
Conservation and innovation in Tetrahymena membrane traffic: 
proteins, lipids, and compartments

Alejandro D. Nusblat*, Lydia J. Bright^, and Aaron P. Turkewitz#

Department of Molecular Genetics and Cell Biology, The University of Chicago, 920 E. 58th 

Street, Chicago IL 60637

I. Introduction

The partitioning of the cytoplasm into functionally distinct compartments called organelles, 

delimited by lipidic membranes, is a hallmark of eukaryotic cells. By concentrating enzymes 

as well as substrates, each organelle is specialized for a set of reactions, for which 

compartmental conditions can be optimized. In addition to increasing the efficiency of 

individual and coupled reactions, compartmental organization also enables eukaryotic cell to 

simultaneously execute reactions that might be incompatible if pursued in a continuous 

cytoplasm. Membrane-bound compartments can also serve for dynamic storage, for example 

of calcium that can be rapidly transported from the lumen of an organelle via trans-

membrane channels to the cytoplasm in response to signaling pathways. Additionally, 

molecules within the lumen of organelles can be exported to the cell exterior, which occurs 

upon fusion of the organellar and plasma membranes. Secretion via membrane fusion is the 

major mechanism of protein secretion from eukaryotic cells, a phenomenon of great 

physiological significance that allows cells to influence their environments in a multitude of 

ways, for both unicellular and multicellular organisms. The secretory apparatus consists of 

an array of morphologically and biochemically complex organelles, whose concerted 

activity is responsible for first translocating proteins out of the cytoplasm into the lumen of 

the secretory pathway, sorting those proteins to accommodate different modes of secretion, 

and subsequently releasing them into the environment. In many cases the proteins are 

covalently modified during this process. A second complex network of compartments, 

partially overlapping with the first, exists to receive and sort molecules that are internalized 

from the cell surface.

A major thrust of eukaryotic cell biology in the last 50 years has been to understand 

organelle activities and organization. Broadly speaking, a first aim has been to understand 

the basic mechanisms underlying organelle biogenesis and function, which are thought to be 

widely conserved among eukaryotes. Numerous insights have come from exploiting 

powerful approaches in budding yeast, in many cases providing initial identification of key 

components, or detailed mechanistic information, for steps that are conserved in mammalian 
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cells. Generally, however, the pathways of membrane traffic in mammalian cells are more 

complex than in yeast, so a second broad aim has been to understand the additional features 

of specific mammalian cell types. For example, some polarized mammalian cells can 

maintain two or more parallel pathways of protein secretion, with each pathway directed 

toward a distinct cell surface(Weisz and Rodriguez-Boulan, 2009). These two lines of 

inquiry have also been explored in evolutionary terms. In particular, mechanisms that are 

conserved among eukaryotes are inferred to have been present in a shared eukaryotic 

ancestor, and therefore very ancient(Dacks and Field, 2007). In contrast, pathways and 

mechanisms that are specifically required for mammalian complexity can be inferred to have 

arisen as more recent adaptations that are consequently restricted to a subset of modern 

lineages.

When compared to pathways of membrane traffic in mammalian cells or fungi, the pathways 

in Tetrahymena are still relatively unexplored. Many historical studies, as reviewed by 

Frankel(Frankel, 2000), rely chiefly on morphological analysis. Published electron 

micrographs provide an excellent overview of many aspects of subcellular organization, and 

offer a strong starting point for molecular mechanistic studies. However, for many 

compartments there were and remain few if any identified molecular components. Such 

molecular markers are powerful tools for direct observations of compartments and their 

dynamics in living cells (e.g., by green fluorescent protein tagging). Secondly, in some cases 

molecular markers are essential for interpreting the compartments that are visualized. While 

some membrane structures are unmistakeable, such as the nuclear envelope, many others are 

highly pleiomorphic in other cells where they have been studied. Structures such as the 

Golgi, trans-Golgi network, and distinct classes of endosomes adopt different appearances 

depending on the cell type and cell activity and can therefore be difficult to identify without 

molecular markers. Fortunately, the resources available from the sequenced Tetrahymena 

genome should accelerate the development of such markers, in part by facilitating the 

identification of Tetrahymena homologs for markers established in other systems. The 

genomic data also facilitates proteomic approaches to identify the components of isolated 

organelles.

Although many details are lacking, we know that T. thermophila maintains a highly complex 

network of membrane trafficking pathways. For example, there is evidence for at least four 

distinct pathways of endocytic uptake. Cells form small endocytic vesicles at cortical 

invaginations called parasomal sacs(Nilsson and Van Deurs, 1983), while much larger 

vesicles (phagosomes) arise at the base of the oral apparatus(Nilsson, 1979). While it is clear 

that different mechanisms are involved in endocytosis from parasomal sacs vs the oral 

apparatus, neither of these pathways has been dissected in detail. A third pathway of 

endocytosis, which can be inferred from work in Paramecium, is coupled with the 

exocytosis of dense-core secretory vesicles and facilitates the rapid recovery of vesicle 

membranes (Hausmann and Allen, 1976). Fourth, endocytic membrane recovery also occurs 

upon phagosome fusion, at a cortical site called the cytoproct(Allen and Wolf, 1979). 

Similarly, Tetrahymena secrete proteins by at least 3 different routes: a pathway of rapid 

constitutive release of newly-synthesized proteins (for which the vesicular carriers have not 

been identified)(Bowman and Turkewitz, 2001; Madinger et al., 2010); regulated exocytosis 
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from docked mucocysts(Turkewitz, 2004), and; release of hydrolytic enzymes via lysosome 

exocytosis(Kiy et al., 1993). There is also indirect evidence for cytoplasmic protein release 

via an exosome-like mechanism(Madinger et al., 2010). This list understates the complexity 

of the pathways of cell surface delivery, since for example there is also vesicle trafficking 

from the cytoproct (the site of phagosome exocytosis) to the oral apparatus(Allen and Fok, 

1980; Bright et al., 2010). It is also not clear whether there is a single pathway of 

endocytosis from parasomal sacs or whether parallel pathways exist, as will be discussed 

below.

In our view, more detailed molecular studies of trafficking in T. thermophila could be 

significant for several reasons. While it may not be possible or even desirable to obtain a 

comprehensive understanding of the entire network of trafficking steps, there are individual 

pathways whose analysis could make major contributions to both of the aims outlined 

above. Unlike budding yeast whose successful evolutionary strategy was to become small 

and relatively simple, the ciliates, like animal cells, have undergone large expansions in 

gene families encoding key determinants of membrane trafficking, as the membrane 

trafficking pathways themselves grew increasingly complex(Bright et al., 2010; Eisen et al., 

2006; Saito-Nakano et al., 2010). Because the adaptations to membrane traffic occurred 

independently in ciliates and animals, a comparison of these lineages offers one the chance 

to ask whether specific pathways were prone to expansion and adaptation. This question is 

also being asked more broadly, taking advantage of the wealth of sequenced genomes now 

available to ask whether the determinants of specific pathways have tended to expand in 

multiple lineages, to generate large gene subfamilies. For example, phylogenetic analysis of 

SNARE proteins in many lineages suggests that SNARE subfamilies associated with 

endocytosis have undergone more expansion than other subfamilies, suggesting that 

endocytosis has been a particularly rich substrate for innovations in membrane traffic(Kienle 

et al., 2009). These metagenomic studies can be complemented by more in-depth studies of 

individual organisms. Studying such questions in a specific complex non-animal lineage, 

such as higher plants or ciliates, allows one to confirm the phylogenetic predictions, i.e., test 

the underlying assumption that sequence comparison are reliable for assigning function. 

Secondly, such single-species studies are critical to understanding both how, and to what 

purpose, the genetic innovations have modified conserved pathways or generated new ones. 

In other words, how has selection acted on the organization and function of membrane 

trafficking pathways? Critically, the experimental tools available in T. thermophila already 

facilitate asking complex cell biological questions, and new approaches continue to be 

developed(Turkewitz et al., 2002). One such novel approach to studying membrane traffic in 

particular is discussed at the end of this chapter, based on the availability of extensive whole 

genome expression data.

Effective use of T. thermophila may come from exploiting unique features of its complex 

and unusual organization. For example, many sites of specific membrane trafficking steps at 

the plasma membrane are organized as precise arrays, allowing a microscopist to analyze 

multiple sites, simultaneously, at predictable locations. This aspect of ciliate organization 

has recently been brilliantly exploited to analyze basal bodies(Pearson and Winey, 2009). 

For membrane trafficking, such organized domains include sites of clathrin-mediated 
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endocytosis and of regulated exocytosis(Allen, 1967; Elde et al., 2005; Satir et al., 1973). A 

second striking aspect of Tetrahymena is that there are structurally and functionally distinct 

variants of several organelles, maintained in the same cytoplasm. This is best known for the 

nucleus, where studies exploiting the differences between the macro- and micronucleus have 

made pivotal contributions to molecular biology(Pederson, 2010). Nuclear dimorphism in 

Tetrahymena has recently been exploited to analyze the role of nuclear pore components. 

Nuclear pores are selective gates that regulate traffic of cytosolic and membrane proteins 

into the nucleoplasm, and a major question in the field is how the components of nuclear 

pores act as gatekeepers, with much attention focusing on iterative motifs consisting of 

glycine-leucine-phenylalanine-glycine (GLFG) that are abundant in many proteins lining the 

pores (nucleoporins, or nups). In ciliates, the two functionally-distinct nuclei contain 

different sets of nucleoplasmic proteins, implying that nuclear pores in Mics and Macs are 

also distinct. Haraguchi and colleagues recently identified micronuclear- and macronuclear-

specific versions of NUP98(Iwamoto et al., 2009). The repeats in the micronuclear (but not 

macronuclear) Nup98p were NIFN, rather than the canonical GLFG, and domain-swapping 

experiments provided evidence that the change in the Nup repeat motif has functional 

consequences for gatekeeping. This line of work therefore holds promise both to reveal 

mechanisms underlying nuclear dimorphism in Tetrahymena as well as providing a unique 

model system for dissecting features of nuclear pore selectivity.

Another example of organellar differentiation in Tetrahymena is that each cell contains both 

a “standard” endoplasmic reticulum (ER), including the nuclear envelope, but also distinct 

flattened cisternae called alveoli that tightly underlayer the plasma membraneto. While 

alveoli have been only glancingly studied in Tetrahymena, data from Paramecium make a 

strong case that alveoli function as a major store for mobilizable calcium, a classical activity 

of the ER, and also contain some ER proteins(Plattner et al., 1999; Stelly et al., 1995). ER 

subdomains in animal cells are recognized as an important aspect of the secretory pathway 

and of cellular signaling, and understanding the biogenesis and maintenance of the ER and 

alveoli in Tetrahymena may offer exceptional opportunities for illuminating mechanisms of 

protein and lipid sublocalization in this organelle.

Lastly, Tetrahymena, because of the strong experimental tools that have been developed, 

may be an excellent organism to appreciate “cell biodiversity”, namely the range of 

adaptations that have evolved in eukaryotes that are deeply divergent from animals. For 

example, the contractile vacuole is a multi-part organelle that collects water from the 

cytoplasm to pump it out of the cell, and is essential for osmotic homeostasis in fresh water 

organisms lacking cell walls. The remarkable properties of the ciliate contractile vacuole 

have been investigated in Paramecium, but virtually nothing is known about assembly or 

mechanism of action at the molecular level(Allen, 2000). Contractile vacuoles are also 

present in Amoebozoa and other distantly-related lineages, but whether these are 

homologous organelles to those in Ciliates (i.e., inherited from a common ancestor), or 

whether organelles as complex as contractile vacuoles have arisen multiple times, 

independently, is an open question. Pursuing such organelles in Tetrahymena, as they are 

also being studied in Dictyostelium, could help to provide a new perspective on the relative 

importance of inheritance vs innovation in the structures that animate modern eukaryotes.
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II. Recent work on membrane traffic in Tetrahymena

Studies of membrane traffic in Tetrahymena up until the last decade have been 

authoritatively reviewed by Frankel, and we will therefore focus on work reported since that 

review(Frankel, 2000). At the end of each section we list additional papers reporting 

observations or reagents that may be of interest to those investigating membrane traffic.

A. Protein secretion

1. Constitutive secretion—Constitutive secretion refers to secretion of newly 

synthesized proteins in the absence of specific extracellular stimulation. Rapid secretion of 

newly-synthesized proteins in T. thermophila was visualized using pulse-chase biosynthetic 

labeling, where it was demonstrated that the proteins released via this pathway were 

different from those released via regulated exocytosis from mucocysts(Bowman and 

Turkewitz, 2001). It is likely that these proteins, after transport through the ER and Golgi, 

are transported from the trans-Golgi to the cell surface in vesicles or membrane tubules, but 

this process has not been directly visualized in Tetrahymena. Moreover, the site(s) of such 

protein release represents an interesting problem since most of the plasma membrane, with 

which vesicles must fuse to release their contents, is inaccessible from the cytoplasm 

because of the intervening alveoli(Allen, 1978).

A proteomic analysis of T. thermophila culture supernatants has recently supplied the first 

relatively comprehensive view of what this unicellular protest is releasing into its 

environment(Madinger et al., 2010). That list includes 207 proteins including many 

hydrolytic enzymes as well as novel proteins of unknown function, with the cohort of 

secreted proteins changing significantly depending on whether cells were incubated under 

nutritive vs starvation conditions. The authors also characterize protein secretion from a 

previously isolated Mendelian mutant, SB281, whose most striking defect is the failure to 

synthesize mucocysts. They showed that the constitutive proteins released in this mutant was 

different from wildtype cells, consistent with previous descriptive evidence(Bowman and 

Turkewitz, 2001). Interestingly, the authors find evidence that some proteins known to be 

released via mucocysts may also be released via constitutive exocytosis, and that some 

specific mucocyst proteins may be released differentially under growth vs starvation 

conditions. Following up on these observations may be interesting both from a mechanistic 

perspective and also to illuminate the role of mucocysts for Tetrahymena, which is not yet 

known.

Part of the interest in characterizing secretion comes from the question of whether 

Tetrahymena can be usefully engineered to produce and secrete heterologous proteins 

(Aldag et al., 2011; Hartmann et al., 2000).

2. Regulated secretion—In animal cells, proteins can be released in response to 

extracellular stimuli both from small vesicles such as synaptic vesicles, or from larger 

dense-core secretory vesicles, also called secretory granules. These two types of vesicles 

arise via distinct biosynthetic pathways and serve a wide range of physiological roles in 

different tissues(Gumbiner and Kelly, 1982). Ciliates synthesize vesicles containing dense-

cores, which because of their distinct appearance are prominent features in many cytological 
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studies(Rosati and Modeo, 2003). In T. thermophila these vesicles are called mucocysts, and 

they have been explored as a system for understanding biosynthetic mechanisms that are still 

rather poorly understood in animals, but which appear to differ from canonical mechanisms 

involved in vesicle formation(Tooze et al., 2001; Turkewitz, 2004). Mucocysts contain two 

major families of soluble (i.e., not membrane-bound) proteins, which are coordinately 

expressed(Rahaman et al., 2009). The first, whose corresponding genes were called GRL for 

granule lattice, are required to form a protein crystal that comprises the bulk of the dense 

core(Cowan et al., 2005). A subset of the GRL-encoded proteins may however play roles 

that are less structural than regulatory, since gene knockout did not affect the appearance of 

the dense core but reduced mucocyst accumulation(Cowan et al., 2005). The GRLs have 

been identified both biochemically but also by forward genetics, using an unbiased screen 

based on antisense ribosomes(Cowan et al., 2005). The Grl proteins are synthesized as 

proproteins, and endoproteolytic cleavage is closely connected with assembly of the dense 

core(Verbsky and Turkewitz, 1998). This assembly appears to take place in a post-Golgi 

vesicular compartment and intermediates can be visualized by EM(Bowman et al., 2005a). 

A link between proprotein processing and dense core assembly is established in mammalian 

systems, and the similarity in ciliates is intriguing(Creemers et al., 1998). In addition, 

biochemical and genetic experiments demonstrated that granule assembly intermediates in 

Tetrahymena form in the endoplasmic reticulum(Cowan et al., 2005).

A second family of granule proteins in T. thermophila is defined by a common C-terminal 

β/γ crystalline domain, the remainder of the proteins consisting of a variable number of 

repeats of several different domains(Bowman et al., 2005b). Two members of this family 

have been investigated and neither is proteolytically processed(Bowman et al., 2005a; 

Haddad et al., 2002). In addition, none of the genes in this family that have been disrupted is 

essential for core assembly, but the double disruption of two related genes subtly changed 

the properties of the mucocyst core following its exocytic release, so apparently the proteins 

in this family are playing distinct roles from the Grls(Rahaman et al., 2009). Only one 

protein in the non-Grl family has been localized and was found, remarkably, to be highly 

concentrated at the end of the secretory granule where it docks at the plasma membrane, 

prior to exocytosis(Bowman et al., 2005a). The protein, called Grt1p for Granule tip, fails to 

polarize in two Mendelian mutants that are defective in a late stage of mucocyst assembly as 

well as mucocyst docking(Bowman et al., 2005a). One possibility is that Grt1p and other 

proteins in that family can interact with specific proteins in the mucocyst membrane and 

thereby organize membrane zones with specific activities, such as docking and exocytic 

fusion. Interestingly, some electron micrographs of mucocysts appear to show that, in 

addition to the crystalline core, there are other components that are more closely associated 

with the membrane(Williams and Luft, 1968).

The mechanisms enabling accurate sorting to mucocysts of the Grl and β/γ crystallin-

containing protein families are not yet known. One model, based on work in animal cells, is 

that proteins destined for dense core vesicles have a predisposition to co-aggregate in a late 

Golgi compartment(Chanat and Huttner, 1991). However, neither genetic nor biochemical 

experiments has demonstrated any interaction between the two families of proteins in T. 

thermophila dense core vesicles(Rahaman et al., 2009). These are suggestive rather than 
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conclusive results, since the system is sufficiently complex so that physiologically important 

interactions may have escaped detection, for example due to functional redundancy. In 

addition, biochemical interactions may be highly sensitive to the ionic conditions within 

specific compartments of the secretory pathway, about which very little in known in ciliates.

A third demonstrated pathway of secretion in T. thermophila is that of secretory lysosomes, 

and is reviewed in Frankel(Frankel, 2000). A pathway in Tetrahymena that has not been 

investigated at the molecular level is secretion from the contractile vacuole upon its cyclic 

fusion at plasma membrane pores.

Other studies of interest in T. thermophila:

i. Identification of PGP1, an HSP70 homolog, of the GRP170 subfamily, whose 

product localizes to the endoplasmic reticulum and is shown to be a glycyosylated, 

glycylated protein. PGP1 is induced on cell stress but also essential for vegetative 

growth(Xie et al., 2007). The C-terminal peptide KQTDL functions as an ER-

retention signal. KDEL and related sequences have previously been shown to act as 

functional ER retention signals in T. thermophila(Cowan et al., 2005).

ii. A novel gene, CDA13, encodes a predicted transmembrane protein which may 

reside in a post-Golgi compartment of the secretory pathway(Zweifel et al., 2009).

iii. Identification of DRP6, a highly divergent dynamin-related protein that localizes to 

the macronuclear envelope and a vesicular ER-like compartment, and which is 

essential for nuclear remodeling during conjugation(Rahaman et al., 2008).

iv. Analysis, including localization and functional studies, of the nucleoporins and 

karyopherins involved in nuclear import(Malone et al., 2008).

v. Analysis of the expression of Ser antigens, the best-known cell surface proteins in 

this system(Doerder and Gerber, 2000). Work on antigenic variation in ciliates has 

recently been reviewed(Simon and Schmidt, 2007).

vi. Analysis of the carbohydrate structure of secretory proteins(Becker and Rusing, 

2003).

vii. Analysis of extracellular cysteine proteases(Herrmann et al., 2006).

B. Endocytosis

In mammalian cells, endocytosis is a critical pathway for the uptake of extracellular 

macromolecules, modulation of signaling pathways, and turnover of membrane proteins. A 

number of different endocytic pathways exist in animals, the best characterized of which 

involves assembly of the protein clathrin, which interacts with the heterotetrameric adaptor 

protein AP-2 during endocytic vesicle formation. The scission of the vesicle membrane from 

the plasma membrane, releasing it into the cytoplasm, involves a GTPase of the dynamin 

family, and actin is involved at multiple steps in the process(Kirchhausen, 2009).

In Tetrahymena, the alveoli limit contact between the cytoplasm and plasma membrane. One 

interruption in the alveoli are indentations called parasomal sacs that are found proximal to 

each ciliary basal body, and these are sites of endocytosis as shown by EM studies of 
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cationized ferritin uptake(Nilsson and Van Deurs, 1983). Endocytosis at parasomal sacs has 

more recently been confirmed in living T. thermophila using a styryl dye, FM1–43, which 

had been shown in other systems to be a useful marker for endocytic vesicles(Cousin and 

Robinson, 1999). Tetrahymena incubated with FM dyes first show fluorescence in small 

puncta that form an array near the cell cortex, as would be expected for endocytic vesicles 

that have just undergone scission at parasomal sacs(Elde et al., 2005). Thereafter the puncta 

are highly mobile, and within minutes appear to collect toward the cell posterior. The 

appearance of the posterior fluorescent structures, which can on the basis of the FM1-43 

labeling be classified as endosomes, suggests that the initial endocytic vesicles have 

undergone fusion events to create larger, heterogeneous structures. The FM1-43 

accumulation in these posterior endosomes persists for at least tens of minutes. A related 

dye, FM4-64 has also been shown to accumulate after long labeling periods in moderate-

sized vesicles at some distance from the cortex, located throughout the cell(Zweifel et al., 

2009).

The FM1-43 uptake assay facilitated analysis of the protein requirements for endocytosis. 

Using GFP-tagging the authors demonstrated that clathrin was localized to parasomal sacs, 

and involved in endocytosis since induced expression of a truncated clathrin heavy chain, 

which acts as a dominant negative form, suppressed FM1–43 uptake(Elde et al., 2005). 

Similarly, GFP-tagging was used to localize four AP complexes, and only AP-2 was found 

to localize to parasomal sacs. A third similarity with animal cells was a requirement for 

dynamin in endocytosis. T. thermophila was found to encode 8 members of the dynamin 

family, called DRP1-8 for dynamin-related proteins, a remarkably large number for a 

unicellular organism. Drp1p and Drp2p were found to localize to parasomal sacs (Elde et al., 

2005)(Rahaman and Turkewitz, unpublished) and the endocytic activity of Drp1p, an 

essential gene, was demonstrated by several genetic approaches. A 28 amino acid stretch of 

Drp1p was sufficient, when exchanged with the same region of a different Drp family 

member, to redirect the chimeric protein to sites of endocytosis. Surprisingly, actin did not 

appear to be required for endocytosis, judging by results with pharmacological actin 

inhibitors. If this result is correct, Tetrahymena may be unique in having evolved actin-

independent endocytic mechanisms. However, the experimental results could not rule out 

the possibility that divergent actin isoforms, which are insensitive to the drugs used, are 

involved in endocytosis. Other interesting possibilities are discussed below, as well as 

additional endocytic markers identified in a screen of Rab GTPases.

It is worth noting that neither the expression of the dominant negative alleles of clathrin or 

DRP1, nor disruption of the endogenous DRP1 gene, led to a complete block in FM1-43 

uptake(Elde et al., 2005). The appearance of the residual FM accumulation in these strains 

suggested that the signal was due to vesicle formation at parasomal sacs. These results raise 

the question of whether Tetrahymena also has a clathrin- and DRP1-independent pathway of 

endocytosis. To investigate this it will be important to analyze the function of Drp2p, which 

also localizes to parasomal sacs (Rahaman and Turkewitz, unpublished).

Additional papers of interest:

Nusblat et al. Page 8

Methods Cell Biol. Author manuscript; available in PMC 2016 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



i. Analysis of a novel predicted membrane protein, Cda12p, which localizes to a 

putative endocytic compartment. The knockdown (via antisense ribosomes) 

phenotype includes defects in cytokinesis and some aspect of endosome formation. 

During cytokinesis as well as in mating cells, the protein localizes in regions where 

there is likely to be active membrane remodeling. This provides a hint about how 

remodeling of endosomal compartments might underlie structural changes at 

specific stages in the life cycle(Zweifel et al., 2009).

C. Phagocytosis and phagosome maturation

T. thermophila is magnificently adapted for bactivory, sweeping small particles into the base 

of the oral apparatus where they are ingested via formation of large food vacuoles called 

phagosomes(Frankel, 2000). The digestion of phagosome contents takes place via a series of 

remodeling steps, collectively termed maturation, in which the nascent phagosome fuses 

with vesicles that deliver acidification machinery as well as hydrolytic enzymes, while other 

components are selectively removed/recycled via vesicle budding(Stuart and Ezekowitz, 

2005). Remodelling of the phagosome membrane by cytosolic factors is also likely to be 

important, as has been shown for mammalian cells(Huynh et al., 2007). Compartment 

maturation is an important theme in membrane traffic, and phagosomes are a particularly 

attractive pathway for detailed analysis because phagosomes are large and easily labeled by 

loading specific cargo (e.g., fluorescent bacteria, or bacteria-sized latex beads).

Phagosome formation and maturation in Tetrahymena are actin-dependent processes. First, 

there is a clear requirement for dynamic actin during phagosome formation, which has been 

demonstrated using pharmacological inhibition of actin dynamics but also on disruption of 

genes encoding the major actin gene, and the actin-assembly cofactor, profilin(Wilkes and 

Otto, 2003; Williams et al., 2006). Actin filaments may also be indirectly involved in 

phagosome maturation, based on reports that the movement of phagosomes from the oral 

apparatus in the cell anterior, to the cytoproct at the cell posterior, involves an actin-based 

myosin motor encoded by MYO1(Hosein et al., 2005). In addition, the microtubule-based 

dynein motor DYH1 has also been implicated in phagosome formation(Lee et al., 1999).

The dynamin Drp1p, involved in clathrin-mediated endocytosis at parasomal sacs, is also 

required for phagocytosis. Cells expressing a dominant-negative DRP1 allele (K51E) or in 

which the level of wildtype gene expression is reduced by methods described above, showed 

no discernable phagocytic uptake of particles (e.g., India ink particles) from the medium (N. 

Elde and A.P. Turkewitz, unpublished)(N.Elde, PhD thesis). This phenotype was distinct 

from that of cells treated with actin inhibitors. The actin-inhibited cells showed no 

accumulation of ink particles in cytoplasmic phagosomes, but nearly all cells accumulated 

ink in a large vesicle that formed at, but failed to detach from, the base of the oral apparatus. 

DRP1 mutant cells failed to accumulate even this single frustrated phagosome, suggesting 

that Drp1p acts upstream of actin during phagosome formation. A potential hint of the 

function of Drp1p in this pathway is that GFP-tagged Drp1p labels puncta along the so-

called deep fiber, a cytoskeletal filament that extends from the base of the oral apparatus that 

appears to act as a vesicle highway. The deep fiber and nearby structures also appear to be 

sites of localization of calmodulin and a number of calmodulin-binding proteins, and 
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pharmacological inhibition of calmodulin activity and calcium-based signaling block 

phagosome formation(Gonda et al., 2000; Moya and Jacobs, 2006).

The sequencing of the T. thermophila genome made it possible to easily identify homologs 

to many proteins previously studied in other systems, facilitating many of the studies cited 

above(Eisen et al., 2006). A second important consequence was facilitation of proteomic 

studies, since the predicted T. thermophila proteome could be used to identify proteins in 

isolated organelle fractions using mass spectrometry data. This has been very fruitfully 

applied to phagosomes, which were highly purified by taking advantage of the 

aforementioned ability to identify, and change the fractionating properties of, phagosomes 

that had taken up polystyrene beads(Jacobs et al., 2006). Proteins associated with the 

purified phagosomes were then analyzed by mass spectrometry, resulting in the 

identification of 73 genes. This extensive list allowed the authors to gauge the similarity of 

phagosomes between T. thermophila and other organisms, since 28 of the proteins had been 

associated with phagocytosis in other organisms. In addition, the authors choose four 

candidate genes from the survey and, by expressing these as GFP-tagged copies, 

demonstrated that three of these were phagosome-associated. Taken together, these results 

suggest that many mechanisms are conserved between the phagosome pathways in multiple 

lineages. Since many of the conserved proteins including several associated with human 

disease have functions that are not well understood, T. thermophila may offer an attractive 

system for addressing questions about the mammalian phagosome pathway.

Additional papers of interest:

i A study showing that Pseudopterosin A, a marine natural product, inhibits 

phagocytosis, with pharmacological evidence arguing for a G protein-coupled 

receptor mechanism of action involving a calcium-dependent step(Moya and 

Jacobs, 2006).

ii A study showing that degradation of the old macronucleus during conjugation 

has features of an unusual autophagy(Akematsu et al., 2010). Additional 

insightful studies from the same group focus on the role of mitochondria and 

mitochondrial signaling factors during macronuclear breakdown(Akematsu and 

Endoh, 2010).

ii Mass spectrometric analysis of the mitochondrial proteome(Smith et al., 2007b), 

the conjugation junction(Cole et al., 2008), and the ciliome(Smith et al., 2005).

iii A particularly elegant study identifying a basal body proteome, including 

extensive ultrastructural analysis(Kilburn et al., 2007).

iv Studies on the effect of passage through the phagosome on bacterial conjugation 

and infectivity(Klobutcher et al., 2006; Matsuo et al., 2010).

v The important role of cytoskeletal-based motor proteins in membrane traffic is 

well established. Most work on motor proteins in T. thermophila has focused on 

ciliary beat, but informatics-based surveys indicate that a large number of 

cytosolic proteins remain to be explored(Sugita et al., 2011; Wilkes et al., 2008).
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D. Rab GTPases as markers for membrane traffic

Rabs are small GTPases that act as key determinants of compartmental specificity by 

recruiting, when in their GTP-bound, membrane-tethered state, a wide range of 

effectors(Segev, 2001). Rabs exist as products of large gene families in which each family 

member associates with one or a small number of cellular compartments. Thus the number 

of Rabs expressed in a cell likely reflects the complexity of membrane trafficking pathways 

in that cell(Stenmark and Olkkonen, 2001). There are 12 Rabs in S. cerevisiae, compared 

with 63 in humans(Pereira-Leal and Seabra, 2001).

Two groups have recently characterized the Rabs in T. thermophila, which were identified 

via homology searches in the macronuclear database based on the fact that Rabs can be 

distinguished from other related small GTPases based on a number of conserved motifs. 

Bright et al. characterized Rabs by combining phylogenetic and expression analysis with 

localization data, the last based on GFP-tagging the large majority of the Rab family 

members(Bright et al., 2010). Phylogenetic and expression analysis of the Rab superfamily 

was also reported by Numata and colleagues(Saito-Nakano et al., 2010). Where they 

overlap, the results of the two groups are largely similar, the most important difference 

being that different criteria were used to assign orthology, an issue discussed 

below(Turkewitz and Bright, in press). In addition, the Numata group took the valuable step 

of experimentally verifying the sequences predicted by genome annotation.

The T. thermophila genome encodes 63 Rabs, a number greater than the 33 in Drosophila 

melanogaster or 29 in C. elegans. There are an additional 25 Rab-like proteins, which differ 

from Rabs in lacking identifiable C-terminal prenylation motifs(Saito-Nakano et al., 2010). 

A first question was how many of these Rabs are expressed concurrently. In animal cells, 

many Rab isoforms are expressed preferentially in particular tissues, so that the total number 

of isoforms reflects the range of adaptations of membrane traffic for distinct tissues(Zhang 

et al., 2007). For unicellular organisms that possess large Rab families, one possibility is that 

subsets are expressed under different conditions, i.e., that the large number reflects 

adaptations of membrane traffic for different environments or life stages. For Tetrahymena, 

this question was answered by mining a public database in which all transcripts were 

measured in cultures sampled at a variety of physiologically-relevant states(Miao et al., 

2009). A small number of Rabs showed strikingly stage-specific expression (e.g., 

undetectable expression under growth conditions, and high expression upon starvation or 

during mating)(Bright et al., 2010; Saito-Nakano et al., 2010). However, the large majority 

of Rabs were co-expressed, and many at very high levels, in growing cells. The large 

number of co-expressed Rabs suggests that T. thermophila maintains a membrane 

trafficking network that is roughly as elaborate as that of mammalian cells.

To investigate the functions of the large set of Rabs, Bright et al. expressed each in T. 

thermophila as an N-terminal GFP fusion, and took advantage of a novel thermally-

controlled gel to immobilize the normally fast-swimming cells to capture time-lapse movies 

showing the dynamics of the GFP-Rab-labeled structures(Jeong et al., 2007). Given the 

paucity of molecular markers for many pathways in Ciliates, the individual Rabs may 

become important tools since they localize to a wide range of cellular structures, many of 
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which could be tentatively identified even at the level of light microscopy. For example, 

Rabs associated with endocytosis were identified by using FM4–64 as an endocytic tracer, 

while another set of Rabs could be assigned to phagocytosis-related structures (i.e., the oral 

apparatus, phagosomes, or the cytoproct) by labeling phagosomes with fluorescent bacteria 

or India ink. Rabs associated with unique large structures, such as the contractile vacuole, 

could be assigned in the absence of any other compartmental marker. Movies showing the 

dynamic behavior of many of the GFP-Rab-labeled structures can be viewed at http://

tetrahymenacell.uchicago.edu.

Since the Rabs are GFP-tagged and can be viewed in living cells, they offer the possibility 

of studying membrane dynamics in these cells. For example, phagocytosis in Tetrahymena 

and in human macrophages have many similarities but one difference is that, in the former, 

egestion of undigested contents in fully matured phagosomes occurs at a unique site on the 

plasma membrane called the cytoproct(Allen and Wolf, 1979). Several Rabs were found to 

associate only with phagosomes that were positioned right at the cytoproct, and time-lapse 

movies showed that egestion resulted in transient transfer of those Rabs to the PM and 

subsequent retrieval(Bright et al., 2010). These “terminal Rabs” may be activated by 

proteins (e.g., Rab-GEFs, or GTP-exchange factors) that are present at the cytoproct itself, 

so that some stages in phagosome maturation are influenced by cortical determinants. 

Another Rab is uniquely associated with what appear to be elongated vesicles being 

transported, primarily toward the cell anterior, along cytoplasmic microtubules that extend 

from the cytoproct region toward the oral apparatus. These vesicles may underlie the 

recycling of phagosome membrane components following retrieval of the phagosome 

membrane at the cytoproct, an actin-dependent process(Allen and Fok, 1980; Sugita et al., 

2009).

II. Studies on membrane lipids in Tetrahymena

While the discussion above has focused on the role of proteins in membrane traffic, it is also 

increasingly appreciated that lipids are not merely passive structural elements in cells but 

also key determinants. We therefore review recent work in Tetrahymena on three different 

aspects of lipids.

A. Phosphoinositides

Lipid-anchored phosphoinositols (which are called phosphatidyl inositols, or PtdIns) can 

serve as important determinants of compartmental identity and are therefore key elements of 

membrane traffic. Their activity depends upon the fact that the inositol ring, when 

phosphorylated in specific combinations at the 3, 4 and/or 5 positions, can be recognized by 

large numbers of proteins, which can thereby be activated or recruited. In metazoa, this has 

important consequences for cytosolic signaling, membrane trafficking, nuclear events, 

cytoskeleton integrity, permeability and transport(Di Paolo and De Camilli, 2006).

Because of their ease of culture, including the possibility of precisely defined growth 

medium, Tetrahymena were used in a large number of classical studies on lipid metabolism. 

More recently, several groups have focused on phosphoinositides in Tetrahymena species. 

Work in T. vorax, T. pyriformis and thermophila was reviewed by Ryals in 2009, focusing 
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primarily on biochemical aspects(Ryals, 2009). Our goal here is to view these data from a 

genetic/molecular perspective, focusing on T. thermophila and exploiting information that 

can be gathered using, for example, the genomic and gene expression databases of 

Tetrahymena thermophila (TGD and TGED, respectively).

The metabolic pathways that generate inositol derivatives are schematized in Figure 1. This 

figure, adapted from Michell(Michell, 2008), shows the steps for which T. thermophila 

enzymes have been identified or can be inferred, as described below in the text.

To begin, cells can take up inositol from the environment or synthesize it from D-glucose-6-

phosphate. Synthesis involves two enzymes: myo-inositol-3-phosphate synthase (MIPS), 

which catalyzes the cyclization of D-glucose-6-phosphate to D-myo-inositol-3-phosphate 

(Ins3P)(Michell, 2008), and inositolmonophosphatase (InsPase), which dephosphorylates 

Ins3P. While neither activity has been reported in T. thermophila, there are clear homologs 

encoded in the genome. TTHERM_00519810 shows a high homology (E<1.0 e−120) with 

MIPS from plants (A. thaliana), animals (H. sapiens), fungi (S. cerevisiae), amobozoa (D. 

discoideum) and kinetoplastids (T. cruzi). The second enzyme, TTHERM_00318610, 

contains a highly conserved inositol monophosphate domain (PFAM PF00459). Both 

enzymes are expressed in growing, starved, and conjugating cell cultures (TGED)(Miao et 

al., 2009).

Environmental inositol import in Tetahymena vorax involves a sodium-dependent 

mechanism with features similar to those in other organisms(Ryals and Kersting, 1999). The 

genes are also likely to be similar, and homology searches identify a strong set of candidates 

(i.e., TTHERM_00852790, TTHERM_01080450 and TTHERM_00473200) that are related 

to other eukaryotic Na+/myo-inositol symporters. Inositol exists as a number of 

stereoisomers, the most common of which is myo-inositol, but other isomers are also present 

in cells including scyllo-, neo-, epi-D-chiro- and muco-inositols. In T. vorax, non-myo-

inositols have also been detected, with evidence that these can be taken up from the 

medium(Kersting et al., 2003; Kersting and Ryals, 2004; Ryals and Kersting, 1999). 

Conversion between inositol isomers may also occur via inositol epimerases(Sun et al., 

2002), though no conclusive genetic or biochemical data have been published in 

Tetrahymena to date. An open question is whether the free inositols in Tetrahymena have a 

function independent of their role as biosynthetic precursors. In other organisms, the 

presence of these organic solutes, together with other polyalcohols, has been linked to a 

cytoprotective response against environmental stress. For example, in mammalian kidney 

cells, inositols play a role in osmoregulation, while in plants and archaea they play a role in 

the stabilization of cellular proteins(Yancey, 2005).

Inositols are a substrate for PtdIns synthesis, carried out by phosphatidylinositol synthase 

(PIS) starting with inositol and cytidine diphosphate-diacylglycerol (CDP-DAG). This 

reaction has been characterized in T. vorax microsomes, where the substrates included both 

myo- and non-myo-inositol isomers(Riggs et al., 2007). T. thermophila has a single PIS gene 

(TTHERM_00678350) whose expression profile is similar to the enzymes involved in the 

synthesis of inositol (MIPS and InsPase). Its high homology (E value between 1.0 e−20 and 
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1.0e−35) with PIS of species belonging to different eukaryotic supergroups supports its broad 

conservation, as previously reported(Michell, 2008).

Starting from PtdIns, a set of kinases and phosphatases are involved in the synthesis of 

phosphatidylinositol phosphates (PtdInsPs, also called phosphoinositides), generating seven 

possible species (see Figure 1). The species actually present have been determined by 

HNMR (see below)(Leondaritis and Galanopoulou, 2000). PtdIns in T. pyriformis strain W, 

which makes up approximately 4% of total phospholipids, is found exclusively as 

diacylphospholipid(Pieringer and Conner, 1979), whereas other phospholipids 

(phosphatidylcholine (PC) and aminoethylphosphonoglyceride (AEPL)) are predominantly 

found as alkylacyl lipids(Leondaritis and Galanopoulou, 2000). Other differences between 

PtdIns and PC/PE in T. pyriformis include high myristic acid content, fully saturated acyl 

chains and the absence of C18 fatty acid. PC and PE may have similar fatty acid content 

because they derive from a shared biosynthetic pathway, whereas PtdIns synthesis depends 

on a distinct phosphatidic acid pool for the generation of CDP- DAG(Leondaritis and 

Galanopoulou, 2000).

Work by Galanopoulou and colleagues on phosphoinositides in Tetrahymena pyriformis and 

thermophila identified PtdIns(3)P, PtdIns(4)P, PtdIns(3,5)P2 and PtdIns(4,5)P2, but not 

PtdIns(5)P, PtdIns(3,4)P2 or PtdIns(3,4,5)P3(Deli et al., 2008; Leondaritis et al., 2005). One 

major source of interest in phosphoinositides in mammalian cells comes from their role as 

compartment-specific determinants, based on the ability of individual phosphoinositide 

species to recruit proteins with the corresponding phosphoinositide-binding domains. As 

described earlier in this chapter, the pathways of membrane trafficking in ciliates depend on 

a network of Rab GTPase determinants as extensive as that in animals, so an interesting 

question is whether phosphoinositide isomers provide a second set of determinants in 

ciliates as they do in animals. However, we still lack information about localization of the 

identified phosphoinositide species in Tetrahymena. One important question is whether the 

individual phosphoinositides are concentrated in specific compartments or act in specific 

pathways. In many eukaryotes PtdIns(3)P and PtdIns(3,5)P2 are determinants for endocytic 

traffic, and PtdIns(4)P has been implicated in maintaining Golgi structure and function (Di 

Paolo and De Camilli, 2006). A hint regarding phosphoinositide function in T. thermophila 

comes from studies using wortmannin, a specific inhibitor of phosphoinositide 3-kinases 

(PI3Ks), which reduces the levels of PtdIns(3)P and PtdIns(3,5)P2 but not D4-

phosphoinositides. In T. thermophila, wortmannin treatment led to increased secretion of 

lysosomal enzymes(Kovacs and Pallinger, 2003; Leondaritis et al., 2005). Interestingly, this 

enhancement was absent or reduced in two mutant strains that are deficient, respectively, in 

a late stage of secretion from lysosomes (MS-1), and in phagocytosis (A2). Unfortunately, 

neither the precise cell biological nor genetic deficiencies are known in these mutants, but 

the fact that the mutations attenuate the effect of wortmannin may indicate, as suggested by 

the authors, that an InsPtd phosphorylated at the 3-position primarily functions in 

phagosomes/phagolysosomes A complicating factor is that the MS-1 mutant shows elevated 

levels of PtdIns(4)P, which could be a direct or indirect effect of the mutation(Deli et al., 

2008). Wortmannin treatment also significantly inhibited phagocytic activity in T. 

pyriformis, possibly due to inhibition of actin polymerization(Kovacs and Pallinger, 2003). 
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Further studies, particularly if more fully characterized mutant strains become available, 

should reveal more details of pathway regulation by phosphoinositides.

The enzymes involved in phosphoinositide synthesis have also been investigated, at least by 

informatics approaches. Based on work in other eukaryotes, phosphoinositide-3-kinase 

activity can be encoded by enzymes belonging to three classes, all of which have a PI3K 

enzymatic core inhibited by wortmannin but which diverge in other structural features. 

Importantly, because the 3 classes use overlapping but not-identical substrates, they can 

generate different 3-phosphoinositides that consequently recruit or activate distinct 

effectors(Vanhaesebroeck et al., 2010). In the genome of T. thermophila, four putative 

PI3Ks have been identified, three of which bear structural features of group I enzymes 

(TtPI3K 1–3: TTHERM_00655270, TTHERM_00323020, TTHERM_00951960) and one 

of group III (TtPI3K III (TTHERM_00649380)(Leondaritis et al., 2005). Interestingly, the 

Class I enzymes appear to be absent in plants, fungi, and many other protozoa(Michell, 

2008). All four T. thermophila genes are expressed in growing, starved, and conjugating cell 

cultures, but with different expression patterns suggesting non-redundant functions. The 

only published information on the roles of these putative PI3K genes comes from 

pharmacologic studies. Inhibition of PI3K activity by wortmannin, LY294002 and 3-

methyladenine (which do not distinguish between the 3 groups of PI3Ks (Vanhaesebroeck et 

al., 2001; Wu et al., 2010)) blocked programmed nuclear degradation (PND) in conjugating 

T. thermophila leading to accumulation of additional micronuclei and macronuclei(Yakisich 

and Kapler, 2004). The authors proposed that a product of PI3K is associated with PND 

activation and the degradation of non-exchanged pronuclei and later the macronucleus, and 

suggested that the active species may be PtdIns(3,4,5)P3. Understanding the precise role of 

PI3K in PND is complicated by the uncertain specificity of the available inhibitors, but 

future work may be able to illuminate noted similarities between PND in Tetrahymena and 

autophagy in other organisms, a pathway in which different classes of kinases are known to 

act(Wu et al., 2010). It may also be useful to consider enzymes that potentially degrade or 

convert PI3K. We detected 4 genes encoding putative homologs of PTEN, a phosphatase 

responsible for degrading PtdIns(3,4,5)P3 to PtdIns(4,5)P2 (TTHERM_00538980, 

TTHERM_00313160, TTHERM_00421160 and TTHERM_00467300). Interestingly, the 

expression of three of these is maximal during the stages of conjugation (C6 and C8) where 

PND occurs.

Another way to interrogate the roles of phosphoinositides is to identify proteins with 

putative phosphoinositide-binding domains. Many such proteins appear to be encoded in the 

T. thermophila genome. We used a domain-based search, with the SMART database in 

Genomic Mode(Letunic et al., 2006), to identify 49 genes possessing a pleckstrin homology 

(PH) domain, 39 possessing a phox homology (PX) domain and seven possessing an FYVE 

domain. In other searches we uncovered additional elements of the T. thermophila 

phosphoinositide genetic toolkit. For example, PIKfyve, which produces PtdIns(3,5)P2 from 

PtdIns3P, is present in the genome of T. thermophila in a single copy 

(TTHERM_01005090). In addition, several putative homologs can be found for PI4K, 

which converts PtdIns to PtdIns(4)P, and PIPKI, which converts PtdIns(4)P to 

PtdIns(4,5)P2, (Figure 1). These suggestive hits, which will need to be confirmed using 
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genetic and biochemical approaches, suggest that T. thermophila could be an excellent 

model system for understanding how phosphoinositides contribute to the organization of 

complex cells, and could be particularly useful for investigating the Class I PI3K, as noted 

above.

In addition to their role as membrane-linked determinants, PtdIns are used as substrates to 

generate soluble molecules acting as secondary messengers. In particular, metazoans 

activate phospholipase C (PLC) via G protein-coupled receptors (GPCR) to hydrolyze 

PtdIns(4,5)P2, forming the second messengers Ins(1,4,5)P3 and DAG, with downstream 

effects on Ca2+ mobilization and protein phosphorylation. Outside of the metazoa, there is 

little convincing evidence linking PtdIns(4,5)P2 to these functions(Michell, 2008). However, 

the picture is becoming clearer in ciliates, through the study of PLC in Tetrahymena and the 

Ca2+ release channels (CRC) in Paramecium. Though beyond the scope of this chapter 

focused on membrane traffic, both bacterial-like and eukaryotic PI-PLCs have been 

identified in T. thermophila and pyriformis and putative homologs in both classes are 

encoded in the T. thermophila genome(Leondaritis et al., 2011). The bacterial PI-PLCs, 

which are likely to have been acquired via lateral gene transfer, may function in hydrolysis 

of the ciliate GPI anchors and the degradation of phospholipids in the extracellular space, 

along with other phospholipases(Florin-Christensen et al., 1986).

B. Sterol metabolism

Sterols affect membrane fluidity and permeability(Ohvo-Rekila et al., 2002). In addition, 

they are essential components of the “lipid rafts” that have been characterized principally in 

animal cells, which are currently understood as membrane microdomains whose formation 

depends upon the affinity of sterols for sphingolipids. The partitioning of proteins in lipid 

rafts may be important for regulation of signal transduction pathways(Simons and Toomre, 

2000). Sterols also serve as precursors of bile salts and steroid hormones in mammals, 

brassinosteroids in plants and fungi and ecdysteroids in arthropods.

Eukaryotic organisms can satisfy their sterol requirement by de novo synthesis in vertebrates 

(cholesterol), plants (stigmasterol, sitosterol, and campesterol), and fungi (ergosterol), or by 

obtaining them from food. Sterol auxotrophs include invertebrates (nematodes and 

arthropods), some ciliates (Paramecium tetraurelia), apicomplexans (Plasmodium 

falciparum) and some flagellated parasites (Giardia intestinalis and Trichomonas vaginalis). 

T. thermophila is unusual in this regard, having no detectable sterols in its membranes and, 

accordingly, no sterol requirement. Instead, it synthesizes tetrahymanol, a compound similar 

to hopanoids found in bacteria, which acts as a surrogate sterol. However, when sterols are 

added to the growth medium, tetrahymanol synthesis is suppressed and T. thermophila 

incorporates the exogenous sterol, either with or without modifications(Conner et al., 1968). 

In particular the ciliate desaturates sterols at positions C5(6), C7(8) and C22(23) and 

removes the C24 ethyl group in C29 sterols (phytosterols)(Mallory and Conner, 1971). By 

the activity of these three sterol desaturases (C-5, C-7 and C-22 sterol desaturases) and C-24 

sterol deethylation, the ciliate modifies exogenous sterols and accumulates the tri-

unsaturated products in its membrane.
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C-22 sterol desaturases have been characterized in other eukaryotes. In T. thermophila, the 

C-7 and C-22 sterol-desaturating activities, found mainly in a microsomal fraction, require 

cytochrome b5 as shown by their inhibition with azide and cyanide(Nusblat et al., 2005; 

Valcarce et al., 2000). This cytochrome b5 dependence is not characteristic of the C22 

desaturases of plants and fungi, which require cytochrome P450. The difference is 

underscored by the insensitivity of the ciliate C22 desaturase to azole, a compound that 

strongly inhibits the corresponding plant and fungal activities. Moreover, no clear orthologs 

can be found in the T. thermophila genome for known C-22 sterol desaturases(Morikawa et 

al., 2006). These observations suggest that the T. thermophila enzyme represents a new class 

of C-22 sterol desaturases.

The C-5 sterol desaturase present in most eukaryotic cells belongs to the fatty acid 

hydroxylase (FAH) superfamily of integral membrane proteins that bind an iron cofactor via 

a 3-histidine motif. The C-5 sterol desaturase in T. thermophila, DES5A, was identified by 

characterizing the phenotype resulting from deletion of a putative FAH gene(Nusblat et al., 

2009). The deletion mutant, which was fully viable, showed strongly diminished C-5 sterol 

desaturase activity, while C-7(8) and C-22(23) desaturase activities were unaffected.

The gene involved in C-24 sterol deethylation, DES24, was similarly confirmed by the 

disruption of putative FAH genes(Tomazic et al., 2011), resulting in a strain unable to 

eliminate the C-24 ethyl group from different phytosterols, and probably defective at the 

first step in dealkylation. Interestingly, the mutant strain was highly sensitive to phytosterols 

in the culture media, showing defects in growth and morphology and altered tetrahymanol 

biosynthesis. This observation suggests that C29 sterols can impair the normal growth of 

Tetrahymena. While C-24 sterol deethylation activity has been characterized in other 

organisms including nematodes, arthropods and green algae, the Tetrahymena enzyme 

represents the first molecular characterization. However, DES24 clusters phylogenetically 

with bacterial FAH sequences of unknown function, with no obvious orthologs in other 

eukaryotes, and may therefore have been acquired by lateral transfer. A variety of other 

observations, including substrate specificity and inhibitor studies, are also consistent with 

the hypothesis that the mechanism of T. thermophila C-24 deethylation differs from that in 

other eukaryotes.

T. thermophila, which is exposed in its environment to phytoplankton, higher plants and 

algae, may have developed the ability to metabolize otherwise-harmful phytosterols upon 

acquisition of DES24 from bacteria. Interestingly, however, Paramecium tetraurelia does 

not have C-24 dealkylation activity(Conner et al., 1971) and requires phytosterols(Whitaker 

and Nelson, 1987). Overall, sterol metabolism in T. thermophila seems to be the 

evolutionary product of a fascinating combination of gene losses (e.g., typical eukaryotic 

genes involved in sterol biosynthesis) combined with acquisition of bacterial genes to allow 

for synthesis of unusual compounds, with potentially novel mechanisms of sterol 

modification. This evolutionary history may be illuminated by interrogating the genomes of 

other Tetrahymena species as these are sequenced. In addition, further studies of the sterol 

pathways in T. thermophila may yield more information about lipid diversity and function.
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C. Role of lipids in membrane curvature

Membrane fusion occurs when two separate lipid membranes merge into a single continuous 

bilayer. It underlies all membrane traffic as well as other important intra- and inter-cellular 

phenomena. The propensity of lipid bilayers to fuse in vitro is sensitive to lipid composition. 

One potential factor is that different lipids prefer, from an energetic perspective, to form 

surfaces with specific curvatures, and curvature affects fusogenicity in experimental pure 

lipid systems. Cone-shaped lipid like phosphatidylethanolamine (PE) and diacylglycerol 

(DAG) induce negative spontaneous curvature whereas inverted cone–shaped lipids like 

lysophosphatidylcholine (LPC) can induce positive spontaneous curvature. On the other 

hand, cylindrical phosphatidylcholine (PC) forms an almost flat monolayer. However, real 

biological membranes are also rich in proteins, and assessing the relative contributions of 

proteins and lipids to membrane fusion is a long-standing challenge. One issue has been 

whether lipids can drive changes in membrane curvature or simply accommodate changes 

that are driven by proteins. An approach that has been pioneered in Tetrahymena is to 

examine the distribution of lipids with fine resolution in sub-cellular membranes of defined 

curvature.

T. thermophila cultures can be induced to undergo synchronous mating, during which they 

form conjugation junctions containing hundreds of fusion pores in a small, well-defined 

zone, though which micronuclei are exchanged between paired cells(Wolfe, 1982, 1985). 

During formation of this zone, local lipid composition could change due to either de novo 

lipid synthesis, known to be required during conjugation, or to lipid exchange between 

cellular membranes. Ewing and colleagues exploited synchronous conjugation in 

Tetrahymena, combined with secondary ion mass spectrometry (SIMS), to ask whether the 

lipids in the fusion zone were enriched in species predicted to favor positively curved 

membranes, and also depleted in lipids whose shapes would resist such curvature(Ostrowski 

et al., 2004). The SIMs technique allows for visualization of the spatial distribution of 

molecular species according to the mass/charge ion ratio(Murphy et al., 2009). (For a 

detailed description of the technique, see (Heien et al., 2010).) The results indicated that the 

mating junction has a lower concentration of phosphatidylcholine, relative to the cell body, 

as expected since PC tends to favor flat membranes. In contrast, the mating junction 

contained a higher concentration of 2-aminoethylphosphonolipid, a phosphonolipid analog 

of phosphatidylethanolamine whose cone-shape would favor highly curved membranes.

These results, important in showing a set of predicted deviations within the lipid 

composition of an in vivo fusogenic zone, could not address the question of whether such 

lipid domains were present prior to or following the formation of the fusion pores. If the 

former, the lipids could be acting as fusion determinants; if the latter, the change in lipid 

composition could be accommodating the curvature imposed by other mechanisms, e.g., 

proteins. In a second paper, the same group addressed this by studying pairs during a time 

course of Tetrahymena mating, once again exploiting the synchronicity that can be achieved 

in the laboratory, and using the stability of formed pairs as a proxy for whether a zone of 

fusion pores had formed, based on earlier EM studies(Kurczy et al., 2010). The results 

suggested that change in lipid composition of the mating cell junction occur after fusion 

pores have formed, supporting a model in which changes in lipid composition arise 
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subsequent to structural changes that are imposed by proteins. These studies, although still 

based on correlations, represent a beautiful example of using advanced technology to build 

upon the wealth of classical studies in T. thermophila, and using unique features to address 

fundamental questions in cell biology. If fusion pore formation is driven by proteins that are 

selectively expressed during conjugation, the identification of such proteins and disruption 

of the corresponding genes could facilitate future studies on lipid composition in which the 

correlations established in the studies described above could be tested by direct 

manipulation.

Space limitations prevent us from discussing other interesting work in the lipid field, 

including studies on sphingolipids, phospholipase D, and endocannabinoids(Wang et al., 

2001; Wang et al., 2002) (Anagnostopoulos et al., 2010).

III. Conservation vs. innovation

With the data outlined above, one can begin to ask questions about the extent of 

evolutionary innovation to generate complex pathways of membrane traffic. A view 

ensconced in many textbooks is that modern cells are overwhelmingly similar, their shared 

features and pathways reflecting the shared inheritance from a common ancestor. A potential 

problem with such a blanket conclusion is that it stems from cell biology studies that have 

historically been conducted on a narrow swath of eukaryotic diversity, with all animal and 

fungal “model organisms” belonging to a single lineage, the Opisthokonts(Parfrey et al., 

2006). In this regard, cell biological studies in higher plants are of great value, since these 

constitute a more divergent evolutionary branch. The greater divergence means that gain-of-

function mutations in membrane trafficking determinants may have arisen and been 

positively selected following the split from Opisthokonts. Similarly, Ciliates represent 

another deeply divergent eukaryotic branch. The question in such divergent lineages is not 

whether innovations occurred (since they must have), but how they may have shaped 

specific pathways. An exceptionally interesting example of radical innovation was 

illustrated in recent work showing that T. thermophila, and probably all Alveolates, has 

invented a novel means to operate the mitochondrial ATP synthase complex that was 

previously believed to be conserved in structure and mechanism throughout 

eukaryotes(Balabaskaran Nina et al., 2010).

With regard to membrane traffic, one potential example of innovation generating a largely 

novel pathway in Tetrahymena, rather than simply tweaking a pre-existing pathway, is 

regulated secretion, that is, the synthesis of the dense-core secretory vesicles called 

mucocysts. A large number of protein components of mucocysts have been deduced using 

biochemical and genetic approaches, as well as by identifying T. thermophila homologs of 

proteins required for trichocyst exocytosis in Paramecium (reviewed in (Bowman et al., 

2005b; Turkewitz, 2004))(A. Turkewitz, unpublished). While some of these proteins contain 

identifiable domains, e.g., β/γ crystallin domains, none of the proteins has an identifiable 

homolog outside of ciliates, with some possible weak exceptions in the related 

Apicomplexans. Thus all of the identified components of dense core vesicles in ciliates 

appear to reflect mutations that occurred after ciliates (or perhaps Alveolates) had branched 

from other organisms. Furthermore, it appears that the endoproteases responsible for 
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processing of the dense core vesicle proproteins (GRL-encoded in Tetrahymena) are not 

related to the endoproteases that serve the homologous function in mammalian endocrine 

dense core granules (P. Romei and A. Turkewitz, unpublished). A tentative conclusion, 

based on these data, is that the striking functional similarities between the regulated 

secretory pathways in animals and ciliates primarily reflect independent innovation in the 

two lineages, shaped by similar selective pressures(Elde et al., 2007). However, such 

conclusions should be considered tentative. First, the genes that have been identified to date 

may reflect biases in the genetic and biochemical methods used. Secondly, there is no 

information yet available on the cellular machinery involved in mucocyst synthesis, so one 

possibility is that animals and ciliates have both adapted the same conserved biosynthetic 

machinery to create dense core vesicles, albeit from different ingredients.

The analysis of endocytosis from parasomal sacs revealed significant conservation between 

ciliates and animals in a clathrin-dependent pathway that also involved AP-2(Elde et al., 

2005). Another apparent similarity is the endocytic involvement of dynamin in both 

lineages, but phylogenetic analysis revealed that this conservation has an innovative twist. In 

particular, the phylogenetic reconstruction argued that dynamin existed in a common 

ancestor of ciliates and animals, but that ancestral dynamin was unlikely to be involved in 

endocytosis(Elde et al., 2005). Instead, independent mutations in animals and ciliates 

subsequently led to the targeting of a dynamin paralog (i.e., a dynamin gene arising from a 

gene duplication within each lineage) to the endocytic pathway. An inference of this 

analysis was that the mechanism of targeting of the animal and ciliate dynamins could be 

different. While the ciliate mechanism is not yet known, the targeting motif identified in 

Drp1p does not resemble the known motif in the mammalian dynamins, consistent with the 

hypothesis(Elde et al., 2005). An interesting question is why dynamin was recruited for 

endocytosis in Tetrahymena, since this does not appear to have occurred in many other 

protist lineages. As discussed above, Tetrahymena may be very unusual in not using 

dynamic actin during endocytosis, and dynamin may be providing a function contributed by 

actin in animal cells.

A broader but shallower dataset to assess the relative contribution of innovation to 

membrane traffic exists in the Rab GTPase survey discussed above. Rabs are particularly 

well suited to addressing such questions because they determine compartmental identity, and 

must have co-evolved with their associated compartments(Pereira-Leal and Seabra, 2001). 

Consistent with this idea, the phylogenetic and functional comparison of yeast and human 

Rabs confirms that sequence-relatedness correlates with functional relatedness(Pereira-Leal, 

2008). This indicates that many Rabs existed in the common ancestor of yeast and humans, 

associated with compartments that were retained in both the fungal and animal lineages.

Roughly ¼ of the T. thermophila Rabs, falling into 6 major branches, are conserved with 

homologs in distant lineages(Bright et al., 2010; Turkewitz and Bright, in press). Five of 

these six branches have previously been argued to represent “core Rabs”(Dacks and Field, 

2007). The human Rabs in these branches are Rabs 4, 5, 7, 11 and 21 (all associated with 

stages of endocytosis), Rab 1 (associated with ER-to-Golgi traffic), and Rab 6 (associated 

with retrograde Golgi traffic). Tetrahymena appears to be missing Rabs in the three other 

identified core groups, corresponding to golgi-related (two clades), and regulated exocytic 
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pathways. This may reflect lineage-restricted loss, but could be an artifact of failing to detect 

true homologs due to excessive sequence divergence. (Note that the absence of a 

Tetrahymena Rab in the regulated exocytic branch would be consistent with independent 

evolution of mucocysts and secretory vesicles in animals.) Two Tetrahymena Rabs fall into 

a robust branch with human Rab32 as well as RabE in Dictyostelium discoideum, suggesting 

that this group may be a 9th highly conserved Rab clade. Rab32 has been associated with 

several different organelles in mammals, including mitochondria and lysosome-related 

organelles(Tamura et al., 2009).

The fact that most conserved Tetrahymena Rabs belong to endocytic clades suggests that 

much of the endocytic machinery in Tetrahymena was inherited from an ancient eukaryotic 

ancestor, but this does not tell the whole story. Of the Rabs that were experimentally 

determined to be associated with endocytic compartments based on co-localization with 

FM4-64, roughly half belonged to conserved endocytic clades, while the rest were highly 

divergent (RabsD4, D5, D24, D27, D28, D35)(Bright et al., 2010). This suggests that a 

substantial part of the expansion within Rabs during Tetrahymena evolution was devoted to 

lineage-specific adaptations to endocytic pathways. A surprising observation was that four 

Rabs (Rabs4A, 4B, 11B, 31) that were assigned to the endocytic clade based on sequence, 

did not co-localize with FM4-64. This suggests that some Rabs may have retained the 

sequence signatures of conserved clades but have changed their compartmental localization. 

If such role-switching has indeed occurred, such unexpected plasticity in sequence-

conserved Rabs would mean that inferring Rab function in divergent lineages simply based 

on sequence may sometimes be misleading. However, it is important to note that robust 

phylogenetic clustering of Tetrahymena Rabs required that the hypervariable C-terminal 

domains be excluded during the tree-building. Since these domains may contain targeting 

information, the role-switching may have been driven by specific C-terminal mutations that 

would be invisible to the phylogenetic methods used by both groups that have analyzed this 

important gene family to date.

Almost one third of the T. thermophila Rabs localized to phagosomes or structures 

associated with the phagocytic pathway, i.e., the oral apparatus and cytoproct(Bright et al., 

2010). A similarly large number of Rabs have been associated with phagosomes in 

mammalian cells(Smith et al., 2007a). Given the results of the phagosome proteome project 

cited above (i.e., 28/73 Tetrahymena proteins were homologous to putative phagosome 

proteins in other systems), the expectation was that a large set of Tetrahymena and 

mammalian phagosomal Rabs would be mutually orthologous. However, only two of the 

phagosomal Rabs appeared orthologous(Bright et al., 2010). Moreover, these two Rabs are 

also associated with late endosomal compartments, so the orthology may reflect 

conservation in endocytic pathways that also intersect with the phagocytic pathway. In this 

regard, it will be important to learn what fraction of the phagosome proteome constituents 

are restricted to phagosomes. The Rab data, taken by itself, does not strongly support a 

common origin for the phagocytic pathways in ciliates and animals. However, it is also 

possible that the failure to detect orthology is due to the limitations of phylogenetic analysis 

for highly divergent lineages such as ciliates.
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As implied by the discussion above, it is not always straightforward to generate robust 

phylogenetic trees using Tetrahymena gene sequences. An example of this can be seen in a 

comparison between two analyses of the myosin family in T. thermophila, in which the 

earlier survey underestimated the similarity of Tetrahymena myosins to those in other 

eukayotes(Sugita et al., 2011; Williams and Gavin, 2005). A very important issue in 

analyzing members of gene families is being able to distinguish orthologs (homologs that 

diverged in sequence following a speciation event, and which often retain the same function) 

vs paralogs (homologs that diverged within a species, and often diverged in function). While 

the two papers surveying Tetrahymena Rabs reach identical conclusions for many of the 

family members, they also differ in some cases. This is both because the datasets are slightly 

different and because different criteria were used to assign orthology. Some of the 

differences have been resolved, but researchers using phylogenetic tools to analyze 

Tetrahymena genes should be aware that some standard approaches may yield ambiguous or 

spurious results when applied to such divergent sequences, so collaboration with experts 

may be useful. In the relatively near future, some aspects of phylogenetic analysis should be 

simplified when additional Tetrahymena species genomes are sequenced.

Additional paper of interest.

i. Genetic and functional analysis of the septins, a family of 3 genes. The data 

indicate that the Tetrahymena septins are primarily involved in mitochondrial 

functions. Though septins are found throughout eukaryotes, such mitochondrial 

roles have previously been found only in mammals, suggesting independent 

recruitment for similar functions in mammals and ciliates(Wloga et al., 2008).

IV. Using expression data to elucidate pathways of membrane traffic

To better understand both mechanistic and evolutionary aspects of membrane traffic in 

Tetrahymena, it will be important to assemble a more complete parts list of the proteins 

associated with specific compartments and pathways. While significant progress has been 

made by simply pursuing Tetrahymena homologs of relevant animal and fungal proteins, as 

outlined above, this approach is clearly limited, in part because distinguishing orthologs 

from paralogs is not always possible. Secondly, the elucidation of membrane traffic is far 

from complete even in the best-studied systems like budding yeast, so limiting oneself to a 

homology-based approach would eliminate any contribution that Tetrahymena could make 

to identifying new factors in membrane traffic. One less biased approach would be to use 

biochemical approaches to identify Rab-interacting proteins starting with Rabs associated 

with specific compartments, which has been a powerful approach in mammalian 

cells(Christoforidis and Zerial, 2000).

A relatively novel approach that appears promising as a tool in Tetrahymena is based on a 

systems biology approach in mammalian cells, namely correlating the transcriptional 

profiles of genes involved in membrane trafficking factors. Balch and colleagues compiled 

microarray expression data from a large number of different tissues and cell lines, collected 

under a wide range of conditions, and calculated the degree of co-regulation between genes 

known to be involved in membrane trafficking(Gurkan et al., 2005). Based on the observed 

patterns of co-regulation, the authors proposed that membrane trafficking events are 
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orchestrated by Rab-regulated protein “hubs” that are transcriptionally linked to the 

machinery involved in processes including coat formation, tethering and membrane fusion at 

those hubs. To test the significance of the observed co-regulation, the authors turned to the 

extensive biochemical and genetic data on membrane trafficking available in both 

mammalian and fungal systems. In some cases, these experimental data strongly supported 

the idea that co-regulated genes encoded products that were associated with the same hub. 

While the significance of many of their findings remains to be tested, the suggestion is that 

expression data, which are relatively simple to collect, could potentially be used to identify 

novel components of hubs, or to identify new hubs. Moreover, the data could also give hints 

regarding the conditions under which specific hubs are most physiologically significant.

In T. thermophila, whole-genome microarrays have been used for a variety of purposes, 

including to identify genes up-regulated during induced synthesis of mucocysts (L. Bright 

and A. Turkewitz, unpublished). A particularly rich dataset, referred to above, was collected 

by Gorovsky and colleagues by sampling Tetrahymena cultures under growing and starved 

conditions as well as during conjugation(Miao et al., 2009). The processed data are publicly 

available, curated by Miao and colleagues, in a format in which co-expressed genes can be 

identified based on Pearson correlation coefficients (http://tged.ihb.ac.cn/). More recently, 

this group has used additional approaches to recognize co-regulation within the 

dataset(Xiong et al., 2011).

We have begun to ask whether the Tetrahymena expression database can provide insights 

into the organization of membrane traffic in this organism. A hint that this might be true was 

mentioned earlier, namely that the genes encoding all known protein components of 

Tetrahymena mucocysts are co-regulated(Rahaman et al., 2009). However, this represents a 

very specific example and is limited to the proteins residing in the mucocyst lumen and 

membrane, rather than the still-unknown proteins involved in mucocyst biosynthesis. To 

pursue the larger questions, we have begun by asking whether proteins involved in 

membrane trafficking are co-regulated according to the Gorovsky expression database. 

Heterotetrameric adaptor complexes, such as AP2 discussed above, play highly conserved 

roles including the recruitment of coat proteins to membranes during vesicle budding. T. 

thermophila has 5 predicted AP µ subunits, including two µ subunits that fall into the AP1 

cluster, and one each of AP2, AP3 and AP4, which would be expected to act at different 

sites and with different effectors. In the terms of Balch and colleagues, each AP complex 

represents a different hub. In Table I, we show the results of querying the database to 

identify genes that are coregulated with each of these µ subunits. In each case, we started 

with the APµ gene (here called APM, to conform to T. thermophila genetic nomenclature) as 

a “seed” and asked what genes in the dataset were most highly co-regulated, judging by the 

Pearson correlation coefficients. We then analyzed the hits using BLAST searches and gene 

ontology databases. We considered all hits with correlation coefficients ≥0.85, based on data 

presented on co-regulation in the whole genome dataset(Miao et al., 2009).

Many of the results are intriguing. For example, all of the top co-regulated genes with the 

AP1 µ subunit encode other genes involved in membrane traffic, including two dynamin-

family proteins and the ε subunit of the AP4 adaptor. For a second example, the genes co-

regulated with APM3 include multiple sortilin homologs, which are receptors known to be 
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sorted in an AP3-dependent mechanism in other organisms, while genes co-regulated with 

APM4 include multiple coatamer subunits and a collection of actin-binding proteins. 

Interestingly, while the majority of coregulated genes are non-overlapping between the 5 

lists, a small number of genes (whose TTHERM IDs are emboldened in the Table) appear to 

be co-regulated with more than one of the AP µ genes. One of these is a SNARE, a protein 

involved in membrane fusion, while a second is NSF, a complex required for SNARE 

disassembly. While the significance of the hits has not been tested, these preliminary results 

suggest that exploiting Tetrahymena expression databases may be a rich new vein to explore 

for cell biologists interested in membrane traffic.
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Figure 1. 
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