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SYNOPSIS 

 

Introduction 

Phospholipids constitute the principal structural components of lipid bilayers and play 

a key role in membrane biogenesis, lipid metabolism, and signaling (Van Meer et al., 2008). 

The lipid composition of the membrane is pivotal in maintaining shape, size, and the number 

of organelles, and is achieved through the synthesis, transport, and alteration of phospholipids 

and membrane proteins (McMahon and Gallop, 2005). The regulation of lipid synthesis and 

storage is critical for maintaining lipid homeostasis since both excess and defect in fat storage 

results in various lipid-associated disorders (Harris and Finck, 2011).  

The shape and size of organelles are maintained depending on the metabolic 

requirements of the cell. The molecular mechanisms that link lipid production to organelle 

morphology and number are not known. Phosphatidate phosphatase (PAP) enzymes are 
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involved in lipid synthesis, signaling, and also act as a key regulator of lipid metabolism and 

cell physiology. There are two distinct families of PAP enzymes, Mg
2+

-dependent (PAP1) 

and Mg
2+

-independent (PAP2), that serve different physiological functions in lipid 

metabolism (Sciorra and Morris, 2002; Reue and Brindley, 2008). The PAP1 enzyme is 

encoded by PAH1 in yeast and by LIPIN in mammals. PAP1 regulates lipid homeostasis by 

dephosphorylation of phosphatidic acid (PA) to generate diacylglycerol (DAG)(Lin and 

Carman, 1989), thus controlling the balance between phospholipids and storage lipids. 

Studies of PAP1 have focused only on Opisthokonta (fungi, nematode, flies, and animals) 

(Harris and Finck, 2011; Ugrankar et al., 2011) and Plantae clades (Nakamura et al., 2009). 

PAP1 enzymes and the regulatory cascades in which they participate are not reported in 

organisms belonging to Amoebozoa, Alveolata, and Excavata clades. Tetrahymena 

thermophila belongs to the Alveolata, a major evolutionary branch of eukaryotic protist and 

display functional complexity equivalent to the metazoan cells. We identified two homologs 

of phosphatidic acid phosphatase (PAH1/LIPIN) from Tetrahymena Genome Database and 

designated them as TtPAH1 (TTHERM_00189270) and TtPAH2 (TTHERM_00215970).  

With this background, we framed our objectives as 

1) Elucidation of the role of Tetrahymena PAH1 in membrane biogenesis and lipid 

homeostasis. 

2) Investigation of the role of Tetrahymena PAH1 in mediating cell cycle regulation of 

nuclear expansion. 

3) Analysis of conservation of PAH functions across eukaryotic clades. 

4) Functional characterisation of Tetrahymena PAH2. 

Chapter 1: Introduction and Review of Literature 

Lipin/PAH proteins are Mg
2+

-dependent phosphatidic acid phosphatases and perform 

dephosphorylation of phosphatidic acid (PA) to generate diacylglycerol (DAG) (Lin and 
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Carman, 1989; Han et al., 2006). DAG is acylated to form triacylglycerol (TAG) (Han et al., 

2006), an essential storage form of energy which gets deposited in lipid droplets. TAG acts as 

a reservoir of cellular energy and also as a precursor for membrane phospholipids making it a 

key player in lipid homeostasis. Phosphatidic acid (PA) and diacylglycerol (DAG) are the 

central precursors which control the levels of phospholipids and the storage lipid. In yeast, 

phospholipid level and lipid storage are controlled through two independent pathways; the 

cytidine diphosphate diacylglycerol (CDP-DAG) pathway (de novo) and Kennedy pathway 

(salvage) (Carman and Zeimetz, 1996; Carman and Henry, 1999). In metazoans, the CDP-

DAG pathway that converts CDP-DAG to phospholipids does not exist and phospholipids are 

synthesized only through Kennedy pathway(Fagone and Jackowski, 2009). 

The first lipin protein shown to function as a Mg
2+

-dependent phosphatidic acid 

phosphatase was S. cerevisiae Pah1(Han et al., 2006).  Saccharomyces cerevisiae express a 

single lipin homolog PAH1, while mammals express three lipin paralogs: LIPIN1, LIPIN2, 

and LIPIN3 (Harris and Finck, 2011). Lipins are relatively large proteins and contains a 

carboxy-terminal region (C-LIP) with a haloacid dehalogenase-like (HAD) domain 

possessing the DXDXT/V catalytic motif, and an amino-terminal domain (N-LIP) 

(Siniossoglou, 2009). Lipins/PAHs localize to the cytoplasm and translocate to membranes in 

order to dephosphorylate PA. Phosphorylation and dephosphorylation at multiple sites 

regulate the activity and subcellular localization of PAH proteins (Siniossoglou, 2009; Harris 

and Finck, 2011). PAH1 is phosphorylated by protein kinases such as CDC28/CDK1 and 

PHO85 rendering it catalytically inactive (Siniossoglou, 2009; Pascual and Carman, 2013). 

Dephosphorylation of Pah1 by a nuclear/ER membrane complex consisting of a catalytic 

phosphatase subunit Nem1, and its regulatory subunit, Spo7, activates its catalytic function 

and recruit it to the membrane (Siniossoglou, 2009). 
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Lipin 1 was initially identified as the gene mutated in the fatty liver dystrophy (fld) mouse 

(Péterfy et al., 2001). In mammals, defects in lipins lead to various metabolic disorders 

including lipodystrophy and insulin resistance, rhabdomyolysis, peripheral neuropathy, and 

inflammation (Harris and Finck, 2011; Csaki et al., 2013). Apart from enzymatic function, 

mammalian lipins regulate gene expression as transcriptional regulators by modulating the 

activity of key transcription factors (Harris and Finck, 2011). In C. elegans, down-regulation 

of lipin affects ER organization and nuclear envelope dynamics (Golden et al., 2009a). 

Deletion of yeast PAH1 causes aberrant expansion of nuclear/ER membrane, fatty acid 

toxicity, increased phospholipid synthesis, decreased TAG level and lipid droplet number, 

and slow growth and temperature sensitivity(Siniossoglou, 2009; Adeyo et al., 2011). Yeast 

PAH1 translocates to the nucleus where it interacts with the promoter of phospholipid 

synthesis genes (Santos-Rosa et al., 2005). Thus phosphatidic acid phosphohydrolase (PAH) 

acts as a major regulator of lipid metabolism by controlling the levels of lipids. 

Chapter 2: Elucidation of the role of Tetrahymena PAH1 (TtPAH1) in membrane 

biogenesis and lipid homeostasis. 

 Analysis of the amino acid sequence by Interpro revealed that TtPAH1, like other 

Mg
2+

 dependent phosphatidic acid phosphatases, contains an essential catalytic motif, 

DXDXT/V in the HAD-like domain of the C-LIP region, and a conserved glycine residue 

(G75) in N-LIP region critical for PAP function, suggesting it is a Mg
2+

-dependent 

phosphatidate phosphatases. This was further confirmed by in vitro colorimetric assay using 

phosphatidic acid as the substrate. Subcellular localization of TtPAH1 by overexpressing 

TtPAH1 bearing GFP fusion tag showed both cytoplasmic as well as membrane localization. 

Co-localization of TtPAH1-GFP with ER-Tracker Red revealed that TtPAH1-GFP is 

localized in the ER membrane. To evaluate the role of TtPAH1, the knockout strain 

(∆Ttpah1) was generated by removing all the 45 copies of TtPAH1 from the macronucleus of 
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wild-type Tetrahymena using homologous recombination. The loss of PAH1 in Tetrahymena 

did not result in any growth defect. Moreover, the expression of another PAH homolog 

(TtPAH2) was not enhanced in ∆Ttpah1 cells. These results suggest that TtPAH1 is 

dispensable for normal growth of Tetrahymena.   

Since PAH proteins are required for the synthesis of triacylglycerol (the main constituent of 

lipid droplets) through diacylglycerol, the lipid droplet number of ∆Ttpah1 was compared 

with that of wild-type cells. Lipid droplets were visualized by staining with Oil Red O dye. 

∆Ttpah1 cells showed ~60% reduction in lipid droplet number compared to the wild-type in 

both growing and starved conditions. Overexpression of TtPAH1 resulted in ~ 20% increase 

in lipid droplet number compared to the wild-type, further confirming that TtPAH1 regulates 

the lipid droplet biogenesis in Tetrahymena. 

Endoplasmic reticulum, a complex network consisting of flat sheets and highly curved 

tubules, serves as the primary site for de novo lipid biosynthesis. To understand whether 

TtPAH1 is important in maintaining ER morphology, both ∆Ttpah1 and wild-type cells were 

stained with ER-Tracker dye, and ER morphology and content were evaluated. Deletion of 

macronuclear copies of TtPAH1 in Tetrahymena alters ER morphology resulting in an 

increased proportion of sheet to tubule structure. The ER content also increased significantly 

in the cells lacking TtPAH1 suggesting that TtPAH1 is required for creating and/or 

maintaining the ER structure.  

Tetrahymena harbors one polyploid, macronucleus (MAC) and a diploid 

micronucleus (MIC). Since the outer membrane of the nucleus is continuous with the 

endoplasmic reticulum, defect in ER is generally reflected in nuclear morphology. To see if 

the TtPAH1 is necessary to maintain normal nuclear envelope (NE) morphology, NUP3-GFP 

(a nuclear pore component marker specifically localizing to macronucleus) was expressed in 

both ∆Ttpah1 cells and wild-type cells to visualize the NE. The result showed that loss of 
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TtPAH1 did not cause any visible defect in nuclear morphology suggesting that unlike yeast, 

PAH1 is not essential for maintaining normal nuclear morphology in Tetrahymena. The result 

was further confirmed by staining isolated nucleus of ∆Ttpah1 cells and wild-type cells with 

a lipophilic dye DiOC6(3).  

Chapter 3: Investigation of the role of Tetrahymena PAH1 in mediating cell cycle 

regulation of nuclear expansion in yeast. 

Loss of PAH1 in yeast results in abnormal nuclear expansion. However TtPAH1 did 

not regulate nuclear expansion in Tetrahymena. To explore whether TtPAH1, can rescue the 

abnormal nuclear expansion of ∆pah1 yeast, TtPAH1 was introduced into these cells and 

nuclear morphology was evaluated. To assess nuclear morphology, a nucleoplasmic protein, 

PUS was expressed as a GFP-fusion protein and analysed by confocal microscopy. ∆pah1 

yeast cells show abnormal expansion of nuclear envelope that appears as nuclear membrane 

projections. In contrast, pah1∆ cells expressing TtPAH1 showed normal round nuclear 

morphology. Deletion of PAH1 induces the expression of INO1, INO2, and OPI3 involved in 

lipid synthesis of the ER/nuclear membrane. In addition to the rescue of abnormal nuclear 

expansion, TtPAH1 was able to repress expression of these genes, suggesting that TtPAH1 

could replace yeast PAH1 in regulating expression of phospholipid biosynthesis genes. pah1∆ 

cells also exhibit slow growth at 30°C, temperature sensitive growth at 37°C and respiratory 

deficiency.  Expression of TtPAH1 restored normal growth at 30°C, temperature sensitivity 

and respiratory deficiency. Analysis of total lipids from pah1∆ cells complemented with 

TtPAH1 showed an increase in TAG levels as compared to pah1∆ yeast cells. Taken together, 

these results suggest that TtPAH1 retains all the known functions of yeast PAH1, and hence is 

functionally conserved between yeast and Tetrahymena.  

To evaluate whether the catalytic motif DXDXT/V of TtPAH1 is essential for 

rescuing these phenotypes, two aspartate residues (D666 & D668) of DXDXT/V motif in 
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TtPAH1 were mutated to glutamate residues and the mutant TtPAH1(TtPAH1mut) was used 

for complementation of  pah1∆ yeast cells. As expected, the mutant protein was unable to 

rescue aberrant nuclear morphology, slow growth at 30°C, and the respiratory defect, 

suggesting that the catalytic activity of TtPAH1 is important for its function.  

Chapter 4: Analysis of conservation of PAH functions across eukaryotic clades. 

Lipid homeostasis and membrane biogenesis are fundamental to all eukaryotes and 

expected to be conserved across eukaryotic lineages. The role of PAH in these processes is 

focused mainly on the Opisthokont and Archaeplastid clades. The cellular function of PAH is 

not known in organisms belonging to Amoebozoa, Excavata, Rhizaria and Alveolata clades.  

In this study, the presence of such a cascade along with their evolutionary relatedness is 

analysed in these lower eukaryotic clades. The sequence analysis of PAH homologs from 

organisms belonging to different clades suggests that it is conserved across eukaryotic lineage. 

The present study established that PAH is conserved between yeast and Tetrahymena. 

Therefore, to evaluate if it is also conserved in other clades, putative PAH homologs from 

organisms representing Amoebozoa (Dictyostelium discoideum) and Excavata (Trypanosoma 

brucei) and Arabidopsis thaliana (representing Plantae) were analysed in a complementation 

study using pah1∆ yeast cells. PAH homologs from organisms representing Opisthokont 

clades were not included in this study since these are known to exhibit phosphatidic acid 

phosphatase activity and to complement yeast PAH1. Though Arabidopsis PAH (AtPAH2) 

homolog rescues growth and respiratory phonotypes of pah1∆ yeast cells (Nakamura et al., 

2009), it is not known if it also rescues the nuclear defect phenotype as well. Therefore, 

AtPAH2 was also included for complementation assay. This selection covered all the major 

eukaryotic clades except Rhizaria, for which sequence information was not available. 

Complementation of pah1∆ yeast cells with Trypanosoma PAH1 (TbPAH1), Arabidopsis 

PAH2 (AtPAH2) and Dictyostelium discoideum (DdPAH1) showed that the conservation 
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extends to distantly related clades. While TbPAH1 rescued all the known defects of pah1∆ 

yeast cells, DdPAH2 did not rescue growth phonotype but rescued the nuclear defect partially. 

As reported earlier, AtPAH2 rescued the slow growth phenotype of pah1∆ yeast cells. It also 

rescued the aberrant nuclear morphology of pah1∆ yeast cells. These results along with 

results from earlier reports suggest that the PAH phosphatase cascade is functionally 

conserved across eukaryotic lineages, indicating that it originated before the lineages 

diverged very early in eukaryotic evolution. 

Chapter 5:  Functional characterisation of Tetrahymena PAH2. 

Unlike other Pah proteins which are close to100 kDa, TtPAH2 is a low molecular-

weight phosphatidate phosphatase protein of 37 kDa. TtPAH2 harbors two conserved 

regions, N-LIP and C-LIP present in all known PAP1 proteins. Sequence analysis also 

revealed that TtPAH2 contains a conserved catalytic motif (DXDXT) in C-LIP found in the 

members of the Mg
2+

-dependent phosphatase superfamily. To determine whether TtPAH2 is 

a Mg
2+

-dependent (PAP1) or Mg
2+

-independent (PAP2) phosphatidic acid phosphatase, the 

enzymatic activity of recombinant TtPAH2 was examined using PA as substrate. The 

recombinant TtPAH2 dephosphorylated PA in a concentration and time-dependent manner. 

There was no detectable phosphatase activity in the absence of magnesium ions suggesting 

that TtPAH2 is a Mg
2+-

dependent phosphatidic acid phosphatase belonging to the PAP1 

family of phosphatase. Analysis of sub-cellular localization of TtPAH2-GFP in the wild-type 

Tetrahymena cells by confocal microscopy showed that the TtPAH2-GFP is distributed 

throughout the cell both in cytoplasm and membranes. It was further confirmed by western 

blot analysis of both the membrane fraction and the cytosolic fraction of the total lysate of 

cells expressing TtPAH2-GFP.  

To assess whether TtPAH2 has a direct role in ER morphology, both ΔTtpah2 and the 

wild-type cells were stained with ER Tracker Green and imaged under a confocal 
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microscope. The results showed that there was no significant difference in ER morphology 

and total ER content between ΔTtpah2 and the wild-type cells. These results suggest that 

unlike other known PAH homologs, TtPAH2 do not regulate endoplasmic reticulum 

morphology in Tetrahymena.   

Summary 

 Tetrahymena possesses two PAH homologs, TtPAH1 and TtPAH2. 

  TtPAH1 and TtPAH2 localize to both membranes and cytoplasm, and are not 

required for normal growth of Tetrahymena. 

  TtPAH1 is a magnesium dependent phosphatidic acid phosphatase required for lipid 

droplet biogenesis and maintaining tubular endoplasmic reticulum morphology in 

Tetrahymena.  

 TtPAH1 does not regulate nuclear membrane expansion in Tetrahymena 

 TtPAH1 restores a normal nuclear morphology, suppresses slow growth, temperature-

sensitive growth and respiratory deficiency of pah1∆ yeast cells 

 TtPAH1 suppresses the expression of phospholipid biosynthetic genes in yeast and 

restores TAG levels of pah1∆ yeast cells.  

 Catalytic motif (DXDGT) of TtPAH1 is essential for rescuing all the defects of pah1∆ 

yeast cells.  

 PAH is functionally conserved across eukaryotic evolutionary tree.  

 TtPAH2 belongs to magnesium dependent phosphatidic acid phosphatase family and 

does not regulate ER content and morphology in Tetrahymena. 

Conclusion 

The two homologs of phosphatidic acid phosphohydrolase gene (TtPAH1 and TtPAH2) 

present in the genome database of Tetrahymena thermophila encoded for Mg
2+

-dependent 

phosphatidate phosphatase. Even though the loss of TtPAH1 increased the ER sheet structure 

and altered ER morphology it did not resulted in any defect in the nuclear envelope 
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morphology. We conclude that defects in ER morphology in Tetrahymena did not necessarily 

affect nuclear morphology in Tetrahymena. It suggests that in Tetrahymena, unlike other 

organisms, ER content and structure are functionally isolated from mechanisms underlying 

nuclear expansion. From complementation studies with PAH1 homolog from organisms 

representing all major eukaryotic lineages we conclude that PAH is functionally conserved 

across all eukaryotic lineages. TtPAH2, even though catalytically active; did not regulate ER 

morphology in Tetrahymena which shows that catalytic activity alone is not sufficient for 

performing all the cellular functions.  
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1.1 Membrane biogenesis and lipid homeostasis 

Membrane biogenesis involves the synthesis of cell membrane with the help of proteins and 

lipids. Membranes synthesised by this process of membrane biogenesis help in dividing the 

cell into structural and functional compartments. Membranes of the cell altogether are called 

as endomembrane system which includes different membranes suspended in the cytoplasm 

and the plasma membrane. Cell organelles like the nucleus, endoplasmic reticulum, vacuoles, 

lysosomes, Golgi apparatus and mitochondria are surrounded by membrane structure. The 

membranes of the different organelles vary in molecular composition to suit for the functions 

they perform (Mcmahon et al., 2015). Organelle membranes are important to several vital cell 

functions including protein synthesis, lipid production, and cellular respiration (Mcmahon et 

al., 2015; Lusk and King, 2017). It has now become evident, the pervasive importance of 

lipids in cell biology. From structural roles defining cellular compartments and surfaces with 

specific biological properties to functional roles in signal transduction and modulation of 

regulatory networks, the involvement of lipids in varied cellular functions is well established.   

Lipid homeostasis is maintained through a repertoire of proteins involved in synthesis, 

degradation, transport and sensing of lipids as well as the regulatory mechanisms that 

interconnect lipid metabolism with other cellular processes (Voeltz and Prinz, 2007). Lipid 

supply is fine-tuned through a multitude of negative feedback circuits initiated by both end 

products and intermediates of lipid synthesis pathways so as to retain the lipid homeostasis 

(Voeltz and Prinz, 2007). Also, there are evidences that the diversity of membrane lipids is 

maintained through cross-regulatory effects, whereby classes of lipids activate the activity of 

enzymes operating in another metabolic branch ( Zhang, 2009; Lagace and Ridgway, 2013).  

A central yet unanswered question in cell biology concerns the amount of phospholipids or 

TAG that is required in a living cell.  How lipid homeostasis is regulated in coordination with 

nutritional and environmental conditions is not known still a paradox. The cellular TAG 
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content in cells varies dramatically between different stages of growth and development 

which underscores its important metabolic role (Kohlwein, 2010). The key anabolic and 

catabolic enzymes involved in the TAG metabolism are conserved between yeast and 

mammals ( Kurat et al., 2006; Nielsen, 2009; Kohlwein, 2010; Natter and Kohlwein, 2013) . 

The specific requirements for storage (e.g.- TAG) and membrane lipids (phospholipids) 

oscillate as cells grow and divide or enter the non-replicative stationary (quiescent) phase 

(Kurat et al., 2006; Czabany et al., 2007; Nielsen, 2009). During these periods, it appears to 

be crucial to control the metabolic flux either into phospholipids (proliferative state) or into 

or out of TAG (stationary phase or nutrient limitation conditions) (Kohlwein, 2010). 

Phospholipids constitute the major structural components of lipid bilayers and play a central 

role in membrane biogenesis, lipid metabolism, and signaling. Also the lipid composition of 

the membrane is critical for maintaining shape, size, and number of organelles, and is 

established through synthesis, transport, and modification of phospholipids (McMahon and 

Gallop, 2005).  One of the defining organelle of eukaryotic cells is the nucleus that undergoes 

remarkable changes during the cell cycle and development (Webster et al., 2009; Schellhaus 

et al., 2016; Ungricht and Kutay, 2017). The intra-nuclear compartment is delimited by the 

nuclear envelope and consists of a double lipid bilayer, the outer and the inner nuclear 

membrane (King and Lusk, 2016; Ungricht and Kutay, 2017)). The outer nuclear membrane 

is physically and functionally linked to the endoplasmic reticulum (ER) (King and Lusk, 

2016; Lusk and King, 2017), whereas the inner nuclear membrane faces the nucleoplasm.   In 

metazoans nuclear membrane is covered by the nuclear lamina (Ungricht and Kutay, 2017). 

Dynamic changes in the structure of the nuclear envelope are essential for the proper 

execution of nuclear division in all eukaryotes (Webster et al., 2009; Imamoto and Funakoshi, 

2012; Ungricht and Kutay, 2017).  The surface area of a mother nucleus undergoing closed 

mitosis must increase to allow intra-nuclear mitotic spindle elongation and formation of the 
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daughter nuclei. The model yeasts S. pombe and Saccharomyces cerevisiae solve this 

problem through nuclear envelope (NE) expansion at mitotic entry. In Saccharomyces 

cerevisiae, and S. pombe the nuclear membrane does not breakdown during mitosis (Webster 

et al., 2009; Ebrahimi and Cooper, 2012; Sazer et al., 2014). In contrast, the fission yeast S. 

japonicas does not expand its NE and instead relies on NE breakdown during anaphase to 

allow chromosome segregation like metazoans (Sazer et al., 2014; Asakawa et al., 2016). In 

metazoan cells the nuclear envelope breaks down during mitosis which is called “open 

mitosis”(Webster et al., 2009; Schellhaus et al., 2016 Asakawa et al., 2016). 

Maintenance of proper nuclear structure is important for cell physiology as highlighted by the 

identification of several diseases that are associated with changes in nuclear shape and are 

caused by mutations in nuclear envelope proteins (Broers, 2006; Worman et al., 2010; 

Katherine H.Schreiber and BrianK.Kennedy, 2013). Moreover, a number of specialized cell 

types undergo ‘nuclear differentiation’, like the mammalian blood cells where nuclei can be 

highly lobed and segmented or spermatocytes and myocytes where nuclei can become very 

elongated (Leitch, 2000). Recent studies in yeast and mammals have made clear that 

phospholipid metabolism is an important player in nuclear physiology including roles in 

nuclear function as dynamic building blocks of nuclear membrane, in communication 

between nucleus and other organelles (Santos-Rosa et al., 2005; Voeltz and Prinz, 2007; 

Siniossoglou, 2009). A significant number of phospholipid metabolic enzymes have been 

localized in the nucleus and phospholipids or their water-soluble metabolites can regulate 

gene expression, nucleocytoplasmic transport and nuclear organization. In addition, given the 

emerging view of the nuclear envelope as a master regulator of nuclear function, whether 

nuclear lipid metabolic enzymes have a role in growth and development by controlling 

nuclear architecture is still unanswered (Talamas and Capelson, 2015; Yang et al., 2017). The 

regulation of lipid synthesis and storage is critical for maintaining lipid homeostasis since 
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both excess and poor fat storage results in various lipid-associated disorders such as obesity, 

lipodystrophy, insulin resistance, diabetes, hypertension, cardiovascular disease, and cancer 

(Klingenspor et al., 1999; Reue et al., 2000; Péterfy et al., 2001; Prentki and Madiraju, 2008). 

However, the molecular mechanisms that link lipid production to organelle morphology is 

not clearly understood (Meer, 2009; Osellame et al., 2012; Schwarz and Blower, 2016). The 

lipid homeostasis and membrane biogenesis is interconnected and any perturbation in lipid 

biosynthetic pathways can reflect in organellar shape, size and lipid storage. 

1.2 Phospholipid Biosynthesis 

Phospholipids are key molecules that contribute to the structural definition of cells and that 

participate in the regulation of cellular processes (Van Meer et al., 2008). Phospholipid 

metabolism is a major activity that cells engage in throughout their growth. The yeast, 

Saccharomyces cerevisiae, served as a model system in which the regulation of phospholipid 

synthesis is studied (Carman and Henry, 1999; Kohlwein, 2010; Grillitsch et al., 2011). It has 

also played a foundational role in the field of molecular and cellular biology of lipids to show 

how lipid metabolism is linked with organelle dynamics. Its membranous organelles, the 

lipids that comprise these membranes and the phospholipid biosynthetic pathways that 

generate these membranes are similar in all eukaryotic cells. Many of the structural genes 

encoding for the phospholipid biosynthetic enzymes have been cloned and characterized, and 

a number of mutations in these genes have been isolated (Greenberg and Lopes, 1996; Griač, 

1997; Wimalarathna et al., 2011). In addition, a number of phospholipid biosynthetic 

enzymes have been purified and studied. The characterization of the wild-type and mutant 

genes, as well as the gene products encoded by these alleles, has significantly advanced our 

understanding both of phospholipid biosynthesis and of its regulation (Greenberg and Lopes, 

1996; Wimalarathna et al., 2011). Results from these genetic, molecular, and biochemical 
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studies have shown that the regulation of phospholipid synthesis is a complex, highly 

coordinated process (Greenberg and Lopes, 1996; Han, 2001).  

The basic design of the phospholipid biosynthetic pathway is conserved from yeast to 

mammals ( Nielsen, 2009; Natter and Kohlwein, 2013). The glycerol backbone of the central 

phospholipid precursor, phosphatidic acid (PA), partitions between the two major branches of 

the pathway in yeast (Figure 1.1). In one branch, PA is dephosphorylated to diacylglycerol 

(DAG) that is then used for the synthesis of the most abundant phospholipids 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC), through the CDP-

ethanolamine and the CDP-choline arms of the Kennedy pathway, respectively(Han, 2001; 

Carman and Han, 2009; Gibellini and Smith, 2010). In the other branch, PA is converted to 

CDP-DAG that gives rise to phosphatidylinositol (PI), phosphatidylglycerol and cardiolipin. 

Phospholipid biosynthesis is a complex process that contains a number of branch points. PS, 

PE, and PC are synthesized from PA by the CDP-DG pathway while PE and PC are also 

synthesized by the Kennedy (CDP-choline and CDP-ethanolamine) pathway (Figure 1.1) 

( Han, 2001; Greenberg and Lopes, 1996; Gibellini and Smith, 2010). CDP-DAG is also used 

for the synthesis of other phospholipids, including inositol-containing lipids 

(phosphoinositides and sphingolipids) and CL. The Kennedy pathway assumes a critical role 

in PC synthesis when the enzymes in the CDP-DG pathway are defective or repressed 

(Gibellini and Smith, 2010).  In metazoans, the pathway that coverts CDP-DAG to PC/PE do 

not exist and lipin is essential for PC/PE synthesis since they completely rely on Kennedy 

pathway for phospholipid synthesis ( Fagone and Jackowski, 2009;Bahmanyar, 2015). 
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Figure 1.1: Overview of lipid biosynthetic pathways.  

PA is a key precursor used for the synthesis of phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC) through CDP-DAG pathway. In the presence of choline and 

ethanolamine, these phospholipids are synthesized through Kennedy pathway. In metazoans, 

the pathway that converts CDP-DAG (cytidine diphosphate diacylglycerol) to PC/PE (CDP-

DAG pathway) does not exist whereas both the pathways are present in yeast. G-3-P-

Glycerol-3-phosphate, LPA-Lysophosphatidate, PI3P-Phosphatidylinositol-3-phosphate, 

PI4P- Phosphatidylinositol-4-phosphate, PI (3, 5) P2- Phosphatidylinositol-3, 5-biphosphate, 

PS- Phosphatidylserine. 

 

1.3 Phosphatidate phosphatases 

Phosphatidate phosphatase (PAP, 3-sn-phosphatidate phosphohydrolase, EC 3.1.3.4) 

catalyzes the dephosphorylation of phosphatidate, yielding Diacylglycerol (DAG) and 

inorganic phosphate( Hoer and Oberdisse, 1994; Han et al., 2006; Carman and Han, 2006). 

PAP enzymes have roles in both the synthesis of lipids and the generation or degradation of 

lipid-signaling molecules in eukaryotic cells (Sciorra and Morris, 2002). They are classified 

as either Mg2+-dependent (referred to as PAP1 enzymes) or Mg2+- independent (referred to 

as PAP2) with respect to their cofactor requirement for catalytic activity.  In both yeast and 

mammalian systems, PAP2 enzymes are known to be involved in lipid signaling (Sciorra and 
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Morris, 2002). In contrast the physiological roles of PAP1 enzymes have remained unclear 

for long time owing to a lack of molecular information.  

1.3.1 Magnesium dependent (PAP1) and Magnesium independent (PAP2) enzymes  

Since the initial characterization of the PAP reaction in 1957, both Mg
2+

-dependent and -

independent enzymes have been identified in yeast (Carman and Han, 2006; Pascual and 

Carman, 2013). Besides the difference in their cofactor requirement, these enzymes are 

distinguished by several other properties. PAP2 proteins such as Dpp1p and Lpp1p are 

relatively small integral membrane proteins confined to the vacuole and Golgi membranes, 

respectively (Toke et al., 1998; Faulkner et al., 1999; van Schooten et al., 2006; Pascual and 

Carman, 2013). Both proteins possess six transmembrane domains distributed over their 

polypeptide sequences. Dpp1p and Lpp1p do not require divalent cations for activity, while 

maximum activity of Pah1p (PAP1 protein) is dependent on Mg2+ ions (Toke et al., 1998; 

Pascual and Carman, 2013). This distinction in cofactor requirement can be explained by the 

differences in the catalytic motifs that govern the activity of each class of enzymes. The PAP 

activity of Pah1p is governed by a DXDX (T/V) motif (Figure 1.2) found in members of a 

superfamily of Mg2+-dependent phosphatase enzymes (Han et al., 2007). The enzymatic 

activity of Mg2+-independent PAP2 enzymes Dpp1p and Lpp1p is conferred by a three-

domain lipid phosphatase motif composed of the consensus sequences KXXXXXXRP, 

PSGH and SRXXXXXHXXXD (Figure 1.2) (Stukey and Carman, 2008; Toke et al., 1999). 

PAP1 and PAP2 enzymes in yeast also differ with respect to their substrate specificities. 

Dpp1p and Lpp1p utilize a variety of lipid phosphate substrates, including PA, DGPP, 

lysoPA, sphingoid base phosphates, and isoprenoid phosphates (Wu et al., 1996). But, Pah1p 

activity is specific for PA (Morlock et al., 1991; Pascual and Carman, 2013). Moreover, both 

the substrates and products of the reactions catalyzed by the PAP2 enzymes are important 

signaling molecules, suggesting that these enzymes are involved in lipid signaling, and not 

responsible for the de novo synthesis of phospholipids and TAG that occurs in the ER. Dpp1, 
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Lpp1 and App1 are thought to be involved in lipid signaling or membrane 

structural/curvature changes associated with vesicular trafficking. 

 

Figure 1.2: The domain organization of PAP1 and PAP2 enzymes 

The essential catalytic motifs are indicated. The conserved amino acid residues in the 

catalytic motifs are indicated by the single letter code. HAD denotes Haloacid dehalogenase 

domain 

 

The PAP reaction was first described in animal tissues by Smith et al. in 1957, providing a 

link between the neutral and phospholipid synthesis pathways in mammalian cells. 

Subsequent studies demonstrated that majority of this enzymatic activity resides in the 

soluble fraction of cell lysates, in contrast to other enzymes in the TAG and phospholipid 

synthesis pathways, which are integral membrane proteins. Also this enzymatic reaction 

requires Mg2+ ions, and that the. Due to the instability of the mammalian enzyme, the 

isolation of PAP remained elusive for more than three decades. In 1984, Hosaka and 

Yamashita identified PAP activity in the cytosolic and membrane fractions of the yeast S. 

cerevisiae. This simple eukaryote synthesizes lipids by pathways common to those of more 

complex organisms and is an attractive model system due to its molecular and genetic 

tractability( Botstein et al., 1997; Botstein and Fink, 2011; Duina et al., 2014). This helped in 

purification of a 104-kDa PAP enzyme from the total membrane fraction. Unfortunately the 

gene(s) encoding them could not be identified because of insufficient amount of protein 

available for sequencing by Edman degradation analysis. Later in a fortunate twist of 

scientific fate, a preparation of the 91-kDa enzyme was recovered from frozen storage, 
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analyzed for enzymatic activity, and sequenced by mass spectrometry and the gene was 

identified. This matched the protein sequence product of the SMP2 gene, which had been 

implicated in plasmid maintenance and respiration (Irie et al., 1993). The molecular function 

of Smp2p, however, had yet to be established. Overexpression of SMP2 was reported to 

complement the aberrant nuclear membrane expansion phenotype of nem1Δ and spo7Δ, 

mutants lacking the endoplasmic reticulum (ER)-associated Nem1p–Spo7p phosphatase 

complex. Upon identification of the molecular function as a PAP enzyme, the SMP2 gene 

was renamed PAH1 (for phosphatidic acid phosphohydrolase). In Sacharomyces cereviseae 

Pah1p is 862 amino acids in length and has a predicted molecular mass of 95-kDa; however, 

when expressed in S. cerevisiae it migrates as a 124-kDa protein on SDS-PAGE. Pah1p 

expressed in E. coli migrates as a 114-kDa protein product on SDS-PAGE. Therefore, 

observed size of Pah1p cannot be attributed solely to modification by phosphorylation. The 

identification and characterization of yeast Pah1p revealed its homology to the mammalian 

homolog known as lipins, encoded by the murine Lpin1, 2, and 3 genes. Lpin1 was identified 

as the gene whose mutation at the Glycine 80 residue is responsible for the transient fatty 

liver dystrophy (fld) phenotype of mice. A loss of lipin-1 was shown to prevent normal 

adipose tissue development, resulting in lipodystrophy and insulin resistance, while an excess 

of lipin-1 promoted obesity and insulin sensitivity. 

Lipins/PAHs are relatively large proteins close to 100 kDa and contain a conserved amino-

terminal domain (N-LIP) and carboxy-terminal catalytic domain (C-LIP) harbouring a 

DXDXT motif found in a superfamily of Mg2+-dependent phosphatases. This catalytic motif 

is important for Pahp function and mutation of Aspartate (Asp-398, and Asp-400) in the 

catalytic motif leads to loss of phosphatase activity (Han et al., 2007; Pascual and Carman, 

2013)(). All lipins lack transmembrane domains and therefore must first translocate onto 

membranes in order to dephosphorylate PA (Karanasios et al., 2010). Recruitment requires 
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the transmembrane protein phosphatase complex Nem1p-Spo7p in yeast (Figure 1.3) which 

dephosphorylates Pah1p (Karanasios et al., 2010; Karanasios et al., 2013)(). Nem1p is the 

catalytic subunit while Spo7p is the regulatory subunit that binds to the catalytic domain of 

Nem1p and is required for the phosphatase activity of the holoenzyme (Santos-Rosa et al., 

2005; Siniossoglou, 2009; Pascual and Carman, 2013). Once, dephosphorylated, Pah1p can 

associate with the nuclear/ER membrane independent of Nem1p-Spo7p. The mammalian 

counterparts of Nem1-spo7 are CTDNEP1 (formerly known as “dullard”) and NEP1-R1, the 

catalytic and regulatory subunits, respectively (Figure 1.3), of the phosphatase complex (Han 

et al., 2012). Pah1p contains an amphipathic helix in its extreme amino-terminal end from 

residues 1 to 18 (Karanasios et al., 2010). Dephosphorylation of Pah1p promotes membrane 

binding only in the presence of this amphipathic helix (Karanasios et al., 2010). PAH1 from 

yeast species carry an acidic stretch at their C-terminal ends (amino acid residues 837 to 862) 

(Siniossoglou, 2009; Karanasios et al., 2013)(). This C-terminal acidic stretch of Pah1p is 

required for its binding to the Nem1p-Spo7p phosphatase complex(Karanasios et al., 2013). 

The acidic tail is necessary and sufficient for Nem1p-Spo7p–dependent recruitment of Pah1p 

close to lipid droplets and is important for droplet biogenesis(Karanasios et al., 2013). A very 

recent study has found that C-terminal region of yeast Pah1 contains the sequence 

WRDPLVDID, which is important for the in vivo function of Pah1(Park et al., 2017). This 

sequence contains residues conserved (or partially conserved) in Pah1/lipin proteins from 

yeast, mice, and humans. The analysis of the site-specific mutations of the conserved residues 

within the sequence WRDPLVDID revealed that Trp-637 is required for Pah1 function in 

vivo (Park et al., 2017). Unlike other conserved residues (e.g. Gly-80, Asp-398, and Asp-400 

in yeast Pah1) that are essential for PAP activity and the in vivo function of Pah1, the 

mutations of Trp-637 did not compromise the enzyme activity (Park et al., 2017). This may 



12 

 

be explained by the fact that Gly-80, Asp-398, and Asp-400 are catalytic residues, whereas 

Trp-637 is presumably a regulatory residue.  

 

Figure 1.3: Schematic showing mechanisms of regulation of PA phosphatase PAH1 and 

its function 

PAH1 is dephosphorylated by the Nem1-Spo7 phosphatase complex in yeast. The 

dephosphorylation activates Pah1 and recruits it to the membrane to catalyze the 

dephosphorylation of PA to generate DAG. DAG is converted to TAG and phospholipids. 

TAG form the major constituent of lipid droplet. In yeast Nem1p-Spo7p dephosphorylates 

Pah1. The mammalian counterparts of Nem1-spo7 are CTDNEP1 and NEP1-R1. In yeast 

Pah1 is phosphorylated by multiple protein kinases including like Pho85p-Pho80p. In 

mammals lipin is phosphorylated by mTOR. LD-lipid droplet; DAG-diacylglycerol; TAG-

triacylglycerol; PL-phospholipids; ER-endoplasmic reticulum; NEM1- nuclear envelope 

morphology 1; SPO7- sporulation 7; CTDNEP1- C-terminal domain nuclear envelope 

phosphatase 1; NEP1-R1- nuclear envelope phosphatase 1-regulatory subunit 1.  

 

1.4 Phosphatidic acid phosphohydrolase (PAH1) regulate lipid biosynthesis and lipid 

droplet biogenesis 

The essential role of PAP1 in de novo lipid metabolism has been established using the yeast 

pah1Δ mutant (Figure 1.4) (Santos-Rosa et al., 2005; Pascual and Carman, 2013). Lack of 

enzyme activity in this mutant shows elevated levels of PA and decreased levels of 
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DAG/TAG(Siniossoglou, 2009; Pascual and Carman, 2013). Moreover, the levels of 

phospholipids, fatty acids, and sterol esters are elevated in response to the pah1Δ mutation, 

indicating that PAP1 regulates overall lipid synthesis. In addition to the alteration in lipid 

metabolism, the pah1Δ mutant also exhibits slow growth , aberrant expansion of the 

nuclear/ER membrane, respiratory deficiency, defects in lipid droplet formation and 

morphology, vacuole homeostasis and fusion, fatty-acid induced lipotoxicity, and a growth 

sensitivity to elevated temperature (Santos-Rosa et al., 2005; Fakas et al., 2011; Adeyo et al., 

2011; Sasser et al., 2012; Fernández-Murray and McMaster, 2016). Catalytically inactive 

mutant forms of PAP1, either mutation of a conserved glycine (e.g., G80R) at the N-terminus 

or of DIDGT catalytic motif (D398E or D400E) exhibit the same phenotypes associated with 

the pah1Δ mutation, indicating these effects are specifically linked to the loss of PAP activity 

(Han et al., 2007). 

 

Figure 1.4: Major phenotypes shown by yeast pah1∆ strains  

Yeast pah1∆ strains shows elevated levels of PA, phospholipids, fatty acids, and sterol esters 

and decreased levels of DAG and TAG. The pah1Δ mutant also exhibits slow growth, 

aberrant expansion of the nuclear membrane, respiratory deficiency, and decreased lipid 

droplet number, fatty-acid induced lipotoxicity, and growth sensitivity to elevated 

temperature. 
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A contributing factor for the increased amounts of phospholipids and fatty acids in the pah1Δ 

mutant is the derepression of lipid synthesis genes containing UASINO in response to 

elevated PA levels (Siniossoglou, 2009; Carman and Han, 2009). The UASINO element 

contains the binding site for the Ino2p-Ino4p complex and this binding of Ino2-Ino4 

stimulates expression of lipid synthesis genes (Biosynthesis et al., 1995; Robinson and Lopes, 

2000; Shetty and Lopes, 2010). The PA-mediated regulation of these genes is controlled by 

the transcriptional repressor Opi1p, whose function is determined by its localization (Loewen 

et al., 2004). In its inactive state, Opi1p is tethered to the nuclear/ ER membrane through 

interactions with Scs2p and PA (Gaspar et al., 2017). A reduction in PA levels destabilizes 

this interaction, allowing translocation of Opi1p into the nucleus, where it suppresses 

transcription of UASINO-containing genes by binding to the Ino2p subunit of the Ino2p-

Ino4p activator complex (Siniossoglou, 2009; Pascual and Carman, 2013; Fernández-Murray 

and McMaster, 2016). Moreover, the decreased capacity of pah1Δ mutant cells to incorporate 

fatty acids into TAG may contribute to the alterations in phospholipids, fatty acids, and sterol 

esters. The yeast DAG kinase (Dgk1p) counterbalances the function of Pah1p PAP ( Han et 

al., 2008; Adeyo et al., 2011). Dgk1 is an integral membrane protein localized at the 

ER/nuclear membrane.  Similar to the pah1Δ mutation, overexpression of Dgk1p causes 

accumulation of PA at the nuclear/ ER membrane and the derepression of UASINO-

containing genes, providing evidence that Dgk1p activity antagonizes the function of Pah1p 

enzyme by regulating cellular levels of PA(Han et al., 2008b). 

The aberrant membrane expansion phenotype of the pah1Δ mutant has been attributed to the 

abnormal increase in phospholipid synthesis associated with this mutation. However, recent 

reports have shown that increased expression of phospholipid biosynthetic genes alone is not 

sufficient for nuclear/ER membrane expansion(Laura O’Hara, Gil-Soo Han, Sew Peak-Chew, 

Neil Grimsey, George M. Carman, 2006). Moreover, DGK1 overexpression results in 
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anomalous nuclear/ER membrane morphology, while the introduction of the dgk1Δ mutation 

in the pah1Δ background restores PA levels, the suppression of UASINO-containing genes, 

and a normal nuclear/ER membrane structure (Han et al., 2008a; Han et al., 2008b). Thus, 

increased phospholipid synthesis coupled to increased PA levels result in the aberrant 

nuclear/ER morphology displayed by the pah1Δ mutant. Among the phenotypes associated 

with the pah1Δ mutant, the defect in lipid droplet formation can also be complemented by the 

dgk1Δ mutation (Adeyo et al., 2011). In contrast with the pah1Δ mutant phenotypes described 

above, the defect in TAG synthesis, increase in fatty acid content, fatty acid-induced toxicity, 

and temperature sensitivity could not be suppressed by loss of Dgk1p function (Carman and 

Han, 2009). These observations seem to indicate that these phenotypes are related to 

depletion of DAG rather than increase in PA content. Another phenotype exhibited by the 

pah1Δ mutant is the defect in vacuole homeostasis and fusion. While this phenotype is due to 

the loss of PAP activity of Pah1p, it is not known whether it is based on alterations in PA 

and/or DAG. Additional phenotypes of pah1Δ cells are slow growth, and an impairment of 

pah1Δ cells to grow in non-fermentable carbon sources. The inability to grow on non-

fermentable carbon sources is not believed to be due to a respiratory defect, instead a 

reduction of ATP level observed in pah1Δ cells as a consequence of deregulated PL synthesis 

(which consumes ATP) was proposed as the limiting factor for growth. In addition, pah1Δ 

cells exhibited an increased level of mitochondrial superoxides and a decreased tolerance to 

oxidative stress resulting in reduced chronological life span(Park et al., 2015; Fernández-

Murray and McMaster, 2016). The susceptibility of pah1Δ cells to oxidative stress and their 

inability to grow in non-fermentable carbon sources were partially suppressed by loss of 

Dgk1. 

Phosphatidic acid (PA) is the common precursor for the synthesis of both membrane 

phospholipids (PL), and TAG (the major component of lipid droplets) (Beller et al., 2010). 
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The de novo biosynthesis of PA, as well as its consumption for PL and TAG synthesis, takes 

place in the ER ( Wolins et al., 2006; Zhang and Reue, 2017)(). LDs are the organelles 

responsible for the cellular storage of the neutral lipids (NLs) TAG and sterol esters (SE) 

(Czabany et al., 2007; Beller et al., 2010). Stored NLs are a source of precursors for 

membrane synthesis as well as substrates for energy production. LD is organized as a core of 

NLs wrapped in a PL monolayer ( Farese and Walther, 2009; Beller et al., 2010). This PL 

monolayer allows specific association with many proteins, some of which are specifically 

present in LDs whereas others are shared with ER (the compartment from which LDs 

originate). Reflecting the most relevant function of LDs, the vast majority of proteins 

associated with LDs participate in NL synthesis and degradation. Consistent with a role for 

the ER in lipid homeostasis, and in particular as a site where the flux of lipid precursors is 

directed towards membrane synthesis or storage, LDs are not only formed from the ER but 

most of them remain physically connected with the ER. Interestingly, LDs are tightly 

associated with the ER at membrane contact sites (MCS). The activation and membrane 

recruitment of Pah1 takes place in the vicinity of LDs suggesting a channeling mechanism of 

DAG delivery for TAG synthesis and sorting into LDs. PA is synthesized in the ER where it 

is activated to CDP-diacylglycerol (CDP-DAG) for subsequent synthesis of membrane 

lipids(Carman and Han, 2009; Fernández-Murray and McMaster, 2016). The phospholipid 

PA functions at a critical branching point in lipid metabolism where lipid biosynthetic flux 

can be directed into membrane PL synthesis concomitant with membrane proliferation, or 

into TAG synthesis and LD formation. To generate TAG, PA at the ER is dephosphorylated 

to form DAG by the PA phosphatase Pah1(Carman and Han, 2009). DAG is acylated by the 

acyltransferases Dga1 and Lro1 to produce TAG for accumulation in LD. DAG can also be 

phosphorylated back to PA by the ER localized lipid kinase Dgk1.  
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Yeast lipin, Pah1p, controls the formation of cytosolic lipid droplets (Adeyo et al., 2011). 

Disruption of PAH1 resulted in decrease in droplet number, although total neutral lipid levels 

did not change. This was accompanied by an accumulation of neutral lipids in the 

endoplasmic reticulum. The requirement of PAH1 for normal droplet formation can be 

bypassed by a knockout of DGK1 (Adeyo et al., 2011). Nem1p, the activator of Pah1p, 

localizes to a single punctum per cell on the ER that is usually next to a droplet, suggesting 

that it is a site of droplet assembly. DAG generated by Pah1p is important for droplet 

biogenesis. Pah1 has its greatest effect on lipid synthesis in the stationary phase of growth, 

when the synthesis of TAG occurs at the expense of membrane phospholipids (Pascual and 

Carman, 2013). Cell growth transition from exponential growth phase into stationary phase 

encompasses major metabolic changes. At the lipid level this transition involves a switch 

from membrane synthesis to lipid storage as revealed by the increase in cellular TAG and the 

accumulation of LDs. The localization of Pah1 with LDs and the increase in neutral lipid 

synthesis take place simultaneously.  

1.5 Regulation of yeast PAH1 by phosphorylation and dephosphorylation 

In S. cerevisiae Pah1p is a relatively abundant enzyme. While Pah1p is found mostly in the 

cytosol, its substrate PA resides in the nuclear/ER membrane, and therefore translocation of 

the PAH1 to membrane is vital for in vivo function (Han et al., 2006; Karanasios et al., 2010). 

This membrane association is regulated by phosphorylation-dephosphorylation and hence 

governs the sub-cellular localization of PAH1. Phosphorylated Pah1p resides in the cytosol, 

whereas dephosphorylated form of PAH1 is associated with the membrane (Hyeon-Son Choi 

2011). Phosphoproteomic  studies have shown that yeast PAH1 is a target for multiple 

protein kinases including  CDC28 (CDK1)- cyclin B, PHO85-Pho80, protein kinases A and C, 

casein kinases I and II, DBF2, and MAPK. PAH1 is phosphorylated at more than 30 

Serine/Threonine sites( Choi et al., 2011; Choi et al., 2012, Hsieh et al., 2016). This indicates 
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that the regulation of PAH1 by phosphorylation is complex. The physiological relevance of 

phosphorylation at different sites by multiple protein kinases vary. Some of the 

phosphorylation sites regulate the subcellular localization, its phosphatidic acid phosphatase 

activity, or half- life of the protein. Also phosphorylation of PAH1 on some sites influences 

phosphorylation on other sites by the same or different protein kinases. The first study to 

identify the phosphorylated residues of PAH1 showed that Pah1p is phosphorylated on seven 

multiple Serine/Threonine sites in vivo. The phosphorylation sites matching the minimal 

Serine/Threonine-Pro motif are Serine-110, Serine -114, Serine-168, Serine-602, Threonine-

723, Serine-744, and Serine-748. All these seven sites are targets for cell cycle-regulated 

protein kinases like cdk1-cyclin B, Pho85p–Pho80p (Su et al., 2014). Alanine substitution of 

this Serine/Threonine-Pro motif completely inhibits the Nem1p-Spo7p-dependent mobility 

shift in SDSPAGE. The phosphorylation- deficient PAH1-7A (Serine-168, Serine-602, 

Serine-744, Serine-748, and Threonine-723, Serine-110 and Serine -114 mutated to alanine) 

exhibits a 2-fold increase in the specific activity and increased interaction with phospholipid 

vesicles when compared with the wild-type PAH1. Cells lacking the Nem1p–Spo7p complex 

exhibit reduced TAG due to loss of PAP function. The phosphorylation deficient PAH1-7A 

facilitates the translocation of Pah1p from the cytosol to the membrane and causes an 

increase in the synthesis of TAG in nem1∆ yeast. This indicates that the lack of 

phosphorylation of the seven sites renders Pah1p bypass the Nem1p–Spo7p 

dephosphorylation for in vivo function. Gene expression studies using Pah1p-7P- mutant 

showed that dephosphorylation of Pah1p promotes repression of INO1 and OPI3. Thus 

Phosphorylation of PAH1 on the Ser/Thr-Pro sites by Cdk1 has role in the expression of 

phospholipid biosynthetic enzymes. 

Additional phosphorylation sites that do not fit the Cdk consensus include Serine-773, 

Serine-774, Serine-800, Serine-805, Serine-810, Serine-814, and Serine-818. Inhibition of 
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phosphorylation by mutating these serine residues did not significantly change the migration 

of PAH1, suggesting that the residues contributing to the mobility shift during the cell cycle 

are among mainly the seven Ser/Thr-Pro sites which fit the Cdk phosphorylation consensus. 

Though the role of the additional phosphorylation is not known, it does not overlap with the 

function of the Ser/Thr-Pro-dependent phosphorylation in transcription and PA production. 

Protein kinase A phosphorylates Pah1p on Ser10, Ser677, Ser773, Ser774, and Ser788 with 

specificity similar to that shown by Pho85p–Pho80p and Cdc28p-cyclin B(Su et al., 

2012)(Huffman et al., 2002). The protein kinase A mediated phosphorylation of Pah1p 

inhibits its PAP activity by decreasing catalytic efficiency. The inhibitory effect of protein 

kinase A on PAP activity is primarily conferred by phosphorylation at Ser10 (Su et al., 2012). 

Phosphorylation by protein kinase A at Ser10 also inhibits its association with membranes, 

and TAG synthesis.  

Pah1p is also phosphorylated by protein kinase C and casein kinase II. Phosphorylation of 

Pah1p by protein kinase C and casein kinase II decreases its interaction with model 

membranes, suggesting an inhibitory effect of phosphorylation on PAP activity in vivo. 

Protein kinase C has the effect of decreasing Pah1 abundance when it is not phosphorylated 

by Pho85-Pho80. Phosphorylation of Pah1 by protein kinase C had a small stimulatory effect 

on its 20S proteasomal degradation, reducing the half-life of the protein from 6 min 

(unphosphorylated) to 5 min (phosphorylated). Casein Kinase II phosphorylates Pah1 on Thr-

170, Ser-250, Ser-313, Ser- 705, Ser-814, and Ser-818 residues(Hsieh et al., 2016). The CKII 

phosphorylation of Pah1 did not have a significant effect on the Km but had a small (13%) 

inhibitory effect on the Vmax of the reaction. Phosphorylation of Pah1 by CKII had no 

significant effect on its proteasomal degradation by the 20S proteasome. Also, pre-

phosphorylation by CKII reduces subsequent phosphorylation by protein kinase A (Hsieh et 

al., 2016). The S705A mutant, expressed in either pah1∆or pah1∆ nem1∆ cells, showed a 2-
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fold increase in membrane association when compared with the wild type control. Except for 

S705A, mutations of other residues phosphorylated by the CKII showed little effect on the 

subcellular localization of Pah1. Pah1p has been reported as a putative target of the Dbf2p-

Mob1p kinase complex, a component of the mitotic exit network (MEN) cascade in phospho-

site array screening( Mah et al., 2005; Laura O’Hara, Gil-Soo Han, Sew Peak-Chew, Neil 

Grimsey, George M. Carman, 2006). 

A balance between PA and DAG levels mediated by Pah1p PAP activity is important to 

maintain lipid homeostasis and normal cell physiology. In view of the variety of cellular 

processes in which PA and DAG play a role, the regulatory mechanisms governing PAP 

activity are complex affecting transcription, posttranslational modification, subcellular 

localization, and biochemical properties of Pah1p. Several transcription factors have been 

shown to interact with the Lpin1 promoter, including the glucocorticoid receptor (GR), sterol 

response element binding protein-1 (SREBP-1), and cAMP response element binding protein 

(CREBP).Recent work by Soto-Cardalda and colleagues has shown that the expression of 

PAH1-encoded PAP activity is affected by intracellular levels of zinc (Soto-Cardalda et al., 

2012). Pah1p PAP activity is stimulated by the phospholipids CDP-DAG, PI and CL, which 

act as mixed competitive activators of PAP activity (Pascual and Carman, 2013).  

1.6 Lipins - the metazoan PAH1 homolog 

The founding member of the lipin protein family, lipin-1 was identified in 2001 by positional 

cloning of the mutant gene underlying lipodystrophy in the fatty liver dystrophy (fld) mouse 

(Péterfy et al., 2001; Reue and Zhang, 2008). The fld mouse is named for two key features of 

the mutant phenotype – the presence of a fatty liver for the first 2 weeks of the postnatal 

period, and the subsequent development of a peripheral neuropathy characterized by poorly 

compacted myelin sheaths, abnormal Schwann cells, and myelin breakdown (Péterfy et al., 

2001; Harris and Finck, 2011; Csaki et al., 2013). The fld mouse also lacks normal adipose 
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tissue depots throughout the body (Reue and Zhang, 2008). This phenotype is reminiscent of 

some forms of generalized lipodystrophy in humans. 

In mammals, there are three members of the lipin gene family, which encode five lipin 

protein isoforms (Péterfy et al., 2005; Donkor et al., 2007; Gil-Soo Han and George M. 

Carman, 2010). Lpin1 mRNA undergoes alternative splicing to generate three isoforms: lipin 

1α, lipin 1β and lipin-1γ (Péterfy et al., 2005). Lipin-2 and lipin-3 were identified through 

sequence similarity to lipin-1. The three mammalian lipin genes differ in their tissue 

expression patterns, suggesting that they have unique physiological roles( Donkor et al., 2007; 

Gil-Soo Han and George M. Carman, 2010; Csaki et al., 2013). 

Lipin 1α is localized predominantly in the nucleus, whereas lipin 1β is primarily present in 

the cytoplasm (Péterfy et al., 2005). Lipin 1α and 1β isoforms are present in most of the 

tissues that express Lpin1, but the relative levels of the two isoforms varies with tissue type. 

Lipin-1γ is present primarily in brain (Harris and Finck, 2011). Lipin 1α and 1β isoforms 

have distinct cellular functions in processes such as preadipocyte differentiation. Lipin 1α is 

associated with expression of adipogenic differentiation factors such as PPARγ and C/EBPα, 

and lipin 1β is associated with induction of lipogenic genes such as fatty acid synthase, 

stearoyl CoA desaturase, and DGAT(Kim et al., 2013).  

Lipin proteins in all species share two highly conserved regions, termed the N-terminal lipin 

(N-LIP) and C-terminal lipin (C-LIP) domains, based on their locations (Siniossoglou, 2009). 

Lipin proteins in most species also contain at least one nuclear localization sequence unlike 

the yeast homolog. The C-LIP domain contains the DIDGT motif, which is present in all 

species and constitutes the catalytic site for phosphatidate phosphatase (PAP) enzyme activity 

(24), and mammalian lipin proteins contain an additional LXXIL motif, required for 

transcriptional coactivator activity (Reue and Zhang, 2008).  Also a conserved serine residue 

at 734
th

 position is required for the phosphatidate phosphatase activity of Lipin-1 and Lipin-2 
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(Donkor et al., 2009). But this residue is not important for the transcriptional coactivator 

functions. Although all three mammalian lipin proteins have the DIDGT motif and 

demonstrable PAP activity, lipin-1 exhibits higher PAP specific activity than lipin-2 and 

lipin-3 as assessed by an in vitro assay. The DIDGT motif is absolutely required for PAP 

enzyme activity, but mutation of this motif does not affect transcriptional coactivator function. 

Lipin 1 can form homo-dimers, as well as heterodimers with lipin 2 or lipin 3 (Liu et al., 

2010; Pascual and Carman, 2013). Despite the formation of oligomers, it appears that the 

individual lipin molecules present within oligomers act independently as phosphatases, rather 

than forming an active site through oligomerization (Liu et al., 2010). Little is known about 

the physiological role of lipin2 and lipin3 compared to lipin1. 

C. elegans has only one putative lipin homolog and is needed for lipid storage and 

development.  Down regulation of LPIN-1 in C.elegans resulted in disorganization of the 

peripheral ER with more membrane sheets compared to control. Down regulation of LPIN-1 

promoted bi-nucleation resulting in abnormal nuclear morphology (Gorjánácz and Mattaj, 

2009; Golden et al., 2009).  In C.elegans Lpin-1 had no effect on timely entry into mitosis or 

on the early steps of NEBD, but was required for disassembly of the nuclear lamina during 

late NEBD (Bahmanyar, 2015). This Lpin-1 requirement appears to be separable from the 

effect of Lpin-1 on the peripheral ER. In Drosophila melanogaster the single lipin orthologue 

(dLipin) is essential for normal adipose tissue (fat body) development and TAG storage 

(Ugrankar et al., 2011). dLipin mutants are characterized by reductions in larval fat body 

mass, whole-animal TAG content, and lipid droplet size. In Lipin mutants cells of Drosophila, 

the underdeveloped fat body are characterized by increased size and ultrastructural defects 

affecting cell nuclei, mitochondria, and autophagosomes (Ugrankar et al., 2011). 

Arabidopsis have two lipin homologs, AtPAH1 and AtPAH2 that encode the phosphatidate 

phosphatase activity (Nakamura et al., 2009; Mietkiewska et al., 2011). Double mutant 
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pah1pah2 in Arabidopsis thaliana had decreased phosphatidic acid hydrolysis. Decreased 

phosphatidic acid hydrolysis, affects the eukaryotic pathway of galactolipid synthesis and the 

membrane lipid remodeling mediated by these two enzymes is an essential adaptation 

mechanism to cope with phosphate starvation in Arabidopsis (Nakamura et al., 2009). In 

Arabidopsis thaliana disruption of PAH activity elevates phosphatidic acid (PA) levels and 

stimulates PC biosynthesis and biogenesis of the endoplasmic reticulum (ER). PAH activity 

controls the abundance of PA, which in turn can modulate CCT 

(Phosphocholinecytidyltransferase) activity to govern the rate of PC biosynthesis in 

Arabidopis (Craddock et al., 2015). It has been recently shown that in mammals Lipin-1 

regulation of phospholipid synthesis maintains endoplasmic reticulum homeostasis and is 

critical for triple-negative breast cancer cell survival (He et al., 2017). 

1.6.1Lipin transcriptional co-regulator activity 

In addition to its role as a PAP enzyme in the glycerol 3-phosphate pathway, lipin proteins 

are implicated in the regulation of gene expression through interactions with nuclear 

receptors and other DNA-bound transcription factors. The first demonstration of this was the 

requirement for lipin 1 in mouse hepatocytes for activation of genes regulated by peroxisome 

proliferator activated receptor α (PPARα) and its coactivator protein, PPARγ coactivator-1α 

(PCG-1α) (Zhang et al., 2012; Kim et al., 2013). It is clear that lipin 1 also associates with 

additional transcription factors, including PPARγ, myocyte enhancer factor 2 (MEF2), and 

the nuclear factor of activated T-cells c4 (NFATc4) to either co-activate or co-repress gene 

expression (Koh et al., 2008; Kim et al., 2010). Lipin 1 mediated co-repression of MEF2 

possibly modulate inflammatory cytokine signaling in adipocytes (Chen et al., 2015). Lipin 2 

also has the ability to co-activate PPARα/PGC- 1α.The ability of lipin proteins to regulate 

both triacylglycerol synthesis through PAP activity, and fatty acid oxidation through 
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transcriptional co-activation, suggests a unique mechanism for coordination of fat synthesis 

and turnover. 

1.6.2 Lipin regulation by phosphorylation 

As mentioned earlier the mammalian counterparts of Nem1p-spo7p proteins; the CTDNEP1 

and NEP1-R1 complex dephosphorylates lipin 1 and promotes its association with the 

ER/nuclear envelope membrane, and stimulates its PAP activity in metazoan species ranging 

from C. elegans to mammals. A combination of three-dimensional structure analysis and in 

vitro steady-state kinetic analysis of CTDNEP1 showed that the phosphatase prefers to act at 

Ser106, one of the target sites for mTOR complex 1 phosphorylation. mTOR mediates 

insulin-induced lipin 1 phosphorylation at multiple sites leading to its cytosolic localization 

and reduced enzyme activity (Huffman et al., 2002; Laplante and Sabatini, 2009; Kim and 

Chen, 2004). Inhibition of mTOR favors lipin 1 membrane association and increases its PAP 

activity. The phosphorylation sites in yeast and mammalian lipin proteins are not directly 

comparable, such that the sites, the kinases, and the physiological consequences require 

specific investigation in mammalian systems. Lipin 2 is also a highly phosphorylated protein, 

but unlike lipin 1, phosphorylation is not responsive to insulin or mTOR. Little is known 

about the phosphorylation of lipin 3 and the effect of its subcellular translocation. There is a 

complex relationship between mTOR, lipin 1 and PA, and  the interplay between mTOR and 

lipin 1 enzyme function is more complex than simply kinase and phosphorylation 

substrate(Laplante and Sabatini, 2009;  Peterson et al., 2011; Soliman et al., 2010). 

The movement of mammalian lipin within the cell is closely associated with its 

phosphorylation status as in case of yeast PAH1. The lipins are highly phosphorylated with 

over 25 sites identified in the founding member, lipin 1. Both phosphorylated and 

dephosphorylated lipin 1 showed similar activity when measured as a function of PA 

concentration. But subsequent studies showed that reduced PAP activity during mitosis has 
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been linked to lipin-1 and -2 phosphorylation, confirming phosphorylation as a modulator of 

PAP activity. Phosphorylation of lipin 1 inhibits physiological activity by decreasing 

membrane association. Mutation of 21 of Ser/Thr residues to Ala promoted localization to the 

ER/nucleus suggesting an increase in membrane association. Inhibition of mTOR causes a 

dramatic change in the intracellular localization of lipin 1, suggesting that mTOR activity is 

sufficient to regulate lipin 1 association with membranes. Not all of the phosphorylated sites 

identified play a significant role in controlling lipin 1 association with membranes. The 

majority of the effects of phosphorylation on lipin 1 PAP activity require mTOR kinase 

activity, suggesting that other kinase(s) have a less significant contribution on PAP activity. 

Lipin 1 has a highly basic stretch (PBD) of amino acid residues with 9 lysine and arginine 

residues in a row at amino acid residues 153–161. This motif is required for interaction with 

PA but had no effect on lipin 1 enzymatic activity. Mutation of the PBD sites completely 

eliminates the effect of phosphorylation on lipin 1 PAP activity, suggesting that the function 

of phosphorylation is to prevent the PBD from interacting with PA (He et al., 2017). 

Phosphorylation regulates the ability of the polybasic domain of lipin 1 to recognize di-

anionic PA. When measured by biochemical fractionation of cells, hyper-phosphorylated 

lipin 1 is found in the cytosol of 3T3-L1 adipocytes, whereas hypo-phosphorylated lipin 1 is 

localized to microsomal membranes. Overexpression of wild type lipin 1 shows cytosolic 

localization by immune fluorescent microscopy, whereas the 21xA mutant (mutation in all 21 

phosphorylation sites) localizes to the ER/nucleus. Microscopic analysis of endogenous lipin 

1 in 3T3-L1 adipocytes shows lipin 1 spread across the cytosol and localized to discrete 

punctuate spots, whereas treatment with torin1(mTOR inhibitor) causes a dramatic 

relocalization to the ER/nucleus. These changes in localization were found to play a crucial 

role in the regulation of the transcriptional activity of SREB1. In addition, lipin 1 

phosphorylation is thought to play a critical role in its enzymatic function, although evidence 
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for this has been lacking until now.  mTOR activity is required for phosphorylation of lipin 1 

to negatively regulate lipin 1 PAP activity. This clearly depicts the importance of 

phosphorylation on the regulation of lipin function by affecting localization, catalytic activity 

and stability. 

1.6.3 Lipin gene mutations and disease 

As discussed earlier a spontaneous mutation in the mouse LIPIN1 gene manifested a severe 

disease phenotype, indicating the physiological significance and non-redundancy of lipin 1 

protein function. Individuals that carry bi-allelic pathogenic mutations in LPIN1 shows 

severe, potentially life-threatening rhabdomyolysis in childhood (Müller-felber et al., 2010). 

In contrast, individuals with bi-allelic pathogenic LPIN2 mutations develop an auto 

inflammatory syndrome called Majeed syndrome characterized by recurrent fever, bone 

lesions, anemia and inflammatory skin lesions (Al-Mosawi et al., 2007; Ferguson, 2005). 

Majeed syndrome is caused by S734L mutation in the LPIN2 (Donkor et al., 2009). It is not 

known whether LPIN3 mutations cause any disease. The disparate symptoms associated with 

lipin- 1 or lipin-2 dysfunction/deficiency indicate that these lipin proteins each have unique 

roles in vivo. 

1.7 Phosphatidic acid phosphohydrolase (PAH) in the phylogeny 

The eukaryotic lineages can be divided into five supergroups which includes Opisthokonta, 

Archaeplastida (Plantae), Amoebozoa, Excavata and SAR (stramenopiles, alveolates, and 

Rhizaria) ( Parfrey et al., 2006; Koonin, 2010; Adl and Needs Authors, 2013). Opisthokonta 

supergroup contains animals (Metazoa) and fungi, as well as several lines of heterotrophic 

protists. Amoebozoa includes mostly amoeboid, heterotrophic protists (e.g., Amoeba) or the 

mycetozoan slime molds capable of aggregative multicellularity (e.g., Dictyostelium). 

Excavata supergroup is composed of diverse and mainly heterotrophic protists, many of 

which are anaerobes and/or parasites and possess hydrogenosomes or mitosomes instead of 
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mitochondria (e.g., Giardia, Trypanasoma). Plantae supergroup is composed of the three 

main lineages of primary photosynthetic taxa: organisms that harbor plastids directly derived 

from the cyanobacterial endosymbiosis. SAR supergroup an acronym of its constituents: 

stramenopiles, alveolates, and Rhizaria is the most recently recognized supergroup. 

Stramenopiles (also known as heterokonts) are a very large diversity of protists, including, 

ecologically important algal groups such as diatoms or large multicellular seaweeds, as well 

as heterotrophic, often parasitic species. Alveolates include the dinoflagellate algae, 

apicomplexan (parasites such as the malaria agent Plasmodium) or ciliate protozoans (e.g., 

Tetrahymena).  Rhizaria is based only on molecular characters and includes naked and testate 

amoeboid, heterotrophic protists such as foraminiferans and radiolarians. 

The mostly used model for studying PAH function has been animal or fungus which belongs 

to the Opisthokont clade (Péterfy et al., 2001; Donkor et al., 2007; Soto-Cardalda et al., 2012). 

PAH proteins are conserved among members of Opisthokonts with counterpart enzymes in 

humans, mice, flies, worms, and plants. Few studies on PAH functions are known in plants 

that belongs to Archeaplastidia (Nakamura et al., 2009; Mietkiewska et al., 2011). A 

comparison of cell biological features between different eukaryotic lineages would be a better 

strategy for understanding the evolutionary conservation than between organisms within the 

same lineage. The remaining three clades Excavata, Ameobozoa, and SAR consist largely of 

unicellular organisms (both parasitic and free-living) are distantly related to Opisthokonta 

and are very poorly represented in PAH studies.  

By comparing PAH functions between organisms belonging to different lineages would 

provide a more accurate understanding of conserved features, and the variation that exists 

within them, and also of features that are limited to specific lineages. A broader, taxonomy-

informed sampling would therefore provide a more accurate picture of the relative 

contributions made by inheritance versus innovation in the emergence of modern cells.  
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As discussed above studies of phosphatidic acid phosphatase have focused on Opisthokonta 

(fungi, nematode, fly and animals) and Plantae clades (Santos-Rosa et al., 2005; Han et al., 

2006; Donkor et al., 2007; Nakamura et al., 2009, Golden et al., 2009; Gorjánácz and Mattaj, 

2009; Ugrankar et al., 2011; Schmitt et al., 2015). In contrast, these enzymes and the 

regulatory cascades in which they participate have not been reported in organisms including 

Amoebozoa, Alveolata, and Excavata. Tetrahymena thermophila belongs to the Alveolata, a 

major evolutionary branch of eukaryotic protists in which cells display functional complexity 

comparable to the cells of humans and other metazoans. T. thermophila is a free-swimming 

unicellular eukaryote belonging to protist, with size of ~30 × 50 μm and larger than many 

mammalian cells (Mobberley et al., 1999). Tetrahymena (and ciliates in general) are unique 

for their nuclear dimorphism. Tetrahymena have two nuclei each, the micronucleus (MIC) 

and the macronucleus (MAC) (Mobberley et al., 1999; Edurado Orias, 2011). The 

transcriptionally active macronucleus, is the primary source of gene transcripts in the cell; its 

proteins and non-protein coding RNAs which maintain the functions required for the life of 

the organism and thus the MAC genome directly determines the phenotype of cell. The silent 

micronucleus is transcriptionally silent in vegetative cells, is the store of genetic information 

for the sexual progeny. The micronucleus is diploid and has five different chromosomes, 

while the macronucleus is roughly 45-ploid with around 180-200 different chromosomes. The 

two genomes are genetically and developmentally related but exhibit dramatic differences in 

structure and function (Mobberley et al., 1999; Edurado Orias, 2011). 

The life cycle of T. thermophila has two major components: asexual reproduction by binary 

fission and conjugation, the non-reproductive sexual stage (Figure 1.5) (Turkewitz et al., 

2002; Edurado Orias, 2011). During asexual reproduction, the MIC genome divides 

mitotically, while the MAC divides amitotically. Under starved conditions two different 

strains of Tetrahymena undergo conjugation, during which the parental MIC in each 
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conjugant undergoes meiosis, haploid gamete nuclei are formed and reciprocal fertilization 

gives rise to a diploid zygotic nucleus. Progeny MICs and MACs differentiate from mitotic 

copies of the zygote nucleus. The parental MAC genome contributes no DNA to the sexual 

progeny and is destroyed through autophagy-mediated programmed nuclear death (Edurado 

Orias, 2011). 

 

Figure 1.5: The Tetrahymena life cycle 

Left: vegetative (asexual) reproduction phase. V0: vegetative cell. V1: cell undergoing binary 

fission. MIC and MAC divide mitotically and amitotically, respectively. Right: conjugation, 

the sexual (non-reproductive) stage of the life cycle. The following events occur in synchrony 

in each conjugant. 1. Starved cells of different mating type meet and form pairs. 2. Meiosis 

generates four haploid products, three of which are resorbed by programmed nuclear death 

(PND). 3. The functional meiotic product undergoes mitosis, generating the haploid 

migratory (anterior) and stationary (posterior) gamete pronuclei. Migratory pronuclei are 

reciprocally exchanged. 4. Incoming migratory and resident stationary pronuclei fuse, 

generating the diploid fertilization nucleus. 5. The fertilization nucleus undergoes two rounds 

of mitosis, generating four diploid anlagen, which will differentiate into new polyploid 

MACs (anterior two) and new diploid MICs (posterior two). 6. New MACs and MICs take up 

central position and characteristic arrangement. Parental MAC migrates posteriorly and is 

resorbed by PND. 7. Exconjugant cells separate. One new MIC is resorbed by PND. Not 

shown: at the first post-conjugation cell division (directly following stage 7), a new MAC and 

a mitotic daughter of the surviving new MIC are distributed to each daughter cell, thus 

restoring the vegetative -- one MIC, one MAC -- nuclear organization (stage V0).(Taken 

from Eduardo Orias et.al. Res Microbiol. 2011. 
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Three distinct modes of genome distribution at nuclear division have been documented in 

Tetrahymena: MIC mitosis, MIC meiosis and MAC amitosis. Nuclear divisions are 

classically defined as being closed or open based on the retention or breakdown of the 

nuclear envelope during nuclear division(Boettcher and Barral, 2012)(Ebrahimi and Cooper, 

2012). By this criterion, all nuclear divisions in Tetrahymena are closed. Also in 

Tetrahymena, during conjugation the new macronucleus develops from micronucleus which 

involves 10 to 15 fold of nuclear membrane expansion. 

Tetrahymena Genome contains two homologs of phosphatidic acid phosphatase 

(PAH1/LIPIN) and we have designated them as TtPAH1 (TTHERM_00189270) and TtPAH2 

(TTHERM_00215970) in this study. With this background, the work is presented in four 

different chapters as mentioned below:  

1) Elucidation of the role of Tetrahymena PAH1 in membrane biogenesis and lipid 

homeostasis. 

2) Investigation of the role of Tetrahymena PAH1 in mediating cell cycle regulation of 

nuclear expansion. 

3) Analysis of conservation of PAH functions across eukaryotic clades. 

4) Functional characterisation of Tetrahymena PAH2. 

In this study the role of phosphatidic acid phosphatase (PAH1) in regulating lipid 

homeostasis, membrane biogenesis coupled with organelle morphology(ER/nuclear) in 

Tetrahymena thermophila is investigated. Also the cellular functions of lipin homologs in 

Excavata, Amoebozoa and Plantae are investigated to understand the evolutionary 

conservation of this cascade. Overall, evidence for the evolutionary conservation of this Mg
2+

 

dependent phosphatidic acid phosphatase across phylogeny is provided. 
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CHAPTER 2 

Role of Tetrahymena PAH1 in membrane biogenesis and 

lipid homeostasis. 
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2.1 INTRODUCTION 

Regulation of lipid homeostasis and membrane biogenesis is important for normal growth 

and development of all eukaryotes. The magnesium dependent form of the enzyme 

phosphatidic acid phosphatase (PAP; EC 3.1.3.4) is a key player in eukaryotic lipid 

homeostasis with both structural and regulatory roles (Finck et al., 2006; Donkor et al., 2007; 

Carman and Henry, 2013; Pascual and Carman, 2013) . Yeast contains a single PAP protein 

called Pah1(Han et al., 2006), while mammals possess 3 homologs lipin1, 2, and 3 (Péterfy et 

al., 2001) which are reviewed in detail in chapter1. This phosphatidate phosphatase (PAH1 in 

yeast and lipin in mammals) converts phosphatidic acid (PA) to diacylglycerol (DAG), which 

then serves as a substrate for both phospholipid and triacylglycerol (TAG) biosynthesis 

(Carman and Henry, 2013). 

In Saccharomyces pombe, and in Saccharomyces cerevisiae, loss of Ned1/Pah1p causes 

dramatic abnormalities in the structure of the ER and the nuclear envelope, as a result of 

increased membrane proliferation (Tange, 2002). Deletion of PAH1 showed disruption in ER 

structure and defects in lipid droplet number and morphology, with neutral lipid 

accumulating around the ER in stationary phase. Loss of the single lipin homolog in C. 

elegans causes defect in the breakdown ability of the nuclear envelope, decreased formation 

of LD, and disorganization of the ER. In Arabidopsis the loss of both lipin homologs PAH1 

and PAH2 increased the level of PA and most other phospholipids. Loss-of-function 

mutations in lipin 1 produce the dramatic metabolic abnormalities displaying growth 

retardation, hypertriglyceridemia and the development of severe hepatic steatosis. Human 

mutations in the gene encoding lipin 2 (LPIN2) lead to an autoinflammatory bone disease 

known as Majeed syndrome (Ferguson, 2005; Al-Mosawi et al., 2007). Expression of 

peroxisome proliferator-activated receptor γ (PPARγ), a key player in adipogenesis is 
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influenced by lipin by regulating levels of PA (Finck et al., 2006; Harris and Finck, 2011; 

Kim et al., 2013).  

The existence of a single lipin ortholog in genetically tractable organisms above described 

such as S. cereviseae, C.elegans, Drosophila melanogaster has simplified the functional 

analysis of the role of lipin in these species. But plants (Arabidopsis thaliana and Brassica 

napus) contain two lipin paralogs which are result of post-speciation duplication events.  

Tetrahymena thermophile, a single cell ciliate represents lower eukaryote that contains all 

subcellular organelles typically found in eukaryotic cells, such as mitochondria, lysosomes, 

endoplasmic reticulum and peroxisomes. Tetrahymena cells grow well in lipid-free media 

and can be therefore considered a closed system with respect to the budget of its membrane 

components. Tetrahymena has already been chosen as an appropriate model for the use in 

structure function of biological membranes, membrane fluidity and membrane homeostasis 

studies particularly membrane biogenesis. Tetrahymena shows no requirements for fatty 

acids or sterols or phospholipids under normal conditions as they can synthesize all complex 

lipid from small molecules needed for growth. Tetrahymena has membrane complexities 

comparable to cells of higher organisms (Frances and Bryn, 1975). Hence Tetrahymena serve 

as a good model system to study lipid homeostasis and membrane biogenesis in lower 

eukaryotes which are evolutionarily distant from organisms where PAH functions has been 

characterized(Edurado Orias, 2011; Briguglio and Turkewitz, 2014). Tetrahymena 

thermophila possesses two PAH homologs, TtPAH1 and TtPAH2, which are disparate in their 

size (Pillai et al., 2017a). TtPah1 has a length of 872 amino acids and is comparable to the 

size of previously characterized lipins, whereas TtPah2 is a low molecular protein. This 

chapter focusses on the role of Tetrahymena PAH1 in regulating functions which are known 

to be performed by this family of proteins in other model organisms. For this purpose, a 

knockout strain of TtPAH1 was generated by deleting all copies of TtPAH1 from the 
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macronucleus. Role of TtPAH1 in regulating cell viability, lipid droplet number, endoplasmic 

reticulum and nuclear morphology are discussed in this chapter.  

2.2 MATERIALS 

2.2 .1 Plasmids 

Tetrahymena specific expression vector pIGF was a gift from Doug Chalker, Washington 

University. Tetrahymena expression vector pVGF was from Meng-Chao Yao, University of 

Washington. The NUP3-GFP in NCVB vector was obtained from Aaron Turkewitz, 

University of Chicago. pCRII vector was from Invitrogen. 

2.2 .2 Tetrahymena thermophila strains and culture media 

Wild type Tetrahymena thermophila strains CU428.1 and B2086 were procured from 

Tetrahymena Stock Centre, Cornell University, USA. Proteose peptone and Yeast extracts 

were purchased from BD Biosciences, USA, and Dextrose and Paramomycin Streptomycin 

pencillin (PSA/fungizone) from MP Biomedicals 

2.2 .3 Other reagents: 

ER Tracker Red, DiOC6(3) and DAPI were from Invitrogen. Oil Red O dye was from Hi-

Media. Phosphatidic acid was obtained from MP Biomedicals. Other chemicals and media 

components were from Sigma-Aldrich unless mentioned otherwise.  

2.3 METHODS 

2.3.1 Competent cells preparation 

For plasmid transformation E. coli strain DH5α was used and the competent cells of these 

strains were prepared by following Methodology. DH5α was streaked from freezer stock on 

to LB-agar plate and was grown overnight at 37⁰C. Single colony was picked and inoculated 

into 25 ml of LB media in a 250 ml flask. This was grown for 6-8 hours at 37⁰C with 220 

rpm. This culture was used to inoculate 100 ml of LB media in a 500 ml flask to get an OD600 

of 0.025. Incubate the flask at 18⁰C. OD of the culture was constantly monitored after 24 
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hours so as to collect cells at OD600 = 0.55. The culture flask was transferred onto ice for 10 

minutes with occasional mixing. The cells were collected by centrifuging at 3500 rpm for 10 

minutes at 4⁰C. The cell pellet was resuspended  in 16 ml ice cold transformation buffer (55 

mM MnCl2, 15 mM CaCl2, 250 mM KCl, 10 mM PIPES (pH 6.7)). Cells were again 

collected by spinning at 3500 rpm for 10 minutes and removing all residual buffer. 4 ml of 

ice cold transformation buffer and 300µl of DMSO was added and cells were resuspended 

slowly.  The bacterial suspension was mixed by swirling and allowed to incubate on ice for 

15 minutes. Dispense aliquots into pre-chilled centrifuge tubes and snap freeze in liquid 

nitrogen to store in -80⁰C. 

2.3.2 Tetrahymena culture conditions 

Wild-type CU428.1 and B2086 strains of T. thermophila were grown at 30°C in SPP medium 

(2% proteose peptone, 0.2% dextrose, 0.1% yeast extract, 0.003% ferric EDTA) with 250 

μg/ml pencillin and streptomycin and 1.25 μg/mL Fungizone (amphotericin B). Cultures were 

generally not allowed to exceed a concentration of 5 X 10
5
 cells/ml. Cells were transferred to 

fresh medium at maximum of 1: 100 dilution. For short term storage, stocks were maintained 

at room temperature in test tubes in low aeration in 2% SPP for 3 to 6 months. For long term 

storage, wild-type or knockout cells were starved and frozen in liquid nitrogen in 4% DMSO 

(Bruns et al., 2000).  

For conjugation, cells of different mating types (CU428.1 and B2086 strains) were grown to 

log phase (3-4 x 10
5
/ml), washed and starved in DMC (0.17 mM sodium citrate, 0.1 mM 

NaH2PO4, 0.1 mM Na2HPO4, 0.65 mM CaCl2, and 0.1 mM MgCl2) for 16-24 hours at 30°C 

(Orias et al., 2000).  Equal numbers of starved cells of two different mating types were mixed 

to initiate conjugation. Conjugation efficiency was checked at the fourth hour post mixing 

after fixation with formalin by counting number of paired tetrahymena cells versus number of 
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unpaired cells after fixing with PFA. Conjugation cultures showing more than 80% of paired 

cells (conjugation efficiency) are used for transformation. 

2.3.3 Tetrahymena Genomic DNA Extraction 

25 ml stationary cultures (1X10
6
 cells/ml) were used for genomic DNA isolation. Cells were 

resuspended in 3.5 ml Urea buffer (42% urea, 0.35 M NaCl, 0.01M Tis p
H
 7.4, 0.01M EDTA, 

1% SDS) and shaken gently for 5 minutes until the cells are homogenized/lysed.. The lysate 

was extracted twice with equal volume of phenol: chloroform: isoamylalcohol (25:24:1). 

Then it was extracted once with chloroform isoamyl alcohol. 1ml of 5M NaCl was added to 

approximately 3ml of lysate to reduce carbohydrate content. DNA was precipitated with an 

equal volume of isopropyl alcohol. The precipitated DNA was spooled onto a glass capillary 

tube, washed with 70% ethanol and dried. DNA was resuspended in 600µl TE containing 6µl 

RNase A (10mg/ml). This was kept in a heating block at 55⁰C overnight and used as for PCR 

reactions. 

2.3.4 Cloning 

To generate the TtPAH1-GFP construct, full-length TtPAH1 was amplified from genomic 

DNA using specific primers (Table 2.1). Table 2.2 mentions the PCR reactions and 

conditions used for amplification of the gene. The amplified product was cloned into an entry 

vector using pENTR/D-TOPO kit (Invitrogen).This was further cloned into the destination 

vector pIGF (an rDNA-based expression vector from from Meng-Chao Yao, University of 

Washington, USA) using LR clonase (Invitrogen). The construct was screened by mobility 

shift in agarose gel, confirmed by PCR amplification and further confirmed by sequencing. 

For expressing TtPAH1 as TAP-tagged protein, full-length TtPAH1 was PCR amplified using 

specific primers with Xho1 restriction site in forward primer and Apa1 restriction site in the 

reverse primer (Table 2.1). Table 2.2 mentions the PCR reactions and conditions used for 

amplification of the gene. The amplified product was cloned into Tetrahymena specific 
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vector pVGF (an rDNA-based expression vector) using Xho1 and Apa1 restriction sites. 

Positive clones were identified by screening by digestion with Xho I and Apa I and constructs 

with right-sized releases were selected. Positive constructs were further confirmed by 

sequencing and used for transformation and expression of the protein.  

5’UTR and 3’UTR of TtPAH1 were PCR amplified and cloned into the pCRII vector 

(Invitrogen – Life technologies, Carlsbad, U.S.A.).  To amplify 5’UTR, SacI and EcoRI 

restriction sites were incorporated in forward and reverse primers respectively (Table 2.1). 

For amplification of 3’UTR, EcoRI and XhoI restriction sites were included in the forward 

and reverse primer respectively (Table 2.1). Finally, the NEO3 cassette was introduced 

between 5’UTR and 3’UTR using EcoRI restriction sites. 

Table 2.1: Oligonucletides used chapter 2 

 

No. Oligo Name Sequence (5’ to 3’) 

1 TtPAH1-GFP FP CACCATGCATCACCATCACCATCACACTACTAGCAGT

ATGAGTGTTTTAA 

2 TtPAH1-GFP RP TCATTCGCTTAATAGTTAGTTAATATCTT 

3 TtPAH1-TAP FP GCCTCGAGACT AGCAGTATGAGTGTTTTAA 

4 TtPAH1-TAP RP GCGGGCCCTCATTCGCTTAATAGTTAGTTAATATCTT 

5 5’UTR FP GAGCTCGTGAATAGTAGTAATCTTAA 

6 5’UTR RP GAATTCCTTAATCAGAAATTATGATAATATATCT 

7 3’UTR FP GAATTCTTTCCTCCCATCAAGCAG 

8 3’UTR RP CTCGAGTTCTATTTATATTTTTTGTTAA 

9 TtPAH1 RT FP GCTATTGGGCAATCGGAGTA  

10 TtPAH1 RT RP TCCAAATCCTGCATAATAGACG 

11 Alpha tubulin RT FP CCTCCCCCTAAGTCTCAACC 

12 Alpha tubulin RT RP CGAAGGCAGAGTTGGTGATT 
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Table 2.2: PCR reaction components and conditions for amplification of TtPAH1 using 

Phusion Polymerase 

Reaction components 

Volume 

(µl) 

 Temperature Time 

No. of 

cycles 

Template (100 ng/µl) 1  98⁰C 1 minute 1 

5X Phusion buffer 10  98⁰C 5 seconds 

 

35 

10mM dNTP  1  58 ⁰C 30 seconds 

Forward primer 1 

 72⁰C 1 minute 30 

seconds 

Reverse primer 1  72⁰C 10 minutes 1 

Magnesium chloride 1  

Phusion polymerase 0.5  

Water 34.5  

            Total 50  

 

2.3.5 Transformation of Tetrahymena cells by electroporation method 

TtPAH1-TAP and TtPAH1-GFP were transformed into wild-type Tetrahymena cells through  

electroporation using 20 to 25 μg of the plasmid DNA (Gaertig et al., 1994). Conjugating 

cultures of Tetrahymena cells (3 X 10
5
 cells/ml) were washed with 10 mM HEPES buffer and 

concentrated to a final volume of around 500 μl in the same buffer. In an electroporation 

cuvette with 0.2-mm gap (Thermo scientific), 125 µl of concentrated cells are mixed with 125 

µl of plasmid DNA. Electro-pulsing was done exactly at the tenth hour post-mixing of the 

two different wild type strains.  Electro-transformation was carried out using Gene Pulser 

(Biorad) electroporation unit at 250 V for 5 milli seconds under time constant protocol.  Post 
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one minute of pulsing elecro-pulsed cells were diluted in SPP medium and 125 µl of these 

cells were later aliquoted in 96 well plates and incubated at 30⁰ C. The selection antibiotic 

paromomycin sulphate was added at a concentration of 100μg/ml after 14 hours of 

transformation. Transformants were selected within 3 to 5 days post drugging, which grow 

efficiently in the presence of Paramomycin sulfate.  

Screen for wells containing drug-resistant cells 3–4 days after plating which grow vigorously 

and swim rapidly while drug sensitive cells are swollen and grow and divide slowly. 

2.3.6 Biolistic method for knockout generation 

The knockout cassette was released from the knockout construct by SacI and XhoI digestion 

and was further ethanol precipitated. 20 μg of the knockout construct was used. The purified 

construct was used to coat 0.6 micron gold microcarrier beads, which were introduced to the 

macronuclei of starved, vegetative CU428 and B2086 Tetrahymena by biolistic bombardment 

as described previously(Gaertig et al., 1994)(Cassidy-Hanley, 2003).  Biolistic transformation 

was carried out using PDS1000/He Biolistic particle delivery system (BioRad) according to 

manufacturer’s instructions. Following bombardment, cells were recovered in beakers of SPP 

media for approximately 12 hours. Next, paromomycin sulfate was added to a concentration 

of 100µg/ml and cadmium chloride was added to a concentration of 2.0 µg/ml. These cells 

were transferred to 96-well microtiter plates, using a multichannel pipette to deliver 150 µl 

per well and incubated at 30C.  

2.3.7 Phenotypic Assortment 

After 2-3 days, the resistant lines were observed. This initial low-level resistance indicates 

that the Neomycin cassette allele has replaced at least one of the endogenous TtPAH1 genes 

in the polyploid macronuclei. In Tetrahymena macronucleus is polyploidy and contains 45 or 

more copies of each gene. In order to drive this initial Neomycin allele to replace all of the 

estimated 45 endogenous copies of TtPAH1 in the macronuclei, the Cadmium concentration 
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was lowered to 0.5 µg/ml and the paromomycin concentration was increased gradually as 

cells were transferred to fresh media every 1-2 days. The amitotic nature of macronuclear 

division in Tetrahymena leads to an imperfect segregation of the macronuclear genome 

during vegetative growth. As a consequence, alleles are unequally partitioned to daughter 

cells following division. Gradual increase of the paromomycin sulphate concentration results 

in survival of only those cells which receive more copies of NEO3 cassette. This will bias the 

culture towards replacing all the endogenous copies of TtPAH1 with NEO3 cassette. The 

result is a phenomenon termed phenotypic assortment (Sonneborn, 1974).  The knock out 

cells showed resistance to paromomycin as high as 20 mg/ml. Single-cell isolates were 

prepared from these resistant lines and expanded to 8 ml standing tube cultures. 

2.3.8 RNA Isolation, cDNA synthesis and semiquantitative PCR  

Total RNA was isolated from 20 ml cultures (8 X 10
5
) of both ∆Ttpah1 cell lines and 

respective wild type cells using Rneasy Mini Kit (Qiagen) according to manufacturer’s 

instruction. cDNA synthesis was done with QuantiTect Rev. Transcription Kit (Qiagen) using 

random hexamers according to manufacturer’s instruction. PCR reactions were performed 

with 100 ng cDNA using TtPAH1 specific primers and with control alpha tubulin (ATU1) 

primers for 34 cycles. Table 2.3 mentions the PCR reactions and conditions used for 

amplification of the product. Identical PCR reactions were performed without adding reverse 

transcriptase during cDNA synthesis. 
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Table 2.3: PCR reaction components and conditions for amplification of alpha tubulin 

and TtPAH1 using Taq polymerase for semiquantitative PCR 

Reaction components 

Volume 

(µl) 

 Temperature Time 

No. of 

cycles 

Template (100 ng/µl) 1  94⁰C 4 minute 1 

10X Taq buffer 10  94⁰C 30 seconds  

34 10mM dNTP  1  56⁰C 30 seconds 

Forward primer (ATU RT) 1  72⁰C 50 seconds 

Reverse primer (ATU RT) 1  72⁰C 5 minutes 1 

Forward primer (TtPAH1 RT) 1  

Reverse primer (TtPAH1 RT) 1  

Magnesium chloride 1  

Phusion polymerase 0.5  

Water 34.5  

Total 30  

 

2.3.9 Growth assay  

Mid-log-phase cultures of wild-type and ΔTtpah1 Tetrahymena cells were used to inoculate 

20 ml of fresh SPP medium at an initial cell density of 0.4 X 10
5
. When cell number reached 

1 x 10
5
/ml, cells were counted at every 2 hour interval using a hemocytometer after fixation 

with formalin. The averaged cell density was plotted against time. 

2.3.10 Isolation of nuclei  

The NUP3-GFP in NCVB vector was linearized and introduced biolistically into vegetative 

Tetrahymena by particle bombardment, and the transformants were selected using 60μg/ml 
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blasticidin in the presence of 1μg/ml cadmium chloride (Rahaman et al., 2008). The wild type 

and ∆Ttpah1 cells expressing NUP3-GFP was used for nuclear isolation. 50 ml of 

Tetrahymena cells (5 x 105 cells/ml) were centrifuged (5 min at 1100g) at 4°C and cell 

pellets were washed with pre-chilled Solution A (sucrose 0.1M, gum arabic 4% v/v, MgCl2 

0.0015M, Spermidine Hydrochloride 0.01% v/v) and resuspended in pre-chilled Solution B 

(sucrose 0.1M, gum arabic 4% v/v, MgCl2 0.0015M, Spermidine Hydrochloride 0.01% v/v, 

octanol 24mM). The suspension was shaken vigorously for 5 min followed by 

centrifugation(Allen, 2000). The nuclear pellet was resuspended in Buffer A and was imaged 

by fluorescence microscope after staining with DAPI. 

2.3.11 Staining and microscopy: 

2.3.11.1Fixation with Paraformaldehyde 

Tetrahymena cells were fixed with 4% paraformaldehyde (PFA) in 50mM HEPES pH 7.5. 

The cells were spun down at 1100 RCF and the supernatant was discarded. The cell pellet 

was dislodged by tapping and PFA was added to the cells by dispensing quickly and 

incubated at room temperature for 30 min. Cells were recovered by centrifugation and 

washed with 10mM HEPES pH 7.5.  The fixed cells were further used for staining purpose.  

2.3.11.2 Lipid droplet staining 

For staining lipid droplets, Tetrahymena cells (4-5 X 10
5
 cells/ml) were pelleted down by 

centrifugation (1100g for 2 min) at room temperature, washed with DMC and fixed with 4% 

paraformaldehyde. Fixed cells were washed with 10mM HEPES pH 7.5 and resuspended in 

the freshly prepared oil red O solution. To prepare fresh Oil red O stain, stock of 1 g oil red O 

in 100 ml isopropanol was diluted with water (3:2 vol/vol) and filtered through 0.45- and 

0.22-μm syringe filters (Binns et al., 2006). Tetrahymena cells were pelleted down by 

centrifugation (1100g for 2 min at room temperature, washed with DMC and fixed with 4% 

paraformaldehyde. Cells were tapped briefly and incubated in the dark in nutating mixer at 
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room temperature for 10 min. Stained cells were washed thrice with 1 ml of 10mM HEPES 

each time. Finally cells were re uspended in 50 μl of 10mM HEPES pH 7.5 and mounted on 

glass slides for confocal microscopy and viewed under 63X oil objective.  

2.3.11.3 Endoplasmic Reticulum staining  

For Endoplasmic Reticulum staining, Tetrahymena cells were grown to a density of 3-4X10
5
 

cells/ml. To the Tetrahymena culture 0.5 µM ER-Tracker™ Red dye was added and 

incubated for 60 minutes. The stained cells were fixed with 4% paraformaldehyde in 50 mM 

HEPES pH 7.5. Fixed cells were washed once with 10mM HEPES to remove traces of 

paraformaldehyde. To rule out any effect of differential pressure (during placing coverslips) 

on ER morphology in different samples, we imaged both wild-type cells and knockout cells 

simultaneously. 3-5µl of cells were mounted on glass slides, covered with cover glasses, and 

sealed with nail polish and imaged under a 63X oil immersion objective in a Zeiss LSM780 

confocal microscope.  

2.3.11.4 DiOC6 (3) Staining 

For staining isolated Tetrahymena nucleus, it was incubated with 5μg/ml of 3,3’-

dihexyloxacarbocyanine iodide (DiOC6(3)) and 0.5 μg/ml of 4',6-diamidino-2-phenylindole, 

dihydrochloride (DAPI) for 10 minutes in dark, washed thrice with Solution A  and was 

resuspended in the same solution before imaging in a Nikon Eclipse Ti fluorescence 

microscope. Slides were viewed under a under a 60X oil immersion lens. 

2.3.11.5 Imaging and Analysis 

All the confocal imaging was performed using a Zeiss LSM780 confocal microscope. Lipid 

droplets were counted manually from the confocal images. To quantitate ER content, the 

stacked images of ER tracker red stained cells were analyzed by image J after sum intensity 

projection. The mean intensity values were plotted for both wild-type (n= 34) and ∆Ttpah1 

(n=32) cells using box plot. 
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2.3.12 Preparation of cell extracts and Western blotting 

Wild type cells expressing TtPAH1GFP (4-5X 10
5
) was used to prepare cell lysate. Cell lysis 

was performed in ice-cold  buffer containing 10 mM Tris–HCl (pH 7.5), 1 mM MgCl2, 10% 

glycerol, 0.02% NP-40 and 10 mM β-mercaptoethanol supplemented with  protease inhibitors 

(1μg/ml leupeptin, 2μg/ml pepstatin, 1μg/ml E-64, 1μg/ml aprotinin and protease inhibitor 

cocktail). The cells were lysed by cell homogenizer (Isobiotec), and cell lysate was clarified 

by centrifugation at 16,000 rpm for 1 hour at 4⁰C. After centrifugation the lysate was 

separated into membrane fraction (pellet) and cytosolic fraction (supernatant).   Protein 

estimation of lysate, membrane and cytosolic fractions was done by Bradford. Equivalent 

amount of supernatant and pellet fractions along with clarified total cell lysate were resolved 

by 10% SDS-PAGE at 120 V for 3 h. Protein was transferred to a nitrocellulose membrane 

using a semidry electroblotter at 0.01 mA and blocked overnight in 3%milk in Tris -buffered 

saline with Tween 20 (TBST). TtPah1-GFP was detected using anti-GFP polyclonal antibody. 

For this purpose membrane was incubated with horseradish peroxidase (HRP)-conjugated 

anti-GFP polyclonal antibody with (from Stefan Kircher, University of Freiburg), washed 

and detected. Images were collected with a Gel doc gel documentation system (BioRad).  

2.3.13 Expression and Purification of TtPah1-TAP 

3 ml of Tetrahymena transformant cultures were induced with 1µg of Cadmium Chloride and 

kept for 5 hours. After 5 hours of induction cells were spun at 3000 rpm for 2 minutes. Media 

was discarded and the pellet was resuspended in the residual media. 50µl of these cells were 

added to 50 µl of boiling 2x SDS gel loading dye kept in the dry bath at 103⁰C. This was kept 

for 12 minutes and once incubation is over tubes containing the cells were immediately 

transferred to ice and kept for 2 minutes. The cells were now spun at 13000 rpm for 5 

minutes and the supernatant was loaded into 10% SDS gel. The gel was run at 150 V, 50Mv. 
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Protein was transferred to a PVDF membrane by western semidry and the transfer of protein 

was confirmed by staining the membrane with ponceau S stain (Sigma). The membrane was 

blocked for 1 hour in 3% skimmed milk TBST Solution. The membrane was incubated for 

another 1 hour in 1⁰ antibody (Rabbit IgG – 2mg/ml 1:3500). The membrane was washed 3 

times for 10 minutes each time with TBST containing 3% skimmed milk. Then membrane 

was again incubated with 2⁰ anibody (α Rabbit HRP 1:7000) and then washed thrice with 

TBST containing 3% skimmed milk for 10 minutes each. The membrane was then washed 

with TBS and blot was developed with Supersignal West Femto Maximum Sensitivity 

substrate (Thermo Scientific) and detected with BioRad Quantity One (Chemi Hi sensitivity) 

Tetrahymena cells harboring TtPAH1- pVGF and expressing TtPah1-TAP were grown to a 

density of 3x105 cells per ml. The culture was induced with 1µg/ml cadmium chloride for 5 

hours at 30°C to express TtPAH1-TAP, and cells from 300 ml cultures were collected by 

centrifugation. The cell pellet was resuspended in 10 ml lysis buffer (20 mM Tris-HCl (pH 

8.00), 100 mM NaCl, 0.5% NP-40, 10% glycerol) supplemented with a mixture of protease 

inhibitor (pepstatin, E-64, aprotinin, and protease inhibitor cocktail). The lysate was clarified 

by ultracentrifugation (Beckman Coulter Optima L100K, 70Ti rotor) for 1 hour at 250,000g. 

To minimize proteolysis, all subsequent steps were carried out at 4°C unless mentioned 

otherwise. Rabbit-IgG agarose slurry (Sigma) pre-equilibrated with wash buffer was added to 

the clarified lysate and was kept for binding for 2 hours. Resin was collected by 

centrifugation (1 min at 3,000 g) and washed with 50 bed volumes of wash buffer (20 mM 

Tris-HCL (pH 8.00), 2 mM MgCl2, 0.2 mM EGTA, 0.1 % Tween 20, 10 % glycerol, 1 mM 

DTT, 0.1mM PMSF). Resin was incubated with 2µl of TeV protease in 200 µL cleavage 

buffer (10 mM Tris-HCl (pH 8.00), 0.1 M NaCl, 0.1% Tween 20, 0.5 mM EDTA, 1 mM 

DTT) for 1.5 hours at room temperature followed by further incubation at 4°C overnight. The 

eluate after proteolytic cleavage was adjusted to 3 mM CaCl2 and mixed with 3 volumes of 
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calmodulin binding buffer (10 mM Tris-HCl (pH 8.00), 100 mM NaCl, 1 mM Mg acetate, 1 

mM imidazole, 2 mM CaCl2, 0.1 % Tween 20, 10 mM βME). This was incubated with 100 

µL of calmodulin resin (GE Biosciences) at 4°C for 1 hour. The resin was recovered by 

centrifugation and washed with calmodulin binding buffer. Protein was eluted with 

calmodulin elution buffer (10 mM Tris-HCl (pH 8.00), 100 mM NaCl, and 1 mM Mg acetate, 

1 mM imidazole, 10 mM EGTA, 0.1 % Tween 20, 10 mM 2-mercaptoethanol) (Witkin and 

Collins, 2004). Eluted fractions were loaded on 10 % SDS polyacrylamide gel, and the 

protein was detected by silver staining. 

2.3.14 Preparation of Triton X-100/Lipid-mixed Micelles 

PA in chloroform was transferred to a round bottom flask, and the solvent was eliminated in 

in vacuum for 1 hour. Triton X-100 was added to PA to prepare Triton X-100/PA-mixed 

micelles. The mol % of a lipid in a Triton X-100/lipid-mixed micelle was calculated using the 

following formula, mol %lipid = 100 x lipid (molar)]/ ([lipid (molar)] + [Triton X-100 

(molar)]). The total lipid concentrationin the Triton X-100/lipid-mixed micelles was kept 

below 15 mol % to ensure that the structure of the lipid-mixed micelles was similar to that of 

pure Triton X-100 micelles (Gil-Soo Han and George M. Carman, 2010). 

2.3.15 Phosphatase Assay 

Phosphatidic acid phosphatase activity was measured by following the release of water-

soluble Pi from chloroform-soluble PA (Gil-Soo Han and George M. Carman, 2010). The 

standard reaction contained 50 mM Tris–HCl buffer (pH 7.5), 1 mM MgCl2, 10 mM Triton X 

100, 10 mM 2-mercaptoethanol and 1 mM phosphatidic acid in a total volume of 100 μl. 

Reactions were initiated by the addition of recombinant proteins and carried out in triplicates 

at 30°C for 20 min. The reaction was terminated by adding 0.5 ml of 0.1 M HCl in methanol, 

1 ml of chloroform, and 1 ml of water. This was allowed to stand for phase separation and 

upper volume was collected. One volume of upper phase was mixed with two volumes of 
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Biomol Green (malachite green-molybdate reagent), and the color was allowed to develop. 

The absorbance of this was measured at 620 nm, and the amount of phosphate produced was 

quantified using a standard curve. Enzyme assays were conducted in triplicate. 

2.4 RESULTS 

2.4.1 Sequence analysis of Ttpah1 

Ttpah1 is a large protein comparable to size of PAH1 proteins in other organisms. Sequence 

contains 872 amino acids. We analysed the sequence of TtPah1 using Interpro: protein 

sequence analysis & classification (https://www.ebi.ac.uk/interpro/) to predict the presence of 

domains and important residues within Ttpah1. Interpro predicted an N-terminal domain (10 

to 83 amino acid sequences), and a C-terminal HAD like domains (614 to 837 amino acid 

sequences) which are characteristic for lipin proteins (Figure 2.1A). Moreover, all 

Magnesium dependent phosphatidic acid phosphatases contain an essential catalytic 

DXDXT/V motif in the HAD-like domain of the C-LIP region (Figure 2.1B). We found 

similar domain DIDGT (666 to 670) within the C-terminal HAD like domain of TtPah1 

suggesting it to be a Mg
2+

-dependent phosphatidate phosphatase (Figure 2.1A). A conserved 

Glycine residue in N-terminal domain is critical for PAH function since its mutation in 

mammalian lipin1 causes lipodystrophy. Similar conserved glycine residue is present at the 

75
th

 position of TtPah1 at the N-LIP region (Figure 2.1A and B).  

Amino acid sequences of PAH1 are generally conserved in the N-LIP and C-Lip domain. 

Similar to other Phosphatidic acid phosphatases, the amino acids are mostly conserved in the 

N-LIP and C-LIP region in TtPah1. TtPah1 shares 50% sequence identity with yeast Pah1 N-

LIP and 49% identity with N-LIP of human lipin. C-LIP domain of TtPah1 has sequence 

identity of 49% with corresponding domain of yeast Pah1 and 44% with human lipin. Overall 

sequence identity of TtPah1 with yeast equivalent is 24% and 31% with human lipin. 
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Figure 2.1: Domain Organization of TtPAH1.  

(A) Predicted N-LIP and C-LIP domains are indicated in the boxes. Also shown are the 

positions of a conserved glycine residue in N-LIP and the haloacid dehalogenase (HAD) with 

its conserved DXDXT/V motif in C-LIP. (B) Multiple sequence alignment showing partial 

sequences of N-LIP and C-LIP of PAH1 proteins. Sequences of PAH1 proteins from 

Tetrahymena thermophile (TtPAH1), Saccharomyces cerevisiae (ScPAH1), and Homo 

sapiens (Hslipin1) were analyzed using PRALINE. Assigned colors of the specific residues 

are based on alignment consensus. Conserved Glycine in N-LIP and catalytic motif 

(DXDGT/V) in C-LIP are indicated inside the box. The numbers indicate the level of 

conservation where 9 is the maximum (identical) and 1 is the minimum. 

 

2.4.2 Phosphatidate phosphatase activity of TtPah1 

Sequence analysis showed that TtPah1 is a magnesium dependent phosphatidic phosphatase.  

To examine if TtPAH1 encodes a functional phosphatidate phosphatase, it was expressed as a 

TAP-tag fusion protein in Tetrahymena cells and was purified from the cell lysates. The 

purified protein migrated at its expected size near 100 kDa in SDS-PAGE. However, there 

were also more abundant smaller species, probably corresponding to proteolytic products 

(Figure 2.2A).  

Phosphatase activity was measured following the release of inorganic phosphate (Pi) from PA 

using malachite based colorimetric assay. The recombinant TtPah1 dephosphorylated PA in a 

time dependent manner (Figure 2.2B). The purified protein did not show any phosphatase 
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activity in the absence of magnesium (Figure 2.2C). These results confirm that TtPah1 is a 

functional magnesium dependent phosphatidate phosphatase in Tetrahymena. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: TtPah1 displays magnesium dependent phosphatidate phosphatase activity. 

A) Silver stained gel of purified TtPah1 along with standard molecular weight marker. The 

molecular weight is indicated on left (Arrow indicates the putative band ~ 100 kD). In 

addition to the expected band of ~100 kD, many smaller species are likely to reflect partial 

proteolysis of the full-length protein. B) TtPah1 protein (10µg in 100 µl) partially purified 

from Tetrahymena was used to measure phosphatidic acid phosphatase activity. The average 

phosphate released (nmol) (n=3) was plotted against time. C) The phosphatidate phosphatase 

assay performed either in the presence (+Mg
2+

) or absence (-Mg
2+

) of magnesium. TtPah1 

showed activity only in the presence of Mg
2+ 

confirming it to be a PAP1 enzyme. 

 

 



50 

 

2.4.3 Subcellular localization of Tt-PAH1 

To assess localization of TtPah1, TtPAH1 bearing an N-terminal GFP tag was overexpressed 

in wild type Tetrahymena cells. Analysis of confocal images of TtPAH1-GFP overexpressed 

cells showed TtPah1-GFP was distributed throughout the cell, both in cytoplasm and 

membrane (Figure 2.3A). Total lysate of cells expressing TtPAH1-GFP was fractionated into 

the membrane and cytosolic fractions. TtPah1 was detected in both the fractions with anti-

GFP antibody in western blot analysis, showing its localization both in cytosol and in 

membrane (Figure 2.3B).  

 

 

Figure 2.3:TtPah1 is distributed both in cytosol and in membranes. 

 (A) Localization of TtPAH1-GFP in Tetrahymena cells. Fixed Tetrahymena cells expressing 

TtPAH1-GFP was imaged after DAPI staining. DAPI stained nuclei (left panel), TtPah1-GFP 

(middle panel) and DIC image (right panel) of the fixed growing cell. B) Western blot 

analysis of the total lysate (L), cytosolic fraction (C) and membrane fraction (M) isolated 

from Tetrahymena cells expressing TtPAH2-GFP Polyclonal anti-GFP antibody was used for 

Western blot anlaysis.  
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2.4.4 TtPah1 localizes to endoplasmic reticulum 

Phosphatidic acid, the substrate of PAH1 protein is enriched on ER membrane and 

dephosphorylation of PA generates DAG (Carman and Han, 2009).  To evaluate if TtPah1 

associates with ER membrane, Tetrahymena cells expressing TtPAH1-GFP were stained with 

ER-Tracker dye and visualized by confocal microscopy. Analysis of images showed that 

TtPah1-GFP co-localized with ER tracker dye (Figure 2.4) suggesting that TtPah1 localizes 

on ER membrane.  

 

 

Figure 2.4: TtPah1 localizes to ER. 

Upper panlel shows confocal images of fixed Tetrahymena cells expressing TtPAH1-GFP 

after staining with ER tracker Red. TtPAH1-GFP (left panel), ER tracker Red (middle panel) 

and merge (right panel). Lower panel shows the confocal stack of a different Tetrahymena 

cell expressing TtPAH1-GFP and stained with ER tracker Red. 

 

2.4.5 Generation of ∆TtPAH1 (TtPAH1KO) 

∆Ttpah1 strain was generated from wild-type tetrahymena strains by removing all 45 copies 

of TtPAH1 from the macronucleus of wild-type Tetrahymena by homologous recombination 

(Figure 2.5A).The knockout strains thus generated (∆Ttpah1) were analyzed by semi-

quantitative RT-PCR (Figure 2.5B). Reverse transcription PCR analysis of wild-type and 
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∆Ttpah1 cells was carried out using cDNA from wild-type cells and from ∆Ttpah1 cells. The 

band corresponding to alpha tubulin (387 bp) is present in both ∆Ttpah1 cells and wild-type 

cells (Figure 2.5B). The presence of TtPAH1 band (300 bp) in wild-type cells and absence of 

band corresponding to TtPAH1 (300bp) in ∆Ttpah1 cells confirms that knockout is complete 

(Figure 2.5B). TtPAH1 specific product was not amplified even after 34 cycles of PCR when 

cDNA from ∆Ttpah1 cells were used as template, confirming it to be a complete TtPAH1 

knockout.  

 

 

 

Figure 2.5: Generation of TtPAH1 knockouts (∆TtPah1) 

A) Schematic showing organization of the knockout construct used to disrupt TtPAH1 in the 

macronucleus. Gene disruption was done by replacing the TtPAH1 ORF with NEO3 gene 

cassette, by homologous recombination. The NEO3 cassette confers resistance to 

paromomycin. B) Reverse transcription PCR analysis of wild-type and ∆Ttpah1 cells. 

Lane1is standard molecular weight marker, lane2 is amplified products of cDNA from wild-

type cells and lane 3 is amplified products of cDNA from ∆Ttpah1 cells. The top band just 

below 400 bp marker corresponds to alpha-tubulin (387 bp), and the band near 300 bp 

represents TtPAH1. The absence of 300 bp band corresponding to TtPAH1 confirms that 

knockout is complete. 

 

2.4.6 Growth analysis of ∆TtPAH1 (TtPAH1KO) 

In many organisms such as Saccharomyces cerevisiae, C. elegans, and Drosophila 

melanogaster, PAH is required for normal growth. To assess whether TtPAH1 is essential for 

normal growth of Tetrahymena we assessed growth rate of ∆Ttpah1 cells and compared with 
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growth rate of wild-type Tetrahymena. The growth of ∆Ttpah1 cells was not significantly 

different from that of wild-type cells (Figure 2.6).  

 

 

 

Figure 2.6: Growth curve of Tetrahymena wild-type versus ∆Ttpah1 cells.  

The cell numbers were counted every two hours, and the number of cells was plotted against 

time.  Loss of TtPAH1 does not affect Tetrahymena growth significantly. 

 

Moreover, ∆Ttpah1 cells did not show any visible defect in their morphology. To rule out the 

possibility that the lack of growth defect in ∆Ttpah1 is due to compensatory overexpression 

of another homolog TtPAH2 in these cells, the expression of TtPAH2 in ∆Ttpah1 was 

compared with wild-type cells. To check the expression of TtPAH2 in ∆Ttpah1 and wild-type 

cells, TtPAH2 was amplified with specific primers using cDNA from ∆Ttpah1 and from wild-

type cells as templates for 30 cycles (Figure 2.7A). Alpha tubulin primers were used as 

control. The band corresponding to TtPAH2 from ∆Ttpah1 and wild-type cells were 

quantitated and normalised with respect to alpha tubulin bands. The expression of TtPAH2 

was not enhanced in ∆Ttpah1 cells as compared to wild-type cells (Figure 2.7A and 2.7B). 

Taken together, these results suggest that TtPAH1 is dispensable for normal growth of 

Tetrahymena.   
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Figure 2.7: Lack of growth defect in ∆Ttpah1 is not due to compensatory overexpression 

of the other homolog TtPAH2  

A) Semi-quantitative RT-PCR showing expression of TtPAH2 in wild-type and ∆Ttpah1 cells. 

Lane1 is standard molecular weight marker; lane2, amplified products of cDNA from wild-

type cells; lane3, amplified products of cDNA from ∆Ttpah1 cells. The top band in lane 2 and 

3 corresponds to alpha-tubulin (387 bp), and the band near 238 bp represents TtPAH2. (B) 

The graph shows quantitation of TtPAH2 after normalization with alpha tubulin band. The 

expression of TtPAH2 is not enhanced by the loss of TtPAH1 

 

2.4.7 TtPAH1 regulates lipid droplet biogenesis in Tetrahymena  

Lipid droplets are ubiquitous eukaryotic organelles mainly used for storing lipids (Murphy, 

2001). They consist of a hydrophobic core of neutral lipids such as triacylglycerol, sterols and 

sterol esters surrounded by a phospholipid monolayer originating from the ER (Farese and 

Walther, 2009; Radulovic et al., 2013; Tauchi-Sato et al., 2002). Lipid droplets growth occurs 

either by localized synthesis of lipids or by fusion with other lipid droplets (Thiele and 

Spandl, 2008). PAH proteins generate DAG by dephosphorylating PA and the DAG thus 

produced gets converted into TAG, the storage lipid. TAG thus produced from DAG forms 

the major constituent of lipid droplet along with steryl esters and any change in the 

conversion of PA to DAG could affect lipid droplet. Since PAH proteins are required for the 

synthesis of triacylglycerol, lipid droplet numbers were compared between ∆Ttpah1 and 

wild-type cells. ∆Ttpah1 and wild-type cells were grown to stationary phase (10 X 10
5
), fixed 
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with 4% PFA and lipid droplets were visualized by staining with Oil Red O and imaged in 

confocal microscope (Figure 2.8A).  

The number of lipid droplet in both ∆Ttpah1 and wild-type cells were counted manually after 

analyzing images by LSM Image analyzer. The average lipid droplet number in ∆Ttpah1 cells 

were 134 where as it was 340 in wild-type cells (Figure 2.8B). Approximately 65% reduction 

of lipid droplet in ∆Ttpah1 cells numbers compared to wild-type strongly supports that 

TtPAH1 is required for lipid droplet biogenesis. There was no visible difference in the size of 

lipid droplets between ∆Ttpah1 and wild-type cells (Figure 2.8A).  

 

Figure 2.8: Deletion of TtPAH1 reduces lipid droplet number in Tetrahymena. 

A) Confocal images of Tetrahymena cells showing lipid droplets as stained with Oil Red O 

dye. Wild-type cells and knockout cells were imaged together simultaneously. The wild-type 

cells were stained with DAPI to distinguish them from knockout cells. B) Box plot showing 

the distribution of lipid droplet numbers in wild-type (n=35) vs. ∆Ttpah1 (n=38) cells. 
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Lipid droplets were also compared between ∆Ttpah1and wild-type under starvation. As in 

case of growing Tetrahymena, lipid droplet number was also strikingly reduced in ∆Ttpah1 

cells compared to wild type cells in starved condition as well (Figure 2.9A and 2.9B). This 

suggests that reduction in lipid droplet number in growing condition was not due to decreased 

nutrient uptake. The average lipid droplet number of ∆Ttpah1 under starved condition was 

108 while the average lipid droplet number in wild-type cells is 276. Under starvation 

conditions (starved for 10 to 12 hours), there was ~ 60% reduction in lipid droplet number in 

∆Ttpah1 cells (Figure 2.9B). Unlike in growing Tetrahymena cells, the size of lipid droplet in 

∆Ttpah1 was smaller than wild-type cells under starvation (Figure 2.9A).  These results 

suggest that TtPAH1 regulates lipid droplet number and size in Tetrahymena. 

 

 

 

Figure 2.9: Deletion of TtPAH1 showed reduced lipid droplet number in starved 

conditions. 

A) Confocal images of Tetrahymena cells showing lipid droplets as stained with Oil Red O 

dye.  Wild-type and knockout cells after starvation were imaged together simultaneously. 

Knockout cells were stained with DAPI to distinguish them from wild-type cells. Lipid 

droplet size in wild-type cells appears to be larger than in the knockout cells as indicated by 

arrows (lower panel). B) Box plot showing lipid droplet numbers in wild-type (n=22) and 

∆Ttpah1 (n=22) cells under starved condition. 
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To provide further evidence that TtPAH1 is involved in lipid droplet biogenesis, we 

overexpressed TtPAH1-GFP in wild-type Tetrahymena cells. The mean lipid droplet number 

in cells overexpressing TtPAH1-GFP is 425, a significant increase (~ 25 %) in lipid droplet 

number as compared to wild-type cells (Figure 2.10A and 2.10B). To demonstrate that this 

increase in lipid droplet number is not due to overexpression of any transgene, DRP6-GFP (a 

dynamin-related protein in Tetrahymena) was similarly overexpressed and checked for lipid 

droplet number. The average lipid droplet number in DRP6-GFP overexpressed tetrahymena 

cells is 357 which are not significantly different from the average lipid droplet number of 

wild type (Figure 2.10A and 2.10B). Taken together these results suggest that TtPAH1 

influences the number and size of the lipid droplet in Tetrahymena.  

 

Figure 2.10: Overexpression of TtPAH1 causes increase in lipid droplet number 

A) Confocal images of wild-type and TtPAH1-GFP expressing cells showing lipid droplets 

after staining with Oil Red O dye. (B) Box plot showing lipid droplet numbers in wild-type 

cells (n=35), cells overexpressing TtPAH1-GFP (n=20), and cells overexpressing GFP-DRP6 

(n=20). The increase in lipid droplet number is observed in cells expressing TtPAH1-GFP.  
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2.4.8 TtPAH1 is needed for maintaining tubular ER in Tetrahymena  

The ER is a complex network consisting of flat sheets and highly curved tubules, and their 

abundance varies with cell cycle stages.  The ER serves as the primary site for de novo lipid 

biosynthesis. We hypothesized that PAH regulates ER morphology since phosphatidic acid 

(PA) is present on ER membrane and is converted to DAG by PAH. To determine whether 

TtPAH1 is important in maintaining ER morphology, we stained both ∆Ttpah1 and wild-type 

cells with ER-tracker dye and analyzed morphology by confocal microscopy (Figure 2.11A). 

In wild-type cells, the ER appeared mainly as a network of fine tubules with occasional small 

patches, likely to represent ER sheets (Figure 2.11A). ∆Ttpah1 cells had abundance of 

membrane sheets and patches compared to wild-type cells (Figure 2.11A). As compared to 

wild-type cells, tubules are less and sheet like structures are more in ∆Ttpah1 cells.  

The ER content in both ∆Ttpah1 and wild-type cells were quantitated using Image J software 

(https://imagej.nih.gov/ij/). The mean density was significant more in ∆Ttpah1 cells as 

compared to wild-type cells (Figure 2.11B). This shows that ER content increased 

considerably in cells lacking TtPAH1, as measured by the mean density of ER-tracker red 

staining. Taken together, these results suggest that TtPAH1 is required for maintaining ER 

content and structure in Tetrahymena.  
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Figure 2.11: TtPAH1 is needed for maintaining tubular ER and deletion of TtPAH1 

results in increased ER content. 

A) Wild-type (WT) and ∆Ttpah1 (KO) cells were imaged simultaneously in the same field. 

Wild-type cells were stained with DAPI to distinguish them from ∆Ttpah1 cells. The 

enlarged images of ∆Ttpah1 (middle panel) and wild-type (right panel) cells are shown 

indicating ER sheet (arrow) and ER tubule (arrowhead) structures. B) Box plot showing the 

mean density of ER tracker stain in ∆Ttpah1and wild-type cells. The mean intensity of 

∆Ttpah1 (n=32) is significantly higher than that of wild-type (n=25).  

 

2.4.9 Loss of TtPAH1 does not manifest visible nuclear envelope defect in Tetrahymena  

Tetrahymena harbors one polyploid, phenotypically active macronucleus (MAC) and a 

diploid transcriptionally silent germline micronucleus (MIC). Deletion of yeast PAH1 causes 

aberrant nuclear membrane morphology. Lipin inactivation in higher organisms like 

Caenorhabditis elegans and Drosophila melanogaster also leads to nuclear defects. The outer 

nuclear membrane is continuous with the endoplasmic reticulum and any defect in ER 

morphology is expected to affect nuclear membrane. Since nuclear-ER membranes form one 

continuous compartment, changes in the structural organization of the ER could impact on 

the morphology of the nucleus. To see whether change in ER morphology due to PAH1 
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deletion affected nuclear morphology, the NE was analyzed by expressing and visualizing 

NUP3-GFP (a nuclear pore component marker specifically localizing to macronucleus) in 

∆Ttpah1 cells and wild-type cells (Figure 2.12). This comparison did not reveal any visible 

defect in size or shape of the nucleus in ∆Ttpah1 cells (Figure 2.12). Like in wild-type, the 

DAPI-stained DNA appeared round, compact, and non-fragmented. Consistent with this, 

isolated DAPI-stained nuclei from wild-type and mutant cells expressing NUP3-GFP seemed 

identical (Figure 2.12A).  

 

Figure 2.12: Loss of TtPAH1 does not show visible nuclear envelope defect in 

Tetrahymena. 

Confocal images of wild-type and ∆Ttpah1 cells expressing NUP3-GFP after DAPI staining. 

In both wild-type and ∆Ttpah1, upper panel is Z-stack and lower panel is a single slice. The 

enlarged nucleus from Z-stack is shown on the right side. 
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To further confirm that deletion of TtPAH1 did not affect nuclear morphology, isolated nuclei 

(both MAC and MIC) of ∆Ttpah1 cells and wild-type cells were stained with a lipophilic dye 

(DHCC) and the nuclear membrane was visualized. Similar to Nup3-GFP labelled nuclei, 

there was no visible defect in nuclear membranes of MAC (Figure 2.13B). Nuclear envelope 

of micronucleus also did not show any visible change in morphology (Figure 2.13B).  

 

 

Figure 2.13: Loss of TtPAH1 does not show nuclear membrane expansion in 

Tetrahymena 

A) Confocal images of DAPI stained nuclei isolated from wild-type (upper panel) and 

∆Ttpah1 (lower panel) cells expressing NUP3-GFP. B) Fluorescence images of Tetrahymena 

nuclei of wild type (Top panel) and ∆Ttpah1 (Bottom panel) after staining with DHCC and 

DAPI. The images are deconvoluted using NIS Advanced Research software. 
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These results suggest that TtPAH1 is not essential for maintaining normal nuclear 

morphology in Tetrahymena. These results also suggest that defects in ER morphology in 

Tetrahymena do not necessarily affect nuclear morphology, unlike the coupling of ER 

morphology change with nuclear envelope as in other organisms. Our results are in contrast 

to findings in S. cerevisiae, where cells lacking PAH1 showed abnormal expansion of nuclear 

envelope that appeared as a nuclear membrane projections lacking DNA along with 

difference in ER.  

2.5 DISCUSSION 

Regulation of lipid homeostasis and membrane biogenesis is fundamental to all eukaryotes, 

and the presence of a regulation cascade comprising Pah1 and its phosphatase complex 

Nem1-Spo7 has been shown in yeast (Siniossoglou et al., 1998; Péterfy et al., 2001; Han et 

al., 2006). Similar cascades are also reported in plants (Nakamura et al., 2009; Mietkiewska 

et al., 2011), mammals(Kim et al., 2007), worms, (Golden et al., 2009) and flies (Ugrankar et 

al., 2011). Two homologs of LIPIN/PAH in Tetrahymena thermophila are identified in 

Tetrahymena Genome database. The presence of two lipin homologs in a single celled 

eukaryote is quite interesting as multiple homologs are not found in any lower organism. In 

vitro phosphatase activity showed that large homolog TtPah1 is a PAP1 enzyme requiring 

magnesium for its phosphatase activity. 

Earlier studies have shown that deletion or depletion of PAH1 in organisms caused defect in 

the viability and growth. PAH1 deletion in yeast leads to slow growth, while in 

Caenorhabditis elegans lipin depleted adult worms were smaller in size. In Drosophila 

melanogaster lipin depletion caused delayed development of larvae and overall less viability. 

Contrary to this, deletion of TtPAH1 caused no growth defect in Tetrahymena thermophila 

suggesting that the gene is not essential for its survival. The normal growth and development 

of TtPAH1 knockout cells may be attributed to the presence of another homolog, TtPAH2. 

But the expression of TtPAH2 is not increased in ∆Ttpah1 cells as compared to wild-type 
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cells. TtPah1 displays cytoplasmic as well as membrane localization consistent with 

previously characterized mammalian lipin and yeast Pah1 (Péterfy et al., 2001; Han et al., 

2006). Dephosphorylation of Pah1 regulates its subcellular localization and promotes its 

translocation from the cytoplasm into ER, where it converts PA to DAG (Karanasios et al., 

2010). PA phosphatase converts its substrate PA into DAG. DAG is used for the synthesis of 

the membrane phospholipids and triacylglycerol; the storage lipid majorly constituting lipid 

droplet. In Sacharomyces cereviseae DAG generated by Pah1p is important for lipid droplet 

biogenesis and deletion of PAH1 leads to decrease in lipid droplet number (Adeyo et al., 

2011). Also in C.elegans, reduced lipin activity leads to decrease in lipid droplet number 

causing defects in lipid storage (Golden et al., 2009), a phenotype similar to LPIN1-null mice. 

Ugrankar et.al found that in Drosophila melanogaster, the functions of the fat body (the 

central metabolic organ and energy store of insects) were severely impaired in ∆lipin mutants. 

These mutant larvae looked transparent with under developed fat body. While mutations in 

mammalian lipin genes prevent normal development of adipose tissue resulting in 

lipodystrophy, lipin overexpression promotes obesity (Péterfy et al., 2001; Phan and Reue, 

2004). Thus lipin/PAH1 is known to regulate lipid storage.  

Deletion of TtPAH1 in Tetrahymena caused severe reduction in lipid droplet number thus 

demonstrating its role in lipid droplet biogenesis. This reduction in lipid droplet number in 

∆Ttpah1 is due to defect in TAG production. TAG in Tetrahymena forms the bulk of neutral 

lipid which is used as a precursor for phospholipids other than energy storage. 

Overexpression of TtPAH1 in wild-type cells leads to an increase in lipid droplet number, 

further corroborating its role in lipid droplet biogenesis. The observations from lipid droplet 

number suggest that similar to all other PAH homologs studied till date TtPAH1 also has a 

direct role in the production of TAG by dephosphorylating PA to DAG. This observation is 

significant because it suggests that the function of lipin protein is conserved. 
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The role of PAH proteins in maintaining ER structure is well established in yeast and 

C.elegans (Siniossoglou et al., 1998; Joseph L. Campbell, Alexander Lorenz, Keren L. 

Witkin, Thomas Hays Josef Loidl, 2006; Golden et al., 2009; Gorjánácz and Mattaj, 2009) . 

In yeast, loss of PAH1 leads to over developed ER membrane. Depletion of single copy of 

PAH1 homolog in drosophila caused morphology change in cell nuclei, autophagosomes, and 

mitochondria but any perturbation in ER morphology is not reported (Ugrankar et al., 2011). 

Interestingly, deletion of macronuclear copies of TtPAH1 in Tetrahymena alters ER 

morphology resulting in an increased proportion of sheet to tubule structure. TtPAH1 is 

required for maintaining ER structure by controlling the ER sheet to tubule volume. A 

possibility for the altered ER morphology could be the change in phospholipid flux arising 

from the loss of PAH1 leading to change in the phospholipid composition of ER.  

As discussed above, loss of PAH1 in Tetrahymena demonstrates a change in ER content and 

structure. Although the loss of TtPAH1 increases the ER sheet structure, it does not manifest 

visible defect in the nuclear envelope. It appears that in Tetrahymena, unlike other organisms, 

ER content and structure are functionally isolated from mechanisms underlying nuclear 

expansion. However, further studies are required to clearly understand the regulation of 

nuclear expansion and its relation to ER in Tetrahymena.    

Irregular nuclear morphology has been observed in lipin-deficient yeast, C. elegans and 

Drosophila cells. Golden et.al proposed that in C.elegans the nuclear morphology changes 

may be because of an indirect effect of ER morphology. Loss of PAH in mammals and 

C.elegans results in a defect in nuclear envelope break down (NEBD) without any defect in 

nuclear expansion (Golden et al., 2009; Gorjánácz and Mattaj, 2009). This has been proposed 

to result from a reduction in DAG levels, which in turn could decrease the activity of DAG-

dependent protein kinase Cs that phosphorylate lamins to promote their disassembly (Mall et 

al., 2012). The regulation of nuclear membrane expansion by PAH is restricted to yeast, 
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which could be explained by the presence of CDP-DAG pathway in yeast and its absence in 

mammals and C.elegans (Bahmanyar et al., 2014; Bahmanyar, 2015). Loss of PAH1 results 

in accumulation of PA which leads to the excess synthesis of phospholipids PE and PC via 

the CDP-DAG pathway. This excessive synthesis of membrane phospholipids  results in a 

massive nuclear expansion in yeast (Santos-Rosa et al., 2005; Han et al., 2006; Bahmanyar et 

al., 2014). Tetrahymena, though possessing the CDP-DAG pathway for phospholipid 

synthesis it is interesting to note that, nuclear expansion was not visible in ∆Ttpah1. Although 

NUP3-GFP is a reliable marker since nuclear membrane flares seen in yeast contain 

assembled nuclear pore structures (Siniossoglou et al., 1998) it might be useful to test with 

other nuclear markers as well. Further, staining the nuclear membrane with a lipophilic dye 

also failed to detect any visible flares in both micronucleus and macronucleus of ∆Ttpah1. 

These results suggest that unlike yeast, where the expansion of nuclear membrane is very 

prominent, there is no extensive expansion of the nuclear membrane in Tetrahymena upon 

deletion of TtPAH1.  

Macronucleus and micronucleus in Tetrahymena have distinct cell cycles, with distinct cycles 

of DNA replication and nuclear division at different times within the same cell. A new MAC 

is generated from the MIC through sexual reproduction (conjugation). It is remarkable that at 

the time of exconjugant separation (a stage during conjugation) there are five nuclei 

experiencing four extremely diverse fates, all within a common cytoplasm. CLEFFMAN 

(1968) and DOERDER et al. (1975) have provided cytological evidence for frequent 

inequalities in the amounts of macronuclear DNA distributed to daughter cells 

(CLEFFMANNG, 1968; FLACKS, 1974; Doerder FP, Frankel J, Jenkins LM, 1975). The G-I 

macronucleus contains approximately 45 subunits. The number 45, in as much as it is not part 

of a geometric progression starting with a diploid nucleus indicates at least some disparity 

between replication and division during the formation of the macronucleus from a diploid 
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synkaryon. Gorovsky also had proposed that there could be difference in the ploidy of 

macronuclear DNA but not in the number of macronuclear subnuclei as proposed by Nanney 

et.al. This shows that nuclear volume in Tetrahymena is variable presumably due to 

differential ploidy level in the MAC (Raikov IB, 1976; Gorovsky MA, 1980; Bodenbender J, 

Prohaska A, Jauker F, Hipke H, 1992). In view of these complicated process of nuclear 

division, differential amount of DNA being distributed to different daughter cells and the 

concern in ploidy number points to a fact that Tetrahymena thermophila nuclear membrane 

has to maintain a high degree of plasticity in order to being flexible for these process. 

Therefore, different mechanism that allows plasticity in nuclear expansion to accommodate 

different nuclear volumes may be present in Tetrahymena.  Thus unlike other known PAH 

homologs, TtPAH1 does not regulate nuclear morphology. 

Membrane biogenesis itself has to be regulated, especially for nucleus since size control of 

the nucleus is particularly important because changes in nuclear size and shape are associated 

with disease like cancer and processes including aging and senescence. Therefore there is 

spatial and temporal regulation in maintaining nuclear size and nuclear envelope membrane 

biogenesis. The mechanism of nuclear membrane size and shape regulation in organisms 

having nuclear dimorphism will definitely add to our understandings to the basic mechanism 

of nuclear expansion conserved within all eukaryotes.  
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CHAPTER 3 

Role of Tetrahymena PAH1 in mediating cell cycle 

regulation of nuclear expansion in yeast. 
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3.1 INTRODUCTION 

In yeast, PAH1 was initially identified as a gene whose mutation results in increased plasmid 

maintenance, slow growth, temperature sensitivity, and respiratory deficiency. The 

physiological relevance of Pah1 has been revealed by studying pah1Δ yeast strains. The 

absence of PAH1 leads to elevated levels of PA and other phospholipids causing the hyper 

proliferation of the nuclear ER (Siniossoglou, 2009; Pascual and Carman, 2013; Fernández-

Murray and McMaster, 2016). This deletion of PAH1 also caused reduced amounts of DAG 

and TAG, reduced number of lipid droplet, and lipotoxicity. Pah1Δ cells also show 

phenotypes like slow growth, thermosensitivity, and impaired growth in non-fermentable 

carbon sources known as respiratory deficiency (Pascual and Carman, 2013)(Fernández-

Murray and McMaster, 2016). The inability to grow on non-fermentable substrate is 

correlated with a reduction of ATP level observed in pah1Δ cells (Park et al., 2015; 

Fernández-Murray and McMaster, 2016). In addition, pah1Δ cells exhibit an increased level 

of mitochondrial superoxides and a decreased tolerance to oxidative stress resulting in 

reduced chronological life span (Park et al., 2015). Cells defective in PAH1 activity also 

display vacuolar fragmentation (Sasser et al., 2012). Pah1p in yeast regulates transcription of 

phospholipid biosynthetic genes and nuclear/ER membrane growth (Santos-Rosa et al., 2005).  

Deletion of PAH1 or its phosphatase complex NEM1/SPO7 has a unique effect on nuclear 

structure. In Saccharomyces cerevisiae the mutant display irregularly shaped nuclei with long 

stacks of membranes that contain nuclear pores and appear to be in contact with the nuclear 

envelope(Santos-Rosa et al., 2005; Siniossoglou, 2009). Similar defects were described in 

mutants of Saccharomyces pombe NED1(Tange, 2002).  

TtPAH1 has the same domain organisation with DXDX (T/V) catalytic motif within a 

haloacid dehalogenase-like domain like yeast PAH1.  Deletion of TtPAH1 in Tetrahymena 
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causes severe reduction in lipid droplet number and affected endoplasmic reticulum 

morphology (Pillai et al., 2017a).  

Cell expansion and proliferation (division) are the two most important mechanisms 

underlying cell growth and both rely on membrane biogenesis. For example cell expansion 

requires production of plasma membrane while, during the mitotic phase of the cell cycle, 

division of the nucleus also demands rapid production of nuclear-endoplasmic reticulum (ER) 

membrane. The outer nuclear membrane is continuous with the endoplasmic reticulum and 

any difference in ER morphology in general affects nuclear membrane. However in 

Tetrahymena, changes in the structural organization of the ER does not impact nuclear 

membrane morphology, since ∆TtPAH1 cells does not manifest visible defect in size or shape 

of the nucleus (Pillai et al., 2017a). To find out whether TtPAH1 retain the function of 

regulating nuclear membrane expansion, pah1Δ yeast cells were complemented with TtPAH1 

and rescue of the aberrant nuclear shape of pah1Δ cells were assessed. TtPAH1 rescued the 

nuclear defects of pah1∆ yeast cells. Other phenotypes such as slow growth, temperature 

sensitivity, respiratory deficiency, derepression of lipid biosynthetic genes shown by pah1Δ 

cells were also assessed for rescue in complemented cells. This chapter discusses on the 

functional conservation of PAH proteins between yeast and Tetrahymena assessed by 

complementation of pah1Δ yeast cells with TtPAH1.  

 

3.2 MATERIALS 

3.2.1 Plasmids 

pRS316-URA3-PUS1- GFP plasmid was obtained from Symeon Siniossoglou (University of 

Cambridge). Yeast centromeric plasmid YCplac 111with a LEU2 (Gietz and Akio, 

1988)marker was obtained from Pankaj Alone (NISER, Bhubaneswar). TtPAH1 coding 

sequence was commercially synthesised and obtained in the pUC57 vector from Eurofins.  
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3.2.2 Yeast strains and culture media 

∆pah1 yeast strain (RS453 smp2∆: ade2 his3 leu2 trp1 ura3 smp2::TRP1) was obtained from 

Symeon Siniossoglou (University of Cambridge). This was cultured at 30 ºC in minimal 

medium containing 2.0 % glucose, 0.67 % Yeast Nitrogen Base along with adenine, 

leucine,uracil and histidine supplements or in YPD. 

3.2.3 Other reagents 

RNA Isolation kit was obtained from Promega. Superscript II reverse transcriptase for cDNA 

synthesis was from Invitrogen.  SYBR Green qPCR mix for qPCR was obtained from Roche. 

Dextrose, yeast nitrogenous base, yeast extract, peptone and agar were from MP Biomedicals. 

Other chemicals and media components were from Sigma-Aldrich unless mentioned 

otherwise.  

3.3 METHODS 

3.3.1 Yeast culture conditions 

Yeast cells were grown either in YPD media [nutrient base = 1% Yeast Extract + 2% Peptone  

and carbon source = 2% Dextrose] or Synthetic Defined (SD) medium (nutrient base = Yeast 

Nitrogenous Base with ammonium sulphate (0.67 % ) and a carbon source = 2% Dextrose) 

with appropriate amino acids (Table 3.1) (Sherman, 2002). For growing ∆ pah1 cells adenine, 

leucine, uracil and histidine were added as supplements to complete the synthetic defined 

media. For selection of transformants and their culturing synthetic defined media containing 

adenine and histidine but lacking leucine and uracil were used. To check respiratory 

deficiency, dextrose was replaced by 2% glycerol as the carbon source. 2% agar was added to 

SD media or YPD media to make solid media plates.   
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Table 3.1: Amino acid composition for yeast in SD media 

Sl. No Amino acid 

Stock concentration/100 ml 

of MQ Water 

Amount  needed to add for 

250 ml media 

1 Adenine 0.135 gm 3.75 ml 

2 Leucine 1.31 gm 5 ml 

3 Uracil 0.224 gm 2.5 ml 

4 Tryptophan 0.8 gm 2.5 ml 

5 Histidine 2.09 gm 750 µl 

 

3.3.2 Gene Synthesis 

The coding region of TtPAH1 was commercially synthesized (Eurofins) after codon 

optimization and obtained in the pUC57 vector. This commercially synthesized gene was 

used for complementation assays in yeast. Before commercial synthesis TAA and TAG 

codons in the coding region of TtPAH1 was replaced with CAA and CAG respectively. This 

codon change was done because TAA and TAG which codes glutamate in Tetrahymena 

(Horowitz and Gorovsky, 1985) represent stop codon in Saccharomyces cereviseae. This 

sequence was further codon optimized using Integrated DNA Technology codon optimisation 

software for efficient expression in yeast and bacterial systems.  

3.3.3 Cloning 

The full-length coding sequence of TtPAH1 was amplified using specific primers (Table 3.2) 

containing Sal I and BamH I restriction sites from the commercially synthesized TtPAH1 in 

pUC57 vector. Table 3.3 mentions the PCR reactions and conditions used for amplification. 

The amplified product of right size was and cloned into YCplac111 (LEU) using Sal1 and 
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BamH1 restriction sites. The construct was confirmed by release of right sized product by 

restriction digestion and was further verified by sequencing. This construct (YCplac 111 

TtPAH1) was used to complement ∆pah1 yeast strain. 

 

Table 3.2: Oligonucletides used in chapter 3 

No Oligo Name Sequence 

1 TtPAH1 FP GCGTCGACATGAGTGTTTTAAAAAAACTACAG  

2 TtPAH1 RP GCGGATCCTCATTCGCTTAATAGCTGGTTAAT 

3 INO1 FP CATGGTTAGCCCAAACGACT 

4 INO1 RP CGTGGTTACGTTGCCTTTTT 

5 INO2  FP TTCCAGCCAATATCGAGGAC 

6 INO2 RP AGTGCTTCATTTGCGCTTCT 

7 OPI3 FP ACATGGTGTACGAGTCTGCA 

8 OPI3 RP CATGGGGTTGTTGGAAACGT 

9 SEC-63 FP TCCTTGTCCCAGGTGAGAAC 

10 SEC-63  RP ATGGGACGAGTGGCTGTTTA 

11 TtPAH1mut FP 

ATGTCCAGATTGTAATTTCAGAGATAGAGGGAA

CAATCACCAAATCTGATG  

12 TtPAH1mut RP 

CATCAGATTTGGTGATTGTTCCCTCTATCTCTGAA

ATTACAATCTGGACAT 
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Table 3.3: PCR reaction mixture and conditions for amplification of TtPAH1 using 

phusion polymerase to clone in YCplac 111 

 

Reaction components 

Volume 

(µl) 

 Temperature Time No. of cycles 

Template (100 ng/µl) 1  98⁰C 1 minute 1 

5X Phusion buffer 10  98⁰C 5 seconds  

35 10mM dNTP  1  54 30 seconds 

Forward primer 1  
72⁰C 

1 minute 30 

seconds 

Reverse primer 1  72⁰C 10 minutes 1 

Magnesium chloride 1  

Phusion polymerase 0.5  

Water 34.5  

            Total 50  

 

3.3.4 Site-directed mutagenesis 

Point mutations (D666 to E666 and D668 to 668E) at the corresponding sites of TtPAH1 

coding region in YCplac111-PAH1 fusion construct were introduced using Quik Change Site-

directed mutagenesis protocol (Stratagene), and the mutations were confirmed by DNA 

sequencing. The primers used for mutagenesis are listed in Table 3.1. 

3.3.5 Yeast Transformation 

Pah1∆ cells were initially grown in 4ml YPD media at 30⁰C at 220 rpm for overnight. Next 

day this was culture was used to inoculate 10 ml SD media with appropriate amino acid 

supplements to get a starting OD600 of 0.05. Cells were harvested at the mid-log phase (OD600 
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around 0.7-0.8), in a sterile 50 ml centrifuge tube at 3000 x g (5000 rpm) for 5 min. The 

medium was poured off and the cells were washed once with TE (10 mM Tris-HCl. Cell 

pellet was further collected by centrifuging (5000 rpm for 5 min) and resuspended in 5ml of 

100mM lithium acetate. Cells were again pelleted and further resuspended in 500µl of 

100mM lithium acetate and was incubated for 30 minutes at 30⁰C in a water bath. After 30 

minutes this was removed and kept in ice or stored at 4⁰C. This forms the pah1∆ competent 

cell which is ready to be transformed (Gietz and Woods, 2001). 

3µg each of pRS316-URA3-PUS1-GFP (PUS –GFP) and YCplac 111 TtPAH1 were added to 

a 1.5 ml centrifuge tube followed by 50µl of pah1∆ competent cells and 300µl of 

polyethelene glycol (PEG). This mixture was vortexed for 5 seconds and incubated at 30⁰C 

for 30 minutes followed by incubation at 42⁰C for 20 minutes. The pellet was collected by 

centrifuging for 4 min at 4,500 rpm at 4⁰C, dissolved in 150µl of water and spread plated on 

to SD plates with adenine and histidine but lacking leucine and uracil. The plates were 

incubated at 30⁰C in an incubator. The growth of transformants colonies was observed after 

48 hours of spreading. The colonies were later picked and grown on SD media with 

corresponding amino acids. 

3.3.6 Spotting 

For growth analysis, yeast cells were grown in the SD media lacking leucine and uracil to 

early logarithmic phase (OD600 ≈ 0.8 to 1.0). O.D. of each culture to be tested was normalised 

to 0.8 and was further serially diluted to 5 tenfold dilutions (10
-1

, 10
-2

, 10
-3

, 10
-4

, and 10
-5

). 

5µl of each dilution was spotted onto the solid SD media lacking leucine and uracil and 

incubated at either 30°C or 37°C for 2–3 days. Plates were examined and photographed at 

≥72h. 

 

 



75 

 

3.3.7 Confocal Microscopy  

To visualise nucleus pah1∆ cells expressing PUS GFP and either YCplac111 (empty vector) 

or YCplac111-TtPAH1 were grown in liquid SD media lacking uracil and leucine. When the 

cells reached OD600 of 0.8 to 1.0, cells were harvested by centrifuging at 4000 rpm for 2 

minutes. Cells were resuspended in minimum amount of media, 5 µl of these were dispensed 

on a glass slide, covered with cover slip and imaged at 63X oil objective in Ziess 780 

confocal microscope. Images were processed using LSM analyzer. The percentage of cells 

containing round nucleus was calculated. Three different transformants per strain were 

analyzed and the number of cells counted for each one was 200-250 (n= 600 to 750). 

 3.3.8 RNA isolation from yeast cells 

All glasswares were washed with diethylpyrocarbonate (DEPC) treated water. Nitrile gloves 

were used to prevent RNase contamination. For RNA isolation cells at the exponential phase 

(OD600 = 0.8) were pelleted down at 3,500 rpm for 5 minutes. The pellet was resuspended in 

375 µl of Trizol. Glass beads were added to 1/10
th

 volume of cell suspension and was lysed in 

a Fast prep bead beater (alternate 30 sec lysis and 1minute ice incubation with 15 repeats).  

375 µl of Trizol was added again, mixed thoroughly and incubated at room temperature for 5 

minutes. To this 150µl of chloroform: isoamyl alcohol was added, mixed by shaking for 15 

seconds and further incubated  for 2-3 minutes at room temperature. The tubes were spun at 

12,000 g for 5 minutes at 4⁰C and the topmost layer which contains the RNA was transferred 

to a new 1.5 ml centrifuge tube. 375µl of isopropanol was added to this and was incubated for 

10 min. Pellet was collected (12,000 g for 5 minutes at 4⁰C) and washed with 1 ml of 75% 

ethanol. This was centrifuged again at 7,500g for 5 min at 4⁰C to collect the pellet. The pellet 

was air dried and was resuspended in 27µl of nuclease free water. The resuspended RNA 

pellet was further treated with DNAase 1(Table 3.4). 
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Table 3.4: DNase treatment mixture for RNA isolated from yeast cells 

Components Volume 

RNA 25µl 

DNAase 1 3µl 

10x DNAase1 Buffer    1 µl 

 

This mixture was incubated at 37⁰C for 2 hours. 1 µl of 0.5 M EDTA was added and the tube 

containing the mixture was heated at 75⁰C for 10 minutes in water bath to stop the reaction. 

To this 70 µl of nuclease free water, 250 µl of RLT Buffer (RNA Isolation Kit Quiagen) and 

350 µl of 70% ethanol was added. This mix was loaded on to a column (RNA Isolation Kit 

Quiagen) and further washed and eluted as per manufacturer’s (RNA Isolation Kit Quiagen) 

instruction. RNA was eluted in 30 µl nuclease free water. RNA was quantitated by reading at 

A260. Quality of RNA was confirmed by A260/A280 (1.9-2.0), A260/A230 (2.0-2.2). RNA 

was stored at -80°C. 

3.3.9 cDNA synthesis  

10 μg of total RNA was used for cDNA synthesis (Invitrogen) using Superscript II reverse 

transcriptase with random hexamers as per the manufacturer’s instructions.  

3.3.10 Analysis of Gene Expression by quantitative real time PCR 

Gene expression was analysed by reverse transcription PCR. For quantitative RT-PCR the 

product of these reactions was used using the Platinum SYBR Green qPCR (Roche) 

following manufacturer’s instructions. Primer sequences used are summarized in Table 3.1. 

Normalization of each complemented strain was to the level of the empty vector control of 

the same cell type. The quantitative PCR was performed in 7500 Real-Time PCR System 

(Applied Biosystems) and the relative expression level of INO1, INO2 and OPI3 was 

calculated using the comparative Ct method after normalizing to SEC 63 as a control. Fold 

change was determined by relative quantitation method by determining 2-ΔΔCt values. The 
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graph was plotted and significance was determined using the Student’s t-test in GraphPad 

Prism V5 software. 

3.3.11 Lipid Extraction from yeast 

Yeast cells from a 50 ml culture at OD600 = 1 were harvested, washed in TE buffer were used 

for lipid extraction. Lipids were extracted using chloroform and methanol using Bligh and 

Dyer method. The cell pellet obtained was resuspended in 9 mL of autoclaved Milli Q water. 

Glass beads were added to 1/10
th

 volume of cell suspension and was lysed in a Fast prep bead 

beater (alternate 30 sec lysis and 1minute ice incubation with 15 repeats). Supernatant was 

collected and transferred to a separating funnel capped with the ground glass stopper and 10 

ml of chloroform and 20 ml of methanol was added. The mixture was shaken thoroughly and 

then allowed to stand for 10 minutes. Then extra 10 ml of chloroform was added, mixed 

thoroughly and trapped gases were released. This was allowed to stand until two phases of 

separate out; a lower organic phase of lipid dissolved in chloroform and an upper polar phase.  

The lower phase was carefully drained and collected, avoiding any contamination from 

interface. The sample is then dried in a rotary evaporator at 40 ⁰C. This was further dried 

under a gentle stream of nitrogen in vacuum. The dried lipid was resuspended in 500 µl of 

chloroform: methanol (6:1 volume / volume ratio) by dissolving the entire lipid on the wall of 

the flask. This lipid dissolved in chloroform is transferred on to a glass vial and a gentle 

steam of nitrogen was passed before storing at -20⁰C. Extracted lipids were used within a 

month.  

3.3.12 Thin layer chromatography 

TLC tank was washed, dried completely and rinsed tank with chloroform and methanol. The 

solvent system was made consisting of Hexane: di-Ethyl Ether: Acetic Acid = 80:20:2 (80ml: 

20ml: 2ml). The solvents were mixed in the order: acetic acid, di-ethly ether and then hexane.  

Solvents were mixed to make sure it is uniform and quickly poured 100ml of solvent system 
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to the tank. Top of tank was covered with saran wrap and further covered with lid on top of 

saran wrap. The tank was allowed tank to equilibrate for 2 hr. 

A line was drawn with a pencil across the plate with origin (~1 cm from bottom of plate). A 

vertical column, ½ inch from each end of the plate was cut using a razor blade with equal 

distance. Each column was marked with the name of the sample with the pencil.These plates 

were treated with 1.2% Potassium Oxalate 2mM EDTA in MeOH/H2O (2:3). The plates 

were dried in an oven (110°C). Apply equal amount of isolated lipids on to the columns made 

on plate by pipetting the lipid + chloroform drop by drop so that it makes a small spot. The 

plates were dried using hair dryer between drops. 50ug of TAG (triacylglycerol) standard was 

also spotted. This plate was placed on the TLC tank with solvents and closed with lid to 

separate lipids. The samples were allowed to run till solvent front is around 1 inch from top. 

The plates were removed, dried and processed to develop spots for the lipids. Solution 

containing 3% Copper (II) acetate in 8% (v/v) phosphoric acid was applied to the TLC plate 

by a spray bottle in a fume hood.  The plate is then heated in an oven set at 160⁰C for at least 

10 min to develop darker spots. The plate was removed, scanned and the intensity of spots 

were analysed by Image J. 

3.4 RESULTS 

3.4.1 TtPAH1 restores aberrant nuclear morphology of pah1∆ yeast strain  

Though TtPAH1 is not required for regulating nuclear expansion and nuclear shape in 

Tetrahymena, we asked whether the ciliate protein could rescue the nuclear defects in S. 

cerevisiae pah1∆, which might be expected if the homologous proteins retain the same 

enzymatic activity. In pah1 yeast strain the nucleus in a non-dividing cell often consists of 

two lobes interconnected by a long nuclear membrane extension. i.e. the nuclear envelope is 

no longer spherical, but exhibits long protrusions extending into the cytoplasm. We also 

could observe single cells contain two nuclear compartments connected by a thin 
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membranous filament. The nuclear membrane organization is drastically altered in yeast 

mutants lacking PAH1.Long extensions of nuclear membrane which extend into the 

cytoplasm contained NPCs and an intranuclear content, but lacked any DNA. 

To assess nuclear morphology in budding yeast, we expressed nucleoplasmic protein PUS as 

a GFP-fusion. As expected in pah1∆ cells, the nuclei in non-dividing cells appeared as two 

lobes interconnected by a long nuclear membrane extension (Figure 3.1, top panel). In 

contrast, pah1∆ cells expressing TtPAH1 showed nearly normal nuclear morphology (Figure 

3.1, bottom panel). This result suggests that TtPAH1 retain the regulation of nuclear 

expansion function of the yeast homolog.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: TtPAH1 rescues the nuclear structure defect 

Pah1∆ yeast cells were transformed either with empty vector (top panel) or with TtPAH1 

(bottom panel) along with PUS1-GFP (an intranuclear reporter) and visualized by confocal 

microscope. TtPAH1 restores defective aberrant nuclei of pah1∆ to wild-type spherical shape. 

Arrows indicate the aberrant nuclei of pah1∆ yeast cells 
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3.4.2 TtPAH1 restores slow growth phenotype, temperature sensitivity and respiratory 

deficiency of pah1∆ yeast strain  

pah1∆ yeast cell also exhibits slow growth at 30°C, temperature sensitive growth at 37°C and 

respiratory deficiency i.e. growth defect on non-fermentable carbon sources (Han et al., 2007; 

Han et al., 2006).  Along with rescue of the nuclear morphology defect, expression of 

TtPAH1 restored growth both at 30°C and 37°C (Figure 3.2A). To evaluate the role of 

TtPAH1 in rescuing respiratory deficiency, we grew cells on plates containing either glycerol 

or acetate as non-fermentable carbon sources. The pah1∆ expressing TtPAH1 grew faster 

than control pah1∆ cells (Figure 3.2B) suggesting that TtPAH1 restores respiratory function 

of yeast homolog. 

 
 

Figure 3.2: TtPAH1 rescues the slow growth, temperature sensitivity and respiratory 

deficiency phenotypes of pah1∆ yeast cells. 

A) Pah1∆ yeast cells transformed with either empty vector or TtPAH1 were spotted on SD 

plates and grown at 30°C or 37°C for 2 to 4 days.  B) For checking respiratory deficiency 

pah1∆ yeast cells transformed with either empty vector or TtPAH1 were spotted on SD plates 

containing glycerol as carbon source and grown at 30°C for 2 to 4 days. 
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3.4.3 TtPAH1 represses expression of genes involved in lipid biosynthesis and increases 

TAG level in pah1∆ yeast strain  

Deletion of PAH1 induces the expression of INO1, INO2, and OPI3 involved in the induction 

of phospholipid biosynthetic genes leading to overly developed ER and aberrant expansion of 

nuclear membrane (Santos-Rosa et al., 2005). To test if TtPAH1 inhibits abnormal nuclear 

expansion in pah1∆ yeast by inhibiting the phospholipid biosynthesis genes, we have 

analyzed the mRNA levels of INO1, OPI3, and INO2 by quantitative real-time PCR using 

Sec 63 (a resident ER membrane protein unaffected by PAH1 deletion) as a control. TtPAH1 

repressed expression of all the three genes tested (Figure 3.4A) suggesting that TtPAH1 could 

replace yeast PAH1 in regulating expression of phospholipid biosynthesis genes.  

TAG content of the ∆pah1 yeast strain was 62%lower than that of the wild type yeast. To 

check whether TtPAH1expression could increase level of TAG in ∆pah1 cells, total lipids 

were extracted from both pah1∆ yeast and pah1∆ yeast complemented with TtPAH1. 

Extracted lipids were subjected to one dimensional thin layer chromatography to separate 

neutral lipids. Complementing pah1∆ yeast cells with TtPAH1 could increase TAG levels of 

pah1∆ yeast cells (Figure 3.4B) suggesting TtPAH2 could dephosphorylate PA in the yeast 

cells. 
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Figure 3.4: TtPAH1 repress expression of genes involved in lipid biosynthesis  

 A) Levels of INO1, INO2, and OPI3 mRNAs were analyzed by quantitative RT-PCR in 

pah1∆ yeast cells transformed with either empty vector or TtPAH1. Amplification of each 

sample was performed in triplicates and normalized to a control gene SEC63.B) TtPAH1 

increases TAG level in pah1∆ yeast strain. Total lipid isolated from yeast cells transformed 

with either empty vector or TtPAH1 was   spotted and run on one dimensional on TLC. 

 

3.4.4 Catalytic motif of TtPAH1 is essential for function 

A conserved DXDXT/V motif at C-LIP is essential for the catalytic activity of PAH1/Lipin in 

yeast and mammals (Han et al., 2007; Finck et al., 2006). We have identified a similar motif 

(666 DIDGT 670) in the predicted C-LIP of TtPAH1 and evaluated if the motif is important 

for the function of TtPAH1 by mutating two aspartate residues (D666, 668E) (TtPAH1mut). 

Since TtPAH1 functionally replaces yeast PAH1, we complemented pah1∆ yeast cells with 

TtPAH1mut and evaluated nuclear morphology, growth in different temperatures and media, 

and expression of phospholipid biosynthesis genes. Unlike wild-type TtPAH1, the mutant 

protein was unable to rescue aberrant nuclear morphology, slow growth at 30°C, and the 

respiratory defect (Figure 3.5A, 3.5B). As expected the catalytic motif mutant also did not 

reduce the expression of lipid biosynthetic genes such as INO1, INO2, and OPI3 to the wild 
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type TtPAH1 level (Figure 3.5C). These results suggest that catalytic activity of TtPAH1 is 

important for its function. 

 

 

Figure 3.5: Catalytic mutant of TtPAH1 could not rescue phenotypes of pah1∆ yeast 

cells. 

A) TtPAHmut could not restore aberrant nuclei of pah1∆ yeast to wild-type spherical 

shape.Three different transformants per strain were analyzed and the number of cells counted 

for each transformant was 200-250. B) The growth of pah1∆ yeast cells transformed with 

either with empty vector, TtPAH1or TtPAHmut grown on SD media lacking leucine and 

uracil and containing either glucose or glycerol as indicated.  C) Levels of INO1, INO2, and 

OPI3 mRNAs were analyzed by quantitative RT-PCR in pah1∆ yeast cells transformed with 

either empty vector, TtPAH1 or TtPAHmut. 
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3.5 DISCUSSION 

Regulation of lipid homeostasis and membrane biogenesis is fundamental to all eukaryotes, 

and the presence of a regulation cascade comprising Pah1 and its phosphatase complex 

Nem1-Spo7 has been shown in yeast (Siniossoglou et al., 1998; Péterfy et al., 2001; Han et 

al., 2006; Golden et al., 2009, Nakamura et al., 2009).  Previous work on mammalian lipins 

indicated that the pah1∆ yeast expression system could be used as a predictive model for 

confirming the functions of PAH1-homolog genes. Tetrahymena PAHs complemented the 

growth phenotype, temperature sensitive phenotype from the yeast pah1∆ strain. 

Nuclear volume in Tetrahymena is variable likely due to differential ploidy level in the 

micronucleus(Raikov IB, 1976; Gorovsky MA, 1980; Bodenbender J, Prohaska A, Jauker F, 

Hipke H, 1992). In Tetrahymena there could be different mechanism that allows plasticity in 

nuclear expansion to accommodate different nuclear volumes. This could be the reason why 

nuclear membrane expansion or nuclear defect was not seen in ∆ TtPAH1cells. Even though 

TtPAH1could not regulate nuclear morphology in Tetrahymena it could rescue the irregular 

shaped nucleus of pah1∆ yeast to round wild type nucleus. Similarly LIPINs in mammals do 

not regulate nuclear expansion, but have a role in nuclear envelope disassembly. This 

suggests that the regulation of nuclear expansion function is not intrinsic to the PAH family 

proteins and may have been adopted in yeast after divergence from other lineages. Similar to 

PAH from other organisms, mutation of the catalytic motif in TtPAH1 leads to loss of 

function suggesting that the catalytic activity is necessary for its function. Taken together our 

results suggest that TtPAH1 is orthologous to yeast PAH1. 
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CHAPTER 4 

Analysis of conservation of PAH functions across 

eukaryotic clades 
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4.1 INTRODUCTION 

The most used model for studying PAH function has been animal or fungal (Reue and 

Brindley, 2008)(Pascual and Carman, 2013). As a result the data of PAH function is biased 

towards a single eukaryotic lineage, Opisthokonta. PAH proteins are conserved among 

Opisthokonts with counterpart enzymes in humans, mice, flies, worms. In addition to 

Opisthokonta, PAH function is also known in plant that belongs to Archaeplastida clade. The 

PAH encodes a PAP enzyme is discovered in yeast and made studies on the orthologous PAP 

enzymes of other organisms possible. The PAH functions and the cascade they participate in 

are not known in organisms belonging to Amoebozoa, Alveolata, and Excavata A comparison 

of this enzyme between different eukaryotic lineages would help understanding the 

evolutionary conservation across eukaryotic lineages. By comparing PAH functions between 

organisms belonging to different lineages could produce a more accurate understanding of 

conserved features, and the variation that exists within them, and also of features that are 

limited to specific lineages. A broader, taxonomy-informed sampling would therefore provide 

a more accurate picture of the relative contributions made by inheritance versus innovation in 

the emergence of modern cells. In this chapter functional conservation of PAH across 

eukaryotic lineages is studied by complementation of pah1∆ yeast cells with PAH sequences 

from organisms belonging to different clades of eukaryotic lineages.  

4.2 MATERIALS 

4.2.1 Yeast strain, Plasmids and Other reagents 

Yeast strains, plasmids and reagents used are the same as mentioned in chapter 3. 

Trypanasoma brucei genomic DNA was obtained from Dr. Laurie K. Read (SUNY at 

Buffalo). Dictyostelium discoideum cells were given by Dr. Roop Mallik, TIFR, Mumbai. 

Arabidopsis thaliana cDNA was obtained from Dr. KC Panigrahi, NISER,Bhubaneswar. 
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4.3 METHODS 

4.3.1 Yeast culture conditions  

Yeast culture media, conditions, and methods are exactly same as described in detail in 

chapter 3 

4.3.2 Genomic DNA Isolation of Dictyostelium discoideum 

For genomic DNA isolation 2-3x10
7
 dictyostelium cells were used. the Cell pellet was 

loosened by scraping and  were resuspended in 1 ml of nuclei buffer (20 mM Tris- HCl Ph- 

7.4, 5mM Magnesium Acetate, 0.5mM EDTA pH-8.0, 5% (w/v) sucrose)  by gentle pipetting. 

20% Triton X-100 was added and incubated on ice for 5min to lyse cells. The pellet 

containing the nuclei was collected by centrifuging at 12,000g for 5 min. The pellet was 

loosened by brief vortexing and resuspended in 300µl proteinase K buffer (100mM Tris HCl 

Ph-7.4, 5mM EDTA (Ph -8.0), 0.1 mg/ml proteinase K (add just before each use), 1% (v/v) 

SDS). This was incubated at 65⁰C for 30 min. Nucleic acids were extracted by adding an 

equal volume (300µl) of phenol: chloroform. The upper aqueous layer was collected after 

centrifuging for 10 min at 12,000g. Aqueous layer was again collected after adding one 

volume (300µl) of chloroform and further centrifugation. The aqueous layer thus obtained 

was further precipitated with 2.5 volumes (750µl) of ice cold 100%ethanol. This was allowed 

to stand at room temperature for 5 min. The pellet DNA was collected by centrifuging at 

12,000g for 15 min at 4⁰C. Resuspend the white pellet at the bottom of the tube in 100µl TE 

Buffer pH-7.4 containing 10 µg/ml RNase A and incubate for 15min at room temperature. 

The obtained DNA was further precipitated by adding 1/10
th

 volume (10µl) of 3M Sodium 

acetate and 2.5 volumes (250µl) of ice cold 100% ethanol.  This was placed on ice for 15 min 

at -20⁰C and the pellet was collected by centrifuging at 4⁰C for 15 min at 12,000g. The pellet 

was washed with two volumes (200µl) of ice cold ethanol and centrifuged for 2 min at 

12,000g. The supernatant was removed with a pipette and the pellet was allowed to dry at 

room temperature. The DNA pellet was resuspended in 50µl of TE (pH 7.4) 
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4.3.3 Cloning of TbPAH1, AtPAH2 and DdPAH1 

The full-length coding sequence of PAH from Trypanasoma brucei (TbPAH1) was amplified 

using specific primers containing Xho I and BamH I restriction sites (Table 4.1)  from 

genomic DNA. The full-length coding sequence of PAH from Arabidopsis thaliana (AtPAH2) 

was amplified using specific primers containing Sal I and BamH I restriction sites (Table 4.1)  

from genomic DNA. The full-length coding sequence of PAH from Dictyostelium discoideum 

(DdPAH1) was amplified using specific primers containing Sal I and BamH I restriction sites 

(Table 4.1) from genomic DNA. Table 4.2 mentions the PCR reactions and conditions used 

for amplification. The amplified right sized products of each PAH were cloned into 

YCplac111 (LEU)(Gietz and Akio, 1988) using Sal1 and BamH1 restriction sites. The 

constructs were confirmed by release of right sized product by restriction digestion and was 

further verified by sequencing. These constructs YCplac 111 TbPAH1, YCplac 111 AtPAH2, 

YCplac 111 DdPAH1 were used to complement ∆pah1 yeast strain. 

Table 4.1: Oligonucleotides used in chapter 4 

No Oligo Name Sequence 

1 TbPAH1 FP GCCTCGAGATGATATCTGGTTTTGCAGATTTC  

2 TbPAH1 RP GCGGATCCTCACACAGTGTCACCTTGTTG 

3 AtPAH2 FP GCGTCGACCTCGAGATGAATGCCGTCGGTAGGATC 

4 AtPAH2 RP GCGGATCCGTTTAAACTCACATAAGCGATGGAGGAGG 

5 Dd PAH1 FP GCGTCGACATG AAT TAT GTT GAA AAG TTA TTT G 

6 Dd PAH1RP GCGGATCCCTA AAG AGG ATC TAA TTT ATG AAG 
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Table 4.2: PCR reaction components and conditions used for amplification of TbPAH1, 

AtPAH2, and DdPAH1 using phusion polymerase 

Reaction components 

Volume 

(µl) 

 Temperature Time No. of cycles 

Template (100 ng/µl) 1  98⁰C 1 minute 1 

5X Phusion buffer 10  98⁰C 5 seconds 

 

35 

10mM dNTP  1  54, 60,56 30 seconds 

Forward primer 1  72⁰C 1 minute 30 

seconds 

Reverse primer 1  72⁰C 10 minutes 1 

Magnesium chloride 1  

Phusion polymerase 0.5  

Water 34.5  

            Total 50  

 

4.3.4 Sequences Used 

Sequences of Tetrahymena PAH homologs (TTHERM_00189270 and TTHERM_00215970) 

were retrieved from Tetrahymena Genome Database.Multiple sequence alignment was 

performed with PRALINE. The sequences of PAH used in this chapter are; S000004775 for 

Saccharomyces cerevisiae, NM_001203528.1 for Arabidopsis thaliana (AtPAH2) and 

XM_841075 for Trypanosoma brucei, FBgn0263593 for Drosophila melanogaster, 

BC030537.1 for Homo sapiens and DDB_G0271730 for Dictyostelium discoideum.   
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4.4 RESULTS 

4.4.1 Phosphatidate phosphatase (PAH) has similar domain organization and catalytic 

motif across eukaryotic lineages 

Prior studies on the role of PAH proteins in the regulation of lipid homeostasis and 

membrane biogenesis have focused mainly on the Opisthokont and Archaeplastid clades. The 

cellular function of PAH is not known in organisms belonging to clades distantly related to 

Opisthokont. Figure 4.1A represents an evolutionary tree with representative organism for 

each clade. The sequence analysis of PAH homologs from organisms belonging to different 

clades suggest that it is conserved across eukaryotic lineages (Figure 4.1B). All these protein 

sequences shared similarity in two conserved regions: the N-LIP region with the conserved 

Glycine residue and C-LIP region harbouring the HAD like catalytic motif DXDXT/V. 
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Figure 4.1: Phosphatidate phosphatase has similar domain organization across 

eukaryotic lineages 

(A) Eukaryotic evolutionary tree. Five clades with representative organisms from each clade 

are shown. (B) Multiple sequence alignments showing parts of N-LIP (Top) and C-LIP 

(Bottom) of PAH proteins from various organisms. Assigned colors of the specific residues 

are based on alignment consensus. The boxes indicate conserved Glycine at the N-LIP and 

conserved catalytic motif (DXDXT) at the C-LIP. 

 

4.4.2 Phosphatidate phosphatases (PAH) are conserved across eukaryotic lineages  

Putative PAH sequences from divergent species, namely Dictyostelium discodeum 

(representing amoebas), Arabidopsis thaliana (representing plants), Trypanasoma brucei 

(representing euglenozoans/excavates) were used for studying the functional conservation of 

PAH1 across diverse species. PAH from other species like Caenorhabditis elegans 

(representing nematodes), Mus musculus (representing mammals), and Saccharomyces 

cereviseae (representing fungi) which represent Opisthokonts were already shown to exhibit 

phosphatidic phosphatase activity and complement each other in their cellular functions. This 

selection covered all major eukaryotic clades except Rhizaria due to non-availability of 

homologue in Rhizaria. 

TbPAH1 rescued growth, respiratory and nuclear defects of pah1∆ yeast cells in the 

complementation assay (Figure 4.2 and 4.3). PAH1 from Dictyostelium discoideum though 

mitigated nuclear defect and growth defect at 30⁰C (Figure 4.2 and 4.3); it did not rescue the 

temperature sensitivity of pah1∆ yeast cells. The Arabidopsis PAH homologs, AtPAH1 and 

AtPAH2, have previously been shown to possess some functions of S. cerevisiae PAH1 based 

on its ability to rescue the slow growth phenotype of pah1∆ yeast. However, it was not 

reported whether the plant homolog also rescues the nuclear envelope defect (Nakamura et al., 

2009; Mietkiewska et al., 2011). We used AtPAH2 to complement the pah1∆ yeast strain. In 

addition to rescuing the growth phenotype, AtPAH2 mitigated the aberrant nuclear 

morphology of pah1∆ yeast cells, confirming conservation between Opisthokonta and 

Archaeplastida (Figure 4.2 and 4.3). Taken together, these results along with results from 

earlier reports suggest that the PAH phosphatase cascade is functionally conserved across 
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eukaryotic lineages, indicating that it originated before the lineages diverged in eukaryotic 

evolution. 

 

 

 

Figure 4.2:  Regulation of nuclear envelope expansion function of PAH proteins are 

conserved across eukaryotic lineages  
Confocal images of pah1∆ yeast cells complemented either with Trypanosoma PAH 

(TbPAH1) with Arabidopsis PAH (AtPAH2) or with Dictyostelium discoideum (DdPAH1). 

The nucleus is visualized by expression of PUS-GFP. Two different transformants per 

strain were analyzed and the number of cells counted for each one was 200 (n=400).The 

percentage of cells containing round nucleus is indicated on the right. 
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Figure 4.3:  PAH proteins from Excavata and Plantae rescued growth phenotypes of yeast 

pah1∆ strains 

Rescue of growth defect of pah1∆ yeast cells by TbPAH1, AtPAH2 and DdPAH1 on SD 

media containing glucose but lacking leucine and uracil at 30°C or 37°C as indicated. Two 

different transformants per strain were spotted and analyzed.   

 

4.5 DISCUSSION 

Regulation of lipid homeostasis and membrane biogenesis is fundamental to all eukaryotes, 

and the presence of a regulation cascade comprising Pah1 and its phosphatase complex 

Nem1-Spo7 has been shown in yeast (Siniossoglou et al., 1998; Péterfy et al., 2001; Han et 

al., 2006; Golden et al., 2009; Nakamura et al., 2009). Similar cascades are also reported in 

plants (Nakamura et al., 2009; Mietkiewska et al., 2011), mammals (Kim et al., 2007), worms 

(Golden et al., 2009; Gorjánácz and Mattaj, 2009), and flies (Ugrankar et al., 2011). All the 

studies are restricted to Opisthokonta and Archaeplastida clades. PAH homolog is 

functionally interchangeable between Opisthokonta and Plantae (Nakamura et al., 

2009)(Mietkiewska et al., 2011). The presence of such a cascade is not reported in the 

distantly related lower eukaryotic clades like Amoebozoa, SAR and Excavata.  

DdPAH1 
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In the present study PAH homogs from organisms representing the clades like Excavata, 

Amoebozoa and Alveolata are shown to functionally replace yeast PAH1. Therefore, this 

phosphatidic acid phosphatase cascade regulating membrane biogenesis and lipid 

homeostasis is conserved across the eukaryotic evolutionary tree. Therefore, it can be 

concluded that cascade comprising PAH for regulation of lipid homeostasis and membrane 

biogenesis was present in common ancestor before the divergence of lineages. PAH, in 

addition to lipid homeostasis and membrane biogenesis, has an additional role such as NEBD 

(in C.elegans) (Golden et al., 2009; Bahmanyar et al., 2014) and nuclear expansion (in yeast) 

(Santos-Rosa et al., 2005), suggesting that lineage-specific role of PAH is adopted after 

divergence from the common ancestor. Nuclear expansion function of PAH is restricted to 

yeast only. However, PAH homologs from all the lineages discussed here rescue abnormal 

nuclear expansion. Therefore, it can be concluded that though all the known functions of 

PAH were present before lineage divergence, different lineages have adopted these functions 

to regulate various cellular processes. Overall, the results from this study along with results 

from previous studies as discussed above clearly demonstrate a common regulatory cascade 

across eukaryotic lineages and may have appeared before the divergence of lineages. This 

shows that in the eukaryotic tree of evolution, PAH is functionally conserved and was 

possibly present in the Last Eukaryotic Common ancestor (LECA). 
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CHAPTER 5 

Functional characterisation of Tetrahymena PAH2. 
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5.1 INTRODUCTION 

There are two distinct families of PAP enzymes, magnesium dependent (PAP1) and 

magnesium independent (PAP2) (Pascual and Carman, 2013). Apart from the distinct 

cofactor requirement; they vary in their nature of membrane association. PAP1 enzymes are 

cytosolic or membrane associated proteins whereas PAP2 enzymes are integral membrane 

proteins (Pascual and Carman, 2013). In yeast PAP2 enzymes are encoded by DPP 

(diacylglycerol pyrophosphate phosphatase) and LPP (lipid phosphate phosphatase). These 

PAP2 enzymes are low molecular proteins with Dpp having 289 amino acids and Lpp with 

274 amino acids. The yeast PAP1 enzyme is encoded by PAH which has 862 amino acids. 

PAH homologs in other organism including mammals, C.elegans, Arabidopsis thaliana, 

Drosophila melanogaster are all high molecular weight proteins comparable to yeast.  

Tetrahymena possesses two PAH homologs, TtPAH1 and TtPAH2. TtPAH1 encodes a protein 

of ~ 96kDa, similar in size to PAH proteins of other organisms. Ttpah2 with length of 335 

amino acids is much smaller than known PAH homologs but is similar in size with Dpp and 

Lpp enzymes which are the magnesium independent PAP2 enzymes. Low molecular weight 

PA phosphatase exhibiting Mg
2+

-dependent phosphatidate phosphatase activity is not known 

in any organism. This chapter focuses on functional characterisation of Tetrahymena PAH2 

by  

1) Amino acid sequence analysis  

2) Assessing phosphatidic acid phosphatase activity in vitro.  

3) Evaluating whether Ttpah2 belongs to PAP1 or PAP2 family 

4) Sub-cellular localization  

5) Assessing role of TtPAH2 in maintaining endoplasmic reticulum morphology 
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5.2 MATERIALS 

5.2.1 Plasmids 

Tetrahymena specific expression vector pIGF was a gift from Doug Chalker, Washington 

University. Plasmid vector pET 33b was obtained from Prof. M.S. Shaila, IISc, Bangalore. 

5.2.2 Tetrahymena thermophila strains and culture media 

Tetrahymena strains and culture media used are as described in chapter 2. TtPAH2 knock out 

strain (∆Ttpah2), already available in the laboratory was used. 

5.2.3 E.coli and culture media 

E.coli strain of BL-21(DE3) was obtained from from Prof. M.S. Shaila, IISc, Bangalore. 

E.coli cells were grown in LB broth at 37⁰C, 220 rpm.  

5.2.4 Other reagents: 

ER Tracker Green and pENTR/D-TOPO kit were obtained from Invitrogen. Phosphatidic 

acid was obtained from MP Biomedicals. Protease inhibitor cocktail was obtained from 

Roche. Other chemicals and media components were from Sigma-Aldrich unless mentioned 

otherwise.  

5.3 METHODS 

5.3.1 Cloning: 

To generate the TtPAH2-GFP construct, full-length TtPAH2 was amplified from genomic 

DNA using specific primers (Table 5.1). Table 5.2 mentions the PCR reactions and 

conditions used for amplification of the gene. The amplified product was cloned into an entry 

vector using pENTR/D-TOPO kit (Invitrogen).This was further cloned into the destination 

vector pIGF (an rDNA-based expression vector) using LR clonase (Invitrogen). The construct 

was screened by mobility shift following PCR checking and finally confirmed by sequencing. 
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Table 5.1: Oligonucleotides used in chapter 5 

No. Oligo Name Sequence (5’ to 3’) 

1 TtPAH2-GFP 

CACCATGCATCACCATCACCATCACATGATTAACGGAATT

AAAAATC 

2 TtPAH2-GFP TCATTTTGGTAATTGCTTATT 

 

Table 5.2: PCR reaction components and conditions used to amplify TtPAH2 using 

phusion polymerase 

Reaction components 

Volume 

(µl) 

 Temperature Time No. of cycles 

Template (100 ng/µl) 1   98⁰C 1 minute 1 

5X Phusion buffer 10  98⁰C 5 seconds 

 

35 

10mM dNTP  1  55 30 seconds 

Forward primer 1  
72⁰C 

1 minute 30 

seconds 

Reverse primer 1  72⁰C 10 minutes 1 

Magnesium chloride 1  

Phusion polymerase 0.5  

Water 34.5  

            Total 50  

 

5.3.2 Preparation of cell extracts and Western blotting 

Wild type cells expressing TtPAH2 GFP (4-5X 10
5
) was used to prepare cell lysate. Cell 

lysate preparation, separation into membrane and cytosolic fractions, and detection of Ttpah2 

in the fractions was done as described in chapter 2. 
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5.3.3 Endoplasmic Reticulum staining  

Endoplasmic reticulum of wild type and ∆Ttpah2 were stained with ER-Tracker™ Green dye 

as described in chapter 2. ER-Tracker Green images were taken at 504 nm excitation /511 nm 

emissions as described in chapter 2. 

5.3.4 Gene synthesis 

The coding region of TtPAH2 was commercially synthesized (Eurofins) after codon 

optimization and obtained in the pUC57 vector. Codon modification and optimization was 

done as described in chapter 3 for TtPAH1. This commercially synthesized TtPAH2 cloned in 

pET33b using BamHI and NdeI restriction sites was used to express TtPAH2 in bacteria. 

5.3.5 Purification of recombinant Ttpah2 in E.coli 

The TtPAH2- pET33b construct was transformed into BL-21(DE3) strains of E.coli to 

express as N-terminal His6 fusion protein. BL-21(DE3) cells expressing TtPAH2 were 

cultured in LB broth supplemented with 50µg/ml kanamycin and grown at 37C with 220 

rpm till the OD600 reached 0.4. At this density, the culture was induced with 1 mM IPTG and 

allowed to grow for 5 hours under same conditions. Cells were harvested by centrifugation at 

5000 RPM in 4 ⁰C. Cell pellet was resuspended in 50 ml of ice-cold buffer containing 25mM 

HEPES pH 7.5, 300mM NaCl, 2mM MgCl2, 2mM β-mercaptoethanol and 10% glycerol 

(Lysis Buffer) supplemented with EDTA-free protease inhibitor cocktail (Roche) plus 

100mM phenylmethane sulfonyl fluoride ( Sigma). The cells were lysed by sonication and 

the crude lysate was centrifuged at 15,000 r.p.m for 45 mins at 4C. Ni-NTA resins 

equilibrated with lysis buffer were added to the clarified lysate and incubated for 2 hours. The 

resin was washed with a 100-bed volume of lysis buffer supplemented with 50mM imidazole 

and the protein was eluted with 250mM imidazole in the same buffer. The purified protein 

was checked by coomassie stained SDS-PAGE gel. 
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5.3.6 Phosphatase Assay 

Phosphatase assay was done as mentioned in chapter 2. To check phosphatase activity of 

recombinant Ttpah2-His6 with increasing protein concentrations phosphatase activity was 

measured with 0.25 µM, 0.5µM, 1 µM, 1.5µM and 2.0 µM for 20 minutes. 

 

5.4 RESULTS 

5.4.1 Sequence analysis of Ttpah2 

Ttpah2 is a small molecular weight protein consisting of 336 amino acids. The amino acid 

sequence of Ttpah2 was analysed using Interpro: protein sequence analysis & classification 

(https://www.ebi.ac.uk/interpro/). TtPah2 has 34% identity with human lipin and 22% with 

yeast Pah1. Similar to other phosphatidic acid phosphatases, the amino acids are more 

conserved in the N-LIP and C-LIP regions of Ttpah2. N-LIP of Ttpah2 has 35% and 30% 

identity with yeast Pah1 and human lipin1 respectively. C-LIP has 44% identity with both 

yeast Pah1 and human lipin1. Interpro predicted an N-terminal domain (N-LIP, amino acids 9 

to 99), a lipin specific domain (amino acids 142 to 294) and a C-terminal HAD like domains 

(C-LIP, amino acids 138 to 281) which are characteristic of PAP1 proteins. Moreover, all 

Magnesium dependent phosphatidic acid phosphatases contain an essential catalytic 

DXDXT/V motif in the HAD-like domain of the C-LIP region. A similar motif (146 DVDGT 

150) was also found within the C-terminal HAD like domain of Ttpah2 suggesting it to be a 

Mg
2+

-dependent phosphatidate phosphatase (Figure 5.1 and 5.2). A conserved glycine residue 

in N-terminal domain is critical for PAH function since its mutation in mammalian lipin1 

causes lipodystrophy. Similar conserved Glycine residue was also present at the 79
th

 position 

of N-LIP region of Ttpah2 (Figure 5.1 and 5.2). These results suggest that Ttpah2 is a 

potential Mg
2+

-dependent PAP1 enzyme.  
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Figure 5.1: Domain organisation of TtPAH2 

Predicted N-LIP and C-LIP domains are indicated in the boxes. Also shown are the positions 

of a conserved glycine residue in N-LIP and the haloacid dehalogenase (HAD) with its 

conserved DXDXT/V motif in C-LIP. 

 

 

 
Figure 5.2: Sequence analysis of Ttpah2 

 

Alignments of amino-acid sequences of a part of N-LIP and HAD-like domain in C-LIP of 

TtPAH2 with yeast PAH1 and human LIPIN1using PRALINE. Assigned colors of the 

specific residues are based on alignment consensus. Conserved Glycine residue in N-LIP and 

catalytic motif (DXDGT/V) in C-LIP are indicated inside the box. 

 

5.4.2 Ttpah2 is a magnesium dependent phosphatidate phosphatase belonging to PAP1 

family  

The enzymatic activity of recombinant Ttpah2 was examined by an in vitro phosphatase 

assay. For this purpose, TtPAH2 was expressed in bacteria and purified as N-terminal His6 

fusion protein. The purity of protein, migrating at ~37 kDa, was confirmed by SDS-PAGE 

(Figure 5.3A). Phosphatase activity was measured following the release of inorganic 

phosphate (Pi) from phosphatidic acid. Recombinant Ttpah2 dephosphorylated PA in a 

concentration and time-dependent manner (Figure 5.3B and 5.3C).  
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Phosphatidate phosphatase activity of Ttpah2 was checked in the presence and absence of 

magnesium to find whether Ttpah2 is Mg2
+
-dependent (PAP1) or Mg

2+
-independent (PAP2) 

phosphatidic acid phosphatase. Ttpah2 did not show any detectable phosphatase activity in 

the absence of magnesium ions (Figure 5.3D). This confirmed that Ttpah2 is a Mg
2+

-

dependent phosphatidic acid phosphatase belonging to PAP1 family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: TtPah2 encodes a magnesium dependent phosphatidate phosphatase 

A) SDS-PAGE gel showing purified Ttpah2-His6 after staining with Coomassie blue. 

Positions of the molecular weight markers (kDa) are indicated on the left. B) The 

phosphatidic acid phosphatase activity using 1µM recombinant TtPah2-His6. C) The 

phosphatidic acid phosphatase activity of recombinant Ttpah2-His6 was measured with 

increasing protein concentrations for 20 minutes. D) The phosphatidic acid phosphatase 

activity of 1µM recombinant Ttpah2-His6 measured for 20 minutes either in the presence 

(Mg
2+

) or in the absence (No Mg
2+

) of magnesium. 
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5.4.3 TtPAH2 localizes to both cytoplasm and membranes 

Subcellular localization of Ttpah2 was checked by expressing TtPAH2-GFP in Tetrahymena. 

Confocal image analysis showed the distribution of Ttpah2-GFP throughout the cell (Figure 

5.4A). Total cell lysate of Tetrahymena cells expressing TtPAH2-GFP was fractionated into 

the membrane and cytosolic fractions and Ttpah2 was detected in both fractions using anti-

GFP antibody (Figure 5.4B). These results suggest that Ttpah2 shuttles between the 

cytoplasm and ER similar to other known PAH proteins. 

 

Figure 5.4: TtPAH2 localizes to both cytosol and membranes 

A) Sub-cellular localization of Ttpah2 in Tetrahymena cells. Fixed TtPAH2-GFP expressing 

Tetrahymena cells were imaged after DAPI staining. Ttpah2-GFP (left panel), DAPI stained 

nuclei (middle panel) and merged image (right panel). (B) Western blot analysis of the total 

lysate (L), cytosolic fraction (C) and membrane fraction (M) obtained from Tetrahymena 

cells expressing TtPAH2-GFP using anti-GFP antibody.  
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5.4.4 TtPAH2 does not regulate ER morphology in Tetrahymena  

PAH regulates ER morphology in organisms like yeast, C.elegans, mammals, Arabidopsis. 

Also TtPAH1, the large homolog in Tetrahymena regulates ER morphology and ER content 

as mentioned in chapter 2.To find out if TtPAH2 regulates ER morphology, both ΔTtpah2 and 

wild-type cells were stained with ER-Tracker dye and both ER structure and content were 

evaluated by analyzing confocal images (Figure 5.5 A). The ER morphology of ΔTtpah2 cells 

was similar to the wild-type cells.  Moreover, total ER content of ΔTtpah2 cells was 

comparable to that of wild-type cells as analysed by Image J (Figure 5.5B). These results 

conclude that TtPAH2 which encodes a functional phosphatidate phosphatase does not 

regulate ER morphology. 

 

 

Figure 5.5: TtPAH2 does not regulate ER morphology 

A) Confocal images of wild-type and ∆Ttpah2 cells stained with ER-Tracker Green showing 

ER morphology. B) Box plot showing the mean density of ER in wild-type and ΔTtpah2 cells 

as measured by sum intensity projection of the stacked images. The mean intensity of 

∆Ttpah2 (n=20) is similar to that of wild-type (n=23) as analysed by Oneway ANOVA (ns is- 

non significant, p<0.051). 
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5.5 DISCUSSION 

All Mg
2+

-dependent phosphatidate phosphatases previously characterized are relatively large 

proteins, close to 100 kDa and low molecular weight proteins showing PA phosphatase 

activity are usually Mg
2+

-independent. However, Ttpah2 is a low molecular weight (37 kDa) 

PAH homolog in Tetrahymena exhibiting Mg
2+

-dependent phosphatidate phosphatase activity. 

TtPAH2, being the PAP1 enzyme, is anticipated to regulate ER morphology since all the 

known PAH homologs from other organisms including the large PAH homolog (TtPAH1) in 

Tetrahymena regulates ER morphology. Studies in yeast, C. elegans, and Drosophila show 

that changes in PA homeostasis are responsible for controlling the morphology of  ER, 

nucleus, and other cell organelles (Carman and Han, 2009; Golden et al., 2009; Ugrankar et 

al., 2011; Bahmanyar et al., 2014). Even though Ttpah2 dephosphorylated phosphatidic acid 

in vitro, deletion of TtPAH2 did not affect ER morphology in Tetrahymena. This might be 

due to the presence of the other homolog, TtPAH1. However, TtPAH1 and TtPAH2 show 

non-overlapping expression in different cell cycle stages suggesting that TtPAH2 has a 

specialized role in Tetrahymena. Ttpah2 is the first example of a low molecular weight 

magnesium dependent phosphatidate phosphatase. 

Previous studies show that catalytic activity of PAH proteins is essential for its function in 

lipid homeostasis and membrane biogenesis (Han et al., 2007). But our results show catalytic 

activity alone is not sufficient for regulating ER morphology and lipid droplet biogenesis in 

Tetrahymena (Pillai et al., 2017b). These results suggest that the amino acid sequences absent 

in Ttpah2 but present in other PAH proteins may be critical for performing these cellular 

functions. The exact role of TtPAH2 in Tetrahymena needs to be investigated. 
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Summary and Conclusion 
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Summary 

PAP1 enzymes are Mg
2+

 dependent phosphatidate phosphatases catalysing the penultimate 

step in triglyceride synthesis, the dephosphorylation of phosphatidic acid (PA), to generate 

diacylglycerol needed for the synthesis of TAG and phospholipids (PE and PC) (Han et al., 

2006). PAP1 enzymes in mammals are encoded by LIPIN genes whereas PAH1 is the yeast 

homolog (Han et al., 2006). PAH proteins reside in the cytoplasm and translocate to the 

nuclear/ER membrane where it binds its substrate (PA) and catalyzes the enzymatic reaction. 

Phosphorylation and dephosphorylation at multiple sites regulate the activity and subcellular 

localization of PAH proteins. In yeast, CDC28 phosphorylation of Pah1p is critical for cell 

cycle progression while phosphorylation by PHO85 plays other roles; in mammals,  mTOR 

kinases phosphorylate lipins (Laplante and Sabatini, 2009; Peterson et al., 2011; Choi et al., 

2012). Dephosphorylation of PAH1 by a nuclear/ER membrane complex consisting of a 

catalytic phosphatase subunit NEM1, and its regulatory subunit, SPO7, activates its catalytic 

function and recruit it to the ER membrane where it acts on its substrate PA (Han et al., 2007).  

Apart from an enzymatic role, yeast PAH1 and mammalian lipin1 also act as transcriptional 

regulators (Santos-Rosa et al., 2005; Kim et al., 2013). Deletion of PAH1 leads to reduced 

lipid droplet number, aberrant nuclear expansion, over developed ER membranes, and slow 

growth phenotype in yeast (Santos-Rosa et al., 2005; Adeyo et al., 2011). In metazoans, lipin 

regulates nuclear envelope breakdown, ER homeostasis, organelle morphology, phospholipid 

levels and lipid storage (Gorjánácz and Mattaj, 2009; Golden et al., 2009; Ugrankar et al., 

2011; He et al., 2017). Several human metabolic diseases are associated with mutations in 

genes encoding lipin protein (Müller-felber et al., 2010). Thus, PAH proteins play a crucial 

role in lipid storage, membrane biogenesis, and organelle morphology and are evolutionarily 

conserved.  Studies of phosphatidic acid phosphatase have focused on Opisthokonta (fungi, 

nematode, flies, and animals) and Plantae clades. In contrast, these enzymes and the 
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regulatory cascades in which they participate are not reported in organisms including 

Amoebozoa, Alveolata, and Excavata. 

Tetrahymena which belongs to Alveolata  is a single-celled ciliate with two distinct nuclei, a 

transcriptionally active somatic macronucleus, and a transcriptionally silent germline 

micronucleus which shows membrane complexity comparable to higher organisms (Rahaman 

et al., 2008). There are two homologs of phosphatidic acid phosphohydrolase gene (TtPAH1 

and TtPAH2) in the genome database of Tetrahymena thermophila. The presence of two PAH 

homolog in a lower eukaryote, like Tetrahymena, is unusual since multiple homologs are 

mainly found in higher organisms. The findings from our study show that TtPAH1 encodes a 

protein of ~ 96kDa, similar in size to PAH proteins from other organisms. TtPAH1 displayed 

cytoplasmic as well as membrane localization consistent with previously characterized 

mammalian and yeast PAH. The deletion of TtPAH1 in Tetrahymena resulted in drastic 

reduction in lipid droplet number. TtPAH1 also mitigated reduced TAG levels in yeast, 

suggesting that the role of PAH1 in TAG synthesis and lipid droplet biogenesis is also 

conserved in Tetrahymena similar to yeast. PAH proteins are known to regulate ER 

morphology in yeast and C.elegans. Deletion of macronuclear copies of TtPAH1 in 

Tetrahymena also altered ER morphology resulting in an increased proportion of sheet to 

tubule structure suggesting their role in regulating ER morphology. In S. cerevisiae, where 

cells lacking PAH1 showed abnormal expansion of nuclear envelope, but deletion of TtPAH1 

did not cause not visible defect in size or shape of the NE. This suggests that defects in ER 

morphology in Tetrahymena do not necessarily affect nuclear morphology, unlike the 

coupling in yeast. Mutation of the catalytic motif in TtPAH1 leads to loss of function 

suggesting that the catalytic activity is necessary for its function. PAH homologs from the 

lineages including Plantae, Amoebozoa and SAR (represented by Alveolata) rescued 

abnormal nuclear expansion in pah1∆ yeast cells.  
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TtPAH2 encoded a low molecular weight protein (37 kDa) and is the smallest PAH protein 

belonging to the PAP1 class. Even though TtPAH2 exhibited Mg
2+

-dependent phosphatidate 

phosphatase activity, deletion of TtPAH2 did not alter ER morphology. 

 Conclusion 

TtPAH1 Even though the loss of TtPAH1 increased the ER sheet structure and altered ER 

morphology it did not resulted in any defect in the nuclear envelope morphology. Defects in 

ER morphology in Tetrahymena did not necessarily affect nuclear morphology in 

Tetrahymena. It suggests that in Tetrahymena, unlike other organisms, ER content and 

structure are functionally isolated from mechanisms underlying nuclear expansion. Since 

Tetrahymena shows differential ploidy level in the macronucleus, a different mechanism 

could be in function to allow plasticity in nuclear expansion to accommodate different 

nuclear volumes. Rescue of aberrant nuclear morphology with pah1∆ yeast cells 

Complementation studies with PAH1 homolog from organisms representing all major 

eukaryotic lineages rescued aberrant nuclear defect of pah1∆ yeast cells.  Therefore, it can be 

concluded that PAH is functionally conserved across all eukaryotic lineages. TtPAH2, even 

though catalytically active; did not regulate ER morphology in Tetrahymena which shows 

that catalytic activity alone is not sufficient for performing all the cellular functions. The 

amino acid sequences absent in TtPAH2 but present in other PAH homologs may be critical 

for performing these cellular functions which needs to be investigated. 
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