*-entry, SOC(E). This is an old
mechanism conserved in lineages up to man, e.g. in skeletal
muscle. Molecules serving for coupling of the store with



the outside medium are unknown and possibly different in
ciliates.

(8) Important aspects still to be elaborated, or even
to be detected in ciliates are trimeric GTP-binding
proteins and associated receptors, GPCRs being important
signal transducers in metazoans. The same is true of
organelle-specific targeting and effectors, e.g. of molecular
cues mediating organelle specificity of SNAREs and of small
GTPases.

(9) The identity and distribution of mechanosensitive
channels, established in the plasmalemma, but expected
also for food vacuoles and the contractile vacuole complex,
have to be settled on the basis of the molecular candidates
available from ciliate databases. Also to be scrutinised
are details concerning the mechanism of transmission of
chemical information to mechanical work in cilia.

(10) Epigenetic signalling, since its discovery in fungi and
ciliates, is a particularly rewarding field for future research.

(11) One can now compare the molecular background of
signalling in representatives of the two main evolutionary
lineages, Uni- and Bikonta (Plattner & Verkhratsky, 2015).
This includes choanoflagellates (Cai et al., 2015) and animals
(Cai, 2008; Cai etal, 2015) on the one hand and ciliates
(Plattner, 20155) and plants (Edel & Kudla, 2015) on the
other. Such a comparison reveals the following interesting
features.

(12) Some signalling elements have been maintained
throughout eukaryotes, unikonts and bikonts. Among them
are Ca’*, calmodulin, cyclic nucleotide-activated protein
kinases, H"-ATPase/pump, Rab proteins and SNARFEs.

(13) Some functions are specific to bikonts. For example,
Ca’t/CaM-activated protein kinase of unikonts is replaced
by CDPK in bikonts (Sections III, IX). Also in ciliates
‘synaptobrevins’ are longins, as in plants (Section IV.2).

(14) Some other functions occurring in ciliates are found
in unikonts, while they are reduced or abolished in plants.
For instance, the function of calcineurin is greatly reduced in
plants, with only the B-subunit being conserved. In plants it
serves for the regulation of channel protein phosphorylation
to defend against stress (Edel & Kudla, 2015). By contrast,
ciliates express both subunits, A and B, probably with
pleiotropic functions (Sections XII.3 and XII.4). Dimeric
calcineurin also occurs in unikonts, from myxamoebae to
man. Both subunits are used by Ductyostelium discordeum for
stress control (Thewes etal., 2014) and, in man, for immune
responses as well as for signal transduction and information
storage in the central nervous system. Voltage-dependent
Ca’*-influx channels are absent from plants, as are IP3R-
and RyR-type CRCs. These are present in ciliates as well as
in unikonts up to mammals (Plattner & Verkhratsky, 2012,
2015).

(15) There are examples of the presence of some signalling
pathways in animals and plants, but with fragmentary
evidence for ciliates. There are only suggestions for the
occurrence of trimeric G-proteins in ciliates, although
they are well documented for unikonts, from Dictyostelium
discoidewm (Manahan etal., 2004) to man, and for ‘higher’
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bikonts, such as plants (Ishida ezal., 2014). One may expect
their identification also in ciliates. No synaptotagmin has
been found in ciliates, in contrast to animals (Section IV.3
and IX.1) and plants (Craxton, 2004). However, ciliates
contain synaptotagmin-like proteins, comparable to the
‘extended synaptotagmins’ of some animal cells, which might
serve as a Ca’* sensor, e.g. during exocytosis.

(16) The use of Tyr phosphorylation for signalling is now
attributed not only to metazoans but increasingly also to
plants (De la Fuente van Bentem & Hirt, 2008; Ghelis,
2011) — in contrast to ciliates, where it contributes to the
MAPK signalling pathway (Section IX.2).

(17) In summary, in the signalling machinery of ciliates
we observe traits in common to all eukaryotes, or in
common with either other bikonts or unikonts. For some
proteins common precursor molecules are likely to occur
in protozoa, e.g. InsPs3- and RyRs in ciliates (Plattner &
Verkhratsky, 2012, 2015), whose descendants may have
further differentiated in unikonts and been lost in plants. A
strict separation of the two lineages on the basis of signalling
1s not possible. Thus, with regard to signalling, ciliates appear
to be at the crossroads between uni- and bikonts. Further
investigations may contribute to the ongoing controversies
about the validity of deep-rooting phylogeny.

(18) The golden thread running through signalling in
ciliates is that crucial pathways appeared early in evolution
and have been maintained, with variations on a basic theme,
over a billion years.
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XIX. APPENDIX:

BIOLOGICAL AND TECHNICAL TERMS: GLOS-
SARY, AND ABBREVIATIONS USED

AAA-ATPase: triple-A ATPase: a chaperone (protein
mediating correct conformation of another protein). For
example NSF is a chaperone specific for SNARE pro-
teins, occurring in protozoa, animals and plants; ADF: actin
depolymerising factor; AED: aminoethyldextrane: secreta-
gogue stimulating trichocyst exocytosis in Paramecium spp;
Alveolar sacs: flat, sac-like cortical Ca’t stores closely
attached to the cell membrane in ciliates and other Alveo-
lata; AP: adaptor protein: APs mediate self-assembly of coat
proteins on vesicles budding from the cell membrane or from
specific organelles. Found in protozoa, animals and plants;
ARNO: ADP [adenosine diphosphate]-ribosylation factor
nucleotide site opener, a guanosine nucleotide exchange fac-
tor; ASI2: signal transducer and activator of transcription
2 protein; BAR: Bin-amphiphysin-Rvs; bbofl: basal body
orientation factor 1; BBS: Beadle-Bardet Syndrome: molec-
ular defect of ciliary function in man, with an ortholog of
BBS-protein in ciliates; G2 domain: protein domain with
B-barrel conformational motif and an extending loop appro-
priate for low-capacity/high-sensitivity Ca?* binding. Found
in protozoa, animals and plants; [Ca*];: intracellular free
(dissolved, not protein-bound) Ca?* concentration; [Ca?+],:
extracellular Ca?t concentration; Ca?t-ATPase: Ca’?t
pump for primary active Ca?* transport, forming a phospho-
rylated intermediate (in contrast to V-H*-ATPase). Found
in protozoa, animals and plants; cADPR: cyclic adenosine
diphosphoribose. Second messenger; cAMP: cyclic adeno-
sine monophosphate (AMP); CaBP: Ca’"-binding protein:
high capacity/low affinity (in cytosol and Ca’* storage
organelles) or low capacity/high affinity (in cytosol). Found
in all kingdoms; CaM: calmodulin: Ca?*-binding protein
with four EF-hand motifs (cach usually made of 12 amino
acids) enabling Ca?* binding with low capacity/high affin-
ity. Found in all kingdoms; GaM-BP: calmodulin-binding
protein; CDA11, 12: cell division (protein) All, 12; Cdk:
cyclin-dependent kinase; CDPK: Ca®"-dependent protein
kinase: a protein kinase with integrated calmodulin-like
motif, specific to plants and some protozoa such as ciliates;
Contractile vacuole complex: osmoregulatory organelle
with rhythmic pulsations, serving for the extrusion of an
excess of water (and ions) in some freshwater protozoa;
COP: coatamer protein: ubiquitous non-clathrin-type poly-
meric protein assembly mediating vesicle budding, e.g.
from Golgi apparatus; CRC: Ca’T-release channel: see
IPsR, RyR and RyR-LP; recently identified in proto-
zoa (ciliates and trypanosomatids), but absent from plants;
DAG: diacyl glycerol: protein kinase C-activating prod-
uct formed (together with inositol 1,4,5-trisphosphate) by
phospholipase C-mediated cleavage of phosphatidyl inositol
4,5-bisphosphate; occurrence not established for ciliates;
DIE: defective in excision; DisAp: disorientation pro-
tein mutant A; DOC2: double C2-like domain containing
protein 2; EDX: energy-dispersive X-ray microanalysis:

electron microscopic analysis of local element composition
by element-specific X-ray fluorescence generated by the
electron beam used for image formation. Chemical signals
can be assigned to specific subcellular structures, such as
Ca’" stores. The method can be applied to cells rapidly
frozen under defined functional states (quenched-flow/rapid
freezing). EDX allows for quantitation, e.g. measuring
changes in total Ca?t content in an organelle during stimu-
lation; EEA1: carly endosome antigen 1; EF-hand motif:
helix-loop-helix motif of CaBPs for high affinity Ca®* bind-
ing; EMRE: essential MCU regulator; ER: endoplasmic
reticulum; Er-1: Fuplotes ratkov: pheromone; Erk: extracellu-
lar signal-regulated kinase; FIPs: family of RabII-interacting
proteins; fMLP: formyl-methionyl-leucyl-phenylalanine;
FOR20: FOP (FGFRI1 oncogene partner)-related protein
of 20kDa size; GAP: GTPase-activating protein: activator
of small (monomeric) GTPases (‘G-proteins’); GDI: guano-
sine nucleotide dissociation inhibitor: inhibits GTP/GDP
exchange on small GTPases; GEF: guanosine nucleotide
exchange factor: stimulates GTP/GDP exchange on small
GTPases, i.e. monomeric guanosine trisphosphate (GTP)
binding proteins with GTPase (GTP hydrolysing) function;
GFP: green fluorescent protein; GPCR: G-protein-coupled
receptor: receptors mainly on cell surface coupled to trimeric
G-proteins (with -, 8- and y -subunits); occurrence in ciliates
likely, but not definitely established; GPI-anchor: glycosyl
phosphatidylinositol-anchor: attachment of a protein to a
membrane za a carboxyterminal anchor formed by glyco-
syl residues complemented by a phosphate and an inositol
group. Found in protozoa, animals and plants; G-proteins:
proteins binding guanosine nucleotides. Specifically GTPase
molecules [small (monomeric) G-proteins involved, e.g. in
vesicle trafficking] and trimeric G-proteins (involved in
signalling from the cell membrane); Grlp: granule lat-
tice protein; Grtp: granule tip protein; GTPase: small
monomeric G-proteins involved, e.g. in vesicle trafficking.
Found in protozoa, animals and plants; HAP2: a transcrip-
tional activator; IES: internal eliminated sequence: defined
stretches of micronuclear DNA (probably derived from old
transposons) occurring in ciliates; they are eliminated under
epigenetic control, i.e. by scanning RNA (scnRNA) during
formation of a new macronuclear genome from a postmi-
totic micronuclear genome; IFT: intraflagellar transport:
this also includes intraciliary transport of macromolecule
aggregates; in protozoa and animals; ILF: infraciliary lattice
filaments; InsPs: inositol 1,4,5-trisphosphate (InsPs): formed
(together with diacylglycerol) by phospholipase C-mediated
cleavage of phosphatidyl inositol 4,5-bisphosphate; activates
InsPs receptors (CRCs). InsPs effects reported from all
kingdoms, but formation in plants is unlikely; IP3R: inosi-
tol 1,4,5-trisphosphate receptor: InsPs-receptor-type CRCs;
established from protozoa onwards, including ciliates and
trypanosomatids, and animals; expected also for choanoflag-
ellates; kif: kinesin family; -LP: -like protein: expressing
similarity, e.g. between calmodulin and calmodulin-like
sequences in some proteins; MALDI: matrix-assisted
laser desorption/ionisation: mass spectrometric analysis of



biomolecules, based on binding to a support matrix, laser
irradiation for fragmentation and desorption from the
matrix and ionisation, coupled to acceleration of ionised
fragments for mass recording in a spectrometer. Phospho-
rylation sites in proteins can thus be determined; MAPK:
mitogen-activated protein kinase: protein kinase activated
during mitosis and some other functions; probably in all
eukaryotic kingdoms, but little studied in ciliates; MCU:
mitochondrial calcium uniporter; MEK: MAP and ERK
kinase (ERK = extracellular-signal regulated kinase): protein
kinase involved in intracellular signalling after MAPK acti-
vation; probably in all eukaryotic kingdoms, but little studied
in ciliates; MICU: mitochondrial calcium uptake; MOBI1:
Mps One Binder; mtA: name of a promotor; Muco-
cysts: dense core-secretory organelles of Tetrahymena spp;
Myo: myosin; NAADP: nicotinic acid adenine dinucleotide-
phosphate. Second messenger; NFAT: nuclear factor for
activation of T-cells; NHE]J: non-homologous end-joining;
NIMA: never in mitosis A; NMDA: N-methyl-D-aspartate;
NSF: N-cthylmaleimide sensitive factor: SNARE-specific
chaperone (see AAA-ATPase) serving for proper confor-
mational arrangement of SNARE proteins. Found in all
kingdoms; Pdsg: Paramecium protein involved in develop-
ment of the somatic genome; PInsPy: phosphatidylinositol
4,5-bisphosphate; PKA: cAMP-activated protein kinase A:
activated by cyclic 3',5-adenosinemonophosphate. Found
in all kingdoms; PKC: protein kinase C: activated by
diacyl glycerol; present in animals, but not identified
at a molecular level in plants, ciliates and other pro-
tozoa; PKG: cGMP-activated protein kinase: activated
by cyclic 3',5'-guanosinemonophosphate. Found in all
kingdoms; PLC: phospholipase C; PMCA: plasma mem-
brane Ca’*t-ATPase: Ca’" pump in the cell membrane.
Found in all kingdoms; PP1: protein phosphatase 1; PP2B:
protein phosphatase 2B: dimeric protein identical with cal-
cineurin. Described in Ductyostelium and Paramecium spp.,
also occurs in animals whereas in plants only subunit B is
found; PrP: prion protein; PtAct, PtCRC, PtSyb, PtSyx,
PtSNARE etc.: P! designates proteins from P. tetraurelia, such
as actin etc. Subfamilies are indicated with roman numbers
and individual paralogs (including ohnologs) by Arabic num-
bers; e.g. PICRC-1I-1 and -2 indicate specific Ca’*"-release
channels; Rab: ‘Ras-related in brain’: small GTPase family
invoved in directing intracellular vesicle traffic in all king-
doms; Rho: p factor, a GTPase; RyR: ryanodine receptor:
type of Ca’F-release channel previously characterised by its
response to the plant toxin ryanodine; typical for sarcoplas-
mic reticulum in muscle cells, but also occurring in many
other animal cells. Not established in plant cells. A prototype
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occurs in ciliates; RyR-LP: ryanodine receptor-like pro-
tein: a ryanodine receptor-type Ca’*-release channel found
in Paramectum spp; scnRNA: scanning RNA: recognises
internal eliminated sequences (IES), i.e. defined stretches
of micronuclear DNA (probably derived from old trans-
posons) in ciliates, to be eliminated under epigenetic control
during formation of a new macronuclear genome; Sec7:
transport protein 7: a guanine nucleotide exchange factor,
relevant for secretion; SERCA: sarcoplasmic/endoplasmic
reticulum Ca?*-ATPase: Ca’" pump in the sarcoplasmic
reticulum of muscle cells and in the endoplasmic reticu-
lum of protozoa, plants and animals; SH2: Src homology
domain 2; SNAP-25: synaptosomal associated protein of
25kDa size; SNARESs: soluble N-ethylmaleimide sensitive
factor (NSF) attachment protein receptors: single-span mem-
brane proteins of specific types distributed over membranes
undergoing interaction (docking) for final fusion; see scheme
in I'ig. 1. The differentiation between t-SNARE:s (t = target)
and v-SNARESs (v =vesicle) may not reflect the real topol-
ogy. Therefore, alternative designations are Q-SNAREs and
R-SNARE, for t- and v-SNARES, respectively, according
to the predominant ‘central’ amino acid in the SNARE
domain. Found in all kingdoms; SOC(E): store-operated
Ca?*(entry): also called capacitative Ca?* influx. SOC (E)
superimposes mobilisation of Ca®* from a cortical store as a
first step. Found from Paramecium to man, but probably not
in plants; SPFH: stomatin, prohibitin, flotillin and HAK/C
superfamily; Spt6: transcription activation factor; Src: name
derived from sarcoma; a non-receptor tyrosine kinase fam-
ily; Stat: transcription activation factor; SUMO: small
ubiquitin-like modifier; Syb: synaptobrevin: v-/R-SNARE
(see SNARE), e.g. on traflicking vesicles. Universal distri-
bution, although as ‘Tlongin’ forms in ciliates and plants;
Syx: syntaxin: t-/Q-SNARE (see SNARLE), e.g. at the cell
membrane and on trafficking vesicles. Found in all kingdoms;
TMN1: Tetrahymena mitochondrial nuclease; tmp: trichocyst
matrix protein; TPC: two-pore channel: cation (Ca?*) chan-
nels with dimeric design of a split voltage-gated Ca?*/Na*
channel, typically occurring in acidic compartments. Found
in acidic compartments of plants and animals, whereas only
indirect evidence is available from ciliates; Trichocysts:
dense core-secretory organelles of Paramecium spp; TRP: tran-
sient receptor potential channels; t-SNARE/Q-SNARESs:
see SNARLEs; VPS: vacuolar protein sorting protein; vsAG:
variant surface antigens: GPI-anchored glycoprotein com-
ponents of the ciliate cell surface, with mutually exclusive
expression under epigenetic control. Found in all kingdoms;

v-SNARE/R-SNARE: see SNARESs.





