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Chapter 1

Introduction

1.1 Phosphoinositides
One of the fundamental tenets of living systems is their ability to sense
changes in the environment and respond accordingly. Be it differences in tem-
perature, pressure or availability of food, organisms have developed means of
detecting variations and modulating their behaviours to adapt to the change.
At the cellular level, environmental perturbations are sensed by receptors
present at the plasma membrane. Eukaryotic cells carry different kinds of
receptors, each attuned to specific external signals. These receptors com-
municate information to the cell, which is processed in the form of a signal
transduction cascade and allows the cell to respond to the external pertur-
bations (Grecco et al., 2011).
Signal transduction events are often triggered by the action of enzymes which
have been activated by receptors. The substrates for these enzymes could be
either proteins or lipids. Lipids, although they largely play a structural role
in the form of membranes, also function in the cell as signalling intermediates
(Sunshine and Iruela-Arispe, 2017). The phosphoinositide lipids offer a good
example of signalling lipids that mediate cellular responses such as smooth
muscle contraction and neurotransmission (Balla et al., 2012). These lipids
form a small fraction of total cellular lipids, comprising only about 15% of
the total phospholipid content (Slack et al., 1978). They fall in the class of
glycerophospholipids, with a head group of inositol attached to the glycerol
backbone through a phosphodiester bond. The lipid phosphatidylinositol
(PI) is the parent lipid from which all the phosphoinositides are derived, as
the hydroxyl groups of the inositol ring can be phosphorylated at the third,
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1.1. Phosphoinositides

fourth and fifth positions, either individually or in combination (Fig.1.1)
(Balakrishnan et al., 2015).
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Figure 1.1 : Phosphatidylinositol
Chemical structure of phosphatidylinositol, the parent lipid that gives rise to
all other phosphoinositides. The three hydroxyl groups that can be phospho-
rylated are marked in purple.

This allows the generation of seven different phosphoinositide lipids, depend-
ing on the position of the attached phosphate groups. These comprise of
three monophosphorylated species (PI3P, PI4P, PI5P), three bisphosphory-
lated species [PI(3,4)P2, PI(4,5)P2, (PI(3,5)P2] and one trisphosphorylated
species [PI(3,4,5)P3] (Fig.1.2). The positions one, two and six cannot be
phosphorylated owing to steric hindrance from the glycerol moiety. The ad-
dition and removal of phosphate groups is carried out by lipid kinases and
phosphatases, respectively (Sasaki et al., 2009). The interconversion of phos-
phoinositides from one form to another is one of the main properties that
enable them to perform their cellular functions. Some of the enzymatic re-
actions that facilitate such interconversions are outlined in Fig.1.2.

1.1.1 Subcellular localisations and abundances of phos-
phoinositides

Each of the seven different phosphoinositide species, along with their parent
lipid PI, have been observed at different cellular locations, where they serve
distinct purposes. The subcellular localisations of the lipids were mostly
deciphered using lipid-binding probes, which are protein domains tagged to
a fluorophore, that selectively bind certain phosphoinositides based on the

2
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Figure 1.2 : Phosphoinositides
Phosphatidylinositol can be phosphorylated at three different positions, either
individually or combinatorially, to produce the seven phosphoinositides shown
here. The inositol ring is marked in teal and phosphate groups are marked in
orange, with the positions numbered in red. The different phosphoinositides
can undergo interconversions through the action of lipid kinases (purple) or
phosphatases (blue). The reactions listed here are a subset of those for which
there is evidence from cell culture studies.
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inositol head group (Várnai et al., 2017). The concentrations of these lipids
at specific membranes is governed by the presence and/or absence of the
enzymes that metabolise them (Yang et al., 2018). Earlier studies routinely
used either thin layer chromatography (TLC) or high performance liquid
chromatography (HPLC) to quantify radiolabelled lipids, whereas more re-
cently liquid chromatography has been coupled with mass spectrometry (LC-
MS) to measure cellular phosphoinositides (Pettitt et al., 2006).
Phosphatidylinositol (PI) is present at the endoplasmic reticulum, as seen
from experiments using subcellular fractionation assays. The enzyme which
synthesises it, PI synthase, is also present at the same membrane (Bleasdale
et al., 1979). PI only accounts for ~2.5% of the total phospholipids (Fridriks-
son et al., 1999), but forms the majority species of cellular phosphoinositides
itself, with recent reports of it constituting more than 90% of the total pool
(Traynor-Kaplan et al., 2017).
With respect to the monophosphorylated forms, phosphatidylinositol 4 -
phosphate (PI4P) is perhaps the most abundant of the three, comprising ~5%
of the total phosphoinositide population (Gunnarsson et al., 1997). PI4P has
been reported to be present at equivalent concentrations both at the Golgi
apparatus and the plasma membrane, with a small fraction present on endo-
cytic vesicles and phagosomes as well (Hammond et al., 2014; Wang et al.,
2015). The lipid phosphatidylinositol 3 - phosphate (PI3P) is present in far
lower amounts, accounting for barely 0.2% of all phosphoinositides (Stephens
et al., 2000). PI3P localises to the endosomal membranes, where it confers
compartment identity to the vesicle and aids in recruiting adaptor proteins
(Gillooly, 2000). The last of the monophosphorylated forms, phosphatidyli-
nositol 5 - phosphate (PI5P), is the least abundant and also the least studied
species. PI5P has been reported to be present at the nucleus and on internal
vesicles, making up a mere 0.002% of total phosphoinositides (Jones et al.,
2006; Sarkes and Rameh, 2010).
Among the bisphosphorylated species, phosphatidylinositol 4,5 - bisphos-
phate (PI(4,5)P2) occurs at the highest concentration, accounting for close
to 5% of all phosphoinositides (Gunnarsson et al., 1997). PI(4,5)P2 is pre-
dominantly found at the plasma membrane of cell, where it is required for
both signalling and other housekeeping functions (Várnai and Balla, 1998).
The lipid phosphatidylinositol 3,4 - bisphosphate (PI(3,4)P2) is a very mi-
nor class of lipid found on endosomal membranes and the plasma membrane,
where it regulates cell signalling and maturation of endosomes (Kimber et al.,
2002). It forms ~0.02% of the phosphoinositide pool (Stephens et al., 1991;
Hawkins et al., 1992). The third species, phosphatidylinositol 3,5 - bispho-
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sphate (PI(3,5)P2), is a marker of late endosomal membranes and regulates
membrane trafficking events. It is also a very low abundance lipid, comprising
about 0.03% of phosphoinositides (Jin et al., 2008).
The final species is the trisphosphorylated form, phosphatidylinositol 3,4,5
- trisphosphate (PI(3,4,5)P3), which is also a signalling lipid. PI(3,4,5)P3 is
present at the plasma membrane of cells, constituting only ~0.004% of the
total celluar phosphoinositides (Stephens et al., 1991; Hawkins et al., 1992;
Venkateswarlu et al., 1999).

1.1.2 Brief history of phosphoinositides
Phosphoinositides as a category of glycerophospholipids in eukaryotic cells
was first reported by Klenk and colleagues in 1939, when the ether soluble
extracts of soybean were analysed (Klenk and Sakai, 1939). In mammalian
tissues, Folch further characterised these compounds from bovine brain ex-
tracts, where “inositol phosphatide” was isolated by chloroform-methanol
extraction. These studies also attempted to derive the structure of the com-
pound, but were not able to establish the nature of the linkage between
the inositol group and the glycerol moiety (Folch, 1949a,b). The structure
was finally deciphered by two independent groups, using soybean extracts
of high purity to remove the nitrogenous contaminants that had been previ-
ously confounding (Hawthorne and Chargaff, 1954; Okuhara and Nakayama,
1954). These findings were soon followed by reports of the ubiquity of these
lipids, having been found in liver, lung, brain tissue and erythrocytes (McK-
ibbin, 1956; Dawson et al., 1960; Tomlinson and Ballou, 1961; Bleasdale et al.,
1979).
After characterising the lipids, attention shifted to their synthesis. The path-
way for the incorporation of myo-inositol into a cytidine diphosphate (CDP)-
activated diacylglycerol backbone was elucidated by Agranoff and colleagues
(Agranoff, 1958), laying the foundation for studies on the synthesis of deriva-
tives of phosphatidylinositol. Agranoff was also the scientist famously re-
sponsible for drawing up the analogy of a myo-inositol ring to a turtle, which
was particularly helpful in remembering the numbering of hydroxyl groups
in keeping with the three-dimensional “chair” conformation of myo-inositol.
The raised head of the turtle represents the axial hydroxyl (the back of the
chair), while the limbs and tail represent the equatorial hydroxyls (Agranoff,
1978).
The discovery of enzymes that synthesise phosphoinositides from PI began
with the observation that the radiolabelled phosphorus [32-phosphorus (32-

5
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P)] in [�-32P]ATP was incorporated into the phosphoinositides of erythrocyte
ghosts and agonist-stimulated pancreatic slices, implying that there was an
active regeneration of these lipids immediately after stimulation (Hokin and
Hokin, 1952, 1964). Further studies performed using rat liver and bovine
brain tissue described a lipid kinase, associated with the plasma membrane,
that could phosphorylate PI by utilising adenosine triphosphate (ATP) as the
source of phosphate (Colodzin and Kennedy, 1965; Michell and Hawthorne,
1965; Kai et al., 1966). These were followed by more comprehensive attempts
to identify the subcellular localisation of this enzymatic activity, with dif-
ferent studies reporting it to be on the plasma membrane (Harwood and
Hawthorne, 1969) as well as lysosomal membranes (Collins and Wells, 1982)
of rat liver tissue. We now know that these reports correspond to current
identifications of the production of PI4P from PI, both at the plasma mem-
brane (Nakatsu et al., 2012) and at the lysosome (Sridhar et al., 2012), albeit
by different isoforms of the same enzyme.
Hokin and Hokin’s observation of 32P incorporation into the phosphoinosi-
tides of agonist-stimulated pancreatic tissue opened a field of inquiry into
the function of lipids as signalling intermediates (Hokin and Hokin, 1952).
Parallel reports of the breakdown of phosphoinositides in the brain (Sloane-
Stanley, 1953) lead to the identification of phospholipase C (PLC), an en-
zyme that drives many different types of signalling pathways by hydrolysing
phosphoinositides (Thompson and Dawson, 1964). Later demonstrations of
phosphoinositide breakdown in response to agonists such as vasopressin, car-
bachol and angiotensin further strengthened the role of these lipids in signal
transduction (Billah and Michell, 1979; Prpic and Extong, 1982; Berridge
et al., 1983; Creba et al., 1983). These studies set the scene for future inves-
tigations into phosphoinositides as mediators of cell signalling.

1.2 PLC-mediated GPCR signalling
When a receptor present on the plasma membrane of a cell is activated by
an external agent, signal transduction events serve to propagate information
further into the cell, allowing it to undergo physiological changes in accor-
dance with the external event. The physiological response varies depending
on the combination of signal, receptor and transduction cascade and there
are set combinations of these events tailored to specific scenarios (Berridge,
2008).
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1.2.1 GPCR signalling
An example of a very well-characterised signal transduction pathway is G-
protein coupled receptor (GPCR) signalling. In such pathways, a multi-pass
transmembrane receptor at the plasma membrane senses stimuli and conveys
the message to downstream elements. The receptor is coupled to a G-protein,
which is activated when a ligand binds the receptor. The associated G-
protein has three subunits - ↵, � and �. Once activated, in most cases the
subunits split into G↵ and G��, either of which can carry forward the signal,
depending on the specific pathway that has been activated (Gomperts et al.,
2002). The heterotrimeric G-protein has functional variants depending on
the final cellular output, ranging from inhibitory (such as Gi and Go) to
activating (such as Gs and Gq). The G-protein, once split into its subunits,
can activate or inhibit the main effector of the signalling pathway, which is
usually an enzyme. The effectors that drive GPCR signalling are generally
guanosine triphosphatases (GTPases), adenyl cyclases or lipid-metabolising
enzymes. They generate secondary messengers that further amplify the signal
within the cell, driving the reaction forward (Dupré et al., 2012).

1.2.2 G-protein coupled PLC signalling
Perhaps one of the most closely examined GPCR pathways is the phospho-
lipase C (PLC) beta mediated pathway. This kind of signal transduction is
required for physiological phenomena such as neurotransmission (Weiss and
Putney, 1981), smooth muscle contraction (Billah and Michell, 1979) and
response to hormonal changes (Prpic and Extong, 1982). When the exter-
nal stimulus (acetylcholine, norepinephrine, etc.) is sensed by the GPCR,
the cognate G-protein is activated. In most scenarios, the G-protein is het-
erotrimeric Gq, which upon activation is dissociated into its components, Gq↵
and Gq��. The small subunit Gq↵ triggers PLC�, which hydrolyses a spe-
cific plasma membrane lipid known as phosphatidylinositol-4,5-bisphosphate,
commonly abbreviated as PI(4,5)P2. This reaction produces the secondary
messengers diacylglycerol (DAG) and inositol - 1,4,5 - trisphosphate (IP3),
which amplify the signal and enable the cell to execute its physiological re-
sponse (Fig.1.3) (Berridge, 1984; Rhee, 2001).
The key reaction in the above-described cascade is the hydrolysis of PI(4,5)P2
by PLC�. This lipid belongs to the class of signalling lipids known as
phosphoinositides described in the earlier section. These are phosphory-
lated derivatives of the glycerophospholipid phosphatidylinositol (PI), with
the number denoting the position of phosphorylation on the inositol ring
(Fig.1.4). PI(4,5)P2, therefore, is a doubly phosphorylated derivative of PI,
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Figure 1.3 : PLC-mediated GPCR signalling
An example of a PLC-mediated GPCR signalling where the GPCR rhodopsin
is activated by a light stimulus. Upon activation, rhodopsin undergoes a con-
formational change to become metarhodopsin. This photoisomer activates the
cognate G-protein, which is the heterotrimeric Gq. Gq dissociates into its
subunits - Gq↵ and Gq��. Gq↵ then triggers the enzyme phospholipase C
(PLC), which hydrolyses the plasma membrane lipid phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P2]. PI(4,5)P2 hydrolysis by PLC generates the second
messengers diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). These
messengers drive the signal forward in the cell and instruct it to execute the
relevant physiological response.
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with the phosphate groups present at positions 4 and 5 (Fig.1.4). In this
thesis, PI(4,5)P2 will be further abbreviated and referred to as PIP2.
Although some PLC isoforms have been shown to hydrolyse lipids other than
PIP2, such as PI and PI4P (Zhang et al., 2013), the specificity of the PLC�
isoform towards PIP2 is extremely high (Deer et al., 1995; Kadamur and Ross,
2013). PIP2 is also a rather low abundance lipid, accounting for only 5% of
the total cellular phosphoinositides (Gunnarsson et al., 1997). This implies
that there is a potential risk of activated PLC� utilising all the PIP2 present
on the plasma membrane within a small time frame (Biddlecome et al., 1996).
Therefore, during signalling it is vital for the cell to maintain enough PIP2
at the plasma membrane for PLC� to act upon, as insufficient amounts of
PIP2 will cause the signal to run down and leave the cell unable to respond
efficiently to the stimulus (Hardie and Postma, 2008). This requirement
is complicated by the fact that PLC� has a very high rate of catalysis,
completely consuming all the PIP2 molecules on the plasma membrane within
~10 minutes (Biddlecome et al., 1996; Hardie et al., 2004). Since the cell has
only limited amounts of PIP2 at any given point, during a signalling event
the synthesis of PIP2 must keep pace with its hydrolysis, or the cell risks
stalling signal transduction.

1.2.3 PIP2 metabolism
Depending on the cell type and signalling context, PIP2 can either be broken
down by PLC� or further phosphorylated by a lipid kinase, known as phos-
phatidylinositol 3-kinase (PI3K), to form PI(3,4,5)P3 (Hawkins et al., 1992).
The latter reaction is required to drive cellular responses such as the produc-
tion of reactive oxygen species by neutrophils stimulated by chemoattractants
like N-formyl-methionine-leucyl-phenylalanine (fMLP) (Stephens et al., 1991;
Arcaro and Wymann, 1993). In the converse scenario, PI(3,4,5)P3 can be
dephosphorylated by a lipid phosphatase known as phosphatase and tensin
homologue (PTEN) to regenerate PIP2, a reaction that is vital for the con-
trol of cell growth (Maehama and Dixon, 1998). In fact, mutations in PTEN
that abrogate its function have been found in primary tumours as well as
brain, breast and prostate cancer cell lines (Li, 1997).
Aside from serving as an agent of PI(3,4,5)P3 regulation, PIP2 is also a sub-
strate for lipid phosphatases such as TMEM55A/B, which dephosphorylate it
at the fourth position to form PI5P and are thought to help in the regulation
of nuclear PI5P levels (Zou et al., 2007). PIP2 can also be dephosphorylated
at the fifth position by phosphatases oculocerebral renal syndrome of Lowe
(OCRL) and synaptojanin to form PI4P. Synaptojanin knockout mice have
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Figure 1.4 : Synthesis of PI(4,5)P2
PI(4,5)P2 is synthesised by the sequential action of specific lipid kinases, de-
pending on the starting point. In the first sequence, PI is phosphorylated at the
fourth position by a PI 4-kinase to produce PI4P. This PI4P is then further
phosphorylated at the fifth position by a PI4P 5-kinase to form PI(4,5)P2.
Alternatively, PI can be phosphorylated at the fifth position to form PI5P,
which is then acted upon by a PI5P 4-kinase to generate PI(4,5)P2. In cells,
it appears that the former pathway is the dominant one as PI4P is present in
greater abundance at the plasma membrane as compared to PI5P.
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been shown to have defective synaptic vesicle recycling events (Guo et al.,
1999; Kim et al., 2002) whereas mutations in OCRL are responsible for the
occurrence of Lowe’s syndrome, a developmental disorder affecting the brain,
kidneys and eyes (Attree et al., 1992; Zhang et al., 1998).
PIP2 is synthesised from PI by the sequential action of specific lipid kinases
(Stephens et al., 1991). The most common method is where PI is first phos-
phorylated at the fourth position by a PI 4-kinase. The PI4P thus generated
is further phosphorylated by a PI4P 5-kinase at the fifth position, making
PIP2 (King et al., 1987, 1989). The alternate method of making PI5P first
and then PIP2 is also possible by the action of a PI5P 4-kinase (Rameh et al.,
1997) (Fig.1.4). Given that PI4P is the more abundant monophosphory-
lated lipid, it is generally assumed that the former route is the one preferred
by cells (King et al., 1987; Hinchliffe et al., 1998).
Although there are multiple methods of making and breaking PIP2, the re-
quired combination is set by context. During agonist-stimulation, it has been
shown in mammalian cell culture systems that PIP2 is made by the sequential
action of a PI 4-kinase and PI4P 5-kinase (Stephens et al., 1993). However,
it is important to note that in most cell types, the substrate for PI 4-kinase,
i.e., PI, is usually present on the endoplasmic reticulum (ER) (Bishop and
Strickland, 1970). PI4P and PIP2, on the other hand, are present at the
plasma membrane (PM) (Várnai and Balla, 1998; Hammond et al., 2014).
This means that there exists some mechanism to transport either PI or PI4P
from the ER to the plasma membrane. We know from studies in both mam-
malian cells and Drosophila that a PI transfer protein moves PI from the ER
to the plasma membrane and that this function is required for PIP2 synthesis
during PLC signalling (Helmkamp et al., 1974; Thomas et al., 1993; Yadav
et al., 2015; Kim et al., 2016). Additionally, the whole sequence of PI transfer
and phosphorylation by the lipid kinases must happen on a timescale that
allows sustained signalling. These spatial and temporal constraints on PIP2
synthesis imply a high level of coordination between different organelles and
lipid-metabolising enzymes. Such tightly regulated processes would need to
be closely monitored to avoid any errors that could potentially halt signalling
and deter cellular responses.
The control of PIP2 metabolism is further convoluted by the fact that PIP2
is a multi-functional lipid. Apart from signalling, it regulates more basic
cellular functions such as endocytosis (Haucke, 2005) and anchoring of cy-
toskeletal elements (Lassing and Lindberg, 1985), all of which occur at the
plasma membrane itself. This implies that the cell has a means of functionally
demarcating different pools of PIP2, which could be achieved through mech-
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anisms such as targetted synthesis or compartmentalisation of the membrane
(Kolay et al., 2016).

1.2.4 Testing models of PIP2 metabolism in whole or-
ganisms

While we currently have insight into the regulation of PIP2 synthesis in
mammalian cells, this data largely comes from cell culture studies (Tóth
et al., 2016; Várnai and Balla, 1998; Balla et al., 2008). In such experiments,
the amount of agonist used to elicit signalling is typically orders larger than is
physiologically relevant. Moreover, it is important to exercise caution when
extrapolating results obtained from cell culture studies to similar phenomena
in whole organisms.
An example of such a disconnect is presented by the case of Vitamin D as
a potential chemotherapeutic agent against pancreatic cancer. This effect
of vitamin D has been studied since the mid-90s, chiefly using pancreatic
cancer cell lines as an experimental system (Zugmaier et al., 1996; Kawal
et al., 1997; Pettersson et al., 2000). Multiple follow-ups in humans did
not provide any conclusive results. In fact, different sets of studies have re-
ported directly contrasting results, with one group demonstrating reduced
risk and the other showing increased risk of the cancer when healthy indi-
viduals were treated with vitamin D (Skinner, 2006; Stolzenberg-Solomon
et al., 2010; Wolpin et al., 2012). Such conflicting results prompted an in-
vestigation of the phenomenon in a genetically uniform population of mice
in order to eliminate genetic difference arising from heterogeneous cohorts of
human subjects. When vitamin D was administered to a population of mice
suffering from drug-induced pancreatic cancer, no therapeutic effects were
observed in the mice (Iqbal, 2018).
Given that such discrepancies exist, it is important to test models drawn
from cell culture studies in whole organism systems. In this thesis, I examine
a specific aspect of PIP2 resynthesis during visual signalling in Drosophila
melanogaster. Drosophila eyes provide a well-characterized system in which
to test the current model of PIP2 metabolism during endogenous PLC sig-
nalling (Hardie and Raghu, 2001; Raghu et al., 2012). The ease of genetic
manipulation and robust signalling readouts allow one to assess the require-
ment of specific genes during the process of PIP2 resynthesis (Pak, 2010).
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1.3 Cellular functions and metabolism of PI4P
Phosphatidylinositol 4-phosphate (PI4P) was possibly the very first monophos-
phorylated derivative of PI to be identified. A study in 1949 reported the
isolation of a “diphosphoinositide” from bovine brain extracts (Folch, 1949a),
which was eventually followed by the observation that this lipid was an im-
portant intermediate in the synthesis of PIP2 in bovine brains (Brockerhoff
and Ballou, 1962). The process of its enzymatic synthesis from PI, using
ATP as a source of phosphate, was outlined very soon after with the descrip-
tion of a lipid kinase, also isolated from bovine brain tissue (Colodzin and
Kennedy, 1965). Although earlier thought to be merely a precursor for the
synthesis of PIP2, we now know that PI4P is required for a host of other
cellular functions as well, ranging from vesicular transport to maintenance
of membrane homeostasis (Venditti et al., 2016).

1.3.1 Cellular functions of PI4P
In a typical eukaryotic cell, PI4P is enriched in the Golgi apparatus and
plasma membrane. It has also been reported to be present on endosomal
structures and phagosomes as well (Hammond et al., 2014; Levin et al., 2017).
At the Golgi apparatus, one of the roles of PI4P is regulation of sphingolipid
synthesis. This function is performed through its association with proteins
such as ceramide transport protein (CERT), which transfers ceramide from
the ER to the Golgi, where it is converted to sphingomyelin (Hanada et al.,
2003). PI4P also binds to and regulates four phosphate adaptor protein 2
(FAPP2), an intermediate protein required for the synthesis of glycosphin-
golipids (D’Angelo et al., 2007). In both the above cases, the enrichment of
PI4P at the trans-Golgi network is thought to serve as a localisation signal
for these proteins to the membrane. A third class of PI4P-regulated pro-
teins is formed by oxysterol binding protein (OSBP) and its related proteins
(Levine and Munro, 2002; Chung et al., 2015b). These transfer proteins
perform a counter-transport of cholesterol and PI4P between the ER and
Golgi membranes, maintaining a gradient of cholesterol along the endomem-
brane system. The transfer of PI4P from the Golgi apparatus to the ER is
irreversible, as it is dephosphorylated by Sac1 upon reaching the ER. This
irreversible transfer possibly provides a directionality to the transfer activity
of OSBP, allowing it to sustain the cholesterol gradient across membranes
(Mesmin, 2013).
Another major function of PI4P is to regulate vesicle formation and antero-
grade trafficking from the Golgi apparatus. The concentrated presence of
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PI4P at the trans-Golgi network (TGN) recruits adaptors such as Golgi lo-
calised, Gamma adaptin ear containing, ARF binding protein (GGA) (Wang
et al., 2007) and adaptor protein - 1 (AP-1) (Wang et al., 2003) to the mem-
brane, aiding the formation and sorting of secretory vesicles. PI4P also serves
as an identifier of the Golgi apparatus by binding to and recruiting proteins
such as Golgi phosphoprotein 3 (GOLPH3). Interfering with the binding
of GOLPH3 to PI4P results in irregular Golgi morphologies and impaired
anterograde trafficking (Dippold et al., 2009; Xing et al., 2016).
Aside from its constitutive presence at the Golgi apparatus, PI4P occurs
transiently on lysosomal membranes as well. The in situ formation of PI4P on
lysosomes is required for the recycling of protein components from lysosomes
targetted for degradation (Sridhar et al., 2012). A similar phenomenon is also
seen on the membranes of autophagosomes prior to fusing with lysosomes
(Wang et al., 2015). In fact, a study tracking PI4P on phagosomes showed
that it is present on nascent phagosomes, replaced by PI3P during maturation
and then reappears on the late phagosomal and phagolysosomal membrane.
The reoccurrence of PI4P on the late phagosome probably serves to recruit
Rab7 to the membrane, marking the fate of the vesicle (Levin et al., 2017).
Such an interplay of phosphoinositide signatures is also seen over the life
cycle of endosomal vesicles and aids in the recruitment of adaptor proteins
and Rab GTPases to the vesicle membranes (He et al., 2017).
At the plasma membrane, PI4P not only works as a precursor to PIP2, but
has independent functions in membrane homeostasis and signalling. Recent
studies on OSBP related protein (ORP) and OSBP homologue (Osh) proteins
have unveiled a role for the counter-transport of PI4P and phosphatidylserine
(PS) between the plasma membrane and ER as a means of controlling lipid
levels, similar to the lipid-exchange cycle seen at the ER-Golgi interface. The
mammalian ORP5/8 proteins (Osh6/7 in yeast) bind to and transfer PI4P
from the plasma membrane to the ER, where it is promptly dephosphorylated
to PI by the action of the Sac1 phosphatase. There is a simultaneous transfer
of PS from the ER to the plasma membrane, where it is thought to regulate
membrane fluidity and thereby, conformations of membrane proteins (Chung
et al., 2015c; von Filseck et al., 2015).
The signalling functions of PI4P at the plasma membrane are largely regu-
lated by the lipid kinases that synthesise it from PI. There is evidence that
PI4P at the plasma membrane is required for fin development in zebrafish.
During development, fibroblast growth factor (FGF) is thought to stimu-
late production of PI4P, which serves as a precursor for the formation of
PI(3,4,5)P3. This in turn regulates a balance between Akt and MAPK sig-
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nalling pathways, which determines apoptotic or proliferative fates for the
cell (Ma et al., 2009). PI4P has also been implicated in Drosophila embry-
onic development, possibly by interacting with the Hippo signalling module.
A 2011 study showed that heterozygous loss-of-function mutants for a PI
4-kinase had mislocalised Hippo signalling targets, indicating a role for the
enzyme in regulating developmental pathways (Yan et al., 2011).
In response to agonist-stimulation of cultured cells, it is known that PIP2
levels undergo a drop, followed by a recovery as the signal is attenuated
(Creba et al., 1983; Willars et al., 1998; Balla et al., 2008). What is important
to note is that in each of these cases, the levels of PI4P closely mirror those
of PIP2, indicating that PI4P levels are regulated on par with PIP2 levels.
More recently, it has been shown that inhibiting PI4P synthesis by using a
chemical blocker for PI 4-kinase in mammalian cells reduces both epidermal
growth factor receptor (EGFR) and PLC signalling readouts, suggesting a
role for the lipid in modulating cell signalling events (Tóth et al., 2016).

1.3.2 Metabolism of PI4P
PI4P is synthesised from PI by the action of phosphatidylinositol 4 - ki-
nase (PI4K). The activity of such kinases were studied and identified in the
1960s, using bovine brain and rat liver tissue as source material (Colodzin
and Kennedy, 1965; Hokin and Hokin, 1952; Michell et al., 1967). Initially
thought to be a single enzyme, work from the late 1980s showed that there
were two kinds of PI4Ks in animal tissues (Endemann et al., 1987; Li et al.,
1989). We now know that there are four isoforms of PI4K in mammals,
grouped into two classes. The class II enzymes - PI4KII↵ and PI4KII� - are
sensitive to inhibition by adenosine. The class III enzymes - PI4KIII↵ and
PI4KIII� - on the other hand, are sensitive to inhibition by wortmannin.
Each isoform has a distinct localisation and cellular function, as listed in
Table 1.1 and described below.
Both the class II isoforms possess palmitoylation motifs (Lu et al., 2012).
In fact, PI4KII↵ is targetted to the Golgi apparatus and some endosomal
structures on this basis. At the Golgi apparatus, PI4KII↵ makes the ma-
jor PI4P pool and thereby regulates vesicular transport (Balla et al., 2002;
Minogue, 2006). PI4KII�, despite also possessing a palmitoylation motif, ap-
pears to be partially cytosolic in terms of localisation. It is likely recruited to
the plasma membrane when required, such as when platelet derived growth
factor (PDGF) signalling is activated (Wei et al., 2002).
The class III enzymes do not possess any obvious membrane targetting sig-
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Table 1.1 :
Phosphatidylinositol 4-kinases

Enzyme Chem-
ical In-
hibitors

Subcellular
Localisation

Function Drosophila
Gene

PI4KII↵
(PI4K2A)

Adeno-
sine,
LY294002

Golgi
apparatus,
endosomes

Maintain Golgi
apparatus
PI4P, vesicular
transport,
recruit adaptor
proteins

CG2929

PI4KII�
(PI4K2B)

Adeno-
sine,
LY294002

Cytosol,
plasma
membrane,
endoplasmic
reticulum,
Golgi
apparatus

Regulate
cellular
response to
growth factor
signalling

-

PI4KIII↵
(PI4KA)

Wort-
mannin,
Phenylar-
sine oxide
(PAO),
A1

Cytosol,
plasma
membrane

Maintain
plasma
membrane
PI4P, regulate
signalling

CG10260

PI4KIII�
(PI4KB)

Wort-
mannin,
Phenylar-
sine oxide
(PAO)

Golgi
apparatus,
lysosomes

Maintain Golgi
apparatus
PI4P, vesicular
transport,
choles-
terol/PI4P
exchange cycle,
lysosome
maturation

CG7004
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nals, but both isoforms are localised to their respective membranes through
interactions with other proteins. PI4KIII↵ interacts with two highly con-
served proteins - eighty five requiring 3 (EFR3) and tetratricopeptide con-
taining protein 7 (TTC7) - and forms a complex at the plasma membrane,
where it synthesises PI4P (Baird et al., 2008; Nakatsu et al., 2012). This
plasma membrane pool of PI4P is required for plasma membrane identity, as
disrupting the production of this pool causes the mislocalisation of certain
plasma membrane resident proteins in mammalian cells (Hammond et al.,
2012; Nakatsu et al., 2012). It is also required to sustain signalling events at
the plasma membrane, as chemical inhibition of PI4KIII↵ decreases cellular
activity in response to agonist-stimulation (Balla et al., 2008; Tóth et al.,
2016). The second member of the class III kinases, PI4KIII�, appears to
localise to the Golgi apparatus via interactions with ACBD3, Rab11 and
Arf1, although the exact nature of the interactions is not clear (Chalupska
et al., 2019). At the trans-Golgi network, PI4KIII� makes PI4P that directly
feeds into the OSBP/Osh-mediated lipid exchange cycle (de Saint-Jean et al.,
2011), apart from regulating other vesicular processes such as delivery of en-
zymes to lysosomes (Jović et al., 2012). In yeast, the enzyme PIK1, which
is the orthologue of PI4KIII�, is also required for the trafficking of Atg9, a
protein component of autophagosomes, to their target compartments (Wang
et al., 2012). A similar function has also been demonstrated in mammalian
cells, where PI4KIII� is present on lysosomal membranes and controls the
exit of recycled components from the lysosome (Sridhar et al., 2012).
Both the class III isoforms have been shown to be required for host infec-
tions by viruses belonging to the families of Flaviviridae (Hepatitis C) (Berger
et al., 2009; Reiss et al., 2013), Picornaviridae (Polio) (Arita et al., 2011) and
Coronaviridae (Coxsackie) (Hsu et al., 2010). The viruses use PI4P produced
by the group III PI4Ks to rewire lipid metabolism and create viral replication
compartments, allowing them to infect the host cell without detection. Inhi-
bition of group III PI4Ks prevents efficient host entry of the virus, offering
promising drug targets for eventual treatments. The reason for the prefer-
ence of class III is possibly because they are also linked to the sterol exchange
cycle mediated by OSBP, since sterol enriched membranes are a feature of
viral replication compartments (Strating and van Kuppeveld, 2017).
Moving on to other metabolic fates, PI4P can be converted to PIP2 by the
action of phosphatidylinositol 4 - phosphate 5 - kinase (PIP5K). This reac-
tion generates the majority of the PIP2 at the plasma membrane (King et al.,
1989). The activity of PIP5Ks is often upregulated in response to stimuli,
as in the case of Wnt signalling. Stimulation of HEK293T cells with Wnt3a
results in the coordinated activation of both PI4KII↵ and PIP5KI, causing
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a surge in PI4P and PIP2 synthesis. This eventually leads to the stabili-
sation of �-catenin, regulating the physiological effects of Wnt stimulation
(Pan et al., 2008; Qin et al., 2009). PI4P can also be dephosphorylated to PI
by the action of Sac1, which is a 4-phosphatase usually present at the endo-
plasmic reticulum. The production of PI from PI4P at the ER, through the
action of Sac1, is thought to be part of the OSBP/Osh-mediated exchange
cycle between the endoplasmic reticulum and either the plasma membrane
or the Golgi apparatus (Mesmin, 2013; Antonny et al., 2018). Sac1 is also
thought to work in trans, acting upon PI4P at the plasma membrane by
stretching across an ER-PM contact site. This was demonstrated in yeast,
where it appeared that Sac1 preferred the PI4P pool generated by the plasma
membrane PI4KIII↵, as opposed to the Golgi pool generated by PI4KIII�
(Foti et al., 2001). A more recent study in mammalian cells, however, showed
that Sac1 preferentially works at the ER, only gaining the ability to access
plasma membrane PI4P when a linker is added to the protein (Zewe et al.,
2018). Whether by acting in trans or in cis, Sac1 appears to maintain overall
PI4P homeostasis in the cell, as temperature-sensitive loss-of-function mu-
tants in Drosophila show elevated PI4P levels and abnormal eye development
(Del Bel et al., 2018).
In this thesis, I will focus on the synthesis of PI4P from PI by the enzyme
PI4KIII↵, since it has a direct bearing on the maintenance of PI4P levels
at the plasma membrane. The synthesis of PI4P at the plasma membrane
most likely feeds into PIP2 synthesis, which is essential for sustaining a PLC
signalling response. Therefore, in the next section, I will elaborate on the
possible role of PI4KIII↵ in regulating PLC signalling.

1.4 Cellular roles of PI4KIII↵
The existence of two groups of PI4Ks was first established in 1987, when
two distinct PI 4-kinase activities were isolated from bovine brain tissue.
One group was sensitive to adenosine (class II) and the other was not (class
III), although both performed the same catalytic reaction (Endemann et al.,
1987). The class III PI4Ks were further resolved into PI4KIII↵ and PI4KIII�
based on genetic experiments in yeast, where mutations for the individual
genes had distinct physiological effects (Flanagan et al., 1993; Yoshida et al.,
1994a,b).
The yeast PI4KIII↵ (stt4) was first isolated in a test for sensitivity to the
anti-fungal drug staurosporine. Temperature-sensitive loss-of-function mu-
tants for stt4 showed a high degree of sensitivity to the drug, a lack of PI
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4-kinase activity and lower amounts of PI4P than their wild-type controls.
The protein was cloned and characterised, demonstrating a PI 4-kinase ac-
tivity and establishing it as one of the PI4Ks in yeast. Further experiments
confirmed the findings and placed its activity upstream of the yeast PIP5K
(mss4) (Yoshida et al., 1994a,b).
Parallel experiments in mammalian cells involved cloning and characteris-
ing a large protein that displayed PI 4-kinase activity (Nakagawa et al.,
1996). This protein was larger than the other PI4Ks purified so far (230kD
vs. 55kD and 92kD) and bore homology to the yeast STT4 protein. Sys-
tematic ribonucleic acid interference (RNAi)-mediated knockdown studies
against each PI4K isoform indicated that the 230kD PI4K function was re-
quired to produce PI4P at the plasma membrane, whereas the other PI4Ks
appeared to function at the Golgi apparatus (Balla et al., 2005).
The PI4KIII↵ protein in mammals has a domain organisation very similar
to that of the PI 3-kinases. At the N-terminus, it has an SH3 domain and a
proline-rich region, both of which likely aid in plasma membrane localisation.
Towards the C-terminus, it has a lipid kinase unique (LKU) region, earlier
thought to be characteristic only of PI 3-kinases, but possessed by the class
III PI 4-kinases as well. It also has a PH domain, likely for binding to PI,
and a catalytic domain. All of these features are present across both yeast
and metazoan systems, pointing to a high degree of conservation of the gene
(Nakagawa et al., 1996).
Following experiments that identified the PI4K isoform that likely works at
the plasma membrane, further investigations were conducted regarding the
physiological relevance. Several studies from mammalian cell culture systems
demonstrated that PI4KIII↵ was the most important contributor to PI4P
at the plasma membrane (Balla et al., 2008, 2005; Nakatsu et al., 2012).
Complete deletions of PI4KIII↵ led to embryonic lethality in mice, implying
a strong developmental role for the gene. Conditional knockout MEFs for
PI4KIII↵ displayed reduced PI4P and PIP2 levels (Nakatsu et al., 2012),
suggesting that PI4P produced by PI4KIII↵ has a role in cellular develop-
ment and compositional homeostasis at the plasma membrane. These cells
also showed a disruption of plasma membrane identity, with several plasma
membrane resident proteins mislocalised to endomembranes. PI4KIII↵ has
been implicated in brain development, as kinase-inactivating point muta-
tions in the gene have been associated with polymicrogyria and resulting
foetal lethality (Pagnamenta et al., 2015).
Apart from its functions in cellular homeostasis, it was shown that PI4KIII↵
activity is required to produce PI4P pools that are involved in plasma mem-
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brane signalling events. Experiments in cell culture systems showed a clear
dependence of PLC-mediated GPCR signalling efficiency on PI4KIII↵ pres-
ence. When either AngII or M3 muscarinic receptor is expressed in cells
and stimulated using an agonist, PLC signalling is activated. This causes a
detectable drop in PIP2 levels followed by a recovery to basal levels as the
agonist is washed out. When PI4KIII↵ was specifically inhibited in cells ex-
pressing these receptors, the recovery of PIP2 levels at the plasma membrane
post agonist washout was diminished. This in turn attenuated the signalling
output, implying that the signalling response was tied to PI4KIII↵ activity.
These studies also demonstrated that the overall PI4P levels were reduced in
cells where PI4KIII↵ was inhibited. Not only that, the recovery of PI4P at
the plasma membrane following agonist stimulation was also delayed in these
cells, corresponding to the effect seen on PIP2 levels (Balla et al., 2008; Tóth
et al., 2016). The key interpretation that came from such experiments was
that blocking PI4KIII↵ negatively impacts PLC-mediated GPCR signalling
in mammalian cells, most likely by controlling the synthesis of PI4P and
PIP2 at the cell membrane.

1.4.1 Mechanism of localisation of PI4KIII↵ to the
plasma membrane

Having shown that PI4KIII↵ activity is required to make PI4P at the plasma
membrane, it was apparent that the enzyme was also most likely present
at the same membrane. Indeed, in yeast cells, it was very clearly demon-
strated that the enzyme is present in “pik (PI kinase) patches” at the plasma
membrane. These patches were non-uniformly distributed along the mem-
brane, but they did not consist of PI4KIII↵ alone. Instead, it was seen that
PI4KIII↵ resides at these patches by virtue of its interaction with two other
proteins - Efr3 and Ypp1 (Audhya and Emr, 2002; Baird et al., 2008).
The mechanism by which these two interactors aid in localising PI4KIII↵ to
the plasma membrane was revealed in a 2014 study, where structural data
about Efr3 and Ypp1 were used to infer the details. It was shown that the
yeast Efr3 possesses a patch of basic amino acids that localise it to the plasma
membrane. The unstructured C-terminus of Efr3 interacts with Ypp1, which
in turn pulls PI4KIII↵ along with it to the membrane. This complex of
three proteins can be regulated based on the phosphorylation status of the
Efr3 C-terminus, with high levels of phosphorylation inhibiting interactions
with Ypp1. With respect to the phosphoinositide levels, this study showed
that preventing formation of the protein complex reduced the levels of PI4P
in yeast, implying that the protein interactions were required for PI4KIII↵
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activity (Wu et al., 2014).
Both Efr3 and Ypp1 are conserved in mammalian cells. Ypp1 is referred to
as TTC7 in mammals and hence, I will use that nomenclature going forward.
Given that PI4KIII↵ activity at the plasma membrane was demonstrated at
the plasma membrane in mammalian cells as well, it stood to reason that
the mechanisms of localisation to the plasma membrane might also be con-
served between yeast and mammals. This was first validated in 2012, when a
study in mouse fibroblasts showed that PI4KIII↵ is transiently recruited to
the plasma membrane through its interaction with Efr3 and TTC7 (Nakatsu
et al., 2012). Unlike yeast, there were no constitutive patches of the complex
present at the membrane, but the mechanism of complex formation appeared
to be very similar (Baskin et al., 2016). The transient nature of the com-
plex points to a more tightly controlled presence of PI4KIII↵ at the plasma
membrane.
Additionally, over the past five years, other protein interactors of PI4KIII↵
have been identified in mammals. Proteins such as TMEM150A and FAM126A
may modulate the architecture of the complex, allowing for a greater degree
of regulation (Baskin et al., 2016; Chung et al., 2015a; Lees et al., 2017).

1.5 Using Drosophila photoreceptors as a
model system

The compound eyes of Drosophila have been an object of study right from
the early 20th century (Hamilton, 1922; Haskins and Enzmann, 1936; Hecht,
1934; McEwen, 1918). Starting with classical experiments that outlined eye
colour inheritance in fruit flies, our current knowledge extends deep into the
genetics, structure and physiology of the eye (Morgan, 1910; Mishra and
Knust, 2019). Notably, the Drosophila eye has been instrumental in working
out the molecular elements of cellular signalling cascades, especially those
of PLC-mediated GPCR signalling (Hotta and Benzer, 1969; Stark et al.,
1976; Scott and Zuker, 1998; Pak, 2010). The existence of a such a well
characterised system makes it ideal to study the nuances of signalling and
its regulation. V
Each eye of a fruit fly is comprised of approximately 700-800 subunits known
as ommatidia. Each ommatidium, in turn, consists of 8 photoreceptor cells,
along with other accessory and pigment cells. Photoreceptors are the pri-
mary sensory neurons that transduce visual information to deeper optical
neurons, making them the equivalent of rods and cones in human eyes. Pho-

21



1.5. Using Drosophila photoreceptors as a
model system

toreceptors are polarised cells, with their apical plasma membrane thrown
into folds known as microvilli. The microvilli of a single photoreceptor form
a long columnar structure known as the rhabdomere, which is the main light-
sensitive region of the cell (Fig.1.5). The rhabdomere also houses all of the
molecular components involved in phototransduction, the process of trans-
lating a visual stimulus to a cellular signal. It is built to maximise sensitivity
to light, making it capable of sensing and responding even to single photons
(Hardie and Postma, 2008).

Drosophila compound 
eye containing 

700-800 ommatidia

Drosophila ommatidium
containing eight 

photoreceptor cells 
(one below plane of focus)

Drosophila photoreceptor
with the microvilli and

sub-microvillar cisternae 
(SMC) closely apposed

Microvilli

SMC

Nucleus

Figure 1.5 : Organisation of the Drosophila eye
The compound eye of Drosophila melanogaster is comprised of 700-800 sub-
units called ommatidia. Each ommatidium consists of eight photoreceptor
cells, of which seven are visible in a cross-section. Photoreceptors are polarised
cells whose apical plasma membrane is thrown into folds known as microvilli.
The microvilli of a single photoreceptor form a long columnar structure called
the rhabdomere, which is the main light-sensitive region of the cell and houses
all the molecular components required for phototransduction. Closely apposed
to the base of the rhabdomere are the sub-microvillar cisternae (SMC) which
houses some of the molecular components required for resynthesis of PI(4,5)P2
at the plasma membrane.

When light hits a photoreceptor, the GPCR rhodopsin, present at the rhab-
domere, is stimulated. A resulting conformational change in rhodopsin acti-
vates the associated heterotrimeric G protein Gq, which splits into the com-
ponents Gq↵ and Gq��. Gq↵ then triggers PLC�, which promptly hydrolyses
PIP2 present at the plasma membrane. This causes transient receptor poten-
tial (TRP) and transient receptor potential like (TRPL) channels to open,
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ushering a large number of calcium ions into the cell. The cell becomes de-
polarised as a result and the signal is transmitted to deeper neuronal layers
in the optical lobe of the fly (Fig.1.3) (Hardie and Raghu, 2001).
The hydrolysis of PIP2 on the rhabdomere, which is essentially a modified
plasma membrane, initiates a chain of events in the associated endoplasmic
reticulum as well. The sub-microvillar cisternae (SMC) is a modified smooth
ER compartment that is closely apposed to the rhabdomere. As mentioned in
Section 1.2, PIP2 resynthesis during PLC signalling requires the coordinated
action of molecules between both the plasma membrane and ER. In the case
of Drosophila photoreceptors, the molecular components of this process are
distributed between the rhabdomere and the SMC (Raghu et al., 2012).
Upon PIP2 hydrolysis at the rhabdomere, the resulting DAG is converted to
phosphatidic acid (PA) by a DAG kinase encoded by the gene rdgA (Inoue
et al., 1989). PA, thought to be transferred from the rhabdomere to the
SMC, is converted to cytidine diphosphate - diacylglycerol (CDP-DAG) by
the enzyme CDP-DAG synthase, encoded by the gene cds (Wu et al., 1995).
PA can also be acted upon by a PA-phosphatase, encoded by the gene lazaro
to remake DAG (Garcia-Murillas et al., 2006). The CDP-DAG intermediate
is acted upon by the enzyme PI synthase, encoded by the gene pis, which
produces PI at the SMC (Wang and Montell, 2006). PI is transported from
the SMC to the rhabdomere by the PI-transfer protein retinal degeneration B
(RDGB), encoded by the gene rdgB (Yadav et al., 2015). It is then phospho-
rylated successively by a PI 4-kinase and then an eye-enriched PIP 5-kinase
(dPIP5K) to regenerate PIP2 (Chakrabarti et al., 2015) (Fig.1.6). As can
be noted in Fig.1.6, the gene encoding PI 4-kinase function in Drosophila
photoreceptors has not yet been annotated. This gap in the cycle forms one
of the bases for the scientific questions addressed in this thesis.
The ease of genetic manipulations and abundance of phenotypic readouts in
fruit flies made it possible to unravel the individual units of PIP2 resynthesis,
making the system well suited for analysing the finer points of control in the
pathway. Importantly, the Drosophila genome usually encodes only a single
copy of each gene, excluding the possibility of compensatory effects from
other copies in the case of genetic manipulation studies.
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Plasma membrane
 (rhabdomere)

Endoplasmic reticulum
 (SMC)

PI(4,5)P2

DAG

PA

PAPI

PI

PI4P

CDP-DAG

Phospholipase C
(norpA)

DAG Kinase
(rdgA)

CDP-DAG Synthase
(cds)

PI Synthase
(pis)

PI Transfer Protein 
(rdgB)

PI 4-Kinase

PIP 5-Kinase
(dPIP5K)

PA phosphatase
(lazaro)

Figure 1.6 : The PI(4,5)P2 cycle in Drosophila photoreceptors
The reactions of the PI(4,5)P2 cycle in Drosophila photoreceptors are dis-
tributed between two membranes - the plasma membrane (rhabdomere - pur-
ple) and endoplasmic reticulum (SMC - blue). The lipid intermediates are
marked in gray boxes, the enzymes carrying out each reaction are listed in
black and the genes encoding each enzyme are listed in italics below the en-
zyme.
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1.6 Current knowledge about PI4KIII↵ in
Drosophila

The Drosophila PI4KIII↵ gene was first identified in the year 2000 as part
of an attempt to map the Drosophila orthologues of mammalian kinases and
phosphatases (Morrison et al., 2000). Based on amino acid sequence simi-
larity and conservation of key residues, the gene CG10260 was annotated as
PI4KIII↵. The functions of PI4KIII↵ in Drosophila have not been very well
characterised, although existing studies indicate a strong role in developmen-
tal processes (Yan et al., 2011; Tan et al., 2014).
Complete deletions of PI4KIII↵ are cell lethal, implying an essential function
of the gene in development (Yan et al., 2011; Tan et al., 2014). The oocytes of
heterozygotic loss-of-function mutants for PI4KIII↵ are incorrectly polarised,
owing to an improper localisation of the Gurken protein. The follicle cells of
these oocytes also display misregulation of Hippo signalling targets expanded
and diap1, accompanied by mislocalisation of the Merlin protein (Yan et al.,
2011). These phenotypes mirror those seen when components of the Hippo
pathway are perturbed, implying an interaction of PI4KIII↵ with the Hippo
signalling module, which in itself has been well-documented in regulating
cellular development (Staley and Irvine, 2012).
A role for PI4KIII↵ in oogenesis was confirmed when it was seen that in-
duction of germ line clones for a deletion mutant of the gene prevents the
flies from laying eggs (Tan et al., 2014). The study also demonstrated that,
in the germ line clones, F-actin is mislocalised and phospho-Moesin levels
are low, indicating that the cytoskeleton in these cells is disorganised. The
structural integrity of the plasma membrane is disrupted in clones lacking
PI4KIII↵, but not in those lacking the other PI4K isoforms. A second sig-
nificant result from this study is that the PI4P and PIP2 levels are reduced
in the plasma membranes of the germ line clones. Therefore, in Drosophila
oocytes, PI4KIII↵ is required to ensure plasma membrane integrity, most
likely through the maintenance of PI4P and PIP2 levels at the membrane.
With respect to the determinants of PI4KIII↵ localisation, the proteins Efr3
and TTC7 are present in flies as well. In both yeast and mammalian cells,
Efr3 and TTC7 bind to and recruit PI4KIII↵ to the plasma membrane (Baird
et al., 2008; Nakatsu et al., 2012). The fly orthologue of Efr3 was shown to
physically interact with PI4KIII↵ in a 2017 study. This complex was also
linked to the accumulation of beta amyloid peptides, a key causative agent
of Alzheimer’s disease. Downregulating PI4KIII↵ and the Drosophila Efr3
facilitates greater clearance of beta amyloid peptides from cells, offering a
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potential therapeutic target for the treatment of associated diseases (Zhang
et al., 2017). A more recent study has shown that PI4KIII↵ works in concert
with a PI transfer protein known as Vibrator to control the asymmetric
division of neuronal stem cells. It is thought to do so by producing PI4P at
the plasma membrane, which regulates the anchoring of a myosin light chain
to the cell cortex (Koe et al., 2018).
Till date, there has not been a comprehensive demonstration of a role for
PI4KIII↵ in PLC-mediated GPCR signalling in Drosophila. While there ex-
ists data from mammalian cell culture systems, it is important to demonstrate
these findings in a whole organism context. Drosophila phototransduction
provides an excellent system in which to test this hypothesis, allowing for
unambiguous genetic manipulation and ease of interpretation.

1.7 Main questions to be addressed in this
thesis

The key questions that will be addressed in this study are outlined below:
1. What is effect of removing PI4KIII↵ on Drosophila phototransduction?

How does the electrical response to light change, if at all, when the pho-
toreceptors are depleted of PI4KIII↵? Is the role of PI4KIII↵ during
phototransduction a function of its kinase activity?

2. What is the effect of removing PI4KIII↵ on the levels of PI4P and
PIP2 in photoreceptors? How are the total phosphoinositide levels
affected and how does it impact the rate of PIP2 resynthesis during
visual signalling?

3. What is the relationship of PI4KIII↵ with other members of the PIP2
resynthesis cascade, namely rdgB and dPIP5K?

4. Is the PI4KIII↵ protein complex a conserved phenomenon? Are both
Efr3 and TTC7 required for Drosophila phototransduction as well?
How does removing these interactors impact PI4P and PIP2 levels?

In addition to the above questions, we also attempted to resolve an issue of
enzymatic activity previously ascribed to the Drosophila orthologue of Efr3
(Huang et al., 2004). To do so, we asked the following question:

5. Does Efr3 function as a DAG lipase in the context of Drosophila pho-
totransduction?
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Chapter 2

Materials and Methods

2.1 Flywork
2.1.1 Fly Cultures
Flies (Drosophila melanogaster) were reared in media containing corn flour
(80 g), D-glucose (20 g), sugar (40 g), yeast powder (15 g), agar (8 g),
propionic acid (4 mL), methylparahydroxy benzoate (1 g in 5 mL ethanol)
and orthophosphoric acid (0.6 mL) made up to 1 L with water. Flies were
maintained at 25o C and 50% relative humidity. There was no internal il-
lumination within the incubator and the flies were subjected to short light
pulses only when the incubator door was opened.

2.1.2 Fly Stocks
The wild-type (WT) strain was Red Oregon-R. The details of fly stocks and
strains used in this study have been listed in Table 2.1. The PI4KIII↵XE45B

mutant and genomic rescue flies were obtained from Hugo Bellen (Baylor
College of Medicine, USA). The Gal4-upstream activating sequence (UAS)
binary expression system was used to drive expression of transgenic con-
structs. To drive expression in eyes, Rh1Gal4, 3xRh1Gal4 (a kind gift from
Donald Ready, Purdue University, Indiana) and GMRGal4 (BL #1104) were
used (Ellis et al., 1993).
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2.1. Flywork

Table 2.1 :
Table of Fly Strains

Fly Stock Source Full Genotype
Wild type - Red
Oregon R

Padinjat
Lab +;;

Rh1Gal4 Padinjat
Lab ;Rh1Gal4;;

UAS-Dicer2 - 24651 BDSC w1118;
Pw[+mC]=UAS-Dcr-2.D10

3x-Rh1Gal4
Donald
Ready,
Purdue
University

;;3xRh1Gal4;

GMRGal4 - 1104 BDSC w[*];
Pw[+mC]=GAL4-ninaE.GMR12

CG2929 (PI4KII↵)
UAS-RNAi –
110687/KK

VDRC PKK101202VIE-260B

CG2929 (PI4KII↵)
UAS-RNAi –
25459/GD

VDRC w1118; PGD9857v25459

CG2929 (PI4KII↵)
UAS-RNAi –
25458/GD

VDRC w1118; PGD9857v25458/TM3

CG2929 (PI4KII↵)
UAS-RNAi – 35278 BDSC y[1] sc[*] v[1] sev[21]; Py[+t7.7]

v[+t1.8]=TRiP.GL00179attP2
CG10260 (PI4KIII↵)
UAS-RNAi –
105614/KK

VDRC PKK100549VIE-260B

CG10260 (PI4KIII↵)
UAS-RNAi –
15993/GD

VDRC w1118; PGD6917v15993

CG10260 (PI4KIII↵)
UAS-RNAi – 35256 BDSC y[1] sc[*] v[1] sev[21]; Py[+t7.7]

v[+t1.8]=TRiP.GL00144attP2
CG10260 (PI4KIII↵)
UAS-RNAi – 38242 BDSC y[1] sc[*] v[1] sev[21]; Py[+t7.7]

v[+t1.8]=TRiP.HMS01686attP40
Continued on next page
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Materials and Methods

Table 2.1 – continued from previous page
CG10260 (PI4KIII↵)
UAS-RNAi – 35643 BDSC

y[1] sc[*] v[1] sev[21]; Py[+t7.7]
v[+t1.8]=TRiP.GLV21007attP2/
TM3, Sb[1]

CG7004 (PI4KIII�)
UAS-RNAi -
27786/GD

VDRC w1118; PGD12100v27786

CG7004 (PI4KIII�)
UAS-RNAi -
27785/GD

VDRC w1118; PGD12100v27785/TM3

CG7004 (PI4KIII�)
UAS-RNAi -
110159/KK

VDRC PKK102095VIE-260B

CG7004 (PI4KIII�)
UAS-RNAi - 29396 BDSC y[1] v[1]; Py[+t7.7]

v[+t1.8]=TRiP.JF03329attP2
CG7004 (PI4KIII�)
UAS-RNAi - 31187 BDSC y[1] v[1]; Py[+t7.7]

v[+t1.8]=TRiP.JF01701attP2
CG7004 (PI4KIII�)
UAS-RNAi - 35257 BDSC y[1] sc[*] v[1] sev[21]; Py[+t7.7]

v[+t1.8]=TRiP.GL00145attP2
CG8739 (stmA)
UAS-RNAi -
23618/GD

VDRC w1118; PGD14013v23618

CG8739 (stmA)
UAS-RNAi -
23619/GD

VDRC w1118; PGD14013v23619

CG8739 (stmA)
UAS-RNAi -
47750/GD

VDRC w1118; PGD14013v47750

CG8739 (stmA)
UAS-RNAi -
47751/GD

VDRC w1118; PGD14013v47751

CG8739 (stmA)
UAS-RNAi -
105391/KK

VDRC PKK100493VIE-260B

CG8739 (stmA)
UAS-RNAi - 39062 BDSC [1] sc[*] v[1] sev[21]; Py[+t7.7]

v[+t1.8]=TRiP.HMS01982attP40
CG8325 (TTC7)
UAS-RNAi -
35881/GD

VDRC w1118; PGD13893v35881

Continued on next page
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Table 2.1 – continued from previous page
CG8325 (TTC7)
UAS-RNAi - 50604 BDSC y[1] sc[*] v[1] sev[21]; Py[+t7.7]

v[+t1.8]=TRiP.HMC02388attP2
CG8325 (TTC7)
UAS-RNAi - 44482 BDSC y[1] v[1]; Py[+t7.7]

v[+t1.8]=TRiP.HMC02372attP40
CG8739 (stmA)
temperature-sensitive
allele - 34517

BDSC stmA1

CG8739 (stmA)
temperature-sensitive
allele - 34518

BDSC stmA2

CG8739 (stmA)
temperature-sensitive
allele - 34519

BDSC stmA18-2/CyO

CG3620 (norpAH52)
temperature-sensitive
allele - 27334

BDSC w[*] norpA[31]

PI4KIII↵XE45B Hugo
Bellen

yw, PI4KIII↵XE45B, FRT19A/
FM7c, KrGal4, UAS-GFP;;

PI4KIII↵ Genomic
Rescue

Hugo
Bellen

yw, PI4KIII↵XE45B, FRT19A;;
PI4KIII↵ Genomic Rescue WT
VK33

GMR-hid, FRT19A;
EGUF;

Hugo
Bellen

PGMR-hidSS1, y1w*,
PneoFRT19A, l(1)CL(1)/ FM7c,
KrGal4, UAS-GFP; ey-FLP

UAS-
3xFLAG::hPI4KIII↵

Padinjat
Lab

w1118;; p[UAS-
3xFLAG::hPI4KIII↵]attP2/
TM3Sb

UAS-
HA::hPI4KIII↵KD

Padinjat
Lab

w1118;; p[UAS-
HA::hPI4KIII↵KD]attP2/TM3Sb

UAS-HA::mEfr3B Padinjat
Lab

w1118;; p[UAS-
HA::mEfr3B]attP2/TM3Sb

UAS-hTTC7B::GFP Padinjat
Lab

w1118;; p[UAS-
hTTC7B::GFP]attP2/TM3Sb

rdgB9 David
Hyde rdgB9;;

UAS-rdgB Padinjat
Lab w1118; P[w+, UAS-rdgB]/CyO

Continued on next page
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Table 2.1 – continued from previous page
dPIP5K18, FRT42D Padinjat

Lab
w1118; P[neo+,FRT42D],
P[w+,HRPC18]/CyO

BL.5251 BDSC

y[1] w[*];
Pry[+t7.2]=neoFRT42D
Py[+t7.7] ry[+t7.2]=Car20y44B,
Pw[+mC]=GMR-hidSS2,
l(2)CL-R[1]/CyO;
Pw[+m*]=GAL4-ey.HSS5,
Pw[+mC]=UAS-FLP.DJD2

UAS-dPIP5K (DGRC
200386) DGRC y[1] w[67c23];

Pw[+mC]=GSV1GS2280 / SM1

norpAP24 Padinjat
Lab norpAP24;;

rdgA3 Roger
Hardie rdgA3;;

laza22 Padinjat
Lab ;;laza22A

UAS-P4M::GFP Padinjat
Lab

w1118;;p[UAS-
P4M::GFP]attP2/TM3Sb

trp::PLC� PH::GFP Padinjat
Lab w;;P[w+,trp-PH::GFP]

2.2 Molecular Biology
2.2.1 Molecular Biology
The list of constructs used are listed in Table 2.2. The human PI4KIII↵ along
with the FLAG epitope tag was amplified from the p3XFLAG::hPI4KIII↵-
CMV10 construct, obtained from Pietro De Camilli (Yale School of Medicine,
USA), and cloned using EcoRI and XhoI. The kinase-dead mutant of human
PI4KIII↵with the haemagglutinin (HA) epitope tag was amplified from the
pcDNA3.1-HA::hPI4KIII↵KD construct obtained from Tamas Balla (NIH,
USA) and cloned using EcoRI and XhoI. The mouse Efr3B along with the
HA epitope tag was amplified from the pcDNA3.0-HA::mEfr3B construct,
obtained from Pietro De Camilli, and cloned using EcoRI and NotI. The
human TTC7B was amplified from the iRFP::TTC7B construct, obtained
from Addgene (Massachusetts, USA) (Plasmid #51615), and cloned using
NotI and XhoI. The PI4P binding of SidM (P4M) domain was amplified from
the GFP::P4M-SidM construct, also from Addgene (Plasmid #51469), and
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Table 2.2 :
Table of Plasmid Constructs

Construct Source Plasmid Source Lab
pUAS-
3xFLAG::hPI4KIII↵
-attB

p3xFLAG::hPI4KIII↵-
CMV10

Tamas Balla

pUAS-
HA::hPI4KIII↵KD

-attB

pHA::hPI4KIII↵KD Tamas Balla

pUAS-HA::mEfr3B-
attB

pcDNA3.0-HA::mEfr3B Pietro De Camilli

pUAS-hTTC7B::GFP-
attB

iRFP::TTC7B Addgene - 51615

pUAS-GFP::P4M-attB GFP::P4M-SidM Addgene - 51469

cloned using NotI and XbaI. All transgenes were cloned into either pUAST-
attB (Bischof et al., 2007) or pUAST-attB-GFP vectors using suitable re-
striction enzyme-based methods. Site-specific integration (Fly (Drosophila)
Facility, NCBS, Bangalore) at an attP2 landing site on the third chromosome
was used to generate transgenic flies (Bischof et al., 2007).

2.2.2 Western Immunoblotting
Heads from 1 day old flies were homogenized in 2X SDS-PAGE sample
buffer followed by boiling at 95o C for 5 min. Samples were separated us-
ing SDS-PAGE and electroblotted onto nitrocellulose membrane [Hybond-C
Extra; (GE Healthcare, Buckinghamshire, UK)] using semidry transfer as-
sembly (BioRad, California, USA). Following blocking with 5% Blotto (sc-
2325, Santa Cruz Biotechnology, Texas, USA), membranes were incubated
overnight at 4o C in appropriate dilutions of primary antibodies as listed
in Table 2.3 (Chakrabarti et al., 2015; Sanxaridis et al., 2007; Dasgupta
et al., 2009). Protein immunoreacted with the primary antibody was visual-
ized after incubation in 1:10000 dilution of appropriate secondary antibody
coupled to horseradish peroxidase (Jackson ImmunoResearch Laboratories,
Pennsylvania, USA) for 2 hours at room temperature. Blots were developed
with ECL (GE Healthcare) and imaged using a LAS 4000 instrument (GE
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Table 2.3 :
Table of Antibodies

Antibody Dilution Identifier and Source
↵-tubulin 1:4000 E7 (DSHB, Iowa, USA)

↵-Gq↵ 1:1000 Padinjat Lab

↵-TRP 1:5000 Padinjat Lab

↵-Rh1 1:250 4C5 (DSHB, Iowa, USA)

↵-INAD 1:1000 Susan Tsunoda

↵-NORPA 1:1000 Jayaraj Acharya

Mouse ↵-GFP 1:2000 sc-9996 (Santa Cruz
Biotechnology, Texas,
USA)

Mouse ↵-HA 1:1000 2367S (CST, Massachusetts,
USA)

Mouse ↵-FLAG 1:1000 F1804 (Sigma-Aldrich, Mis-
souri, USA)

Healthcare).

2.2.3 RNA Extraction and Q-PCR Analysis
RNA was extracted from Drosophila retinae using TRIzol reagent (15596018,
Life Technologies, California, USA). To obtain retinae, flies were flash frozen
in liquid nitrogen for one minute, following which they were transferred to
glass vials containing acetone and stored for 2 days at -80o C. This was
done to ensure optimal levels of desiccation of the retinae. Purified RNA
was treated with amplification grade DNase I (18068015, Thermo Fisher
Scientific, California, USA). cDNA conversion was done using SuperScript
II RNase H– Reverse Transcriptase (18064014, Thermo Fisher Scientific)
and random hexamers (N8080127, Thermo Fisher Scientific). Quantitative
Polymerase Chain Reaction (Q-PCR) was performed using Power SybrGreen
PCR mastermix (4367659, Applied Biosystems, Warrington, UK) in an Ap-
plied Biosystem 7500 Fast Real Time PCR instrument. Primers were de-
signed at the exon-exon junctions following the parameters recommended for
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Table 2.4 :
Table of Primers

Gene Primer
RP49 Forward CGGATCGATATGCTAAGCTGT

RP49 Reverse GCGCTTGTTCGATCCGTA

CG10260 (PI4KIII↵) Forward GAGGAACAGATCACGGAATGGCG

CG10260 (PI4KIII↵) Reverse CCTCCTCATCAATGATCTCCGCG

CG2929 (PI4KII↵) Forward TATGCACGGAGTTGTGACCCCC

CG2929 (PI4KII↵) Reverse ACTTGTGGCTGCTCCACCCG

CG7004 (PI4KIII�) Forward TTCGGGTGAGATGGATGCGG

CG7004 (PI4KIII�) Reverse GTCCAATTCGGTGGAAGCGG

CG8739 (stmA) Forward GTGGAAATGTCCTGCAACGA

CG8739 (stmA) Reverse GTGGGGGAAGGAAATGGC

CG8325 (TTC7) Forward GGAGACGGTAAAGCAAGGTCTG

CG8325 (TTC7) Reverse CGTTCCCATCAAACTGCACA

Gq↵ Forward GAGAATCGAATGGAGGAATC

Gq↵ Reverse GCTGAGGACCATCGTATTC

Q-PCR. Transcript levels of the ribosomal protein 49 (RP49) were used for
normalization across samples. Three separate samples were collected from
each genotype, and duplicate measures of each sample were conducted to
ensure the consistency of the data. The primers used are given in Table 2.4.

2.3 Electroretinography
Flies were cold anesthetized on ice and immobilized at the end of a dispos-
able pipette tip using a drop of colorless nail varnish. Recordings were done
using glass microelectrodes of resistance 1-10 M⌦ (R0786, Harvard Appara-
tus, Massachusetts, USA) and filled with 0.8% w/v NaCl solution. Voltage
changes were recorded between the surface of the eye and an electrode placed
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on the thorax. One day old flies, both male and female, were used for record-
ing. Following fixing and positioning, flies were dark adapted for 5 minutes.
The electroretinogram (ERG) was recorded with 2 s flashes of green light
(568nm; 33.16µW/cm2}) stimulus, with 10 stimuli (flashes) per recording
and 15 seconds of recovery time between two flashes of light}. Stimulating
light was delivered from an LED light source to within 5 mm of the fly’s eye
through a fibre optic guide. Calibrated neutral density filters were used to
vary the intensity of the light source, providing a spectrum of five light in-
tensities, each one log order brighter than the previous one. Voltage changes
were amplified using a DAM50 amplifier (SYS-DAM50, WPI, Florida, USA)
and recorded using pCLAMP 10.7. Analysis of traces was performed using
Clampfit 10.7 (Molecular Devices, California, USA).
For the temperature-dependent ERGs, a custom temperature controller was
made by the in-house NCBS electronics workshop. The fly was immobilized,
ventral side down, on paraffin wax, leaving the head free. The tip of a fine sol-
dering iron was inserted into the wax just under the fly and used to maintain
the fly at the required temperature (verified using a infrared thermometer).
Once the set temperature was achieved, ERGs were recorded as described
above. A known temperature-sensitive mutant fly was used (norpAH52) to
characterize the system (Wilson and Ostroy, 1987). As previously reported,
this fly did not show an ERG response when the temperature was raised to
33o C but had a normal ERG response at 25o C, indicating that the temper-
ature controller was working as expected.

2.4 Deep Pseudopupil Analysis
To monitor PI(4,5)P2 at the rhabdomere membrane in live flies, transgenic
flies expressing PH-PLC�::GFP [PI(4,5)P2 biosensor] (Chakrabarti et al.,
2015) were anaesthetised and immobilized at the end of a pipette tip using
a drop of colorless nail varnish and fixed in the light path of an Olympus
IX71 microscope. The fluorescent Deep Pseudopupil (DPP) (a virtual image
that sums rhabdomere fluorescence from ~20– 40 adjacent ommatidia) was
focused and imaged using a 10X objective. After dark adaptation for 6
min, images were taken by exciting green fluorescent protein (GFP) using
a 90 ms flash of blue light and collecting emitted fluorescence. Similarly,
flies expressing P4M::GFP (PI4P biosensor) (Hammond et al., 2014) were
subjected to the same protocol in order to monitor PI4P levels. The DPP
intensity was measured using ImageJ from NIH (Bethesda, Maryland, USA).
The area of the pseudopupil was measured and the mean intensity values per
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unit area were calculated. Values are presented as mean ± s.e.m.
In order to perform the kinetic assay, the flies were immobilised as above
and, following the first flash of blue light after 6 min of dark adaptation, a
flash of blue light was administered every 30 seconds. Between every flash of
blue light, the fly was exposed to red light to facilitate maximal conversion
of metarhodopsin to rhodopsin. The schematic of the light administration
protocol is outlined in Fig.3.24A.

2.5 Liquid Chromatography
- Mass Spectrometry

2.5.1 Phosphoinositide measurement
Lipid Extraction:
Drosophila retinae were dissected under red light or white light (as indicated
by dark/light treatment) and stored in 1X Phosphate Buffered Saline (PBS)
on dry ice until ready for extraction. The retinae were homogenized in 950 µL
phosphoinositide elution buffer (PEB), at which point the internal standards
were added (mixture containing 50 ng PI/25 ng PI4P/50 ng PIP2/0.2 ng
PE per sample). Phase separation was achieved by adding 250 µL each of
chloroform and 2.4M HCl, followed by centrifugation at 1000 g for 5 minutes
(4o C). The organic phase was extracted and washed with 900 µL lower phase
wash solution (LPWS) and centrifuged at 1000 g for 5 mins (4o C). Lipids
from the remaining aqueous phase were extracted by phase separation once
again. The organic phases were collected and dried in a vacuum centrifuge.
The dried lipid extracts were derivatized using 2M Trimethylsilyl (TMS)-
diazomethane. 50 µL TMS-diazomethane (362832, Sigma Aldrich) was added
to each tube and vortexed gently for 10 minutes. The reaction was neutral-
ized using 10 µL glacial acetic acid.

Extraction Solvents:
• Phosphoinositide Elution Buffer (PEB) - 250 mL Chloroform: 500 mL

Methanol : 200 mL 2.4M Hydrochloric acid
• Lower Phase Wash Solution (LPWS) - 235 mL Methanol : 245 mL 1M

Hydrochloric acid : 15 mL Chloroform
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Internal standards (IS):
• Phosphatidylethanolamine (PE) - 17:0/14:1 – Avanti (LM-110 (Al-

abama, USA)
• Phosphatidylinositol (PI) - 17:0/14:1 – Avanti (LM-1504)
• Phosphatidylinositol 4-phosphate (PI4P) - 17:0/20:4 – Avanti (LM-

1901)
• d5 - Phosphatidylinositol 3,5 - bisphosphate [PI(3,5)P2] – 16:0/16:0 –

Avanti (850172)

Standard Curve Analysis:
Serial dilutions of three synthetic standards - PI (17:0/14:1), PI4P (17:0/20:4)
and d5-PI(3,5)P2 (16:0/16:0) - were prepared in 100% methanol. The dilu-
tions contained 50 ng, 25 ng, 12.5 ng, 6.25 ng and 3.125 ng of the respective
standards. These dilutions were subjected to the extraction and derivati-
sation protocol described above. The extracted standards were quantified
using the LC-MS method described below.

Liquid Chromatography-Mass Spectrometry Analysis:
The experiment was performed on an ABSciex 6500 Q-Trap machine con-
nected to a Waters Acquity LC system. A 45% to 100% acetonitrile in water
(with 0.1% formic acid) gradient over 20 min was used for separation on
an 1 mm x 100 mm Ultra Performance Liquid Chromatography (UPLC) C4
1.7µM from Acquity.

• Solvent A: Water + 0.1% Formic Acid
• Solvent B: Acetonitrile

MRMs:
• Polarity: Positive
• Ion Source: Turbo Spray IonDrive
• Resolution Q1: Unit
• Resolution Q3: Unit
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Table 2.5 :
LC Gradient - Phosphoinositides

Time (min) Flow Rate % A % B Curve
0 0.1 55 45 -

5 0.1 55 45 6

10 0.1 0 100 6

15 0.1 0 100 6

16 0.1 55 45 6

20 0.1 55 45 -

Q-Trap 6500 Parameters (Set 1) :
• Curtain Gas: 40
• Ion Spray Voltage: 4000
• Temperature: 400
• GS1: 15
• GS2: 15
• Declustering Potential: 65
• Entrance Potential: 11.4
• Collision Gas Pressure: -2
• Collision Energy: 30
• Collision Exit Potential: 12

Q-Trap 6500 Parameters (Set 2) :
• Curtain Gas: 35
• Ion Spray Voltage: 5100
• Temperature: 300
• GS1: 15
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Table 2.6 :
MRMs - Phosphoinositides

Q1 Mass (Da) Q3 Mass (Da) Dwell Time (ms) Species
938.5 556.4 60 IS-PI4P

(17:0/20:4)

957.5 575.5 60 PIP-34:2

955.5 573.5 60 PIP-34:3

985.6 603.6 60 PIP-36:2

983.6 601.6 60 PIP-36:3

981.5 599.5 60 PIP-36:4

1046.5 556.4 60 IS-d5-
PI(3,5)P2
(16:0/16:0)

1065.5 575.5 60 PIP2-34:2

1063.5 573.5 60 PIP2-34:3

1093.6 603.6 60 PIP2-36:2

1091.6 601.6 60 PIP2-36:3

1089.6 599.6 60 PIP2-36:4

690.5 535.5 60 IS-PE
(17:0/14:1)

730.5 575.5 20 PE-34:2

728.5 573.5 20 PE-34:3

758.5 603.5 20 PE-36:2

756.5 601.5 20 PE-36:3

754.5 599.5 20 PE-36:4
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• GS2: 5
• Declustering Potential: 140
• Entrance Potential: 12
• Collision Gas Pressure: -2
• Collision Energy: 29
• Collision Exit Potential: 12

2.5.2 DAG Measurement
Lipid Extraction:
Adult flies were collected by carbon dioxide (CO2) anaesthesia and flash
frozen using liquid nitrogen. They were transferred to glass vials containing
acetone and stored at -80o C for 24 hours. They were then dried at room
temperature for a further 24 hours. Depending on whether they required light
treatment or not, they were either exposed to light before flash freezing or
were directly frozen after collection. After drying, the retinae were collected
using a sharp blade and transferred to homogenization tubes. They were
stored at room temperature for no more than 48 hours.
The retinae were homogenised in 300 µL of methanol, after which the internal
standards were added (50 ng DAG/50 ng PA/0.2 ng PE per sample). Phase
separation was achieved by adding 800 µL of chloroform and 400 µL of 0.88%
KCl, followed by centrifugation at 1000 g for 5 minutes (4o C). The organic
phase was collected and dried in a vacuum centrifuge.
The dried lipid extracts were derivatized using 2M TMS-diazomethane. 50
µL TMS-diazomethane (362832, Sigma Aldrich) was added to each tube and
vortexed gently for 10 minutes. The reaction was neutralized using 10 µL
glacial acetic acid. The mixture was dried in a vacuum centrifuge and the
dried lipids were reconstituted with 150 µL methanol.

Internal standards (IS):
• Phosphatidylethanolamine (PE) - 17:0/14:1 – Avanti (LM-1104) (Al-

abama, USA)
• Phosphatidic acid (PA) - 17:0/14:1 – Avanti (LM-1404)
• Diacylglycerol (DAG) – 10:0/10:0 – Avanti (800810)
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Standard Curve Analysis:
Serial dilutions of three synthetic standards - DAG (10:0/10:0), PA (17:0/14:1)
and PE (17:0/14:1) - were prepared in 100% methanol. The dilutions con-
tained 50 ng, 25 ng, 12.5 ng, 6.25 ng and 3.125 ng of the respective standards.
These dilutions were subjected to the extraction and derivatisation protocol
described above. The extracted standards were quantified using the LC-MS
method described below.

Liquid Chromatography-Mass Spectrometry Analysis:
The experiment was performed on an ABSciex 6500 Q-Trap machine con-
nected to a Waters Acquity LC system. A 40% to 100% acetonitrile and
isopropanol (with 0.1% formic acid) gradient over 10 min was used for sepa-
ration on a 2.1 mm x 50 mm UPLC C18 1µM from Acquity, maintained at
40o C.

• Solvent A: 60% acetonitrile, 40% water, 10 mM ammonium formate,
0.1% formic acid

• Solvent B: 10% acetonitrile, 90% isopropanol, 10 mM ammonium for-
mate, 0.1% formic acid

Table 2.7 :
LC Gradient - DAG and PA

Time (min) Flow Rate % A % B Curve
0 0.2 60 40 -

0.5 0.2 60 40 6

5 0.2 0 100 6

7.5 0.2 0 100 6

7.6 0.2 60 40 6

10 0.2 60 40 -

MRMs:
• Polarity: Positive
• Ion Source: Turbo Spray IonDrive
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• Resolution Q1: Unit
• Resolution Q3: Unit

Q-Trap 6500 Parameters:
• Curtain Gas: 45
• Ion Spray Voltage: 5500
• Temperature: 400
• GS1: 20
• GS2: 20
• Declustering Potential: 65
• Entrance Potential: 12
• Collision Gas Pressure: -2
• Collision Energy: 18
• Collision Exit Potential: 13.2

2.6 Immunohistochemistry
2.6.1 Immunohistochemistry
For immunofluorescence studies retinae from flies were dissected under low
red light in phosphate buffer saline (PBS). Retinae were fixed in 4% paraformalde-
hyde in PBS with 1 mg/ml saponin at room temperature for 30 min. Fixed
eyes were washed three times in PBST (1X PBS + 0.3% TritonX- 100) for
10 min each. The sample was then blocked in a blocking solution (5% Fetal
Bovine Serum in PBST) for 2 hours at room temperature, after which the
sample was incubated with primary antibody in blocking solution overnight
at 4°C on a shaker. The following antibodies were used: mouse anti-HA (1:50;
2367S, CST), mouse anti-FLAG (1:100; F1804, Sigma) and chicken anti-
GFP [1:5000; ab13970, Abcam (Cambridge, UK)]. Appropriate secondary
antibodies conjugated with a fluorophore were used at 1:300 dilutions [Alexa
Fluor 488/568/633 IgG, Molecular Probes (Oregon, USA)] and incubated
for 4 hours at room temperature. Wherever required, during the incuba-
tion with secondary antibody, Alexa Fluor 568-phalloidin [1:200; A12380
(Thermo Fisher Scientific)] was also added to the tissues to stain the F-
actin. After three washes in PBST, sample was mounted in 70% glycerol in
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Table 2.8 :
MRMs - DAG and PA

Q1 Mass (Da) Q3 Mass (Da) Dwell Time (ms) Species
633.5 534.4 20 IS-PA

(17:0/14:1)

701.5 575.5 20 PA-34:2

699.5 573.5 20 PA-34:3

729.5 603.5 20 PA-36:2

727.5 601.5 20 PA-36:3

727.6 599.6 20 PA-36:4

418.3 383.3 20 IS-DAG
(10:0/10:0)

610.5 575.5 20 DAG-34:2

608.5 573.5 20 DAG-34:3

638.5 603.5 20 DAG-36:2

636.5 601.5 20 DAG-36:3

634.6 599.6 20 DAG-36:4

690.5 535.5 20 IS-PE
(17:0/14:1)

730.5 575.5 20 PE-34:2

728.5 573.5 20 PE-34:3

758.5 603.5 20 PE-36:2

756.5 601.5 20 PE-36:3

754.5 599.5 20 PE-36:4
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1X PBS. Whole mounted preps were imaged on Olympus FV1000 confocal
microscope using Plan-Apochromat 60x, NA 1.4 objective (Olympus, Tokyo,
Japan).

2.6.2 Cell Culture
S2R+ cells stably expressing Actin-Gal4 (obtained from Satyajit Mayor’s
lab, NCBS, Bangalore) were split every 4–5 days and grown at 25o C. They
were maintained in Schneider’s Drosophila Insect Medium (SDM; 21720024,
Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS; 1600044, Gibco, Thermo Fisher Scientific) and penicillin - strepto-
mycin - glutamine solution (10ml/L; G1146, Sigma-Aldrich). They were
transfected using Effectene as a transfection agent [301425, Qiagen (Hilden,
Germany)]. The cells were plated in 12 well plates and 0.5g of desired DNA
construct was used for transfections. 48 hours post transfection, cells were
allowed to adhere on glass cover slip dishes for 1 hour and fixed with 2.5%
PFA in 1X M1 buffer (10X M1 buffer; 8.76 g sodium chloride, 0.373 g potas-
sium chloride, 0.147 g calcium chloride, 0.203 g magnesium chloride, 4.76 g
HEPES, 100 ml MilliQ water, pH 6.8–7) for 20 mins. They were washed and
permeabilized with 0.37% Igepal (I3021, Sigma) in 1X M1 buffer for 13 mins.
Blocking was performed in 1X M1 buffer containing 5% FBS and 1 mg/ml
BSA for 1 hour at RT. The cells were then incubated with primary antibod-
ies diluted in block solution for 2 hours at RT, washed with 1X M1 several
times, and incubated with appropriate secondary antibodies for 1-2 hours at
RT. Following this, they were stained with 4’, 6 - diamidino - 2 - phenylindole
(DAPI) (1:3000; D1306, Thermo Fisher Scientific) and washed with 1X M1
buffer. The following primary antibodies were used: mouse anti-HA (1:200:
2367S, CST) and mouse anti-FLAG (1:400; F1804, Sigma). Appropriate
secondary antibodies conjugated with a fluorophore were used at 1:300 dilu-
tions (A11001, Alexa Fluor 488 IgG, Molecular Probes). The cells imaged
on Olympus FV1000 confocal microscope using Plan-Apochromat 60x, NA
1.4 objective (Olympus).

2.7 Bioinformatic analysis
The protein sequences for STMA, EFR3 and the DAG lipases were obtained
from the NCBI protein database (species, protein and accession ID of the
sequences used are listed below). For multiple sequence alignments (MSA),
CLUSTALW was used. The lipase 3 region and active site of DAG lipase was
assigned as outlined in the NCBI Conserved Domain Database (CDD). In
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order to build the position-specific scoring matrix for the DAG lipase active
site, we first ran the MSA through Consurf, which assigns conservation scores
to each amino acid. We used those scores to guide the construction of a
Position Specific Scoring Matrix (PSSM), for which we used the formula of
Score (position, amino acid) = (q + p)/ (N + B) , where

• q = observed counts for the amino acid
• p = pseudocounts = B*(overall frequency of an amino acid)
• N = total number of sequences
• B = total number of allocated pseudocounts = square root of N

We also cross-checked the consensus sequence derived from the PSSM with
the NCBI PSSM viewer, which gave a consensus sequence for the human
DAG lipase active site. The sequences differed only by four amino acids. We
used ScanProsite to check for occurrence of the consensus sequence in the
Drosophila proteome and in UniProt database. The maximum-likelihood
phylogenetic tree was built using the Mega7 software, using the WAG+G
model run for 1000 bootstraps.
List of proteins used to build MSA:

• Anthurium amnicola, DAGLA - A0A1D1YY70
• Anthurium amnicola, DAGLB - A0A1D1Y419
• Anthurium amnicola, EFR3A - A0A1D1ZJR9
• Anthurium amnicola, EFR3B - A0A1D1ZEH0
• Apis mellifera, DAGLA - XP_003250951.2
• Apis mellifera, DAGLB - XP_001122519.2
• Apis mellifera, EFR3 - XP_006571817.1
• Aspergillus udagawae, DAGLA - GAO84222.1
• Aspergillus udagawae, EFR3 - GAO84941.1
• Atta colombica , DAGLA - KYM75470.1
• Atta colombica, DAGLB - KYM81960.1
• Atta colombica, EFR3 - KYM87784.1
• Bos taurus, DAGLA - NP_001179512.1
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• Bos taurus, DAGLB - NP_001076956.1
• Bos taurus, EFR3A - NP_001069515.1
• Bos taurus, EFR3B - NP_001069515.1
• Caenorhabditis elegans, DAGLA - NP_741085.1
• Caenorhabditis elegans, EFR3 - CCD66029.1
• Ciona intestinalis, DAGLA - XP_026696611.1
• Ciona intestinalis, EFR3B-like - XP_002129458.1
• Cricetulus griseus, DAGLA - ERE79003.1
• Cricetulus griseus, EFR3A - RLQ80005.1
• Cricetulus griseus, EFR3B - XP_016819663.2
• Drosophila melanogaster, INAE (E) - ACL82927.1
• Drosophila melanogaster, INAE (F) - ACL82928.1
• Drosophila melanogaster, STMA (A) - AAF59046.2
• Drosophila melanogaster, STMA (C) -AAX52723.1
• Homo sapiens, ANG2 - CAA77513.1
• Homo sapiens, DAGLA (X1) - XP_016873727.1
• Homo sapiens, DAGLA (X2) -XP_016873729.1
• Homo sapiens, DAGLB (1) - NP_631918.3
• Homo sapiens, DAGLB (2) - NP_001136408.1
• Homo sapiens, EFR3A - NP_001310482.1
• Homo sapiens, EFR3B - XP_011531003.1
• Malassezia globosa, LIP1 - EDP44990.1
• Mus musculus, DAGLA - NP_932782.2
• Mus musculus, DAGLB - NP_659164.2
• Mus musculus, EFR3A - NP_598527.2
• Mus musculus, EFR3B - NP_001075952.1
• Pan paniscus, DAGLA - XP_003828506.1
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• Pan paniscus, DAGLB - XP_008956646.1
• Pan paniscus, EFR3A - XP_008953716.1
• Pan paniscus, EFR3B - XP_008950654.1
• Pan troglodytes, DAGLA - XP_016776509.1
• Pan troglodytes, DAGLB - XP_024213481.1
• Pan troglodytes, EFR3A - XP_003311971.1
• Pan troglodytes, EFR3B - XP_016803647.1
• Penicillium brasilianum, EFR3 - OOQ86473.1
• Penicillium camembertii, Lipase - AAB26004.1
• Pongo abelii, DAGLA - XP_002821724.1
• Pongo abelii, DAGLB - XP_024105788.1
• Pongo abelii, EFR3A - XP_002819481.2
• Pongo abelii, EFR3B - XP_024098572.1
• Rattus norvegicus, DAGLA - NP_001005886.1
• Rattus norvegicus, DAGLB - NP_001100590.1
• Rattus norvegicus, EFR3A - NP_001124036.1
• Saccharomyces cerevisiae, EFR3 - KZV09065.1
• Zeugodacus cucurbitae, DAGLA - A0A0A1XFQ0
• Zeugodacus cucurbitae, EFR3 - JAD08203.1

2.8 Statistics
Unpaired two-tailed t-test or Analysis of Variance (ANOVA), followed by
Tukey’s multiple comparison test, were carried out where applicable. Effect
size was calculated using standard statistical methods. Sample size was calcu-
lated using G*Power 3.1 (available at http://www.gpower.hhu.de/en.html).
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Chapter 3

PI4KIII– is Required to
Support Drosophila
Phototransduction

3.1 Identification of a PI4K involved in
phototransduction

The Drosophila genome encodes three isoforms of PI4K - PI4KII↵ (CG2929),
PI4KIII↵ (CG10260) and PI4KIII� (CG7004). In order to determine which
of the three kinases is involved in phototransduction, one would have to
remove each kinase individually and analyse its effect on the same. Instead
of generating loss-of-function mutants for each gene, a simpler alternative
was to use RNA interference (RNAi) to knock down each gene and measure
the signalling readout. When exposed to light, Drosophila photoreceptors
undergo a large depolarisation which manifests as a measurable change in
potential difference, which can be used a readout of signalling. A recording of
this phenomenon is known as an electroretinogram (ERG; explained in detail
in Methods - Section 2.3). One can infer the effect of genetic perturbations
on the light response by quantifying the extent of the change in potential
difference, which is referred to as the response amplitude. For the initial
experiments to identify the PI4K isoform involved in phototransduction, we
looked for significant differences between the response amplitudes of control
flies and flies in which the PI4Ks were knocked down.
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3.1. Identification of a PI4K involved in
phototransduction

3.1.1 Knockdown using Rh1Gal4
We tested multiple UAS-RNAi constructs against all three PI4K genes and
expressed them in the fly using eye-specific drivers. The list of RNAi lines
that were tested are given in Table 2. To begin with, Rh1Gal4 (Rhodopsin-1)
was used to drive expression exclusively in late pupal/adult photoreceptor
cells. We combined Rh1Gal4 with UAS-Dicer2 to improve the efficiency
of knockdown. With this combination, only RNAi against the PI4KIII↵
gene resulted in a mild reduction of the ERG response amplitude. Knocking
down the other two PI4Ks (PI4KII↵ and PI4KIII�) had no impact on the
response (Fig.3.1). While this indicated that PI4KIII↵ might have a role
in phototransduction, the observation required validation by other means.
To check whether the reduction in ERG response could be exacerbated us-
ing a stronger driver, we used a 3xRh1Gal4 containing 3 copies of the Rh1
promoter (a kind gift from Donald Ready, Purdue University, Indiana). It
was tested both with and without UAS-Dicer2. In both cases, RNAi against
PI4KIII↵ gave lower ERG responses than controls, but this was not con-
sistent between individual flies. There was also a high day-to-day variation
among the control genotypes in terms of the response amplitude (Fig.3.2).
This was possibly due to the strength of the promoter, which by itself caused
a slight degeneration of the photoreceptors. Given the inconsistency of the
ERG response using 3xRh1Gal4, we did not use it further.

3.1.2 Knockdown using GMRGal4
The second strong driver we tested was GMRGal4 [Glass Multimer Reporter
(GMR)]. This drives expression in all eye cells, starting from late third larval
instar, and lasts throughout eye development (Ellis et al., 1993). In contrast
to Rh1Gal4, here the UAS-RNAi would be expressed much earlier on and for
a longer time period. When RNAi against PI4KIII↵ was driven using GMR-
Gal4, the ERG amplitude of these flies was heavily reduced when compared
to controls (Fig.3.3A). There was no effect seen upon knocking down the
other two PI4Ks using the same promoter (Fig.3.3B and C). This clearly
pointed to the involvement of PI4KIII↵, and not the other two PI4Ks, in
phototransduction.
As PI4KIII↵ emerged as the kinase most likely involved in phototransduc-
tion, it is important to note that complete deletion of the gene is cell lethal
(Yan et al., 2011b). Therefore, in lieu of a null allele, we used the Gal4/UAS-
RNAi combination that gave the maximum knockdown, as quantified using
qPCR, and the strongest ERG phenotype. For PI4KIII↵, we chose a Bloom-
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Figure 3.1 : Effect of knocking down PI4K in photoreceptors using
Rh1Gal4
Representative ERG trace of the control genotype (Rh1 > Dcr2), shown in
light purple, and the test genotype, shown in dark purple. The black bar on
top indicates the duration of the light stimulus. The scale bar is shown in
the bottom left corner. (A) CG2929 (PI4KII↵) Knocking down PI4KII↵
using Rh1; UAS-Dcr2 did not affect the ERG response in any manner. (B)
CG10260 (PI4KIII↵) Knocking down PI4KIII↵ using Rh1; UAS-Dcr2 re-
duced the amplitude of the ERG response when compared to control flies. (C)
CG7004 (PI4KII�) Knocking down PI4KII� using Rh1; UAS-Dcr2 did not
affect the ERG response in any manner.
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Figure 3.2 : Effect of knocking down PI4K in photoreceptors using
3x-Rh1Gal4
Representative ERG trace of flies expressing RNAi against PI4KIII↵ driven
by 3xRh1Gal4 either with or without UAS-Dicer2. The black bar on top
indicates the duration of the light stimulus. The scale bar is in the bottom
left corner. (A) The control genotype of 3xRh1 > displayed high day-to-
day variation in ERG response amplitude. Each colour represents a recording
from a different day. (B) Flies expressing RNAi against PI4KIII↵ driven
by 3xRh1Gal4 displayed high variation in the ERG response amplitude. Each
colour represents a recording from a different fly, all < 24 h old and all recorded
from on the same day. (C) The control genotype of 3xRh1 > Dcr2 displayed
high day-to-day variation in ERG response amplitude. Each colour represents
a recording from a different day. (D) Flies expressing RNAi against PI4KIII↵
driven by 3xRh1Gal4 along with UAS-Dcr2 displayed high variation in the
ERG response amplitude. Each colour represents a recording from a different
fly, all < 24 h old and all recorded from on the same day.
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Figure 3.3 : Effect of knocking down PI4K in eyes using GMRGal4
Representative ERG trace of the control genotype (GMR >), shown in dark
colours, and the test genotype, shown in light colours. The black bar on top
indicates the duration of the light stimulus. The scale bar is in the bottom left
corner. (A) PI4KIII↵ Knocking down PI4KIII↵ using GMRGal4 reduced
the amplitude of the ERG response when compared to control flies. (B)
PI4KII↵ Knocking down PI4KII↵ using GMRGal4 did not affect the ERG
response in any manner. (C) PI4KIII� Knocking down PI4KIII� using GM-
RGal4 did not affect the ERG response in any manner. (D-F) Quantification
of the peak ERG amplitude of control and the three PI4K isoform knockdown
flies. x-axis represents genotype; y-axis represents response amplitude in mV.
*** - p < 0.001, n.s = not significant as per two-tailed t-test, values are mean
± s.e.m., n = 7 minimum. Figure adapted from Balakrishnan et al., 2018
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ington TRiP line (#38242) that gave a knockdown of 60% (Fig.3.4A) in
retinae when expressed using GMRGal4.
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Figure 3.4 : Q-PCR estimation of transcript knockdown
The level of transcript knockdown in retinae as estimated using Q-PCR. x-axis
represents genotype of the source tissue; y-axis represents 2-�Ct values for the
described gene. (A) PI4KIII↵ Knocking down PI4KIII↵ using GMRGal4
reduced the transcript of the gene by 60% when compared to control flies. (B)
PI4KII↵ Knocking down PI4KII↵ using GMRGal4 reduced the transcript of
the gene by 30% when compared to control flies. (C) PI4KIII� Knocking
down PI4KIII� using GMRGal4 reduced the transcript of the gene by 35%
when compared to control flies. ** - p < 0.01 as per two-tailed t-test, values are
mean ± s.e.m., n = 75 retinae per sample. Figure adapted from Balakrishnan
et al., 2018

The best RNAi lines for the other two PI4Ks were similarly validated, giving
30% and 35% knockdown for PI4KII↵ and PI4KIII�, respectively (Fig.3.4B
and C) . We also saw that knocking down PI4KIII↵ (using BL #38242) did
not affect the transcript levels of the other two PI4Ks in the eye (Fig.3.5).

3.2 PI4KIII– downregulation has character-
istic ERG phenotypes

Historically, the electrical response to light in Drosophila photoreceptors has
been used to identify molecular components involved in phototransduction,
ranging from PLC (norpA) to RDGB (rdgB) (Hotta and Benzer, 1969; Stark
et al., 1976; Yoon et al., 2004). Apart from using it to screen for genes affect-
ing the photoresponse, one can take a closer look at the electroretinogram
(ERG) waveform itself and make some mechanistic inferences.
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Figure 3.5 : Q-PCR estimation of transcript levels
The levels of PI4KII↵ and PI4KIII� transcripts when PI4KIII↵ has been
knocked down in retinae, as measured using Q-PCR. x-axis represents geno-
type of the source tissue; y-axis represents 2-�Ct values for the described gene.
(A) PI4KII↵ Knocking down PI4KIII↵ using GMRGal4 did not affect tran-
script levels of PI4KII↵, which were similar to those of control flies. (B)
PI4KIII� Knocking down PI4KIII↵ using GMRGal4 did not affect transcript
levels of PI4KIII�, which were similar to those of control flies. Values are mean
± s.e.m., n = 75 retinae per sample. Figure adapted from Balakrishnan et al.,
2018
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3.2.1 Quantifiable features of an ERG
A typical ERG has several characteristics that can be quantified. The most
commonly measured feature is the amplitude of the response (Fig.3.6a).
When light-stimulated photoreceptors depolarise, the event is recorded as a
sudden drop in potential. This depolarisation effect lasts as long as the light
stimulus remains on and is abated only when the light stimulus is termi-
nated. The amplitude of the drop in potential can inform on the efficiency
of signalling. For instance, hypomorphs of PLC have highly reduced ERG
amplitudes since PIP2 hydrolysis occurs at very low rates in these mutants
(Yoon et al., 2000).
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2mV

on transient

off transient
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(a)
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Figure 3.6 : Example ERG trace
The quantifiable features of an ERG trace are outlined. The black bar on top
represents the duration of the light stimulus and the scale bar is on the bottom
left. The depolarisation of photoreceptors in response to light causes a drop
in potential, which is recorded as the response amplitude (a). The upward
spike seen upon start of the light stimulus is the ”on” transient (b) and the
downward spike seen upon end of the light stimulus is the ”off” transient (c).

The next obvious features are the spikes that occur at the start and end of
the light stimulus (Fig.3.6b and c). The upward spike seen at the start
of the light stimulus is termed the “on transient” and the downward spike
seen when the light is turned off is called the “off transient”. Transients are
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thought to reflect synaptic transmission in the laminar layers of the optic
lobe (Heisenberg, 1971). Loss-of-function mutants for genes regulating this
event, such as synaptojanin, have normal ERG amplitude but small or no
transients (Verstreken et al., 2003).
ERGs can also be used to chart a stimulus-response curve, where one can
subject the fly to light of different intensities and measure the response am-
plitude. Changes in the slope of the intensity response (IR) curve obtained
here allows one to assess the sensitivity of the system. A classic example
of this is the IR curve of white eyed flies, which has a much steeper slope
than red eyed flies (Fig.3.7). This is because white eyed flies lack screening
pigments, making them much more sensitive to light (Stark and Wasserman,
1974). Additionally, one can quantify the kinetics of repolarisation of the
photoreceptors, which reflect the speed of response termination. For exam-
ple, after the stimulus is turned off, mutants for arrestin take much longer
to revert to baseline than wild type flies (Dolph et al., 1993).
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Figure 3.7 : Example intensity response curve
Quantification of the intensity response functions of red-eyed (ROR - red line)
and white-eyed (w1118 - blue line) wild-type flies. x-axis represents light in-
tensity in log units; y-axis represents the response amplitude at each intensity
normalised to that at maximum intensity. The curve for the white-eyed flies
has a much larger slope than that for the red-eyed flies, indicating that white-
eyed flies have a higher sensitivity to light.
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3.2.2 ERG phenotype of GMR > PI4KIII–i flies
Bearing the above parameters in mind, we took a closer look at the ERG
waveform of flies in which PI4KIII– was knocked down using GMRGal4.
Henceforth, flies of this genotype will be referred to as GMR > PI4KIII–i.
The Gal4 control flies for all our experiments are denoted as GMR >. When
one day old flies were given a single flash of light for 2 s, the overall ERG
amplitude of GMR > PI4KIII↵i flies was lower than that of controls by ~50%
(Fig.3.8A, B, C). The ERGs also lacked the “on” and “off” transients.
However, it is worth noting that ERGs with small amplitudes tend to lack
transients, probably because the amplitude of the transients themselves are
very small.
Apart from the overall reduction in amplitude, there was another notable
phenotype in these flies. When subjected to a sequence of ten consecutive
light flashes, the ERG amplitude of control flies was the same for every flash
of light in the sequence. In the GMR > PI4KIII↵i flies, not only was the
response to the first flash smaller than controls, but the response for every
subsequent flash of light was smaller than the preceding one (Fig.3.8E).
By the end of the light flash sequence, the amplitude of the tenth response
was ~40% of the first response, whereas in control flies the first and tenth
responses were identical. In order to check if this reduction in amplitude was
permanent, flies that were subjected to the sequence of ten light flashes were
allowed to dark adapt for five minutes. After dark adaptation, they were
able to recover their initial response amplitudes (Fig.3.8F).
We tested the sensitivity of GMR > PI4KIII↵i flies by plotting an intensity
response (IR) curve. Flies were given light stimuli of five different intensities,
each approximately one order of magnitude brighter than the previous one.
The responses were quantified by normalising the ERG amplitude for each
flash to that of the last one. The IR curve of GMR > PI4KIII↵i flies had
a much lower slope than controls, indicating that these flies have reduced
sensitivity to light (Fig.3.8D). This implied that flies with lower levels of
PI4KIII↵ expression required higher amounts of stimulus to generate the
same degree of response as a control fly.
Aside from the 2 s flash of light, we also tested whether prolonging the
duration of the stimulus would further stress the system and enhance the
phenotype. To do this, we subjected the flies to a light pulse that lasted for
5 s and measured the ERG amplitude. We observed that giving a longer
light stimulus did not worsen the ERG phenotype of GMR > PI4KIII↵i

flies. Their response amplitudes for the 5 s light pulse were no different when
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Figure 3.8 : ERG phenotype of GMR > PI4KIII↵i flies
(A and B) Representative ERG traces of control (A) and GMR > PI4KIII↵i

(B) in response to ten consecutive light flashes. The black bar on top in-
dicates duration of the light stimulus, scale bar is on the bottom left. (C)
Quantification of the peak ERG amplitude of control and GMR > PI4KIII↵i

flies. x-axis represents genotype; y-axis represents response amplitude in mV.
(D) Intensity response function of control and GMR > PI4KIII↵i flies. x-axis
represents light intensity in log units; y-axis represents the response ampli-
tude at each intensity normalised to that at maximum intensity. (E) and (F)
Quantification of the ERG amplitude of control and GMR > PI4KIII↵i flies
in response to ten consecutive light flashes. x-axis represents the light flash
number; y-axis represents response amplitude for each light flash normalised
to that at first light flash. *** - p < 0.001 as per two-tailed t-test, values are
mean ± s.e.m., n = 10 flies per genotype.
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3.2. PI4KIII– downregulation has characteristic ERG phenotypes

compared to the 2 s light pulse (Fig.3.9A). When we subjected these flies to
five consecutive light flashes of 5 s each, the progressive reduction with every
subsequent flash was seen. However, the extent of reduction was similar to
that for the shorter light pulse, with the response to the final flash of light
being ~50% of the response to the first flash (Fig.3.9B).
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flash
(A) Quantification of the peak ERG amplitude of control and GMR >
PI4KIII↵i flies. x-axis represents duration of light stimulus; y-axis represents
response amplitude in mV. (B) Quantification of the ERG amplitude of con-
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When we tested other ERG parameters, such as the depolarisation and re-
polarisation kinetics, we found that the GMR > PI4KIII↵i flies had slightly
higher rise times and decay slopes than the control flies (Fig.3.10).
While it was tempting to directly attribute the ERG defects to PI4KIII–
downregulation, we first had to ensure that the main molecular components
of phototransduction were intact in these flies. To check this, we performed
Western blots for key proteins involved in phototransduction - Rh1, Gq↵,
PLC, TRP, inactivation no afterpotential D (INAD) and dPIP5K - in one
day old GMR > PI4KIII↵i flies. We found that the levels of all these proteins
were comparable between control and GMR > PI4KIII↵i flies (Fig.3.11).
This indicated that the ERG phenotypes most likely arose due to reduced
PI4KIII↵ levels and not because of any perturbations in known phototrans-
duction proteins.
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Figure 3.10 : Rise and decay kinetics of GMR > PI4KIII↵i flies
(A) Quantification of rise time of control and GMR > PI4KIII↵i flies. (B)
Quantification of rise slope of control and GMR > PI4KIII↵i flies. (C) Quan-
tification of decay time of control and GMR > PI4KIII↵i flies. (D) Quantifi-
cation of decay slope of control and GMR > PI4KIII↵i flies. ** - p < 0.01 as
per two- tailed t-test, values are mean ± s.e.m., n = 10 flies per genotype.
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3.3. The lipid kinase function of PI4KIIIa is required for its role in
phototransduction
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Figure 3.11 : Levels of key phototransduction proteins in GMR >
PI4KIII↵i flies
Western blots showing the levels of key phototransduction proteins extracted
from the heads of GMR > PI4KIII↵i flies as compared to GMR > flies. Tubu-
lin is used as a loading control in all cases. (A) Rh1 (B) Gq↵ (C) PLC� (D)
TRP (E) INAD (F) dPIP5K - protein was extracted from retinae and not
heads to probe for dPIP5K.

3.3 The lipid kinase function of PI4KIII↵ is
required for its role in phototransduction

The main function of PI4KIII↵ is to work as a lipid kinase that makes PI4P
from PI. Having characterised the ERG phenotypes of PI4KIII↵ downreg-
ulation, it was natural to wonder whether the defects arose merely due to
absence of the protein or specifically due to loss of its enzymatic action.
To test this, one would have to reconstitute a catalytically inactive protein
in the PI4KIII↵ depleted flies. If kinase activity does indeed contribute to
PI4KIII↵ function during the light response, then the catalytically dead mu-
tant should not be able to rescue any of the ERG defects. However, a fully
functional protein would be capable of restoring the response.
When using RNAi against the fly gene, one cannot reconstitute the system
with a fly protein as that would get knocked down by the RNAi construct
as well. To circumvent this, we expressed the tagged human PI4KIII↵ (both
wild-type and kinase-dead) in these flies (Fig.3.12) (Harak et al., 2014;
Nakatsu et al., 2012; Pagnamenta et al., 2015). The kinase-dead allele con-
tains a single residue mutation of aspartic acid (D) to alanine (A) at position
1957, which lies within the kinase domain of the protein and renders the
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enzyme inactive (Harak et al., 2014; Pagnamenta et al., 2015). Using the
human protein also allowed us to comment on the degree of conservation
between the fly and human systems.
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Figure 3.12 : Transgenic expression of tagged human PI4KIII↵
(A) Western blot showing the expression of 3xFLAG-tagged human PI4KIII↵,
driven using GMRGal4. (B) Western blot showing the expression of HA-
tagged kinase-dead human PI4KIII↵, driven using GMRGal4.

Transgenic flies expressing the wild-type human PI4KIII↵ (hPI4KIII↵) un-
der UAS promoter were made using site-specific integration as explained
in Methods, Section 2.1. When expressed in the background of GMR >
PI4KIII↵i, we found that it completely rescued all the ERG defects asso-
ciated with the knockdown. The ERG amplitude of GMR > PI4KIII↵i ;
UAS-hPI4KIII↵ flies was comparable to that of controls (Fig.3.13A and
B). Importantly, the responses to ten sequential light flashes were no longer
progressively reducing but were constant across all flashes, again like those
of controls (Fig.3.13C). The sensitivity of the system was also restored; the
slope of the IR curve now resembled that of control flies (Fig.3.13D). From
these results, it was clear that the ERG defects were caused purely because
of knockdown of PI4KIII↵ and not due to any other perturbations or off-
target effects. It is also vital to note that the human PI4KIII↵ was capable
of wholly rescuing the ERG defects in a Drosophila knockdown, signifying a
high degree of functional conservation across these two systems.
To examine the necessity for the kinase function of PI4KIII↵ during pho-
totransduction, we expressed a catalytically inactive mutant of the human
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Figure 3.13 : Rescue of GMR > PI4KIII↵i ERG phenotypes by
full length hPI4KIII↵, but not by the kinase-dead allele
(A) Representative ERG traces of listed genotypes. Black bar on top indicates
duration of light stimulus; scale bar is shown on bottom left. (B) Quantifi-
cation of the peak ERG amplitude of indicated genotypes. x-axis represents
genotype and y-axis represents response amplitude in mV. n = 7 flies per
genotype. (C) Quantification of the ERG amplitude of indicated genotypes in
response to ten consecutive light flashes. x-axis represents the light flash num-
ber in the sequence and y-axis represents response amplitude for each light
flash normalised to that at the first light flash. n = 10 flies per genotype.
(D) Quantification of the intensity response function of indicated genotypes.
x-axis represents light intensity in log units and y-axis represents the response
amplitude at each intensity normalised to that at maximum intensity. *** -
p < 0.001 as per one way ANOVA followed by Tukey’s multiple comparison
test, values are mean ± s.e.m., n = 8 flies per genotype.
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PI4KIII↵ in GMR > PI4KIII↵i flies. Unlike the wild-type protein, the
kinase-dead hPI4KIII↵ (hPI4KIII↵KD) was incapable of rescuing any of the
ERG defects (Fig.3.13). In fact, the ERG responses of GMR > PI4KIII↵i

; UAS-hPI4KIII↵KD flies were no different from those of GMR > PI4KIII↵i

flies for any of the parameters quantified. This evidence highlighted the
need for enzymatic activity of PI4KIII↵ during the photoresponse, further
pointing to a requirement for the lipid PI4P during signalling.

3.4 A mutant allele of PI4KIII– can recapit-
ulate the effects of RNAi knockdown

Complete removal of the PI4KIII↵ gene in flies is cell lethal (Yan et al.,
2011a). This was one of the main reasons for using RNAi against the gene in
this study. There were also no viable Drosophila mutants suitable for use in
photoreceptors when we began the study. In 2014, however, a viable mutant
for PI4KIII↵ was identified in a genetic screen for X-chromosome mutations
involved in neuronal disorders (Yamamoto et al., 2014). Since the screen
was performed using ERGs as a readout, the identification of PI4KIII↵ was
promising. It is important to note that the mutants could only be analysed
as whole-eye mosaics, where only the eye tissue expresses mutant PI4KIII↵,
whereas all other cells of the fly express the wild-type protein.
The mutant flies, henceforth referred to as PI4KIII↵XE45B, were gifted to us
from Hugo Bellen’s laboratory, as were the other strains required to gener-
ate whole-eye mosaics. The mutation is a single amino acid substitution at
position 2126, where glutamine (Q) is substituted by lysine (L) (Fig.3.14).
The amino acid lies just outside the catalytic domain, but we currently do
not know whether it has any effect on the catalytic activity of the protein.

Accessory 
Domain

Catalytic
Domain

XE45B - Q2126L

PI4KIIIα

Figure 3.14 : PI4KIII↵XE45B allele
The PI4KIII↵XE45B allele carries a point mutation of glutamine (Q) to lysine
(L) at amino acid position 2126, which is just outside the catalytic domain pf
the protein.
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3.4. A mutant allele of PI4KIII– can recapitulate the effects of RNAi
knockdown

To generate whole eye mosaics of PI4KIII↵XE45B, we used the method as
described in Fig.3.15 (Stowers and Schwarz, 1999).
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Figure 3.15 : Generation of whole eye mosaics for PI4KIII↵XE45B

Schematic showing the sequence of crosses set up to generate whole eye mosaics
for the PI4KIII↵XE45B allele, either with or without the PI4KIII↵ genomic
rescue construct in the background.

Once flies of the desired genotypes were obtained, they were subjected to
the same ERG analyses as the GMR > PI4KIII↵i flies. The PI4KIII↵XE45B

behaved almost identically to the GMR > PI4KIII↵i flies for every parameter
tested (Fig.3.16). The overall ERG amplitude was reduced when compared
to the corresponding FRT controls. Notably, the responses to a sequence of
ten light flashes became progressively smaller, mimicking the phenotype of
GMR > PI4KIII↵i flies. In fact, the response to the last flash in the sequence
was ~40% of the first response, which was identical to that of the PI4KIII↵
knockdown flies. The ability of the mutant to recapitulate the effect of RNAi
lent further confidence to the results of those experiments.
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Figure 3.16 : ERG phenotypes of PI4KIII↵XE45B

(A) Representative ERG traces of listed genotypes. Black bar on top indicates
duration of light stimulus; scale bar is shown on bottom left. (B) Quantifi-
cation of the peak ERG amplitude of indicated genotypes. x-axis represents
genotype and y-axis represents response amplitude in mV. (C) Quantification
of the ERG amplitude of indicated genotypes in response to ten consecutive
light flashes. x-axis represents the light flash number in the sequence and y-
axis represents response amplitude for each light flash normalised to that at
the first light flash. (D) Quantification of the intensity response function of
indicated genotypes. x-axis represents light intensity in log units and y-axis
represents the response amplitude at each intensity normalised to that at max-
imum intensity. *** - p < 0.001 as per one way ANOVA followed by Tukey’s
multiple comparison test, values are mean ± s.e.m., n = 10 flies per genotype.
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3.5. Knocking down PI4KIII– reduces the levels of PIP and PIP2 in
Drosophila retinae

Despite the above results, it was technically possible that the ERG defects
were a result of an undetected secondary mutation and not just the mapped
PI4KIII↵ mutation. To eliminate this possibility, we expressed a genomic
construct of Drosophila PI4KIII↵ in the background of the PI4KIII↵XE45B

mutant. The genomic construct was able to completely rescue the ERG
defects seen in the mutants, confirming that the phenotypes were due to the
mapped mutation and not any others (Fig.3.16).
The use of the mutant allele, coupled with RNAi, allowed us to perturb
PI4KIII↵ in photoreceptors using two independent genetic methods. The
fact that both perturbations caused similar ERG defects further confirmed a
role for PI4KIII↵ during phototransduction.

3.5 Knocking down PI4KIII– reduces the lev-
els of PIP and PIP2 in Drosophila retinae

A key function of PI4P is to act as the primary substrate for PIP2 synthesis
at the plasma membrane. If so, depleting cells of PI4KIII↵ should reduce
not only PI4P levels, but those of PIP2 as well. To check this one would
have to measure the levels of both lipids in Drosophila photoreceptors where
PI4KIII↵ is knocked down. Moreover, previous studies have shown that
mutants with low levels of PIP2 also have reduced ERG response amplitudes
(Chakrabarti et al., 2015; Yadav et al., 2015). Hence, it is probable that the
ERG defects seen in GMR > PI4KIII↵i flies are due to reduced PIP2 levels.
Quantifying the lipid levels would therefore, not only inform on the product
of PI4KIII↵ activity, but also enable us to deduce whether they modulate
the ERG response or not.
For quantitative measurements of phosphoinositides, we turned to liquid
chromatography - mass spectrometry (LC-MS). We adapted an existing method
where the lipids are chemically derivatised, making them easier to separate
and fragment (Fig.3.17) (Clark et al., 2011). Separation of molecules oc-
curs on the basis of their mass-to-charge ratio (m/z), allowing for clear dis-
tinction between phosphatidylinositol (PI), phosphatidylinositol monophos-
phates (PIP) and phosphatidylinositol bisphosphates (PIP2). One major
caveat of this method is that it cannot distinguish between positional isomers,
i.e., all PIPs (PI3P, PI4P and PI5P) have the same m/z and are detected
as one species, as are all PIP2s [PI(3,5)P2, PI(3,4)P2 and PI(4,5)P2]. For-
tunately PI4P and PI(4,5)P2, the specific isomers we are interested in, con-
stitute >90% of the cellular phosphatidylinositol phosphate (PIP) and phos-

88



PI4KIIIa in Drosophila Phototransduction

phatidylinositol bisphosphate (PIP2) pools, respectively (Lemmon, 2008).
Therefore, any changes in these two lipids would likely be reflected in the
total pool.
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Figure 3.17 : Fragmentation pattern of phospholipids
(A) Phosphatidylethanolamine (PE) (B) Phosphatidyinositol (PI) (C)
Phosphatidylinositol 4-phosphate (PI4P) (D) Phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P2]

3.5.1 Standardisation and validation of LC-MS Method
We began by examining the sensitivity of the LC-MS method by plotting a
standard curve with synthetic lipid standards. We prepared serial dilutions of
synthetic standards for three phospholipids - PE, PIP and PIP2 (molecular
compositions listed in Section 2.5). These dilutions were subjected to an
acidic lipid extraction (explained in detail in Section 2.5) and the extracted
standards were quantified using the established LC-MS method. When the
standard curves for each lipid class were plotted, they were found to be linear,
with the r2 values being ~0.98 (Fig.3.18B-D). This analysis established the
sensitivity and linearity of the method and we proceeded with experiments
using biological samples.
Using retinal tissue as the source material, we extracted the lipids and sub-
jected them to LC-MS analysis. We initially characterised the distribution

89



3.5. Knocking down PI4KIII– reduces the levels of PIP and PIP2 in
Drosophila retinae

32:0 32:1 32:2 34:0 34:1 34:2 34:3 36:1 36:2 36:3
0

10

20

30

40

50

60

70

80

90

100

Pe
rc

en
ta

ge
 A

bu
nd

an
ce

 o
f 

PI
P 

Sp
ec

ie
s 

in
 R

et
in

ae

A B

C D

Amount added (ng)

A
re

a
(C

17
:0

/1
4:

1
-P

E)
0 10 20 30 40 50 60

0

5.0 105

1.0 106

1.5 106

2.0 106

2.5 106
r2 = 0.9859

x

x

x

x

x

Amount added (ng)

A
re

a
(C

17
:0

/2
0:

4
-P

I4
P)

0 10 20 30 40 50 60
0

5.0 105

1.0 106

1.5 106
r2 = 0.9801x

x

x

Amount added (ng)

A
re

a
(d

5-
C

16
:0

/1
6:

0
-P

I(3
,5

)P
2)

0 10 20 30 40 50 60
0

5.0 105

1.0 106

1.5 106
r2 = 0.9876x

x

x

Figure 3.18 : Standard curve analysis
(A) Frequency distribution of different acyl chain species of PIP in Drosophila
retinae (B) Standard curve of C(17:0/14:1) PI internal standard. x-axis rep-
resents amount in ng; y-axis represents area under curve. (C) Standard curve
of C(17:0/20:4) PI4P internal standard. x-axis represents amount in ng; y-axis
represents area under curve. (D) Standard curve of d5-C(16:0/16:0) PI(3,5)P2
internal standard. x-axis represents amount in ng; y-axis represents area under
curve.
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of different phosphoinositide species, based on acyl chain composition, in
wild-type (WT) retinae. The acyl chain composition of a lipid is represented
as x:y, with x denoting the total number of carbon atoms between the two
chains and y denoting the total number of double bonds in the acyl chains.
In WT retinae, we were able to detect 32, 34 and 36 species for PI, PIP and
PIP2. However, 36:2 and 36:3 were the most abundant species in all three
cases. Therefore, for subsequent experiments, we focussed mainly on these
two species (Fig.3.18A).
As positive controls, we first measured the lipid levels in mutants for rdgB, a
PI-transfer protein known to supply PI for PIP2 formation in photoreceptors.
Severe hypomorphic mutants (rdgB9) have been previously reported to have
low PIP2 levels since in these flies, there is not enough PI available for their
synthesis (Yadav et al., 2015). When we perfomed LC-MS analysis of rdgB9

retinal lipids, that is exactly what we saw. Both PIP and PIP2 levels were
reduced when compared to WT controls, indicating that the LC-MS method
was capable of detecting cellular changes in phosphoinositides (Fig.3.19A-
D).
Since we were examining the role of these lipids during phototransduction,
it was important to examine whether the light stimulus itself could cause
any perceptible changes in their levels. We measured the lipids from a set
of rdgB9 flies that were reared and processed completely in the dark and
another set that was exposed to a strong light flash before processing. To
quantify and detect any changes caused by the light stimulus, we took a
light:dark ratio of these lipids. In WT flies, the light:dark ratioes of both
PIP and PIP2 remained close to one, whereas the ratioes were ~0.5 in rdgB9

flies (Fig.3.19E and F).
We also used another well-characterised phototransduction mutant - dPIP5K18

- to further validate the LC-MS method. dPIP5K is the enzyme that uses
PI4P to make PIP2 at the rhabdomeres; the protein null mutants (dPIP5K18)
are known to have reduced ERG responses (Chakrabarti et al., 2015). In
these flies, it is presumed that most of the PI4P at the rhabdomere does not
get converted to PIP2. Therefore, we anticipated that upon measurement,
we would see an increase in PI4P and decrease in PIP2 in dPIP5K18 null
mutants. When we extracted retinal lipids from dark-reared dPIP5K18 flies
and subjected them to LC-MS analysis, we found that this was indeed the
case (Fig.3.20). Hence, using known mutants for single genes, we were able
to demonstrate that the LC-MS method could be used to detect changes in
phosphoinositide levels in Drosophila retinal tissue.
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Figure 3.19 : LC-MS Measurement of PIP and PIP2 from rdgB9

flies
Liquid chromatography-mass spectrometry measurement of PIP and PIP2 lev-
els in retinae of one-day old rdgB9 flies. The lipid levels for the two most abun-
dant acyl chain species (36:2 and 36:3) are shown here. x-axis represents acyl
chain species; y-axis represents ratio of PIP/PE and PIP2/PE. (A) and (B)
The flies were reared in dark and not exposed to any light during processing.
(C) and (D) The flies were reared in dark and exposed to one minute of blue
light before processing. (E) and (F) To highlight the effect of illumination on
lipid levels, a ratio of the levels in light-exposed flies to those in dark-reared
flies was taken. The PIP(light):PIP(dark) and PIP2(light):PIP2(dark) ratios for
the 36:2 and 36:3 acyl chain species are shown. x-axis represents acyl chain
species; y-axis represents ratio of light:dark lipid levels. * - p < 0.05 as per one
way ANOVA followed by Tukey’s multiple comparison test, values are mean
± s.e.m., n = 25 retinae per sample.
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Figure 3.20 : LC-MS Measurement of PIP and PIP2 from dPIP5K18

flies
(A) and (B) Liquid chromatography-mass spectrometry measurement of PIP
(A) and PIP2 (B) levels in retinae of one-day old dPIP5K18 flies. The flies were
reared in dark and not exposed to any light during processing. The lipid levels
for the two most abundant acyl chain species (36:2 and 36:3) are shown here.
x-axis represents acyl chain species; y-axis represents ratio of PIP/PE and
PIP2/PE. * - p < 0.05 as per one way ANOVA followed by Tukey’s multiple
comparison test, values are mean ± s.e.m., n = 25 retinae per sample.

3.5.2 Lipid Measurement from GMR > PI4KIII–i flies
Having performed the appropriate controls, we finally measured the lipid
levels in GMR > PI4KIII–i flies. Apart from measuring the baseline levels
in dark-reared flies, we also measured them in flies that were exposed to a
bright flash of light, as we did for rdgB9 mutants. In both conditions, there
was a quantifiable reduction of PIP and PIP2 levels in GMR > PI4KIII↵i

flies as compared to controls (Fig.3.21A-D). This reduction could be com-
pletely rescued by expressing hPI4KIII↵ in the background. A crucial result
obtained from these experiments was that the decrease in lipid levels could
not be reverted by expressing the kinase-dead hPI4KIII↵ mutant, once again
highlighting the requirement for enzymatic activity of PI4KIII↵ in maintain-
ing PIP and PIP2 levels in photoreceptors (Fig.3.21A-D).
We also quantified the light-induced changes in PIP and PIP2 by taking a
light:dark ratio of these lipids. In control flies, the ratioes were close to one,
whereas in GMR > PI4KIII↵i flies, the light:dark ratioes for both PIP and
PIP2 were significantly less than one. This decrease could by fully reversed
by reconstituting the system with the hPI4KIII↵, but not the kinase-dead
allele (Fig.3.21E and F).
In essence, we were able to demonstrate a clear light-dependent decrease
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Figure 3.21 : LC-MS Measurement of PIP and PIP2 from GMR >
PI4KIII↵i flies
Liquid chromatography-mass spectrometry measurement of PIP and PIP2 lev-
els in retinae of one-day old flies of the indicated genotypes. The lipid levels
for the two most abundant acyl chain species (36:2 and 36:3) are shown here.
x-axis represents acyl chain species; y-axis represents ratio of PIP/PE and
PIP2/PE. (A) and (B) The flies were reared in dark and not exposed to
any light during processing. (C) and (D) The flies were reared in dark and
exposed to one minute of blue light before processing. The lipid levels for
the two most abundant acyl chain species (36:2 and 36:3) are shown here.
(E) and (F) To highlight the effect of illumination on lipid levels, a ratio of
the levels in light-exposed flies to those in dark-reared flies was taken. The
PIP(light):PIP(dark) and PIP2(light):PIP2(dark) ratios for the 36:2 and 36:3 acyl
chain species are shown. x-axis represents acyl chain species; y-axis represents
ratio of light:dark lipid levels. * - p < 0.05 as per two way ANOVA followed
by Tukey’s multiple comparison test, values are mean ± s.e.m., n = 25 retinae
per sample. Figure adapted from Balakrishnan et al., 2018
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in PIP and PIP2 levels upon knocking down PI4KIII↵. These reduced lipid
levels might be a major contributor to the ERG phenotypes seen in these
flies.

3.6 Levels of plasma membrane PI4P and PIP2
are reduced when PI4KIII– is downreg-
ulated

In Drosophila photoreceptors the apical plasma membrane, known as the
rhabdomere, houses the molecular machinery required for phototransduction.
Given that knocking down PI4KIII– has a strong effect on the light response
of these flies, one might expect any light-induced changes in PI4P and PIP2 to
be reflected in the rhabdomeres. While the LC-MS analysis allowed accurate
lipid measurements, they lacked spatial information as the extracts were
made from total retinal tissue. Although it is not yet possible to get absolute
quantifications solely from rhabdomeres, one can make relative measurements
using specific lipid-binding probes. When tagged to fluorescent proteins like
GFP, the probes can be monitored by their fluorescence intensities, which
then act as a proxy for the cellular lipid levels (Várnai and Balla, 1998).
To observe these probes in photoreceptors, we harnessed a phenomenon
known as the deep pseudopupil (DPP) that is seen in fly eyes. The ommatidia
and rhabdomeres of the eye have a very stereotypic arrangement. Because
of this, light rays passing through several adjacent ommatidia converge on a
plane below the surface and form a single virtual image (Franceschini et al.,
1981). This image is seen as one large ommatidium, with the rhabdomeres
being the most prominent features. If one now expresses a fluorophore in pho-
toreceptors and observes the DPP, the signal from the rhabdomeres can be
recorded as fluorescence. Therefore, one need only measure the fluorescence
intensity at the rhabdomere for different probes, allowing estimation of the
relative lipid levels. To account for variations in the size of the pseudopupil,
the fluorescence intensity is measured per unit area.
In order to monitor PI4P levels, we used the P4M domain of a bacterial
protein (SidM) which specifically binds to PI4P (Hammond et al., 2014).
Transgenic flies expressing the GFP-tagged P4M probe (P4M::GFP) under
the UAS promoter were made and probe expression was driven using GMR-
Gal4. Similarly for PIP2, we used the pleckstrin homology (PH) domain of
PLC�, also fused to GFP (PLC�-PH:GFP). This probe was generated previ-
ously in the lab and expressed under control of the trp promoter (Chakrabarti
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et al., 2015).

3.6.1 Fluorescence intensity of lipid-binding probes at
the rhabdomeres

We expressed the PI4P and PIP2 probes individually in GMR > PI4KIII↵i

flies and measured the fluorescence intensity of the DPP. When compared
to controls, the fluorescence levels of both probes were reduced in the rhab-
domeres of these flies (Fig.3.22A and B) and (Fig.3.23A and B). It
was possible that the reduced fluorescence was due to low expression of the
probes and so, we performed Western blots to check the same. The probe ex-
pression was unchanged in both control and experimental flies (Fig.3.22C)
and (Fig.3.23C), suggesting that the low fluorescence in GMR > PI4KIII↵i

flies was due to reduced binding of the probes at the rhabdomeres. This in-
dicated that both PI4P and PIP2 levels at the rhabdomere (apical plasma
membrane) were decreased when PI4KIII↵ was knocked down.
Since the human PI4KIII↵ could completely rescue the ERG defects ofGMR
> PI4KIII↵i flies, we tested whether it could do the same for probe fluo-
rescence levels. In keeping with previous observations, hPI4KIII↵ was able
to restore the levels of both probes in GMR > PI4KIII↵i flies to those of
control flies. However, the kinase-dead allele of hPI4KIII↵ could not rescue
either PI4P or PIP2 probe levels (Fig.3.22) and (Fig.3.23). Thus, it was
clear that PI4KIII↵ is required to maintain PI4P and PIP2 levels at the
rhabdomere, and that it does so by virtue of its enzymatic activity.

3.6.2 Light-induced kinetics of lipid-binding probes
In addition to measuring the basal fluorescence levels, it is also possible to
use lipid-binding probes to monitor the recovery kinetics of lipids after PLC
stimulation. PLC stimulation results in PIP2 hydrolysis, causing the PIP2-
binding probe to fall off the plasma membrane. This is recorded as a loss in
plasma membrane fluorescence. Over time, as PIP2 is resynthesised by the
cell, the fluorescence levels at the plasma membrane recover. The kinetics of
this recovery can be quantified, providing information on the rates of PIP2
resynthesis. The same principle can be applied for monitoring PI4P recovery
as well. The PI4P and PIP2 probes used in this study have been effectively
used in mammalian cells for similar purposes (Várnai and Balla, 1998, Tóth
et al. (2016)).
In Drosophila photoreceptors, we have an additional advantage in that the
same wavelength of light (488nm) can be used both to stimulate photore-
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Figure 3.22 : PI4P levels at the rhabdomere of GMR > PI4KIII↵i

flies
(A) Representative images of the fluorescent deep pseudopupil from one day
old flies, genotype as indicated. (B) Quantification of fluorescence intensity
of P4M::GFP probe in the deep pseudopupil. x-axis indicates genotype, y-
axis indicates fluorescence intensity per unit area. ** - p < 0.01 as per one
way ANOVA followed by Tukey’s multiple comparison test, values are mean ±
s.e.m., n = 7 flies per genotype. (C) Western blot of head extracts made from
flies expressing the P4M::GFP probe. Tubulin is used as a loading control.
Figure adapted from Balakrishnan et al., 2018
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Figure 3.23 : PI(4,5)P2 levels at the rhabdomere of GMR >
PI4KIII↵i flies
(A) Representative images of the fluorescent deep pseudopupil from one day
old flies, genotype as indicated. (B) Quantification of fluorescence intensity
of PLC�PH::GFP probe in the deep pseudopupil. x-axis indicates genotype,
y-axis indicates fluorescence intensity per unit area. ** - p < 0.01 as per one
way ANOVA followed by Tukey’s multiple comparison test, values are mean
± s.e.m., n = 10 flies per genotype (C) Western blot of head extracts made
from flies expressing the PLC�PH::GFP probe. Tubulin is used as a loading
control. Figure adapted from Balakrishnan et al., 2018
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ceptors and excite GFP. This allowed the lab to develop an assay to track
changes in PIP2 levels at the rhabdomere, using probe fluorescence as a read-
out (described in detail in Methods - Section 2.4). Briefly, a dark-adapted
fly is exposed to ten flashes of blue light, with incremental recovery periods
between each flash of light. During all recovery periods except the first one,
the fly is exposed to red light to terminate PLC signalling and allow conver-
sion of metarhodopsin to rhodopsin (Fig.3.24A). By depleting PIP2 at the
rhabdomere and assessing its recovery over different time periods, one can
chart a time course for its resynthesis. The fluorescence intensity at each
time point, normalised to basal levels, reflects the relative amounts of PIP2
present at the rhabdomere (Fig.3.24B).
From previous work in the lab, it is known that both dPIP5K18 and rdgB9

mutants (null allele and severe hypomorph, respectively) show delayed PIP2
recovery kinetics as measured using PLC�PH::GFP (Chakrabarti et al., 2015;
Yadav et al., 2015). Given that both these proteins play major roles in
maintaining PIP2 levels in photoreceptors, we anticipated a similar result
for GMR > PI4KIII↵i flies. The recovery kinetics were measured in GMR
> PI4KIII↵i flies expressing the PLC�PH::GFP probe. We saw that PIP2
recovery indeed appeared to be slower in these flies (Fig.3.25). However,
what was more prominent was that after the first light stimulus, the loss of
fluorescence was highly reduced in GMR > PI4KIII↵i flies when compared to
controls. With respect to the first image, the control flies exhibited close to
a 70% loss in probe fluorescence after the first flash of blue light whereas the
fluorescence in GMR > PI4KIII↵i flies dropped only by ~30% (Fig.3.25).
Even though the extent of depletion is less when PI4KIII↵ is knocked down,
the recovery to initial levels took longer in this case.
We next measured the recovery kinetics of PI4P in photoreceptors after light
stimulation. The P4M::GFP probe had not been used in the lab for this
assay before and hence, we first tested its kinetics in wild-type flies. The
wild-type flies showed recovery kinetics that were similar to those of the
PIP2 probe (Fig.3.26A). We next tested the P4M::GFP probe in the back-
ground of norpAP24, a mutant for PLC. These mutants have been used as
negative control for PIP2 kinetics, since without PLC activity there is no
PIP2 hydrolysis and the probe remains at the rhabdomere throughout the
protocol (Chakrabarti et al., 2015). When we expressed the PI4P probe
in the backgorund of norpAP24, we found that the probe fluorescence re-
mained at the initial values for all light flashes, similar to the effect seen
with PLC�PH::GFP (Fig.3.26B).
Having tested the P4M::GFP probe, we expressed it in GMR > PI4KIII↵i
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Figure 3.24 : Light induced PI(4,5)P2 kinetics in wild-type
Drosophila photoreceptors
(A) Representation of light stimulus delivered to the immobilised fly through
the microscope objective. Red bars indicate duration of red light, black bar
indicates no light, blue arrows indicate 90ms flash of blue light. (B) Recovery
kinetics of the PLC�PH::GFP PI(4,5)P2 probe when subjected to the above
paradigm. x-axis indicates time in minutes after the very first flash of blue
light; y-axis represents the fluorescence intensity per unit area of the deep
pseudopupil at each instance, normalised to the intensity of the very first im-
age. Representative images of each instance are shown below, with the time
points of acquisition marked in red.
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Figure 3.25 : Light induced PI(4,5)P2 kinetics in GMR > PI4KIII↵i

flies
Recovery kinetics of the PLC�PH::GFP PI(4,5)P2 probe when subjected to
the light sequence described previously, genotype as indicated. x-axis indicates
time in minutes after the very first flash of blue light; y-axis represents the
fluorescence intensity per unit area of the deep pseudopupil at each instance,
normalised to the intensity of the very first image. Representative images of
each instance are shown below, with the time points of acquisition marked in
red. Values are mean ± s.e.m., n = 10 flies per genotype.
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Figure 3.26 : Light induced PI4P kinetics in wild-type Drosophila
photoreceptors
(A) Recovery kinetics of the PLC�PH::GFP PI(4,5)P2 probe and P4M::GFP
PI4P probe in wild-type flies and of the (B) P4M::GFP PI4P probe in both
wild-type and norpAP24 flies, when subjected to the light sequence described
previously. x-axis indicates time in minutes after the very first flash of blue
light; y-axis represents the fluorescence intensity per unit area of the deep
pseudopupil at each instance, normalised to the intensity of the very first
image. Representative images of each instance are shown below, with the time
points of acquisition marked in red. Values are mean ± s.e.m., n = 10 flies
per genotype.
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flies and measured the recovery kinetics after light stimulation. Knocking
down PI4KIII↵ had a rather unexpected effect on PI4P kinetics. There was
almost no loss of probe fluorescence after the first light stimulus - the control
flies showed a drop in fluorescence intensity by ~60%, whereas the intensity
of GMR > PI4KIII↵i flies did not drop from the basal values. Moreover,
the fluorescence intensity of GMR > PI4KIII↵i flies remained constant for
all events of light stimulation, similar to what was seen in norpAP24 flies
(Fig.3.27).
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Figure 3.27 : Light induced PI4P kinetics in GMR > PI4KIII↵i

flies
Recovery kinetics of the P4M::GFP PI4P probe when subjected to the light
sequence described previously, genotype as indicated. x-axis indicates time in
minutes after the very first flash of blue light; y-axis represents the fluorescence
intensity per unit area of the deep pseudopupil at each instance, normalised
to the intensity of the very first image. Representative images of each instance
are shown below, with the time points of acquisition marked in red. Values
are mean ± s.e.m., n = 10 flies per genotype.

In effect, it appeared that PI4KIII↵ downregulation alters the light-induced
kinetics of both PI4P and PIP2, but have slightly different effects on each
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lipid.

3.7 Localisation of PI4KIII↵ in Drosophila
photoreceptors

The PI4KIII↵ enzyme has been very well characterised in yeast and mam-
malian systems. In yeast, the protein is constitutively present at the plasma
membrane whereas in mammalian cells, it is present in the cytosol and re-
cruited to the plasma membrane upon agonist-stimulation (Nakatsu et al.,
2012). There is currently no information available about the localisation of
PI4KIII↵ in Drosophila. In our previous experiments, we showed that knock-
ing PI4KIII↵ down in photoreceptors has distinct effects on signalling events
occurring at the rhabdomere. This indicated that PI4KIII↵ most likely acts
at the plasma membrane in Drosophila photoreceptors as well. However, this
is an indirect inference and without explicit visualisation of the protein, we
cannot make any claims about localisation.
Ideally, one would like to visualise the endogenous protein in wild-type (WT)
photoreceptors using an antibody against the protein. Regrettably, our at-
tempts to generate a functional antibody against Drosophila PI4KIII↵ proved
unsuccessful. We did, however, possess a tagged human PI4KIII↵ that could
be expressed in flies (Section 3.3). As the hPI4KIII↵ was able to com-
pletely rescue both the ERG phenotypes and reduced lipid levels of GMR >
PI4KIII↵i flies, it is likely that the functions of the human and fly proteins
are highly conserved.Therefore, in lieu of the fly protein, we examined the lo-
calisation of the tagged hPI4KIII↵ (3xFLAG::hPI4KIII↵) in WT Drosophila
photoreceptors (experiments performed by Rajan Thakur).
In dark-reared WT flies, i.e., those that have not received any light stim-
ulation, the 3xFLAG::hPI4KIII↵ was excluded from the rhabdomere and
present in the cell body (Fig.3.28B). This concurs with data from mam-
malian cells, where the protein is present in the cytosol until the cells are
stimulated (Nakatsu et al., 2012). To supplement the data in photorecep-
tors, we also expressed the 3xFLAG::hPI4KIII↵ in cultured Drosophila S2R+
cells (experiments perfomed by Urbashi Basu). In these unstimulated cells,
hPI4KIII↵ was seen in the cell body, once again mimicking its behaviour in
mammalian cells (Fig.3.28A).
In order to test whether a light stimulus could draw hPI4KIII↵ to the plasma
membrane, we subjected the flies to an intense flash of light before processing.
In these photoreceptors, the 3xFLAG::hPI4KIII↵ was present both at the
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rhabdomere and basolateral plasma membrane (Fig.3.28C). This clearly
established that the human PI4KIII↵ behaves identically in both mammalian
systems and fly photoreceptors.

3.8 Conclusion
The molecular complexities of phototransduction in Drosophila have been
extensively studied over the past few decades. Most of the elements of the
PIP2 resynthesis pathway were identified using mutants with distinct ERG
phenotypes. Even so, there remain a few unanswered questions regarding
the cycle, one of which we have tackled in this study.

3.8.1 Main conclusions
We know that biochemically, PI 4-kinase is required to convert PI to PI4P.
However, since there are three isoforms of PI4K in flies, there was still the
question of which one is active during phototransduction. We used elec-
troretinograms (ERGs) as a readout to investigate which of the three PI4K
isoforms is involved in the light response. By performing experiments with
different UAS-RNAi/Gal4 combinations, we saw that only knocking down
PI4KIII↵ and not the other two isoforms reduced the ERG response. This
allowed us to pinpoint PI4KIII↵ as the enzymatic isoform required during
phototransduction.
The ERG phenotypes of PI4KIII↵ downregulation were further validated us-
ing a viable mutant allele for the gene (PI4KIII↵XE45B). The PI4KIII↵XE45B

mutant displayed identical ERG defects to the knockdown, and these effects
could be rescued using a genomic construct. The mutant was also used to
check for ultrastructural defects in the photoreceptors. Using transmission
electron microscopy, it was found that the structural integrity of the mutant
photoreceptors was no different from those of controls, indicating that there
was no degeneration (Balakrishnan et al., 2018).
The relevance of the lipid kinase function of PI4KIII↵ was addressed by
reconstituting the GMR > PI4KIII↵i flies with a catalytically inactive hu-
man PI4KIII↵. This transgene could not rescue the effects of knocking down
PI4KIII↵, but a fully functional PI4KIII↵ could, confirming that the ki-
nase activity of PI4KIII↵ is required for its role in phototransduction. This
was further underlined by the fact that PI4P and PIP2 levels were low in
GMR > PI4KIII↵i flies, as measured using both LC-MS and lipid-binding
probes. These reduced lipid levels were increased upon expressing the wild-
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Figure 3.28 : Localisation of hPI4KIII↵ in Drosophila photorecep-
tors
(A) Confocal images of S2R+ cells transfected with pUAST-
3xFLAG::hPI4KIII↵, followed by staining with DAPI and ↵-FLAG.
Blue represents DAPI, which marks the nucleus, and green represents FLAG.
Scale bar - 5µm. (B) Confocal images of retinae from flies of the indicated
genotypes, reared and processed completely in dark. The retinae have been
stained with phalloidin (magenta) and ↵-FLAG (green). Scale bar - 5µm.
(C) Confocal images of retinae from flies of the indicated genotypes, reared in
dark and exposed to blue light for one minute before processing. The retinae
have been stained with phalloidin (magenta) and ↵-FLAG (green). Scale bar
- 2.5µm.
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type hPI4KIII↵, but not the kinase-dead allele, reiterating the requirement
for enzymatic activity of PI4KIII↵.
Having shown that PI4KIII↵ exercises its function by controlling PI4P syn-
thesis, we asked where in the cell the enzyme was acting. Using human
PI4KIII↵ in lieu of the fly protein, we saw that in light-stimulated Drosophila
photoreceptors, the protein was present at the plasma membrane. This per-
fectly mirrored its behaviour in mammalian cells, pointing to a high degree
of functional conservation between the human and fly proteins.

3.8.2 Molecular basis for ERG phenotypes
Knocking down PI4KIII↵ in Drosophila photoreceptors had three major man-
ifestations in terms of the ERG response:

• Overall reduction in amplitude: this effect was reminiscent of re-
moving either rdgB or dPIP5K function in photoreceptors. Both these
proteins are required for PIP2 synthesis at the rhabdomere, and mu-
tants for both (hypomorph for rdgB and null allele for dPIP5K) have
been shown to have reduced PIP2 levels (Section 3.5, (Chakrabarti
et al., 2015; Yadav et al., 2015)). Low amounts of PIP2 available for
PLC to hydrolyse would reduce the signalling efficiency, resulting in
low ERG amplitudes. Given that GMR > PI4KIII↵i flies also have
reduced PIP2 levels, it is possible that the diminished ERG response
amplitude is a reflection of the lipid levels. However, the level of reduc-
tion in PIP2 does not appear to correspond to the extent of decrease
in ERG amplitude. GMR > PI4KIII↵i retinae have less PIP2 than
rdgB9 retinae and yet, the response amplitude of GMR > PI4KIII↵i

flies is higher than that of rdgB9 flies. It is important to note here
that the electrical response to light is a consequence of many molecular
events following PIP2 hydrolysis. Removing rdgB might affect some
of these other events leading to photoreceptor depolarisation, caus-
ing a greater reduction in the response amplitude than knocking down
PI4KIII↵. Additionally, in neither case is there a complete abrogation
of protein synthesis; rdgB9 mutants have ~10-20% protein present in
the cell whereas GMR > PI4KIII↵i flies have close to 40% protein still
produced. It is also curious that the reduced PIP2 levels do not cause
a response decay as seen in trp343 mutants. It has been established
that the decay in this case is caused by excessive depletion of PIP2,
which in turn is mediated by a lack of inhibition by calcium. Since
trp343 mutants have a much lower calcium influx than WT flies, the
inhibition normally exercised by the ions on PLC is no longer as ef-
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fective in this case. This presumably leads to unimpeded utilisation of
the plasma membrane PIP2 by PLC, eventually causing response decay
and inactivation (Hardie et al., 2001). While we do not currently know
the status of calcium concentrations in GMR > PI4KIII↵i flies, it is
possible that they are lower than those of control flies. trp343 mutants
also show a characteristic response inactivation when exposed to bright
light, which is mildly reflected by GMR > PI4KIII↵i flies in that the
response amplitude progressively reduces.

• Progressive reduction in amplitude: when subjected to a sequence
of light flashes, the ERG response amplitude of GMR > PI4KIII↵i flies
decreased with each subsequent flash of light, unlike control flies where
the amplitude was the same for every flash. One possible explanation
is that this phenotype is independent of PI4P and PIP2 levels and
occurs due to some other cellular effect of knocking down PI4KIII↵.
We have already demonstrated that PI4KIII↵ controls the levels of
PI4P and PIP2 by virtue of its kinase activity. If these lipid levels do
not contribute to the phenotype of progressive amplitude decrease in
GMR > PI4KIII↵i flies, we might have seen that reconstitution with
catalytically inactive PI4KIII↵ would rescue the ERG defect. However,
presence of the kinase-dead PI4KIII↵ did not alleviate the progressive
reduction phenotype and we required a fully functional PI4KIII↵ to
rescue the ERG response. Given this, we conclude that the progressive
reduction is indeed connected to the reduced PI4P and PIP2 levels.
Another explanation is that this phenotypes arises due to inefficient
PIP2 resynthesis during stimulation. If one considers PI4P synthesis
to be a kinetically slower step than other reactions of the PIP2 cycle,
then when PI4KIII↵ is depleted, the cell takes longer than normal
to replenish PIP2 during the short intervals between flashes. Given
enough time, it should be able to recover the basal PIP2 levels, but not
within the 15 s given during the sequence. Indeed, after a sequence
of 10 flashes, if the flies are allowed to dark adapt for 5 minutes then
the first response amplitude is now back to initial values (Fig.3.8F).
Therefore, it is possible that removing PI4KIII↵ slows down the whole
PIP2 resynthesis cycle, causing a progressive reduction in amplitudes
due to insufficient recovery time.

• Reduced sensitivity to light: the intensity response curve of GMR
> PI4KIII↵i flies has a lower slope than that of controls, implying
that they need a higher number of photons to elicit the same degree
of response as a control fly. One reason could be reduced levels of the
receptor molecule, which in this case is rhodopsin. However, we found
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that the rhodopsin levels in GMR > PI4KIII↵i flies were unaffected,
as checked using Western blots. The levels of other major phototrans-
duction proteins were also not altered in these flies. A similar scenario
is seen in mutant flies carrying null alleles of dPIP5K, which also have
reduced light sensitivity but unaltered levels of key phototransduction
proteins. In both cases, PIP2 levels are lower than normal, but it is not
clear whether this has a direct impact on the light sensitivity. Given
that the reduced sensitivity of GMR > PI4KIII↵i flies could be res-
cued by the hPI4KIII↵ but not by the kinase-dead allele, it appears
that the signalling efficiency is dependent upon the levels of PI4P and
PIP2 available at the plasma membrane.

3.8.3 Altered lipid recovery kinetics in GMR > PI4KIII↵i

flies
In order to monitor the light-induced kinetics of PI4P and PIP2 in photore-
ceptors, we used lipid-binding probes to track the changes in lipid levels.
Knocking down PI4KIII↵ had two major effects on the kinetics of these
lipids:

• Slower recovery kinetics of PIP2: this effect was anticipated, espe-
cially given that the ERG response of GMR > PI4KIII↵i flies showed
a progressive reduction in amplitude with multiple flashes of light. It
is likely that limiting the amount of PI4P available for PIP2 synthesis
slows down the cycle, causing the probe fluorescence to recovery more
slowly than controls.

• Reduced depletion after light stimulation: the fact that both
PI4P and PIP2 probe levels were depleted to very small extents in GMR
> PI4KIII↵i flies was rather unexpected. In rdgB9 and dPIP5K18 flies,
the recovery kinetics of PIP2 after light stimulation are slower than
controls, but the level of probe depletion immediately after light stim-
ulation is comparable to control flies (Chakrabarti et al., 2015; Yadav
et al., 2015). In GMR > PI4KIII↵i flies, the lack of depletion of PI4P
and PIP2 from the plasma membrane might reflect reduced activity of
PLC. This would imply that downregulating PI4KIII↵ affects not only
the PIP2 resynthesis phase, but the basal rate of signalling as well.
This is also reiterated by the fact that the intensity response curve of
GMR > PI4KIII↵i flies has a lower slope than controls.

Interestingly, the lack of depletion was seen to a higher degree with the PI4P
probe than with the PIP2 probe. This could imply that the PI4P at the
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rhabdomere, however low, is not further metabolised in GMR > PI4KIII↵i

flies. However, it is also possible that the probe has bound to the avail-
able PI4P and made it inaccessible to dPIP5K, which would convert it to
PIP2. While studies from mammalian cells largely negate the possibility of
a dominant-negative effect of the P4M::GFP probe, it is possible that the
levels of PI4P in GMR > PI4KIII↵i flies are low enough to allow this effect.

3.8.4 Unaddressed Questions
Although we were able to definitively show that PI4KIII↵ regulates Drosophila
phototransduction by mediating PI4P synthesis, we could not demonstrate
its localisation to the plasma membrane. Owing to a lack of reagents, we
relied on the human protein to act as a proxy for the fly protein. Thus,
localisation of the endogenous Drosophila PI4KIII↵ still remains to be de-
termined.
Another major finding from our experiments is that in photoreceptors, PI4KIII↵
not only modulates PI4P levels, but those of PIP2 as well. Knocking down
PI4KIII↵ reduces PIP2 levels in retinae by more than half the normal amount.
Apart from its signalling functions, PIP2 at the plasma membrane controls
a host of other cellular functions (Kolay et al., 2016). For example, in light-
stimulated photoreceptors, rhodopsin is internalised via clathrin-dependent
endocytosis. This type of endocytosis is regulated by PIP2 (Haucke, 2005)
and one might expect that reducing PIP2 levels would perturb endocytosis.
Therefore, it would be informative to see how PI4KIII↵ depletion affects
other PIP2-dependent events.
In Drosophila photoreceptors, the GPCR rhodopsin undergoes clathrin - de-
pendent endocytosis after activation by light (Orem and Dolph, 2002). The
endocytosed rhodopsin is transported within the cell body as rhodopsin-
loaded-vesicles (RLVs), which are either recycled to the plasma membrane
or labelled for degradation (Satoh, 2005). The average number and size of
RLVs in the cell body has previously been used in our lab as a readout of
endocytosis in photoreceptors (Thakur et al., 2016; Kamalesh et al., 2017).
An examination of RLV size and numbers in GMR > PI4KIII↵i flies would
provide some insight into whether such endocytic processes are affected in
these flies or not.
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Chapter 4

Genetic Interaction of
PI4KIII– with rdgB and
dPIP5K

4.1 Current models of PIP2 resynthesis
The biochemical reactions required for PIP2 resynthesis during Drosophila
phototransduction have been extensively studied. Over the past few decades
nearly all the components involved in the process, both in terms of enzymes
and lipid intermediates, have been identified. The current architecture, how-
ever, does not account for potential feedbacks or other interactions between
components of the cycle (Raghu et al., 2012). It is also assumed to be a
closed loop, with no external reactions feeding into the process. Given that
PIP2 resynthesis is very tightly regulated, it is likely that there exists some
cross-communication between the different components of the cycle.
In Drosophila photoreceptors, the entire PIP2 resynthesis cycle is distributed
over two different membranes - the plasma membrane (rhabdomere) and en-
doplasmic reticulum [sub-microvillar cisternae (SMC)] (Fig.1.6). Without
smooth coordination between these two compartments, the photoreceptors
would not have sufficient PIP2 for a sustained light response. RDGB, the
protein that transfers PI from the SMC to the rhabdomere, has long been
thought to be the main coordinator between these two organelles by virtue
of its biochemical function. Mutants for RDGB have very low light responses
and rhabdomeric PIP2 levels, further lending support to this possibility (Ya-
dav et al., 2015). Apart from the initial supply of PI for PIP2 synthesis,
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there is a second level of coordination required after PIP2 hydrolysis. DAG
generated by the process is converted to PA by a DAG-kinase encoded by
the gene rdgA (Inoue et al., 1989). PA is then presumably transferred from
the rhabdomere to the SMC by a transfer protein, most likely RDGB itself.
While RDGB has been shown to bind PA using in vitro experiments, we
lack conclusive evidence to show that it transfers PA in vivo (Yadav et al.,
2015). Therefore, although RDGB is a promising candidate for regulating
and coordinating the cycle both before and after PIP2 hydrolysis, we cannot
rule out the possibility of other players.
Even though the PIP2 cycle is driven largely by enzymes, we do not yet have
good kinetic information about them when PLC signalling is active. Existing
biochemical characterisation studies, although they analyse the steady state
turnover of PI4P and PIP2, do not provide a clear candidate for the rate
determining step in the cascade (King et al., 1989). We have some data
on genetic interactions that confirm the current model, e.g. double mutants
for rdgB and dPIP5K have a lower light response than either individual
mutation (Chakrabarti et al., 2015). Such an additive effect clearly confirms
that rdgB and dPIP5K function along the same pathway. However, there is
also evidence to suggest alternate architectures for the cycle. Null mutants
for norpA, the gene coding for PLC, have virtually no electrical response
to light. This phenotype is partially suppressed by null mutants for rdgA,
with the double mutants displaying a detectable light response (Hardie et al.,
2003). This indicates a role for the DAG, which is a substrate for the protein
encoded by rdgA, in regulating the electrical response to light. Such studies
point to as yet uncharacterised cross-talk between elements of the PIP2 cycle.
Additionally, a recent computational study from the lab has demonstrated
that the closed-loop model of PIP2 resynthesis may not be sufficient to ex-
plain all the phenotypes seen in mutants for different components of the
cycle (Suratekar et al., 2018). Using mathematical models, the study con-
cluded that the existing model of the PIP2 cycle needs to be reimagined as
an open cycle. For instance, a cycle with a constant external supply of PA
to the SMC and a continuous clearing of DAG from the rhabdomere could
explain the altered PA levels in loss-of-function mutants for rdgA and laza
(PA-phosphatase) (Suratekar et al., 2018). Similar features, which are not
part of conventional models, could help explain the lipid levels in other PIP2
cycle mutants as well.
With respect to PI4P and PIP2, the assumed sequence of events is one where
RDGB supplies PI to the plasma membrane, where it is converted to PI4P by
PI4KIII↵. At the same location, dPIP5K then acts on PI4P and makes PIP2.
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Biochemically, the sequential action of these three proteins is required, but
their hierarchy and reaction rates in vivo are still unclear. To understand
this, we investigated the genetic interactions of PI4KIII↵ with rdgB and
dPIP5K respectively. Examining the interaction of PI4KIII↵ with its imme-
diate predecessor and successor in the PIP2 cycle would provide information
about linearity of the reactions.

4.2 Genetic interaction of PI4KIII– with
rdgB

To study the in vivo functions of rdgB, a well characterised hypomorphic allele
has traditionally been used in the lab. rdgB9 mutants express only ~20% of
protein when compared to wild-type flies. Apart from retinal degeneration,
these flies display several other phenotypes. rdgB9 flies have highly reduced
ERG responses, lacking both the on and off transients. They also have
low levels of both PIP and PIP2, as measured using LC-MS (Section 3.5).
Specifically, the rhabdomeric pool of PIP2 is reduced in these flies, as seen
with the PIP2-binding probe PLC�-PH:GFP (Yadav et al., 2015).
To assess the nature of the interaction between rdgB and PI4KIII↵, we
knocked down PI4KIII↵ in rdgB9 photoreceptors and analysed the ERG
response of these flies. When both manipulations were done together, we
anticipated an additive effect as in the case of rdgB9; dPIP5K18 double mu-
tants, where the ERG response was lower than either individual mutation
(Chakrabarti et al., 2015). Since rdgB supplies the substrate for PI4KIII↵, a
fly with low expression of both genes would presumably have much less PIP2
available for signalling than the single manipulations.
One day old rdgB9 flies in which PI4KIII↵ was knocked down were subjected
to 2 s light flashes, where we examined the initial response amplitude as
well as the responses to a train of ten light flashes. When we performed the
ERGs, the response of rdgB9; GMR > PI4KIII↵i flies was not as expected.
The initial response amplitude was not worse than the individual mutants
but rather, similar to that of PI4KIII↵ knockdown alone (Fig.4.1A and B).
Both GMR > PI4KIII↵i and rdgB9; GMR > PI4KIII↵i had larger response
amplitudes than rdgB9 alone, implying that downregulating PI4KIII↵ mildly
suppresses the ERG phenotype of rdgB9. Additionally, the sequential reduc-
tion of ERG amplitude in response to a series of light flashes was seen in
rdgB9; GMR > PI4KIII↵i flies (Fig.4.1C). This second phenotype is absent
in rdgB9 flies, suggesting that downregulating PI4KIII↵ overshadows the ef-
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rdgB

fect of removing rdgB function in photoreceptors. In terms of sensitivity,
however, the rdgB9; GMR > PI4KIII↵i flies behaved similarly to rdgB9 flies
(Fig.4.1D).
We further explored this interaction by measuring the PIP and PIP2 levels
in rdgB9; GMR > PI4KIII↵i flies. Using the LC-MS method standardised
earlier (Section 3.5), the amounts of PIP and PIP2 in light-exposed retinae
were quantified. There was a slight change in the MS parameters used in
this experiment as compared to the previous one. A second round of param-
eter optimisation (listed in section 2.5 - QTRAP Parameters Set 2) enabled
us to detect the 36:4 acyl species of PIP and PIP2, which was previously
not quantified. An assessment of the relative abundance of the 36:4 species
showed that it was almost as abundant as the 36:3 species (Fig.4.2). This
led us to include this species in the analysis of lipid levels in subsequent
experiments. Prior to extracting the lipids, the flies were reared in dark con-
ditions and subjected to one minute of blue light before processing. There
were two major observations made from these experiments. One was that
the levels of PIP2 were much lower in GMR > PI4KIII↵i flies than in rdgB9

flies, but the PIP levels were reduced to similar extents in both genotypes
(Fig.4.3A). This was observed despite rdgB9 being a much stronger allele
and having a more severe ERG phenotype. The second observation was that
both PIP and PIP2 levels in rdgB9; GMR > PI4KIII↵i flies closely mirrored
those of PI4KIII↵ downregulation alone, which corresponded well with the
ERG results (Fig.4.3B).
Given that only the PIP2 levels reduced to different degrees in rdgB9 and
GMR > PI4KIII↵i flies, we examined the ratio of PIP:PIP2 in these flies. In
the control genotype, the ratio of PIP:PIP2 was close to 0.4, implying that
there is roughly 2.5 times more PIP2 than PIP in the control flies. This ratio
was maintained in rdgB9 mutants. In GMR > PI4KIII↵i flies, the ratio of
PIP:PIP2 was increased to one, as was the case in rdgB9; GMR > PI4KIII↵i

flies (Fig.4.3C). Once again, the evidence pointed to a suppression of rdgB9

phenotypes by knocking down PI4KIII↵ in the background.
Apart from simultaneously reducing the expression of both rdgB and PI4KIII↵,
we checked whether overexpressing rdgB could alleviate the effects of down-
regulating PI4KIII↵. The ERG response amplitudes of GMR > PI4KIII↵i;
UAS-rdgB flies were no different from those of GMR > PI4KIII↵i flies
(Fig.4.4A). Overexpressing rdgB also had no effect on the progressive re-
sponse reduction phenotype of GMR > PI4KIII↵i flies (Fig.4.4B). It ap-
peared that an excess of PI supply could not make up for a reduction in
PI4KIII↵ expression.
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Figure 4.1 : Genetic interaction of PI4KIII↵ with rdgB
(A) Representative ERG traces of listed genotypes. Black bar on top indicates
duration of light stimulus; scale bar is shown on bottom left. (B) Quantifi-
cation of the peak ERG amplitude of indicated genotypes. x-axis represents
genotype and y-axis represents response amplitude in mV. (C) Quantification
of the ERG amplitude of indicated genotypes in response to ten consecutive
light flashes. x-axis represents the light flash number in the sequence and
y-axis represents response amplitude for each light flash normalised to that
at the first light flash. (D) Quantification of the intensity response function
of indicated genotypes. x-axis represents light intensity in log units and y-
axis represents the response amplitude at each intensity normalised to that at
maximum intensity. * - p < 0.05 as per one way ANOVA followed by Tukey’s
multiple comparison test, values are mean ± s.e.m., n = 8 flies per genotype.
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Figure 4.2 : Percentage abundance of acyl chain species
Frequency distribution of different acyl chain species of PIP in Drosophila
retinae with optimised MS parameters

We also performed a complementary experiment where the human PI4KIII↵
was overexpressed in the background of rdgB9 mutants. The response ampli-
tude of rdgB9; GMR > UAS-hPI4KIII↵ flies was slightly larger than rdgB9

flies, indicating that an excess of PI4KIII↵ could marginally rescue the effect
of removing rdgB9 function (Fig.4.4C). Although the response amplitude
was improved by the human PI4KIII↵, it had no effect on the reduced sen-
sitivity of rdgB9 flies (Fig.4.4D).

4.3 Genetic interaction of PI4KIII– with
dPIP5K

The enzyme phosphatidylinositol 4-phosphate 5-kinase (PIP5K) synthesises
PIP2 using PI4P as a substrate. The Drosophila genome carries two genes
coding for this activity - dPIP5K (CG3682) (Chakrabarti et al., 2015) and
sktl (CG9985) (Hassan et al., 1998). Although both proteins catalyse the
same reaction, only dPIP5K has been shown to be essential for phototrans-
duction. From previous studies in the lab, dPIP5K expression is seen to be
enriched in the eyes. A null allele for the gene was generated (dPIP5K18),
which was found to have low ERG response amplitudes. The mutants also
have reduced levels of PIP2 and higher levels of PIP than controls, as mea-
sured using LC-MS (Section 3.5). In contrast, hypomorphs for sktl do not
have any impact on the light response. However, null mutants for sktl are cell
lethal, implying that the PIP2 produced by each enzyme feeds into different
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Figure 4.3 : LC-MS measurement of PIP and PIP2 levels in rdgB9;
GMR > PI4KIII↵i flies
(A) and (B) Liquid chromatography-mass spectrometry measurement of PIP
and PIP2 levels in retinae of one-day old flies of the indicated genotypes.
The flies were reared in dark and exposed to one minute of blue light before
processing. The lipid levels for the three most abundant acyl chain species
(36:2, 36:3 and 36:4) are shown here. x-axis represents acyl chain species; y-
axis represents ratio of PIP/PE and PIP2/PE. (C) To highlight the effect of
knocking down PI4KIII↵ on the relative levels of lipids, we took a ratio of the
PIP levels to PIP2 levels in the tested genotypes. The x-axis represents acyl
chain species; y-axis represents the ratio of PIP:PIP2. * - p < 0.05 as per two
way ANOVA followed by Tukey’s multiple comparison test, values are mean
± s.e.m.

121



4.3. Genetic interaction of PI4KIII– with
dPIP5K

Pe
ak

ER
G

A
m

pl
itu

de
(m

V)

0

2

4

6

8

10

12 ***

***
    

    
   G

MR > 
PI4K

III 
  i

GMR >
GMR > 

UAS-rd
gB

GMR > 
PI4K

III 
  i ;

 

UAS-rd
gB

Light Intensity (Log Units)

A/
A

m
ax

*1
00

1 2 3 4 5

0

20

40

60

80

100

120

GMR >

rdgB9; GMR >

GMR > UAS-hPI4KIII

rdgB9;
GMR > UAS-hPI4KIII

Light Flash Sequence
A/

A
i*1

00

1 2 3 4 5 6 7 8 9 10

0

20

40

60

80

100

120

GMR >

GMR > PI4KIII i;
UAS-rdgB

GMR > UAS-rdgB

GMR > PI4KIII i

BA

C D

Pe
ak

ER
G

A
m

pl
itu

de
(m

V)

0

2

4

6

8

10

12

    
    

    
 rd

gB
9 ; 

GMR > 
UAS-h

PI4K
III 

  

 G
MR > 

UAS-h
PI4K

III 
  

rd
gB

9 ; G
MR >

GMR >

*

Figure 4.4 : Genetic interaction of PI4KIII↵ with rdgB
(A) Quantification of the peak ERG amplitude of indicated genotypes. x-
axis represents genotype and y-axis represents response amplitude in mV. (B)
Quantification of the ERG amplitude of indicated genotypes in response to
ten consecutive light flashes. x-axis represents the light flash number in the
sequence and y-axis represents response amplitude for each light flash nor-
malised to that at the first light flash. (C) Quantification of the peak ERG
amplitude of indicated genotypes. x-axis represents genotype and y-axis repre-
sents response amplitude in mV. (D) Quantification of the intensity response
function of indicated genotypes. x-axis represents light intensity in log units
and y-axis represents the response amplitude at each intensity normalised to
that at maximum intensity. * - p < 0.05 as per one way ANOVA followed by
Tukey’s multiple comparison test, values are mean ± s.e.m., n = 6 flies per
genotype.
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cellular functions (Chakrabarti et al., 2015).
In order to investigate the genetic interaction of dPIP5K and PI4KIII↵,
we downregulated PI4KIII↵ in the background of the dPIP5K18 mutant.
Since PI4KIII↵ synthesises the substrate for dPIP5K, we anticipated that
the double manipulation would drastically reduce the levels of PIP2 avail-
able for signalling. We performed ERGs on these flies and examined the
initial response amplitude as well as the responses to a train of ten light
flashes. We found that the initial response amplitude was indeed lower than
either the dPIP5K18 mutant or PI4KIII↵ knockdown alone (Fig.4.5A and
B). The progressive reduction in response amplitude that was seen in GMR
> PI4KIII↵i flies was also present when PI4KIII↵ was knocked down in
the dPIP5K18 background (Fig.4.5C). This implied that removing both
PI4KIII↵ and dPIP5K had an additive effect on the ERG response am-
plitude, but not on the ability to sustain the response, where the effect of
knocking down PI4KIII↵ was dominant.
Both PI4KIII↵ and dPIP5K directly regulate the levels of PI4P and PIP2
in photoreceptors and hence, we measured the levels of these lipids in flies
where both genes were manipulated. Prior to extracting the lipids, the flies
were reared in dark conditions and subjected to one minute of blue light
before processing. We saw that the dPIP5K18 mutants have higher PIP
levels than control flies as there is reduced conversion of PI4P to PIP2 in
this condition. Conversely, GMR > PI4KIII↵i flies have reduced PIP levels
since this enzyme makes PI4P. Given that both enzymes have antagonistic
functions with respect to PI4P, it was possible that reducing PI4KIII↵ levels
in the background of dPIP5K18 could balance the PIP levels and restore them
to those of controls. When we measured the PIP levels in dPIP5K18; GMR
> PI4KIII↵i flies, we saw that they were lower than controls and nearly
identical to those of GMR > PI4KIII↵i flies (Fig.4.6A). This implied that
the effect of downregulating PI4KIII↵ has a stronger effect on PIP levels
than removing dPIP5K.
We observed a similar effect on the levels of PIP2 in dPIP5K18; GMR >
PI4KIII↵i flies. GMR > PI4KIII↵i flies have lower PIP2 levels than dPIP5K18

mutants, which in turn are lower than control flies (Section 3.5). In flies where
both genes were manipulated, we found that the levels of PIP2 closely resem-
bled those seen in GMR > PI4KIII↵i flies (Fig.4.6B). Therefore, knocking
down PI4KIII↵ has a more acute effect on lipid levels in photoreceptors than
removing dPIP5K.
Since downregulating PI4KIII↵ reduces but does not completely remove
PI4P from the rhabdomere, we checked whether overexpressing dPIP5K in
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Figure 4.5 : Genetic interaction of PI4KIII↵ with dPIP5K
(A) Representative ERG traces of listed genotypes. Black bar on top indicates
duration of light stimulus; scale bar is shown on bottom left. (B) Quantifi-
cation of the peak ERG amplitude of indicated genotypes. x-axis represents
genotype and y-axis represents response amplitude in mV. (C) Quantification
of the ERG amplitude of indicated genotypes in response to ten consecutive
light flashes. x-axis represents the light flash number in the sequence and y-
axis represents response amplitude for each light flash normalised to that at
the first light flash. * - p < 0.05 as per one way ANOVA followed by Tukey’s
multiple comparison test, values are mean ± s.e.m., n = 6 flies per genotype.
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Figure 4.6 : LC-MS measurement of PIP and PIP2 levels in
dPIP5K18; GMR > PI4KIII↵i flies
(A) and (B) Liquid chromatography-mass spectrometry measurement of PIP
(A) and PIP2 (B) levels in retinae of one-day old flies of the indicated geno-
types. The flies were reared in dark and exposed to one minute of blue light
before processing. The lipid levels for the three most abundant acyl chain
species (36:2, 36:3 and 36:4) are shown here. x-axis represents acyl chain
species; y-axis represents ratio of PIP/PE and PIP2/PE. * - p < 0.05 as per
two way ANOVA followed by Tukey’s multiple comparison test, values are
mean ± s.e.m., n = 25 retinae per sample.
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the background of GMR > PI4KIII↵i could improve the ERG response. The
response amplitude of GMR > PI4KIII↵i, UAS-dPIP5K flies was no differ-
ent from that of GMR > PI4KIII↵i flies (Fig.4.7A), implying that higher
expression of dPIP5K could not improve the reduced ERG response of GMR
> PI4KIII↵i flies. UAS-dPIP5K also had no effect on the progressive reduc-
tion in response amplitude phenotype (Fig.4.7B), which remained identical
to that of GMR > PI4KIII↵i flies.
Even though dPIP5K appears to be the main source of PIP2 in rhabdomeres,
the mutants still have an ERG response, albeit lower than control flies. This
residual PIP2 is probably synthesised by sktl, the other PIP5K in Drosophila.
If sktl works as a low efficiency PIP5K in rhabdomeres, increasing the amount
of substrate (PI4P) might raise the amount of PIP2 at the membrane. To
investigate this possibility, we overexpressed the human PI4KIII↵ in the
background of dPIP5K18. We found that the human PI4KIII↵ was able
to marginally increase the ERG response amplitude of dPIP5K18 mutants
(Fig.4.7C). The effect, although small, was consistent across experimental
replicates and statistically significant. This implied that an overabundance
of PI4KIII↵ could, to a minor extent, compensate for the lack of dPIP5K
activity. While the human PI4KIII↵ had a small impact on the response
amplitude, it could not improve the reduced light sensitivity of dPIP5K18

mutants (Fig.4.7D).

4.4 Conclusion
The architecture of the PIP2 cycle in Drosophila photoreceptors has con-
ventionally been regarded as a closed cycle with no discernible interactions
between its components. A lack of information regarding in vivo enzyme
kinetics has also restricted interpretations regarding the rate determining
steps in the cycle. By investigating the nature of genetic interactions be-
tween rdgB, PI4KIII↵ and dPIP5K, we have attempted to gain some insight
into these questions.

4.4.1 Main Conclusions
The RDGB protein supplies PI at the rhabdomere for PI4KIII↵ to act on.
Hypomorphic mutants for rdgB have well characterised ERG defects and re-
duced levels of PIP2 at the plasma membrane. When we knocked down
PI4KIII↵ in this background, we found that there was a mild suppres-
sion of the rdgB9 mutant phenotype. Despite rdgB functioning upstream
of PI4KIII↵ biochemically, the ERG phenotype of PI4KIII↵ downregulation
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Figure 4.7 : Genetic interaction of PI4KIII↵ with dPIP5K
(A) Quantification of the peak ERG amplitude of indicated genotypes. x-
axis represents genotype and y-axis represents response amplitude in mV. (B)
Quantification of the ERG amplitude of indicated genotypes in response to
ten consecutive light flashes. x-axis represents the light flash number in the
sequence and y-axis represents response amplitude for each light flash nor-
malised to that at the first light flash. (C) Quantification of the peak ERG
amplitude of indicated genotypes. x-axis represents genotype and y-axis repre-
sents response amplitude in mV. (D) Quantification of the intensity response
function of indicated genotypes. x-axis represents light intensity in log units
and y-axis represents the response amplitude at each intensity normalised to
that at maximum intensity. * - p < 0.05 as per one way ANOVA followed by
Tukey’s multiple comparison test, values are mean ± s.e.m., n = 6 flies per
genotype.
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and not rdgB9 was dominant. This effect was mirrored in the photoreceptor
lipid levels of rdgB9; GMR > PI4KIII↵i flies as well. Both PIP and PIP2
levels in these flies resembled those of GMR > PI4KIII↵i flies and not those
of rdgB9 mutants.
The reduced ERG response of rdgB9 mutants was also slightly alleviated
by overexpressing the human PI4KIII↵ in the background. In effect, the
response amplitude of these flies was higher than those of rdgB9 flies, but
still lower than those of controls.
The enzyme dPIP5K synthesises PIP2 at the rhabdomere. The null mutants
have low ERG response amplitudes, along with reduced rhabdomeral PIP2
levels. Knocking down PI4KIII↵ in this background had an additive effect
on the ERG response, with the amplitude being lower than either of the in-
dividual manipulations. The lipid levels in the retinae of these flies, however,
did not show a similar trend. The dPIP5K18,GMR > PI4KIII↵i flies had
reduced PIP and PIP2 levels, closely mirroring those of GMR > PI4KIII↵i

flies. Additionally, overexpressing the human PI4KIII↵ in the background
of dPIP5K18 mutants could marginally suppress the reduced ERG response
amplitude of dPIP5K18 flies.

4.4.2 Molecular basis for ERG phenotypes
The classical model of PIP2 resynthesis considers rdgB to be a key regulator
and coordinator of the cycle. This is primarily because, as a transfer protein,
RDGB is essential for the cycle to proceed across the rhabdomere and the
SMC (Cockcroft and Raghu, 2016). Given that removing rdgB has dramatic
structural and functional effects on photoreceptors, it emerged as a prime
candidate for determining the rate of the cycle. This was further enforced by
the additive effect seen in double mutants for rdgB and dPIP5K (Chakrabarti
et al., 2015).
The suppression of rdgB9 phenotypes by PI4KIII↵ knockdown runs contrary
to this hypothesis. If rdgB is in fact the rate determining step in the cycle,
then removing any components further downstream would only worsen the
phenotype and not improve it. The fact that removing PI4KIII↵ increased
the ERG response of rdgB9 mutants strongly indicates that the reaction
catalysed by PI4KIII↵might be more significant in regulating the PIP2 cycle.
In terms of the lipid levels, PI4KIII↵ downregulation was dominant over the
effect of rdgB mutation, implying that the rates of lipid synthesis might
also be limited by the activity of PI4KIII↵. This effect was also seen when
PI4KIII↵ was knocked down in the background of dPIP5K18 mutants, despite
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dPIP5K18 being a complete null allele.
With respect to the ERG response, PI4KIII↵ and dPIP5K appear to function
in a linear manner. This clearly suggests that PI4KIII↵ functions upstream
of dPIP5K, as reflected in the lipid measurements. The ERG response of
the doubly manipulated flies showed an additive effect, indicating that lim-
iting the substrate, along with lack of PIP2 production, severely reduces the
signalling efficiency of the photoreceptors.

4.4.3 Unaddressed questions
The above experiments, while shedding some light on the nature of genetic
interactions, still do not clearly highlight the hierarchy of the three genes
under investigation. One major reason for this is nature of alleles used for
each gene. The rdgB mutant is a strong hypomorph, whereas dPIP5K18

is a complete null allele. The PI4KIII↵ manipulations have been performed
using RNAi, which reduces the transcript by 60%. The interactions observed
between PI4KIII↵ and the other two mutants are a reflection not only of
RNAi depletion but of the remaining functional protein in the cells as well.
Ideally, such experiments would be performed with complete null alleles of
all the genes in question, but given the lethality associated with deleting
PI4KIII↵, RNAi was the best solution we had at hand. Further experiments
using the point mutant allele of PI4KIII↵ (Section 3.4) would go towards
addressing the shortcomings of RNAi knockdowns.
In addition to dPIP5K, the Drosophila genome also encodes a second PIP5K
known as skittles. sktl is known to be required for maintaining the PIP2
pool that feeds into housekeeping functions of the cell, such as cytoskeletal
regulation and endocytosis (Hassan et al., 1998). There is a possibility that
the residual ERG response seen in dPIP5K18 mutants is due to sktl activity.
Intriguingly, loss-of-function alleles of sktl do not show any ERG defects, nor
do they seem to affect the rates of PIP2 resynthesis when observed using
PIP2-specific probes (Liu et al., 2018; Chakrabarti et al., 2015). However,
given that deletion of sktl results in cell lethality, it is currently not possible
to evaluate the photoresponse in the complete absence of the gene. One
could, however, investigate the interactions of the hypomorphic alleles with
PI4KIII↵ to potentially delineate the contributions coming from each PIP5K
towards phototransduction.
We have also not investigated how the localisation of either RDGB or dPIP5K
is affected when PI4KIII↵ is knocked down in otherwise wild-type flies. In
mammalian systems, it has been shown that knocking out PI4KIII↵ results in
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4.4. Conclusion

the misolocalisation of several plasma-membrane resident proteins (Nakatsu
et al., 2012). If any phosphoinositide signatures are required for the pres-
ence of dPIP5K at the plasma membrane, there is a possibility that knocking
down PI4KIII↵ might disrupt dPIP5K localisation by perturbing the phos-
phoinositide cues.
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Chapter 5

stmA and TTC7 are Required
to Support Drosophila
Phototransduction

5.1 stmA downregulation has characteristic
ERG phenotypes

The protein eighty-five requiring 3 (Efr3) has been shown in other model
systems to interact with PI4KIII↵ and recruit it to the plasma membrane,
where it produces PI4P (Nakatsu et al., 2012; Wu et al., 2014). The Efr3
orthologue in Drosophila is encoded by the gene stmA (CG8739). Having
shown a role for PI4KIII↵ in regulating phototransduction, we next tested
whether Efr3 was also required for this function.
We first obtained RNAi lines against stmA from the VDRC and Bloom-
ington stock centres (listed in Table 2). The constructs were expressed in
photoreceptors using Rh1Gal4, along with UAS-Dicer2, and ERGs were per-
formed on these flies. While we observed slight variations in the response
amplitudes and transients, they were not significantly different from those of
control flies (Fig.5.1A). Knocking down stmA using Rh1Gal4; UAS-Dcr2
did not display any gross ERG defects.
We then used GMRGal4, which is a stronger driver. We expressed all the
previous RNAi constructs using GMRGal4 and performed ERGs on one-day
old flies. As observed previously, different RNAi lines had different effects
on the ERG response. One line had a slightly reduced response amplitude
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Figure 5.1 : Knocking down stmA in photoreceptors reduces the
ERG response amplitude
(A) Knocking down stmA using Rh1; UAS-Dcr2 does not significantly impact
the ERG response when compared to control flies. (B) Knocking down stmA
using GMRGal4 significantly reduces ERG response in one of the RNAi lines
tested when compared to control flies. (C) The level of transcript knockdown
in retinae as estimated using Q-PCR has been shown. The x-axis represents
the genotype of the source tissue; y-axis represents 2-�Ct values for the de-
scribed gene. *** - p < 0.001 as per two-tailed t-test, values are mean ±
s.e.m., n = 75 retinae per sample.

134



stmA and TTC7 in Drosophila Phototransduction

whereas the another had a normal response amplitude but had a slightly
smaller “off” transient. Overall, the ERG responses of these lines were nor-
mal and did not have any notable defects. One line, however, had a highly
reduced response amplitude when compared to controls. The ERG ampli-
tude of these flies was only about a quarter of that of control flies (Fig.5.1B
and 5.2B). They also lacked both “on” and “off” transients, but that could
also be attributed to the low amplitude itself. When we performed qPCRs
from these retinae, we found that the stmA transcript was knocked down
by ~60% using this RNAi line (Fig.5.1C). Therefore, for all further experi-
ments, the Bloomington TRiP line #39062 was used to downregulate stmA
in photoreceptors, using GMRGal4.
Another key ERG phenotype seen upon knocking down stmA was a pro-
gressive reduction in amplitude when exposed to ten sequential light flashes.
When subjected to a train of ten light flashes, the response amplitude of
GMR > stmAi flies decreased with each subsequent flash, whereas the am-
plitude of control flies remained constant for every light flash (Fig.5.2A-C).
Additionally, when we examined the intensity response curve, the signalling
sensitivity of GMR > stmAi flies was found to be lower than that of control
flies (Fig.5.2D).
The overall ERG phenotypes of GMR > stmAi flies was identical to those
of GMR > PI4KIII↵i flies. The fact that knocking down both PI4KIII↵
and stmA in photoreceptors produced identical effects on the ERG response
pointed to a link between the two components.
In order to check whether the ERG defects of GMR > stmAi flies was
purely due to the knockdown of stmA and not off-target effects, we expressed
a mouse mEfr3B construct in the background of the RNAi (Fig.5.3A).
The mouse mEfr3B was placed downstream of a UAS promoter and trans-
genic flies expressing this construct were made. The amplitude of GMR >
stmAi;UAS-mEfr3B flies was not comparable to that of control flies, but it
was markedly higher than that of GMR > stmAi flies (Fig.5.3B and C).
When subjected to a light train, the GMR > stmAi;UAS-mEfr3B flies still
exhibited a progressive decrease in response amplitude, but the extent of
decrease was lower than that of GMR > stmAi flies(Fig.5.3D). The light
sensitivity of GMR > stmAi;UAS-mEfr3B flies, however, were comparable
to that of GMR > stmAi flies, indicating that the mouse construct could not
rescue the reduced sensitivity of GMR > stmAi flies(Fig.5.3E). Overall, the
mEfr3B construct was able to partially rescue the ERG defects of GMR >
stmAi flies, implying that off-target effects of the RNAi were unlikely.
We further tested whether the ERG phenotypes of GMR > stmAi flies arose
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Figure 5.2 : ERG phenotypes of GMR > stmAi flies
(A) Representative ERG amplitudes of control flies (dark coloured) and GMR
> stmAi flies (light coloured) in response to ten consecutive flashes of light.
The black bar on top indicates duration of the light stimulus, scale bar is on
the bottom left. (B) Quantification of the peak ERG amplitude of control
and GMR > stmAi flies. x-axis represents genotype and y-axis represents
response amplitude in mV. (C) Quantification of the ERG amplitude of control
and GMR > stmAi flies in response to ten consecutive light flashes. x-axis
represents the light flash number and y-axis represents response amplitude
for each light flash normalised to that at the first light flash. (D) Intensity
response function of control and GMR > stmAi flies. x-axis represents light
intensity in log units and y-axis represents the response amplitude at each
intensity normalised to that at maximum intensity. * - p < 0.05 as per two-
tailed t-test, values are mean ± s.e.m., n = 7 flies per genotype.
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Figure 5.3 : Rescue of ERG phenotypes of GMR > stmAi flies by
mEfr3B
(A) Western blot showing the expression of HA-tagged mEfrB, driven using
GMRGal4. (B) Representative ERG amplitudes of flies of indicated geno-
types. The black bar on top indicates duration of the light stimulus, scale bar
is on the bottom left. (C) Quantification of the peak ERG amplitude of flies of
indicated genotypes. x-axis represents genotype and y-axis represents response
amplitude in mV. (D) Quantification of the ERG amplitude of flies of indi-
cated genotypes in response to ten consecutive light flashes. x-axis represents
the light flash number and y-axis represents response amplitude for each light
flash normalised to that at the first light flash. (E) Intensity response function
of flies of indicated genotypes. x-axis represents light intensity in log units and
y-axis represents the response amplitude at each intensity normalised to that
at maximum intensity. * - p < 0.05 as one way ANOVA followed by Tukey’s
multiple comparison test, values are mean ± s.e.m., n = 8 flies per genotype.
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due to altered expression of any key phototransduction proteins. We found
that the levels of Rh1, PLC, TRP, INAD and dPIP5K in GMR > stmAi flies
were similar to those of control flies (Fig.5.4A-E). The only component
which was affected was Gq↵, whose expression was reduced in GMR > stmAi

flies(Fig.5.4F). When we analysed the transcript levels of Gq↵ in these flies,
we found that the expression was identical in both control and GMR > stmAi

flies (Fig.5.4H), implying that the reduction in protein levels was not due to
lower gene expression. While it is possible that this contributes to the ERG
phenotype, it is important to note that Gq↵ levels are normal in GMR >
PI4KIII↵i flies (Fig.3.11B). Despite the differences in Gq↵ levels, the ERG
defects of both GMR > PI4KIII↵i and GMR > flies are the same, indicating
a Gq↵ independent mechanism behind the ERG phenotype.

5.2 A temperature-sensitive allele of stmA has
a minimal photoresponse

Downregulation of stmA using GMRGal4 has a clear effect on phototrans-
duction, as demonstrated in the previous section. The GMRGal4 driver is
expressed from the late third instar larval stage and lasts throughout eye
development (Ellis et al., 1993). This raises the possibility that the ERG de-
fects seen in GMR > stmAi flies are due to developmental defects caused by
reduced stmA transcript levels. In order to distinguish the role of stmA dur-
ing development and adulthood, we turned to temperature sensitive mutant
alleles of stmA. These mutants carry alleles of the gene that are fully func-
tional as long as the fly is maintained at a permissive temperature (usually
25o C) and are only non-functional when placed at a restrictive temperature
(usually 35-38o C) (Chandrashekaran and Sarla, 1993).
The stmA mutants were first isolated in 1985 in a screen of temperature-
sensitive paralytic mutants on the second chromosome (Shyngle and Sharma,
1985). They undergo paralysis at the restrictive temperature (38o C), but
are completely normal at the permissive temperature (25o C). This enables
selective deactivation of stmA for small periods of time, ensuring that the
gene is expressed normally during growth and eliminating any developmental
effects. We obtained three well-characterised temperature sensitive (ts) alle-
les of stmA (stmA1, stmA2 and stmA18-2/CyO) from the Bloomington stock
centre. These specific alleles had been previously shown to have ERG defects
when placed at 38o C (Huang et al., 2004).
In order to check whether stmA function is required during development for
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Figure 5.4 : Levels of key phototransduction proteins in GMR >
stmAi and GMR > TTC7i flies
Western blots showing the levels of key phototransduction proteins extracted
from the heads of GMR > stmAi and GMR > TTC7i flies as compared to
GMR > flies. Tubulin is used as a loading control. (A) Rh1 (B) TRP (C)
INAD (D) DPIP5K - protein was extracted from retinae and not heads to
probe for DPIP5K. (E) PLC� (F) Gq↵ from heads of GMR > stmAi flies
(G) Gq↵ from heads of GMR > TTC7i flies (H) The level of Gq↵ transcript
in retinae as estimated using Q-PCR has been shown. The x-axis represents
the genotype of the source tissue; y-axis represents 2-�Ct values for the Gq↵
transcript. Values are mean ± s.e.m., n = 75 retinae per sample.
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5.2. A temperature-sensitive allele of stmA has a minimal photoresponse

its role in phototransduction, we required a means of raising the temperature
of the fly during the process of recording. A custom temperature controller
was made by the NCBS electronics workshop and used for this experiment
(details in Material and Methods). In order to test whether the controller
was working as expected, we first performed ERGs on another temperature
sensitive mutant. The norpAH52 allele has been shown to have a negligible
ERG response when placed at 33o C (Wilson and Ostroy, 1987). We obtained
this fly and performed ERGs both at 25o C and 38o C, using the controller to
maintain the desired temperature. As expected, the norpAH52 flies showed
normal ERG responses when placed at 25o C, but had no response when
placed at 33o C or 38o C (Fig.5.5B). In contrast, WT flies had normal ERGs
at both temperatures, although the amplitude was marginally reduced at the
higher temperature (Fig.5.5A).

WT - 25oC
WT - 38oC

2mV

1s

norpAH52 - 25oC
norpAH52 - 38oC

2mV

1s

A B

Figure 5.5 : Using the norpAH52 temperature sensitive allele as a
positive control
(A) and (B) Representative ERG amplitudes of flies of indicated genotypes.
Dotted trace indicated 25o C and solid trace indicates 38o. The black bar on
top indicates duration of the light stimulus, scale bar is shown on bottom left.

Having demonstrated the effectiveness of the temperature controller, we used
it while performing ERGs on the stmA temperature-sensitive mutants. The
flies were reared to adulthood at 25o C and placed at 38o C only during
recording. While the response amplitudes of these flies was normal at 25o C,
they were highly reduced at 38o C (Fig.5.6A-C). Particularly, the stmA18-2

mutant had only about one-tenth of the response at 38o C as it had at
25o C (Fig.5.6C). For all ERGs, WT flies were used as controls and had
comparable ERG responses at both temperatures. Since the stmA18-2 allele
showed the maximum decrease in ERG amplitude at 38o C, we used this
allele for further experiments. The stmA18-2 allele will henceforth be referred
to as stmAts in this thesis.
The reduction in response amplitude when stmA is inactivated only during
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Figure 5.6 : ERG phenotypes of the stmAts allele
(A) - (E) Representative ERG amplitudes of flies of indicated genotypes.
Dotted trace indicated 25o C and solid trace indicates 38o C. The black bar
on top indicates duration of the light stimulus, scale bar is shown on bottom
left. stmAts is equivalent to stmA18-2. (F) Quantification of the ERG response
amplitude of stmAts and stmAts; GMR > UAS-mEfr3B flies. x-axis represents
genotype; y-axis represents a ratio of peak ERG response amplitude at 38o C
versus at 25o C. * - p < 0.05 as per two-tailed t-test, values are mean ± s.e.m.,
n = 5 flies per genotype
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5.3. Knocking down stmA reduces the levels of PIP and PIP2 in
Drosophila retinae

adulthood implies that the ERG defects do not arise from a role during devel-
opment, but rather due to one in adult photoreceptors. Since the amplitude
of the mutant flies at 38o C was extremely low to begin with, it was not
possible to detect any progressive decrease in response to a light train. How-
ever, both the GMR > stmAi and stmAts flies displayed low ERG amplitudes,
indicating a role for stmA in adult photoreceptors.
We further tested whether the ERG response of stmAts flies could be rescued
by expressing the mouse Efr3B construct in the background. The stmAts;
GMR > UAS-mEfr3B and GMR > UAS-mEfr3B control flies had normal
ERGs at 25o C (Fig.5.6D - F). When placed at 38o C, the response am-
plitude was higher instmAts; GMR > UAS-mEfr3B than that of stmAts mu-
tants, but not as high as at 25o C (Fig.5.6D and F). The mouse Efr3B was
therefore able to partially alleviate the ERG defects of stmAts mutants. This
further comfirmed that the ERG defects were most likely due to a specific
loss of stmA function and not other secondary effects.

5.3 Knocking down stmA reduces the levels
of PIP and PIP2 in Drosophila retinae

The role of Efr3 as part of the PI4KIII↵ complex has been well-studied in
yeast and mammalian cell culture systems. In yeast, removing the ability of
Efr3 to bind to the plasma membrane decreased the PI4P levels in the cell
(Wu et al., 2014). In Drosophila, the role of stmA in phototransduction could
be either dependent on or independent of PI4KIII↵. Given that knocking
down both stmA and PI4KIII– individually result in the same kind of ERG
defects, it is likely that both elements function along the same pathway. If
this is the case, it is also probable that downregulating stmA will have a
direct impact on the plasma membrane levels of PI4P and PIP2. In order to
test this, we measured the lipid levels in GMR > stmAi photoreceptors using
two different methods.

5.3.1 Measurement of lipid levels using LC-MS
We first used LC-MS (described in Section 3.5) to measure the levels of
PIP and PIP2 in GMR > stmAi retinae. We analysed two batches of flies,
one of which was completely raised and processed in dark and another that
was exposed to a bright flash of blue light before processing. In the dark-
processed flies, the levels of PIP in GMR > stmAi flies was lower than that
of control flies (Fig.5.7A). However, the PIP2 levels were largely unchanged
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and remained similar to those of controls (Fig.5.7B). When exposed to a
light flash, the PIP levels of GMR > stmAi flies were again lower than those of
controls (Fig.5.7C). There was also a significant reduction in the PIP2 levels
of GMR > stmAi flies, indicating that when the photoresponse is triggered
in GMR > stmAi flies, they are unable to maintain the required amount of
PIP2 in retinae (Fig.5.7D).
In order to quantify the changes brought on by light stimulation, we took a
light:dark ratio of these lipids, as done in Section 3.5. In control flies, the
light:dark ratio of PIP2 was close to 1, whereas in GMR > stmAi flies this
ratio dropped below 0.5 (Fig.5.7F). This was similar to the drop seen in
GMR > PI4KIII↵i flies as well. Unlike PIP2, the light:dark ratio of PIP
in GMR > stmAi flies remained similar to those of control flies (Fig.5.7E).
This is most likely because the PIP levels in GMR > stmAi flies were reduced
to begin with and did not reduce much further upon light exposure.

5.3.2 Measurement of lipid levels using lipid-binding
probes

The LC-MS measurements were complemented by a second set of semi-
quantitative measurements using fluorescent-tagged lipid probes. These probes
were expressed in the photoreceptors of control and GMR > stmAi flies and
used as readouts of PI4P and PIP2 levels at the rhabdomere. The P4M::GFP
probe was used to monitor PI4P levels. In GMR > stmAi flies, the basal flu-
orescence intensity of the probe was lower at the rhabdomere (Fig.5.8A).
We also monitored the light-induced kinetics of the PI4P probe as done in
Section 3.6. When compared to control flies, it was seen that the probe in
GMR > stmAi flies did not undergo any depletion, nor did it display any
discernible depletion and recovery kinetics (Fig.5.8B). This almost perfectly
mirrored the behaviour of the probe in the GMR > PI4KIII↵i background.
We used the PLC�PH::GFP probe to monitor PIP2 levels. The fluorescence
intensity of the probe in GMR > stmAi flies was significantly reduced when
compared to controls (Fig.5.9A). Additionally, when we measured the light-
induced kinetics of the probe in GMR > stmAi flies, we found that the probe
fluorescence did not change for the duration of the protocol, remaining at the
initial intensity throughout (Fig.5.9B). The PIP2 kinetics in GMR > stmAi

flies were identical to the PI4P kinetics, indicating that downregulating stmA
impacts both PI4P and PIP2 levels at the rhabdomere in a similar manner.
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Figure 5.7 : LC-MS Measurement of PIP and PIP2 from GMR >
stmAi flies
Liquid chromatography-mass spectrometry measurement of PIP and PIP2 lev-
els in retinae of one-day old GMR > stmAi flies. The lipid levels for the two
most abundant acyl chain species (36:2 and 36:3) are shown here. x-axis repre-
sents acyl chain species; y-axis represents ratio of PIP/PE and PIP2/PE. (A)
and (B) The flies were reared in dark and not exposed to any light during
processing. (C) and (D) The flies were reared in dark and exposed to one
minute of blue light before processing. (E) and (F) To highlight the effect of
illumination on lipid levels, a ratio of the levels in light-exposed flies to those
in dark-reared flies was taken. PIP(light):PIP(dark) and PIP2(light):PIP2(dark)
ratios for the 36:2 and 36:3 acyl chain species are shown. x-axis represents
acyl chain species; y-axis represents ratio of light:dark lipid levels. * - p <
0.05 as per one way ANOVA followed by Tukey’s multiple comparison test,
values are mean ± s.e.m., n = 25 retinae per sample.
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Figure 5.8 : PI4P levels at the rhabdomere of GMR > stmAi flies
(A) Quantification of fluorescence intensity of P4M::GFP probe in the deep
pseudopupil. x-axis indicates genotype, y-axis indicates fluorescence intensity
per unit area. Representative images of the deep pseudopupil for each genotype
are shown beside the graph. (B) Recovery kinetics of the P4M::GFP PI4P
probe when subjected to the light sequence described previously, genotype as
indicated. x-axis indicates time in minutes after the very first flash of blue
light; y-axis represents the fluorescence intensity per unit area of the deep
pseudopupil at each instance, normalised to the intensity of the very first
image. Representative images of each instance are shown below, with the time
points of acquisition marked in red. *** - p < 0.001 as per two-tailed t-test,
values are mean ± s.e.m., n = 8 flies per genotype.
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Figure 5.9 : PI(4,5)P2 levels at the rhabdomere of GMR > stmAi

flies
(A) Quantification of fluorescence intensity of PLC�PH::GFP PI(4,5)P2 probe
in the deep pseudopupil. x-axis indicates genotype, y-axis indicates fluores-
cence intensity per unit area. Representative images of the deep pseudop-
upil for each genotype are shown beside the graph. (B) Recovery kinetics
of the PLC�PH::GFP PI(4,5)P2 probe when subjected to the light sequence
described previously, genotype as indicated. x-axis indicates time in minutes
after the very first flash of blue light; y-axis represents the fluorescence inten-
sity per unit area of the deep pseudopupil at each instance, normalised to the
intensity of the very first image. Representative images of each instance are
shown below, with the time points of acquisition marked in red. * - p < 0.05
as per two-tailed t-test, values are mean ± s.e.m., n = 8 flies per genotype.
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5.4 Localisation of mEfr3B in Drosophila
photoreceptors

The LC-MS measurements and lipid-binding probes clearly pointed to a role
for stmA in maintaining the levels of PI4P and PIP2 at the rhabdomere.
In other systems, Efr3 is shown to be constantly localised to the plasma
membrane. In yeast, it does this by virtue of a patch of basic amino acids
which bind to acidic lipid components in the plasma membrane (Wu et al.,
2014). The mammalian Efr3 on the other hand, is palmitoylated owing to
an N-terminus motif (Bojjireddy et al., 2015).
In Drosophila, we do not yet know the localisation of the STMA protein. In
order to determine this, ideally one would visualise the endogenous protein,
using either an antibody or an endogenous tag. Owing to a lack of functional
reagents, we used the mouse Efr3B as a proxy readout for localisation of
STMA. The mEfr3B construct was also able to partially rescue the ERG
defects in GMR > stmAi and stmAts flies, pointing to functional conservation
between the fly and mammalian proteins.
We first transfected S2R+ cells with the HA::mEfr3B construct and found
that the protein was localised to the plasma membrane (experiments per-
formed by Urbashi Basu) (Fig.5.10A). The tagged protein was then ex-
pressed in otherwise WT photoreceptors using GMRGal4. The mEFr3B was
localised to both the rhabdomere and basolateral membrane, which together
comprise the total plasma membrane of photoreceptors (experiments per-
formed by Rajan Thakur) (Fig.5.10B). This localisation corresponded well
to that seen in mammalian cells (Nakatsu et al., 2012).
The above results show that the mEfr3B protein localises identically in both
mammalian and Drosophila cells, which is most likely why it was able to
partially rescue the ERG phenotypes of GMR > stmAi flies.

5.5 TTC7 downregulation has characteristic
ERG phenotypes

The tetratricopeptide containing 7 (TTC7) protein is the third component of
the PI4KIII↵ complex, as shown in mammalian and yeast systems (Nakatsu
et al., 2012; Wu et al., 2014). In Drosophila, the orthologue is encoded by
the gene CG8325, represented in this text as TTC7. As a putative interactor
of PI4KIII↵ in Drosophila, we investigated whether knocking down TTC7 in
fly photoreceptors would impact the photoresponse.
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Figure 5.10 : Localisation of mEfr3B in Drosophila photoreceptors
(A) Confocal images of S2R+ cells transfected with pUAST-HA::mEfr3B,
followed by staining with DAPI and ↵-HA. Blue represents DAPI, which marks
the nucleus, and green represents HA. Scale bar - 5 µm. (B) Confocal images of
retinae from flies of the indicated genotypes, reared and processed completely
in dark conditions. The retinae have been stained with phalloidin (magenta)
and ↵-HA (green). Scale bar - 5 µm. Figure adapted from Balakrishnan et
al., 2018
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As with PI4KIII↵ and stmA, we screened multiple RNAi lines against TTC7
by expressing the UAS-RNAi constructs in photoreceptors (listed in Table 2).
As in previous cases, we initially used a combination of Rh1Gal4 and UAS-
Dicer2 to drive the RNAi. When we performed ERGs on these flies, we did
not observe any defects in the ERGs(Fig.5.11A). We then used GMRGal4
to drive the RNAi constructs in all eye cells and found that one of the lines
showed a highly reduced ERG response amplitude(Fig.5.11B and 5.12B).
We quantified the extent of TTC7 transcript knockdown in the retinae of
these flies and found it to be reduced by ~70% (Fig.5.11C). Therefore, the
Bloomington TRiP line #44482 was used for all further experiments.
Apart from the reduced amplitude, GMR > TTC7i flies also exhibited the
progressive decrease in amplitude when exposed to a light train of ten flashes
(Fig.5.12A and C). Additionally, the intensity response curve of GMR >
TTC7i flies had a lower slope than controls, implying lower sensitivity of the
system to stimuli (Fig.5.12D). Both these phenotypes were seen in GMR
> PI4KIII↵i and GMR > stmAi flies as well. We also verified whether the
ERG phenotypes arose due to reduced expression of key phototransduction
proteins by performing Western blots from GMR > TTC7i flies. We found
that the levels of Rh1, Gq↵, PLC, TRP, INAD and dPIP5K were unchanged
in GMR > TTC7i flies, indicating that the ERG defects are likely due to
TTC7 downregulation itself (Fig.5.4A-E, G).
In order to determine whether the ERG defects arose due to TTC7 downreg-
ulation or any off-target effects, we expressed the human TTC7Bconstruct in
this background (Fig.5.13A). The human TTC7B gene was placed down-
stream of a UAS promoter and transgenic flies expressing this construct were
made. When we performed ERGs on GMR > TTC7i; UAS-hTTC7B flies,
we observed that the response amplitude was higher than that of GMR >
TTC7i flies, but still not as high as that of controls (Fig.5.13B and C).
However, hTTC7B was able to alleviate the progressive reduction phenotype,
with GMR > TTC7i; UAS-hTTC7B flies displaying a very small degree of
progressive reduction in response to a series of light flashes(Fig.5.13D). The
human construct was also able to completely rescue the loss in sensitivity of
GMR > TTC7i flies (Fig.5.13E). The ability of human TTC7B to rescue
almost all the ERG defects associated with TTC7 knockdown implied that
the defects were not due to any off-target effects.
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Figure 5.11 : Knocking down TTC7 in photoreceptors reduces the
ERG response amplitude
(A) Knocking down TTC7 using Rh1; UAS-Dcr2 does not significantly impact
the ERG response when compared to control flies. (B) Knocking down TTC7
using GMRGal4 significantly reduces ERG response in one of the RNAi lines
tested when compared to control flies. (C) The level of transcript knockdown
in retinae as estimated using Q-PCR has been shown. The x-axis represents
the genotype of the source tissue; y-axis represents 2-�Ct values for the de-
scribed gene. *** - p < 0.001 as per two-tailed t-test, values are mean ±
s.e.m., n = 75 retinae per sample.
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Figure 5.12 : ERG phenotypes of GMR > TTC7i flies
(A) Representative ERG amplitudes of control flies (dark coloured) and GMR
> TTC7i flies (light coloured) in response to ten consecutive flashes of light.
The black bar on top indicates duration of the light stimulus, scale bar is
shown on bottom left. (B) Quantification of the peak ERG amplitude of
control and GMR > TTC7i flies. x-axis represents genotype and y-axis repre-
sents response amplitude in mV. (C) Quantification of the ERG amplitude of
control and GMR > TTC7i flies in response to ten consecutive light flashes.
x-axis represents the light flash number in the sequence and y-axis represents
response amplitude for each light flash normalised to that at the first light
flash. (D) Intensity response function of control and GMR > TTC7i flies.
x-axis represents light intensity in log units and y-axis represents the response
amplitude at each intensity normalised to that at maximum intensity. * - p
< 0.05 as per two-tailed t-test, values are mean ± s.e.m., n = 10 flies per
genotype.
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Figure 5.13 : Rescue of ERG phenotypes of GMR > TTC7i flies
by hTTC7B
(A) Western blot showing the expression of GFP-tagged hTTC7B, driven
using GMRGal4. (B) Representative ERG amplitudes of flies of indicated
genotypes. The black bar on top indicates duration of the light stimulus, scale
bar is shown on bottom left. (C) Quantification of the peak ERG amplitude of
flies of indicated genotypes. x-axis represents genotype and y-axis represents
response amplitude in mV. (D) Quantification of the ERG amplitude of flies
of indicated genotypes in response to ten consecutive light flashes. x-axis
represents the light flash number in the sequence and y-axis represents response
amplitude for each light flash normalised to that at the first light flash. (E)
Intensity response function of flies of indicated genotypes. x-axis represents
light intensity in log units and y-axis represents the response amplitude at
each intensity normalised to that at maximum intensity. * - p < 0.05 as per
two-tailed t-test, values are mean ± s.e.m., n = 10 flies per genotype.
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5.6 Levels of plasma membrane PI4P and PIP2
are reduced when TTC7 is downregulated

The architecture of the PI4KIII↵ complex as worked out in other model
systems places TTC7 as a bridge between Efr3 and PI4KIII↵ (Lees et al.,
2017; Wu et al., 2014). A system lacking TTC7 thererfore would not be
able to recruit PI4KIII↵ to the plasma membrane, resulting in reduced PI4P
synthesis. Indeed, yeast cells lacking functional TTC7 have been shown to
have reduced PI4P and PIP2 levels (Baird et al., 2008). In Drosophila, given
that knocking down both TTC7 and PI4KIII↵ impact the light response in
the same manner, it is likely that they affect the lipid levels similarly as well.
We measured the levels of PI4P and PIP2 in the rhabdomeres of GMR >
TTC7i flies using lipid-binding probes. The fluorescence intensity of the
P4M::GFP probe, used to monitor PI4P, was significantly lower GMR >
TTC7i flies when compared to controls (Fig.5.14A). When we measured
the light-induced kinetics of the PI4P probe in these flies, we found that the
probe fluorescence did not undergo depletion, nor did it display any recovery
kinetics, similar to the effect seen in GMR > stmAi and GMR > PI4KIII↵i

flies (Fig.5.14B).
We next measured the rhabdomeral PIP2 levels, as reported by the PLC�PH::GFP
probe. We found that they were only marginally reduced in GMR > TTC7i

flies as compared to controls (Fig.5.15A). The light-induced kinetics, how-
ever, were mostly stagnant and displayed minimal depletion and recovery ki-
netics, once again mirroring the effect seen in GMR > stmAi flies (Fig.5.15B).
In terms of the kinetics of lipid recovery, knocking down TTC7 had com-
mensurate effects on both PI4P and PIP2. Moreover, the lack of discernible
kinetics corresponded well with the effects of downregulating both PI4KIII↵
and stmA.

5.7 Localisation of hTTC7B in Drosophila
photoreceptors

The TTC7 protein appears to lack any clear motifs or signals for binding
directly to the plasma membrane. In mammalian cells, it is recruited to the
membrane by binding to Efr3, which is constitutively membrane localised
(Lees et al., 2017). The localisation of TTC7 in Drosophila is currently
unknown. Since the human TTC7B was able to rescue almost all the ERG
defects of knocking down TTC7, we used the tagged human protein as a
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Figure 5.14 : PI4P levels at the rhabdomere of GMR > TTC7i flies
(A) Quantification of fluorescence intensity of P4M::GFP probe in the deep
pseudopupil. x-axis indicates genotype, y-axis indicates fluorescence intensity
per unit area. Representative images of the deep pseudopupil for each genotype
are shown beside the graph. (B) Recovery kinetics of the P4M::GFP PI4P
probe when subjected to the light sequence described previously, genotype as
indicated. x-axis indicates time in minutes after the very first flash of blue
light; y-axis represents the fluorescence intensity per unit area of the deep
pseudopupil at each instance, normalised to the intensity of the very first
image. Representative images of each instance are shown below, with the time
points of acquisition marked in red. *** - p < 0.001 as per two-tailed t-test,
values are mean ± s.e.m., n = 10 flies per genotype.
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Figure 5.15 : PI(4,5)P2 levels at the rhabdomere of GMR > TTC7i

flies
(A) Quantification of fluorescence intensity of PLC�PH::GFP PI(4,5)P2 probe
in the deep pseudopupil. x-axis indicates genotype, y-axis indicates fluores-
cence intensity per unit area. Representative images of the deep pseudop-
upil for each genotype are shown beside the graph. (B) Recovery kinetics
of the PLC�PH::GFP PI(4,5)P2 probe when subjected to the light sequence
described previously, genotype as indicated. x-axis indicates time in minutes
after the very first flash of blue light; y-axis represents the fluorescence inten-
sity per unit area of the deep pseudopupil at each instance, normalised to the
intensity of the very first image. Representative images of each instance are
shown below, with the time points of acquisition marked in red. Values are
mean ± s.e.m., n = 10 flies per genotype.
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5.8. Conclusion

proxy for localisation in fly cells.
The human TTC7B::GFP was first transfected in Drosophila S2R+ cells.
The protein was localised to the cytosol, as was expected (experiment per-
formed by Urbashi Basu) (Fig.5.16A). In mammalian cells, overexpression
of TTC7B alone, without Efr3, also results in the protein in the cytosol
(Nakatsu et al., 2012).
We then expressed the construct in otherwise WT flies using GMRGal4. We
used two batches of flies, one of which were reared and processed in the
dark and the other exposed to a bright flash of blue light and then further
processed in light as well. In the dark reared flies, hTTC7B::GFP was seen
to be excluded from the rhabdomere (Fig.5.16B), as seen in the S2R+ cells
as well (experiments performed by Rajan Thakur). In the light-exposed flies,
however, the tagged protein was present both in the cell body as well as at
the rhabdomere, indicating that in response to a light stimulus a fraction of
hTTC7B translocates to the plasma membrane (Fig.5.16C).

5.8 Conclusion
In this section, we investigated the requirement for stmA and TTC7, puta-
tive interactors of PI4KIII↵, for phototransduction. Both proteins are highly
conserved across orders, and there is empirical data demonstrating their in-
teraction with PI4KIII↵ in both mammalian and yeast systems. Given this,
it is likely that this paradigm holds true in Drosophila as well. However,
there has till date been no experimental confirmation of the same. Here, we
provide evidence in favour of stmA and TTC7 acting towards the same goal
as PI4KIII↵ in Drosophila photoreceptors.

5.8.1 Main Conclusions
We used RNAi-mediated knockdown to reduce the transcript levels of both
stmA and TTC7 in the photoreceptors. Flies in which these genes were
knocked down individually showed a significant drop in the amplitude of their
ERG responses. Moreover, both sets of flies showed a progressive decrease
in response amplitude when subjected to a train of ten light flashes. These
phenotypes clearly mimicked those of knocking down PI4KIII↵. Such an
effect is anticipated in a scenario where multiple proteins are required to work
together towards one common goal, which in this case would be generation
of PI4P at the plasma membrane.
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Figure 5.16 : Localisation of hTTC7B in Drosophila photoreceptors
(A) Confocal images of S2R+ cells transfected with pUAST-hTTC7B:GFP,
followed by staining with DAPI. Blue represents DAPI, which marks the nu-
cleus, and green represents GFP. Scale bar - 5µm. (B) Confocal images of
retinae from flies of the indicated genotypes, reared and processed completely
in dark conditions. The retinae have been stained with phalloidin (magenta)
and ↵-GFP (green). Magenta represents phalloidin, which marks the rhab-
domere, and green represents FLAG. Scale bar - 5µm. (C) Confocal images
of retinae from flies of the indicated genotypes, reared in dark and exposed
to blue light for one minute before processing. The retinae have been stained
with phalloidin (magenta) and ↵-GFP (green). Scale bar - 2.5µm.
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With respect to lipid levels, we used a combination of fluorescent-tagged lipid-
binding probes and LC-MS to quantify them. In flies where either stmA or
TTC7 were knocked down, we saw that the levels of PIP and PIP2 were
lower than in the respective controls. In GMR > stmAi flies, in fact, the
decrease in PIP2 levels after light stimulation was higher than in flies where
PI4KIII↵ itself was downregulated.
We also demonstrated a requirement for stmA function exclusively in adult
photoreceptors using a temperature-sensitive loss-of-function mutant of the
gene. We found that, when placed at restrictive temperature, the mutants
had little or no light response. This was despite the fact that they were reared
to adulthood at permissive temperatures, implying that the stmA gene was
fully fucntional throughout development.
Additionally, we showed that the localisation of both mEfr3B and hTTC7B
in fly photoreceptors was similar to that of mammalian cells, implying a deep
conservation of function between the fly and mammalian proteins.

5.8.2 Molecular basis for phenotypes
The fact that both knocking down all three genes - PI4KIII↵, stmA and
TTC7 - elicited identical phenotypes in terms of both the light response and
lipid levels strongly implies that all of them work either in concert or along
parallel pathways. Therefore, it likely that the basis for the ERG phenotypes
discussed in section 3.8 also hold true for the observations made here as well.
There is, however, one point of disparity in the results seen with stmA knock-
down and PI4KIII↵ knockdown. With respect to the intensity response curve
of GMR > stmAi flies, it was observed that these flies were less sensitive to
light than their corresponding controls. While this was also seen in GMR >
PI4KIII↵i flies, the defect in these flies was fully rescued by the hPI4KIII↵.
In contrast, the low sensitivity of GMR > stmAi flies was not mitigated to
any degree by the mEfr3B construct. This could not be attributed to a gen-
eral phenomenon of partial rescue, since in the case of GMR > TTC7i flies,
even though the ERG response amplitude was only partially rescued, the
reduced sensitivity was completely rescued by the hTTC7B construct.
We also observed that the GMR > stmAi flies had lower levels of Gq↵ than
control flies. It is possible that in this could be a contributing factor to
the ERG phenotype in these flies, although it is probably independent of
the changes in lipid levels; we see the same ERG phenotypes in GMR >
PI4KIII↵i and GMR > TTC7i flies, even though the Gq↵ levels in these flies
are similar to those of controls.
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The reason for the reduction in Gq↵ could possibly be a consequence of
STMA being a membrane-resident protein. In mammalian cells, there are
indications that Efr3 can regulate the coupling of G proteins to their cognate
receptors. Downregulation of EFR3B in HEK293 cells resulted in a faster
uncoupling between the GPCR and its cognate G-protein. This implied
that the receptor was desensitised faster than in normal cells, which also
corresponded to a slower resensitisation. Given that Efr3B resides at the
plasma membrane by virtue of palmitoylation, it has the opportunity to
interact with the myriad resident proteins and lipids. This study also found
that the rapid uncoupling was only seen when the full length receptor was
used, and not one where the C-terminal tail was truncated, presenting a
potential site for interaction of Efr3B with the GPCR (Bojjireddy et al.,
2015). Given that Gq↵ in Drosophila photoreceptors translocates to and
from the cytosol during signalling (Cronin, 2004), STMA may play a role in
restoring it to the membrane or even determining its initial association with
rhodopsin.

5.8.3 Unaddressed questions
A key question that remains unaddressed in this thesis is the localisation
of the endogenous Drosophila STMA and TTC7 proteins in photoreceptors.
It would be especially informative to visualise all three proteins of the pro-
posed complex - PI4KIII↵, STMA and TTC7 - both in wild-type conditions
and when any one component has been removed. The possibility of the
formation of a complex could be strengthened by proving a physical inter-
action between them, either through colocalisation studies or through co-
immunoprecipitation experiments. One facet of this interaction has already
been demonstrated in 2017, where STMA was co-immunoprecipitated with
PI4KIII↵, proving that they do interact within the cell (Zhang et al., 2017).
A second aspect that merits further investigation is the reduction of Gq↵ lev-
els in GMR > stmAi flies. If stmA does indeed somehow regulate the coupling
of Gq↵ to rhodopsin, it would be informative to monitor the translocation of
Gq↵ to and from the cytosol during phototransduction. This phenomenon
follows well-defined kinetics for specific regimes of light treatment (Cronin,
2004) and hence, could serve as a readout of Gq↵ function in the background
of stmA knockdown.
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Chapter 6

Does stmA Function as a DAG
Lipase During Drosophila
Phototransduction?

6.1 Evidence for the requirement of a DAG
lipase during phototransduction

Visual transduction in Drosophila is a phospholipase C (PLC)-mediated sig-
nalling pathway leading to the activation of ion channels. Light stimulation
activates the GPCR rhodopsin, which triggers hydrolysis of the phospho-
inositide PI(4,5)P2 at the plasma membrane by PLC�. The resulting cas-
cade opens transient receptor potential (TRP and TRPL) channels, causing
an influx of calcium and depolarisation of the photoreceptor cell (Hardie and
Raghu, 2001). While most of the molecular elements involved in the cascade
have been worked out over the years, certain aspects are yet to be deciphered.
PIP2 hydrolysis generates second messengers diacylglycerol (DAG) and in-
ositol(1,4,5)trisphosphate (IP3), an immediate consequence of which is the
opening of TRP channels. Initial attempts to identify the agent of excitation
lead to DAG when the photoresponse of null alleles of rdgA, the gene encod-
ing DAG kinase, was examined. Flies carrying the null allele rdgABS12 showed
a constitutive inward current, which was attributed to a Ca2+ influx through
TRP channels. Additionally, the rdgABS12 flies underwent severe retinal de-
generation, which could be rescued by expressing loss-of-function trp and trpl
alleles in the background. This triple mutant of rdgABS12; trpl; trp343 also
no longer displayed the constitutive inward current seen in rdgABS12 mutants
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phototransduction

alone, indicating that the TRP and TRPL channels were the source of the
current. This relationship between DAG kinase ( rdgA) and TRP channels
implied that DAG is responsible for the activation of TRP channels, since
null mutants for rdgA would be expected to have higher DAG levels than
wild-type flies (Raghu et al., 2000).
A second line of evidence for came from a study which demonstrated that
polyunsaturated fatty acids (PUFA) can excite TRP channels. The exoge-
nous application of arachidonic and linolenic acids to dissociated ommatidial
preparations from Drosophila eyes was able to trigger the activation of TRP
channels. This activation occurred even in the absence of PLC, Gq↵ and
PKC, implying it occurs downstream of all these signalling elements (Chyb
et al., 1999). In photoreceptors, DAG is a potential source of such fatty
acids, as the action of a DAG lipase would release them from the glycerol
backbone.
In both the above studies, however, there is no direct evidence for the claim,
as seen in the case of mammalian TRPC channels. In this case, the ex-
ogenous application of DAG analogues was able to activate human TRPC6
channels expressed in CHO cells (Hofmann et al., 1999). In answer to this,
it has recently been demonstrated in Drosophila that DAG can directly ac-
tivate TRP channels when applied onto excised rhabdomeral patches. This
activation was seen to be independent of PLC as both pharmacological in-
hibition and genetic deletion of PLC did not impact the action of DAG on
TRP channels (Delgado et al., 2019).
In the light of such links between DAG and TRP channel activation, there
have been attempts to characterise the connection in Drosophila photore-
ceptors. In 2008, the gene inaE was annotated as encoding a DAG lipase,
which acts upon the sn-1 position of DAG to form 2-monoacylglycerol and
a free fatty acid, as seen from in vitro protein activity experiments. Loss-
of-function alleles for inaE, inaEN125, displayed a response decay, similar to
that seen in trp343 null mutants. The inaEN125 flies also required more than
100 s of rest to recover the light response following an initial flash of light,
as opposed to wild-type flies which only required 10 s of rest (Leung et al.,
2008). While the gene inaE appears to be a viable prospect for a DAG lipase,
there is also a second candidate in the running.
Prior to the annotation of inaE, a 2004 study identified the gene stmA as en-
coding a DAG lipase, mutants for which had a reduced light response (Huang
et al., 2004). Quantification of DAG levels in the retinae of these mutants
showed them to be lower than wild-type flies. This was counterintuitive to
the assignment of stmA as a DAG lipase, since the absence of a lipase would
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be expected to increase the levels of DAG, if not leave them undisturbed. A
second question was raised based on the bioinformatic analysis of the stmA
protein sequence. The annotation of the gene as a DAG lipase was initially
done based on homology with previously characterised human DAG lipases.
A closer look at the alignments revealed that the mammalian protein se-
quences used in the study were not in fact the DAG lipases alpha and beta,
as claimed, but those of the protein Efr3 . The discrepancies in both the DAG
measurements and sequence alignment of the protein led us to ask whether
stmA does indeed function as a DAG lipase to regulate phototransduction.
The role of stmA as a regulator of phototransduction could be manifold. In
this thesis, we have shown that downregulating stmA has a clear negative
impact on the electrical response to light. We have also shown that stmA is
involved in maintaining the levels of PI4P and PIP2 at the plasma membrane,
most likely through an association with PI4KIII↵. In this chapter, it has been
investigated whether manipulating the levels of stmA also has a discernible
effect on the levels of DAG in fly photoreceptors. We used LC-MS to quantify
the lipid levels in retinae. The protein sequence of stmA is also examined
in an attempt to demarcate any domains or motifs that would confer the
protein with lipase activity.

6.2 Sequence analysis of the STMA protein
The STMA protein has been identified as an orthologue to the human pro-
teins Efr3A and Efr3B. They share 39% sequence identity and have been
shown to be functionally conserved as well (Nakatsu et al., 2012). In order
to determine whether STMA bears any similarity to DAG lipases, we aligned
the two longest isoforms of STMA with the two longest isoforms of human
DAG lipases alpha and beta (sequence details given in Section 2.7). The
human DAG lipase protein has three major characteristics that mark it as
such - the lipase 3 domain, the catalytic triad and the nucleophilic elbow.
An additional signature, more recently discovered, is the FxxH motif which
confers substrate specificity to the enzyme (Fig.6.1).
When the whole protein sequences were aligned using CLUSTALW, we did
not find significant sequence identity between STMA and either of the hu-
man DAG lipases. The STMA sequence shared very poor identity with both
the overall lipase 3 domain (marked in yellow) and the active site (marked
in gray) of the DAG lipases (Fig.6.2). Another key feature of a lipase is a
catalytic triad consisting of highly conserved Ser-His-Asp residues (marked
in blue) which are vital for the nucleophilic attack and hydrolytic activity of
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Human DAG Lipase α

FxxH motif

Lipase 3 domain

Lipase 3 active site

Nucleophilic elbow

Catalytic triad residues

Figure 6.1 : Domain organisation of human DAG lipase ↵
The signature domains of DAG lipase ↵ in humans. The yellow region marks
the lipase 3 domain of DAG lipases. Gray marks the active site of the enzyme,
red indicates the nucleophilic elbow and purple donates the FxxH motif. The
residues of the catalytic triad have been marked in blue. All annotations have
been made in accordance with the NCBI conserved domain database.

esterases (Cygler et al., 2008; Aitken, 1999) (Fig.6.3). While we found the
serine residue of human DAG lipases to be conserved in STMA, we failed to
find histidine or aspartate residues at the corresponding positions (Fig.6.3).
However, better insight on the positions of His and Asp can only be provided
based on structural data, since these are residues that directly interact with
the substrate (DAG) and catalyse the reaction. One common feature shared
by the proteins was a nucleophilic elbow (marked in red) (Fig.6.2). This
GxSxG motif is present in a large variety of proteins, ranging from esterases
to proteases (Aitken, 1999). Although this motif can confer enzymatic ac-
tivity to STMA, it may not correspond to that of a DAG lipase.
A simple protein sequence alignment may not account for variations in con-
served sequences or motifs, which would show up as mismatches in conven-
tional CLUSTAL based algorithms. In order to determine whether any vari-
ants of the lipase 3 active site (Fig.6.2 - gray region) are present in STMA,
we built a consensus sequence of the region. A consensus sequence denotes
the most commonly occurring amino acids in a given protein stretch along
with the range of possible substitutions. We used Consurf (Ashkenazy et al.,
2016) to align DAG lipases (both ↵ and � types) from 16 different organ-
isms and mark the most highly conserved amino acids between these proteins
(Fig.6.4 - shaded regions correspond to earlier alignments). The conserva-
tion scores assisted us in building a position specific scoring matrix (PSSM
- details in Section 2.8). The matrix assigns a score to every amino acid po-
sition based on frequency of occurrence, enabling us to incorporate allowed
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Figure 6.2 : Alignment of STMA with human DAG lipases
The longest STMA isoforms have been aligned with the longest DAG lipase
↵ (DAGLA) and � (DAGLB) isoforms in humans. The yellow region marks
the lipase 3 domain of DAG lipases. Gray marks the active site of the enzyme
and red indicates the nucleophilic elbow. All annotations have been made in
accordance with the NCBI conserved domain database.
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Figure 6.3 : Alignment of STMA with human DAG lipases
The longest STMA isoforms have been aligned with the longest DAG lipase ↵
(DAGLA) and � (DAGLB) isoforms in humans. The yellow region marks the
lipase 3 domain of DAG lipases. The blue residues mark the catalytic triad of
Serine, Aspartate and Histidine required for the enzymatic activity of lipases.
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substitutions and variations (Henikoff and Henikoff, 1994, 1996). Based on
the Consurf alignments, the consensus sequence used for the active site was
V-V-x(3)-R-G-T-x-S-x(2)-D-x-L-T-D. The PSSM was also validated using
the NCBI tool for the same, which produced a very similar sequence of R-G-
T-x-S-x(2)-D-x-L-T-D-L-T. Both consensus sequences were used as a queries
in ScanPROSITE, which scans the UniProt protein database and returns any
proteins matching the query (de Castro et al., 2006).
The consensus sequence of the human DAG lipase ↵ active site did not return
STMA as a hit, but it did return other mammalian and fungal DAG/TAG
lipases, confirming that the consensus was correct. It also returned the pro-
tein INAE from Drosophila, which has been shown to have sn-1 specific DAG
lipase activity in vitro (Leung et al., 2008). Further queries with shorter or
more liberal sequences did not return any hits for STMA, indicating that
STMA most likely does not contain a region corresponding to the DAG li-
pase active site. We also scanned all consensus sequences against only the
STMA sequence and did not find any matching regions.
Apart from the lipase 3 domain, an additional FxxH motif in the C-terminus
was also found to be vital for substrate selectivity in fungal lipases (Fig.6.4 -
purple region), enabling discrimination between triacylglycerols and di/monoa-
cylglycerols (Liu et al., 2013). A single copy of this motif was conserved in
almost all ↵-type DAG lipases, but not the �-type lipases. When used as a
query in ScanPROSITE and scanned against the Drosophila proteome, the
FxxH motif returned STMA as a hit, but the location of the motif was not in
the C-terminus as in fungal lipases, nor in the N-terminus as in mammalian
or other invertebrate DAG lipases (Fig.6.5). In fact, the STMA protein had
two copies of the FxxH motif in the middle region, which may be due to
structural differences between DAG lipases and STMA (Fig.6.6).
We next assessed the relatedness of the STMA and DAG lipases by building
a phylogenetic tree. We performed a multiple alignment of protein sequences
for DAG lipase ↵, DAG lipase � and Efr3 from 19 different organisms, ranging
from fungi to humans. We used the human angiopoietin 2 as an outlier. We
then constructed a maximum likelihood tree using the MEGA 7 software
(Kumar et al., 2016). The resulting tree showed a clear separation of Efr3
and DAG lipases, with both sets of proteins forming different clusters. The
STMA protein was present in the Efr3 cluster, implying that it is more related
to Efr3 and not to DAG lipases (Fig.6.7). On the other hand, INAE was
seen in the DAG lipase cluster, confirming its annotation as a DAG lipase.
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Figure 6.4 : Conserved residues in human DAG lipase ↵
Consensus amino acid sequence generated by Consurf, with the amino acids
scored by degree of conservation. Darker shades of maroon indicate higher
degree of conservation. Yellow highlights the lipase 3 domain, gray marks the
active site, red indicated the nucleophilic elbow and blue marks the catalytic
triad. Purple denotes the FxxH motif, which supposedly confers substrate
specificity to lipases.
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stmA as a DAG Lipase

A

B

Figure 6.5 : ScanProsite results for FxxH motif
(A) FxxH motif is located towards the C-terminus of the DAG lipase protein
in fungi. (B) A single FxxH motif is located towards the N-terminus of the
DAG lipase ↵ protein in invertebrates.
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6.2. Sequence analysis of the STMA protein

A

B

Figure 6.6 : ScanProsite results for FxxH motif
(A) A single FxxH motif is located towards the N-terminus of the DAG lipase
↵ protein in mammals. (B) Two copies of the FxxH motif are located in the
middle of the STMA protein in Drosophila.
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Figure 6.7 : Phylogenetic analysis of Efr3 and DAG lipases
The protein sequences of Efr3A and B isoforms and DAG lipase ↵ and �
isoforms from nineteen organisms spanning different orders were aligned and
analysed. The Drosophila STMA and INAE sequences are highlighted in yel-
low. Mega7 was used to generate a nearest-neighbour phylogenetic tree; the
analysis was performed using the WAG+G model run for 1000 bootstraps.
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6.3. Knocking down stmA does not affect DAG and PA levels in
Drosophila retinae

6.3 Knocking down stmA does not affect DAG
and PA levels in Drosophila retinae

The role of stmA as a regulator of PI4P and PIP2 was demonstrated earlier
in this thesis using a combination of LC-MS and microscopy. If it is indeed
a regulator of DAG levels as well, one might anticipate some discernible
changes in the levels of DAG in the absence of stmA function. Additionally,
if the DAG lipase activity is relevant to phototransduction, a correspondence
in the acyl chain composition of DAG and PIP2 is probable since DAG is a
direct product of PIP2 hydrolysis. During the PIP2 resynthesis cycle, DAG
is further converted to PA by the enzyme rdgA, implying that any significant
changes in DAG levels would also be reflected in the levels of PA (Inoue
et al., 1989; Yoshioka et al., 1984; Garcia-Murillas et al., 2006). Therefore,
the amount of PA could serve as a secondary readout of DAG levels.
When we set out to quantify DAG in photoreceptors, we lacked a functional
DAG-binding probe to work with. We therefore relied on LC-MS to quantify
the lipid levels in retinae. We adapted a method developed by the NCBS
Lipidomics Facility (Details in Materials and Methods). Fortunately, the
same method could be used to quantify phosphatidic acid (PA) and phos-
phatidylethanol (PE) as well. The amount of PE in retinal tissue was used
to normalise the levels of DAG and PA, as done in Section 3.5.

6.3.1 Standardisation of LC-MS method to quantify
DAG and PA

We first assessed the sensitivity of the method by preparing serial dilutions
of synthetic internal standards for DAG, PA and PE. These dilutions were
subjected to a neutral lipid extraction and the extracted standards were quan-
tified using the LC-MS method (details in Section 2.5). The standard curves
for each lipid class were linear, with the r2 values being ~0.98 (Fig.6.8).
With this, the sensitivity and linearity of the method was validated and we
proceeded with experiments using biological samples.
Using freeze-dried retinal tissue as the source material, we extracted the
lipids and subjected them to LC-MS analysis. Although we were able to
detect multiple acyl chain species of DAG, PA and PE, we focussed solely
on the species 36:2, 36:3 and 36:4, since these were also the most abundant
species of PIP2 in retinae (Sections 3.5, 4.2 and 4.3). Moreover, since we
were quantifying DAG levels in the context of phototransduction, we chose
to analyse only those acyl chains that had previously shown to be responsive
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Figure 6.8 : Standard curve analysis of synthetic lipid standards
(A) and (B) Response linearity curves for the synthetic lipid standards of
C(10:0/10:0)DAG and C(17:0/14:1)PA, respectively. x-axis represents amount
in ng; y-axis represents area under the curve.

to light in a sensitised background (Sections 3.5, 4.2 and 4.3).
In order to test the method using retinal tissue, we first analysed the levels
of PA in wild-type flies that were subjected to two treatments - one group
was reared and processed completely in dark and the other was reared in
dark and then exposed to constant light for 12 hours after eclosion. It has
been previously documented that WT flies exhibit an increase in PA levels
upon exposure to light, as measured using LC-MS (Garcia-Murillas et al.,
2006; Panda et al., 2018). In accordance with these reports, we also saw that
the levels of PA in these flies were higher in the light treated group than in
the dark-reared group. There was also a marginal increase in DAG levels,
but they were not all statistically significant (Fig.6.9A and B). The PE
levels remained constant across light treatments (Fig.6.9C), re-affirming its
suitability as a control lipid for normalisation.
For the next set of positive control experiments, we used well-characterised
mutants for known regulators of PA in photoreceptors. The gene rdgA en-
codes a DAG-kinase that converts DAG to PA in the photoreceptors (Inoue
et al., 1989; Yoshioka et al., 1984). Null mutants for rdgA ( rdgA3) have been
previously shown to have reduced levels of PA, using both traditional TLC
and more recent LC-MS methods (Inoue et al., 1989; Yoshioka et al., 1984;
Garcia-Murillas et al., 2006). We measured the levels of PA from WT con-
trols and rdgA3 mutants that were subjected to the same light-dark treatment
as the initial WT control experiment. We found that the PA levels in the
rdgA3 flies were significantly lower than those of WT flies in both dark and
light-exposed groups, confirming the previous results (Fig.6.10A and C).
We also found a corresponding increase in the DAG levels of light-exposed
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Figure 6.9 : LC-MS measurement of DAG and PA in wild-type
Drosophila retinae
(A), (B) and (C) Liquid chromatography - mass spectrometry measurement
of DAG, PA and PE levels respectively in retinae of wild-type dark-reared
flies (black bars) and flies exposed to constant light for 12 h (grey bars) before
processing. * - p < 0.05 as per one way ANOVA followed by Tukey’s multiple
comparison test, values are mean ± s.e.m., n = 40 retinae per sample.
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rdgA3 mutants, which was expected in a scenario where the conversion of
DAG to PA was stalled (Fig.6.10D).
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Figure 6.10 : LC-MS measurement of PA and DAG in rdgA3 reti-
nae
Liquid chromatography - mass spectrometry measurement of PA and DAG
levels in retinae of rdgA3 flies. (A) and (B) The flies were reared and pro-
cessed in dark. (C) and (D) The flies were exposed to constant light for 12
h before processing. * - p < 0.05 as per one way ANOVA followed by Tukey’s
multiple comparison test, values are mean ± s.e.m., n = 40 retinae per sample.

We performed a final set of positive controls using loss-of-function mutants
for the PA-phosphatase lazaro ( laza22), which converts PA to DAG in pho-
toreceptors. Previous LC-MS measurements of PA levels from laza22 retinae
have shown that they are significantly higher than those of WT flies (Garcia-
Murillas et al., 2006). We performed similar experiments, where WT controls
and laza22 flies were subjected to the same light treatment as rdgA3 mu-
tants. When we analysed the PA levels, we found that they were higher in
laza22 flies than in WT flies, for both dark-reared and light-exposed groups
(Fig.6.11A and C). The DAG levels in these flies were not significantly
altered (Fig.6.11B and D).
Hence, we were able to use two well-established mutants to prove that the
developed LC-MS methods was capable of detecting changes in PA and DAG
levels in photoreceptors.
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Figure 6.11 : LC-MS measurement of PA and DAG in laza22 reti-
nae
Liquid chromatography - mass spectrometry measurement of PA and DAG
levels in retinae of laza22 flies. (A) and (B) The flies were reared and pro-
cessed in dark. (C) and (D) The flies were exposed to constant light for 12
h before processing. * - p < 0.05 as per one way ANOVA followed by Tukey’s
multiple comparison test, values are mean ± s.e.m., n = 40 retinae per sample.
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6.3.2 Measurement of DAG and PA levels in GMR >
stmAi flies

Given that we lacked an existing positive control for changes in DAG levels,
we proceeded directly with measurements from flies where stmA was down-
regulated. Having demonstrated that knocking down stmA results in ERG
defects similar to those of the temperature-sensitive mutants (Section 5.1),
we performed all measurements from GMR > stmAi flies. This was also
because we had the corresponding PIP and PIP2 measurements from these
flies. To maintain correspondence between the measured PIP and PIP2 levels
and future measurements of DAG and PA, we limited the duration of light
exposure to one minute of blue light, as done in Section 5.3.
When we measured the DAG levels in GMR > stmAi flies and their controls,
we found that were no significant differences between the two genotypes, in
either dark-reared or light-exposed flies. Both control and GMR > stmAi

flies did show a small increase in DAG upon light treatment, but this did
not apply to all the acyl chain species (Fig.6.12A and C). This lack of
difference between stmA knockdown and control flies was also seen in terms
of the PA levels (Fig.6.12B and D). Neither genotype showed a light-
dependent increase in PA levels, but this was probably due to the short
duration of light exposure as compared to the experiments with WT flies.
The fact that downregulating stmA had no discernible effect on either DAG or
PA levels in light-exposed photoreceptors indicates that it is most likely not a
regulator of DAG during phototransduction, at least on the small timescales
of PIP and PIP2 changes.

6.4 Conclusion
We investigated the possibility of the STMA protein being a DAG lipase that
is active during phototransduction, using a combination of bioinformatic and
lipid quantification techniques.

6.4.1 Main Conclusions
Sequence analysis of the STMA protein revealed that it does not carry the
key signatures of annotated DAG lipases, namely a lipase 3 active site and
a conserved catalytic triad. The domain architecture of STMA does not
correspond to those seen in mammalian or fungal DAG lipases. This implies
that, based on protein sequence, it is unlikely that STMA hydrolyses DAG
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Figure 6.12 : LC-MS measurement of DAG and PA in GMR >
stmAi retinae
Liquid chromatography - mass spectrometry measurement of DAG and PA
levels in retinae of GMR > stmAi flies. (A) and (B) The flies were reared
and processed in dark. (C) and (D) The flies were exposed to constant light
for 12 h before processing. * - p < 0.05 as per one way ANOVA followed by
Tukey’s multiple comparison test, values are mean ± s.e.m., n = 40 retinae
per sample.
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to produce free fatty acids and monoacylglycerol. Phylogenetic analysis also
showed that STMA is more similar to the Efr3 family of proteins rather than
that of DAG lipases. Based on queries using a consensus sequence for the
lipase 3 active site, we found that the protein INAE, encoded by the gene
inaE, in Drosophila, is most likely the orthologue of DAG lipase. It shares
sequence similarity with the human DAG lipases in regions both within and
outside of the active site (Leung et al., 2008) and also clustered with the
DAG lipases in the phylogenetic tree that was generated.
We further quantified the levels of DAG and PA in flies that had low levels
of STMA transcripts. These flies had previously been shown to have ERG
defects similar to those of stmAts mutants. Neither the DAG nor the PA
levels in GMR > stmAi flies showed any change when compared to control
flies. This held true irrespective of whether the flies were reared in dark or
whether they were exposed to light upon eclosion.

6.4.2 Domain architecture of STMA
While the most important contributors to lipase activity seemed to be miss-
ing in STMA, we did find a short motif which was thought to confer substrate
specificity to fungal lipases. The FxxH motif was present in all ↵-type DAG
lipases, along with the fungal lipases and STMA as well. However, the posi-
tion and copy numbers of the motif differed between the lipases and STMA.
Given a lack of structural information, it is difficult to make further inferences
about the relevance of this motif in STMA.
The STMA protein in flies is poorly characterised in terms of molecular func-
tion. Although there exist studies pointing to a role in regulating endocytosis
and neurogenesis, there are no mechanistic insights into these possibilities.
Currently, we do have evidence of a role for stmA in regulating PLC sig-
nalling, by virtue of its association with PI4KIII↵. Downregulation of stmA
clearly reduces the amount of PIP and PIP2 in retinae, coupled with a dis-
tinct defect in the light response. Both of these effects of stmA knockdown
echo those of PI4KIII↵ knockdown, strengthening the probability that the
two proteins work together in photoreceptors.
Owing to lack of a crystal structure, it is also unclear as to how the protein is
localised to the plasma membrane. Initially predicted to be a transmembrane
protein, this was later called into question upon seeing that neither the mouse
nor yeast orthologues possessed any transmembrane helices. Moreover, both
mouse and yeast proteins have different mechanisms of plasma membrane
localisation - the mouse Efr3 undergoes palmitoylation at the N-terminus,
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whereas the yeast Efr3 has a patch of basic amino acids at the N-terminus
which binds to the negatively charged lipids in the plasma membrane.
When the secondary structure of STMA was predicted using PSIPRED, we
found that STMA has two alpha helices which could potentially be transmem-
brane helices. It also has a signature for palmitoylation at the N-terminus,
which is closely aligned with that of mammalian Efr3. Further insights into
the architecture of STMA would require either rigorous modelling or solving
the crystal structure to determine the three dimensional organisation of the
amino acids.
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Chapter 7

Discussion

7.1 Main conclusions of this study
In this thesis, the function of the PI4KIII↵ gene and its activity in the
regulation of Drosophila phototransduction has been analysed. The main
conclusions are as follows:

• RNAi-mediated downregulation of PI4KIII↵ specifically in the retinal
tissue negatively impacts the electrical response to light in Drosophila.
The amplitude of the light response, as well as overall sensitivity of the
eye to light, is reduced in these flies. The decrease in light response was
accompanied by a significant drop in the levels of PI4P and PIP2 in the
rhabdomeres of these flies. This was further validated by quantitative
measurements using LC-MS. All of the described defects could be com-
pletely rescued by reconstituting the system with the human PI4KIII↵.
A kinase-dead allele of human PI4KIII↵ could not rescue any of the
defects, highlighting the requirement for kinase activity of the protein
in the eye. Essentially, we were able to demonstrate a requirement for
a kinase-dependent function of PI4KIII↵ during phototransduction in
Drosophila photoreceptors.

• We examined the genetic interactions of PI4KIII↵ with the elements
immediately upstream and downstream to its function in the PIP2
resynthesis pathway. The immediate upstream element, rdgB, is a PI
transfer protein that supplies the substrate PI for PI4KIII↵ to con-
vert to PI4P. We found that PI4KIII↵ downregulation was able to
marginally suppress the effect of a hypomorphic allele of rdgB, both
in terms of the light response and lipid levels. On the other hand,
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the interaction of PI4KIII↵ with its immediate downstream element,
dPIP5K, showed an additive effect. Knocking down PI4KIII↵ in the
background of dPIP5K null mutants simply worsened the reduced light
response of the mutants. However, in terms of the lipid levels, the ef-
fect of knocking down PI4KIII↵ appeared to dominate the effect of
removing dPIP5K.

• In other model systems, PI4KIII↵ has been shown to be recruited to
the plasma membrane as a complex with two other proteins - Efr3 and
TTC7. We investigated whether the Drosophila orthologues of these
two proteins (STMA and TTC7) had a role to play in the same cellular
processes that require PI4KIII↵ function. Knocking down both stmA
and TTC7 exhibited identical phenotypes to knocking down PI4KIII↵.
The light response in these flies was highly reduced, as was the sen-
sitivity of the system. Importantly, both PI4P and PIP2 levels were
reduced in the rhabdomeres of these flies, indicating that a lack of these
proteins impacts the ability of the cell to produce sufficient amounts
of PI4P at the plasma membrane. The defects associated with the
light response could be partially rescued by reconstituting the system
with the mammalian orthologues of stmA and TTC7, pointing to a
specificity of the effect.

• The gene stmA has previously been annotated as a DAG lipase, based
on biochemical measurements of DAG from conditional loss-of-function
mutant fly photoreceptors. We attempted to verify this annotation by
using LC-MS to measure DAG and PA in Drosophila retinae where
stmA was knocked down. We standardised and validated the method
using loss-of-function mutants for members of the PIP2 cycle that dis-
play known changes in PA levels. We were unable to show any con-
clusive changes in the DAG or PA levels of stmA downregulated flies,
strongly indicating that stmA is not a modulator of DAG. These flies,
however, do show a clear decrease in PIP and PIP2 levels upon be-
ing subjected to a light stimulus. Therefore, the effects on the light
response in these flies are most likely a product of impaired PI4P syn-
thesis.
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7.2 PI4K as the rate limiting step in the PIP2
resynthesis cycle

The idea of PIP2 resynthesis as a closed loop is rooted in early experiments
from the 1960s, where it was demonstrated that 32P labelled ATP was incor-
porated into phosphoinositides and phosphatidic acid of erythrocyte ghosts
(Hokin and Hokin, 1964). Subsequent studies monitoring the depletion and
recovery of both PI4P and PIP2 cemented the idea of a cycle involving con-
tinuous breakdown and synthesis of these lipids (Downes et al., 1982; Creba
et al., 1983; Willars et al., 1998). Two decades later, studies on the inhibitory
effect of lithium on myo-inositol synthesis gave rise to the “lithium hypoth-
esis”, which proposed that recycling of IP3 to inositol is required for PIP2
resynthesis as well (Berridge et al., 1982, 1989). The traditional view of PIP2
resynthesis as a closed cycle persists even today, with the model being used
to make inferences in signalling systems ranging from hormone receptors to
phototransduction (Cockcroft and Raghu, 2016; Tóth et al., 2016).
Recent computational work from our lab has demonstrated this closed archi-
tecture of the cycle is likely flawed as it cannot recapitulate the lipid dynamics
as measured in known mutants. This prompted the construction of a sec-
ond type of cycle with an open architecture, where there is an additional
source and sink attached to the closed cycle. The source feeds into the cycle
and the sink leads away from it. This open cycle was able to capture the
lipid dynamics of well characterised mutants, further validating the model
(Suratekar et al., 2018). The new model, along with the genetic interaction
data from this thesis, prompts some rethinking of the traditional PIP2 cycle.

7.2.1 Evidence for increased PI4K and PIP5K activity
upon PLC stimulation

Experiments performed both in mammalian cells and this thesis show that
upon PLC stimulation, both PIP2 and PI4P are depleted from the plasma
membrane with very closely matched kinetics (Creba et al., 1983; Willars
et al., 1998; Balla et al., 2008, Section 3.6). Using the earlier described
mathematical model, it appeared that incorporation of feedback interactions
between enzymes and lipids was a possible way of recapturing the PIP2 and
PI4P dynamics, which was otherwise not possible using just the open cycle
model. It was seen that some modulation of the activities of PI4K, dPIP5K
and/or PLC could explain the depletion of both PIP2 and PI4P during PLC
activation (Suratekar, 2018).
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This prediction from the model already has some biological evidence to sup-
port it. Several studies have indicated that the activities of both PI4K and
PIP5K are increased upon agonist stimulation. Early work from rat kid-
ney cells used a combination of biochemical measurements and first order
kinetic modelling to show that the activities of the PI4K and PIP5K in the
system were greater under conditions of stimulation. In these experiments,
radiolabelled PIP and PIP2 levels were measured before, during and after
termination of PLC signalling. They found that when signalling was ini-
tiated, both the lipid levels dropped, but then recovered to a steady state
that was maintained until termination of signalling. The kinetic modelling
indicated that, in order to maintain the lipid levels, the enzymatic activities
of both PI4K and PIP5K would have to be significantly higher during sig-
nalling (Chahwala et al., 1987). Another study conducted in human platelets
tracked the levels of radiolabelled PIP and PIP2 in the cells before and after
treatment with thrombin and reached similar conclusions (Steen et al., 1989).
More recent work from Xenopus oocytes has shown that membrane depolar-
isation increases the levels of PIP2 at the plasma membrane, which in turn
is required for the activity of KCNQ2/3 potassium channels. The increase in
PIP2 and subsequent potassium channel current was abolished by the chem-
ical inhibition of the class III PI 4-kinases by wortmannin, implying that the
increase in PIP2 was a consequence of increased PI4K activity (Zhang et al.,
2010).
Another set of studies in neuronal cell cultures used a voltage sensitive phos-
phatase (VSP) to selectively dephosphorylate PIP2 at the fifth position, leav-
ing the cell with reduced PIP2 and high amounts of PI4P. The recovery of
PIP2 in this scenario would chiefly be dependent on the activity of a PIP
5-kinase, since the substrate PI4P is already available. When PIP2 recovery
was monitored, it was found to be of the order of 11 s. However, when PLC
signalling was triggered in the same cells using the M3 muscarinic receptor
and PIP2 levels monitored, the recovery took much longer, about 130 s. The
key difference was the presence of PI4P, which was already at the plasma
membrane in the first case, whereas in the second case PI4P needed to be
synthesised from PI before being converted to PIP2. Assuming equivalent
levels of PIP5K activity, it would appear that the additional PI 4-kinase ac-
tivity in the second scenario contributes the delay in PIP2 recovery, implying
that it is a catalytically slower step than PIP5K that requires a boost in
activity during stimulation to keep up with the rate of PIP2 synthesis and
hydrolysis (Falkenburger et al., 2010).
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7.2.2 Synthesis of PI4P by PI4KIII↵ as a potential rate
limiting step

All of the above evidence indicates that, during PLC activation, there are
some slow steps in the PIP2 resynthesis cycle that need to be sped up in order
to explain the measured levels of PIP2 and PI4P. While the “rate-limiting
step” traditionally refers to the slowest catalytic step in a series of reactions,
more recent definitions bypass the need for the step to be enzymatically
slow. Rather, the current definition of rate-limiting step is that it is the
most sensitive step in the cascade (Ray, 1983). This simply refers to the step
which, when perturbed in small amounts, elicits large changes in the overall
cascade.
With respect to the PIP2 cycle, this definition could potentially apply to
PI4KIII↵. A small change in the amount of protein, as effected using RNAi,
reduces the electrical response to light almost to the same extent as severe
mutants of rdgB and dPIP5K. Moreover, when PI4KIII↵ was downregulated
in the background of rdgB mutants, the lipid levels in these flies were sim-
ilar to those in GMR > PI4KIII↵i flies and not those of rdgB9 flies. The
prevalence of the GMR > PI4KIII↵i phenotype was also seen in the case
of a double manipulation with dPIP5K. Both the PIP and PIP2 levels of
the dPIP5K18; GMR > PI4KIII↵i flies were identical to those in GMR >
PI4KIII↵i flies alone. The fact that the lipid levels appear to be dependent
on PI4KIII↵ rather than its immediate upstream or downstream elements
points to a greater relevance for PI4KIII↵ activity in regulating these lipids
at the plasma membrane.
Another piece of evidence that points to a possible role for PI4KIII↵ in con-
trolling the cycle is the ERG phenotype of GMR > PI4KIII↵i flies. Apart
from a low response amplitude, these flies show a progressive decline in am-
plitude when subjected to a train of light flashes. The steady decrease in
ERG amplitude points to a system that is incapable of sustaining a robust
response in the absence of PI4KIII↵. Such an effect is not seen in any of
the other mutants for elements of the PIP2 cycle. In the case of both rdgB
and dPIP5K loss-of-function mutants, the initial low response is maintained
throughout the light train and does not get any worse with time. However,
when either of these mutants are used in combination with PI4KIII↵ knock-
down, the progressive decrease in amplitude is immediately seen. This once
again points to a dependency on PI4KIII↵ rather than on other elements.
Given the above data, it is possible that the rate of activity of PI4KIII↵ could
set the tone of the PIP2 cycle, especially when signalling is active. This might
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also justify the need for tight regulation of the enzyme by virtue of its binding
partners - Efr3 and TTC7 - both of which, when knocked down, mimic the
effects of knocking down PI4KIII↵. A multi-protein complex such as this one
generally indicates a highly controlled cellular event, which would be required
in this case. We also observed that the human PI4KIII↵ is present in the
cytosol in dark-reared flies and migrates to the plasma membrane upon light
treatment. Such a light-dependent translocation highlights an additional
level of regulation, where recruitment to the appropriate membrane would
ensure more production of PI4P during signalling, as opposed to a lower rate
when the cell is at rest. A similar mechanism of location-dependent activity
increase is also seen in the case of a phospholipase D (PLD), specifically,
human PLD1, an enzyme which converts PC to PA. Upon receptor stimula-
tion, hPLD1, which is otherwise present on internal vesicles, is recruited to
the plasma membrane, where it exhibits higher catalytic activity by virtue
of binding to PIP2 (Brown et al., 1998).
It is also important to note that, while most other components of the PIP2 cy-
cle are constitutively present at either the rhabdomere or the SMC, PI4KIII↵
is likely the only one that is present in the cytosol and periodically recruited
to the plasma membrane. This additional difference between PI4KIII↵ and
other enzymes in the cycle indicate an added layer of control specifically at
this reaction, further strengthening the possibility of it being a rate determi-
nant for the PIP2 cycle.

7.3 Relevance of performing the study in a
whole organism system

The role of PI4KIII↵ in maintaining PI4P at the plasma membrane has been
shown in multiple model systems; be it yeast, mammalian cells, both in
culture and in vivo, and even in Drosophila oocytes. However, a role in PI4P
homeostasis in the cell does not necessarily correspond to a role in regulating
PI4P levels during stimulation. Recent work from the lab has demonstrated
that the same enzyme can have different physiological functions depending
on the context. The enzyme phosphatidylinositol 5 - phosphate 4 - kinase
(PIP4K), which synthesises PIP2 from PI5P, has been shown to control cell
size and growth in Drosophila larvae. Here, dPIP4K performs this function in
a kinase-dependent manner, with the levels of PI5P being markedly higher in
null mutants when compared to wild-type flies. In this scenario, the kinase-
dead allele was unable to rescue the defects associated with the null mutant,
whereas the wild-type allele could do so (Gupta et al., 2013). In Drosophila
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photoreceptors, dPIP4K regulates the endocytosis of rhodopsin, with the
null mutants showing an accumulation of larger rhodopsin loaded vesicles
than control flies. This defect, however, could be rescued equally well by the
expression of both a wild-type dPIP4K and a kinase-dead allele (Kamalesh
et al., 2017).
Both the above studies were conducted in the same model organism, but
demonstrated a context-dependent difference in the requirement for a single
enzyme. In one case, the catalytic activity is required, whereas in the other
the activity is dispensable. Given the existence of such functional contrasts,
it becomes even more important to clearly outline the role of a protein in
varying scenarios, especially if the claim is that the same protein functions
identically in different contexts.
Although the role of PI4KIII↵ in PLC signalling has been studied in mam-
malian cells as well, data about its catalytic activity comes largely from in
vitro measurements (Nakagawa et al., 1996; Harak et al., 2014). Work from
our lab has demonstrated that there is not always a one-to-one correspon-
dence between in vitro measurements and in vivo observations. For example,
the enzyme dPIP4K, as mentioned earlier, regulates cell size and growth
in Drosophila larvae. Null mutants for the gene have been shown to have
reduced salivary gland cell size (Gupta et al., 2013). The mammalian or-
thologue of this gene has three isoforms, each of which have three different
specific activities as measured in vitro, with the least activity being up to
2000x less than the highest one. It would seem apparent that the isoform
with the highest activity is the most physiologically active one. However,
when each mammalian isoform was reconstituted in Drosophila null mutants
for the gene, all of them were able to rescue the defects to the same extent
(Mathre et al., 2019). This pointed to agents of activity regulation that were
possibly missed when the enzymes were analysed in vitro, further stressing
the relevance of carrying out parallel experiments in an endogenous system.
A second example comes from the studies on vitamin D as a potential
chemotherapeutic agent against pancreatic cancer, as discussed in the in-
troduction, Section 1.2.4. The dispute about the therapeutic properties of
vitamin D largely stem from disparate observations made in cell culture sys-
tems versus in live human subjects; the pancreatic cancer cell lines experi-
enced growth inhibition in upon vitamin D treatment whereas the human
subjects showed an increased risk of developing the cancer upon vitamin
D treatment (Kawal et al., 1997; Skinner, 2006). In an attempt to ensure
genetic uniformity, vitamin D was administered to mice suffering from drug-
induced pancreatic cancer, but showed no therapeutic effects (Iqbal, 2018).
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Collectively, these studies offer a confounding picture of the relationship be-
tween vitamin D and pancreatic cancer, which was partly resolved by the
experiments in mice. However, more conclusive evidence towards the same
end remains wanting.
The above examples clearly indicate a lack of cohesion between experiments
conducted within and outside of whole organisms. In this thesis, we were able
to bypass any of the potentially distracting effects of a cell culture system
by studying the requirement of PI4KIII↵ in Drosophila phototransduction.
Furthermore, a combination of electrophysiology and quantitative measure-
ment has been used to show that the kinase activity of PI4KIII↵ is required
both for homeostasis and for regulating PLC signalling in Drosophila pho-
toreceptors.

7.4 Conservation of the PI4KIII↵-Efr3-TTC7
protein complex

The binding of PI4KIII↵ to Efr3 and TTC7 to form a protein complex at
the plasma membrane is a phenomenon that is very well conserved in both
yeast and mammalian systems (Baird et al., 2008; Nakatsu et al., 2012). In
Drosophila, although we lack evidence of direct binding, we have shown in
this study that removing any one of these three proteins from photoreceptors
causes identical defects, be it in terms of electrical output or phosphoinositide
levels. This points to a clear codependence of the three components on
one another, most likely through the formation of a complex. Importantly,
a study conducted in 2017 demonstrated that the fly PI4KIII↵ and Efr3
proteins do indeed physically interact, as seen in co-immunoprecipitation
experiments (Zhang et al., 2017).
Additional work from mammalian cell culture systems has shown that the
PI4KIII↵ complex has some other interactors as well. The FAM126A and
TMEM150A proteins have also been shown to bind to and regulate formation
of the PI4KIII↵ protein complex. TMEM150A is the mammalian orthologue
of the yeast Sfk1 protein, which is a suppressor of the temperature sensitivity
of the stt4ts (PI4KIII↵ in yeast) mutant (Audhya and Emr, 2002). In mam-
malian cells, TMEM150A serves as a potential substitute for TTC7 at the
plasma membrane (Chung et al., 2015). FAM126A, on the other hand, binds
to the PI4KIII↵-TTC7-Efr3 complex at the plasma membrane, contributing
a further layer of regulation to the system (Baskin et al., 2016). The fact
that this complex is so tightly regulated is curious, since the group II PI4Ks
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do not appear to require so many interactors to function. This paradigm of
complex formation is true for the other group III PI4K - PI4KIII� - as well.
It has been shown to bind to and be regulated by proteins such as Rab11
and Arf1 (Chalupska et al., 2019).
There a several possible scenarios that necessitate multiple binding partners.
One reason is to localise the enzyme to the correct membrane; unlike the
group II enzymes, the group III PI4Ks lack clear membrane-binding motifs
and instead, are recruited to the appropriate membranes by virtue of their
interactions with other proteins. The architecture of the PI4KIII↵ complex,
as worked out from yeast and mammalian cells, is such that Efr3 sits at the
plasma membrane and binds to TTC7, which in turn binds to PI4KIII↵ (Wu
et al., 2014). Hence, TTC7 acts as a bridge between the other two proteins
and PI4KIII↵ does not directly bind to the membrane. A possible advantage
of such architecture could be that it allows flexibility and conformational
changes in PI4KIII↵ as it performs its catalysis. The catalytic domain of
PI4KIII↵ is at its C-terminus, whereas the binding region for TTC7 is at
the N-terminus (Nakagawa et al., 1996). This leaves the protein free to
reach out and catalyse conversion of PI to PI4P at the plasma membrane,
with minimal steric hindrance from surrounding components. Similarly for
PI4KIII�, current models drawn from cell culture systems predict that the
enzyme is tethered to other proteins at its N-terminus, leaving rest of the
protein free to access its substrate (Burke et al., 2014).
The second facet of such tight regulation could be temporal control. Experi-
ments from the 1980s on kinetic activity suggest that the group III enzymes
have a higher affinity for ATP and a faster catalysis rate (Endemann et al.,
1987). In such cases, the cell might only require the activity of the enzyme
for a limited time period and hence, a need-based recruitment to the site of
activity would offer a means to control the process. We do not yet have any
evidence suggesting that a constitutive presence of PI4KIII↵ at the plasma
membrane is detrimental to the cell; in fact, in yeast cells STT4 is present at
the plasma membrane at all times (Audhya and Emr, 2002). However, it is
possible that in systems requiring fine kinetic coordination between multiple
processes, such an event might throw coordination off-balance. The group
II enzymes are also more susceptible to inhibition by adenosine, suggesting
that they are more easily regulated by soluble cellular components and may
not require control at the level of recruitment (Endemann et al., 1987).
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7.5 Other cellular functions of stmA and TTC7
The proteins Efr3 and TTC7 are very well conserved across eukaryotic sys-
tems, ranging from yeast to mammals (Baird et al., 2008; Nakatsu et al.,
2012; Chandrashekaran and Sarla, 1993). While it is possible that their chief
function is to act as scaffolds for the PI4KIII↵ complex, there is evidence to
support independent cellular functions for these genes.

7.5.1 Efr3 (stmA)
Early work on the Drosophila orthologue of Efr3 - stmA - showed that it
is an essential gene required for embryonic survival. A failure to generate
germline clones implied that the gene was required for cell viability as well
(Faulkner et al., 1998). Further work in Drosophila involved the generation
of temperature-sensitive mutants, allowing one to maintain gene function
throughout development and selectively inactivate it during the adult stage.
Inactivation of the gene at restrictive temperatures resulted in paralysis of
the flies, indicating a neuronal function. Certain alleles also showed neural
hypertrophy, prompting the assignment of a neurogenic function to the gene
(Chandrashekaran and Sarla, 1993; Kumar et al., 2001; Shyngle and Sharma,
1985). The stmA gene is also speculated to regulate synaptic vesicle recycling,
as the temperature-sensitive mutants were observed to have defects in both
exocytosis and bulk endocytosis at neuromuscular junctions (Huang et al.,
2006; Vijayakrishnan et al., 2009). Additional evidence for a requirement of
the gene in neurons came when it was shown that stmA, in combination with
PI4KIII↵, regulates the secretion of A�42 amyloid peptides from Drosophila
brain tissue, a key causative agent of Alzheimer’s disease (Zhang et al., 2017).
More recent work in mammalian cells also mirrored the findings in Drosophila.
The mammalian genome codes for two isoforms of the gene - EFR3A and
EFR3B. The EFR3A gene has been associated with autism spectrum disor-
ders (ASD), as per data from whole exome sequencing. The sequences were
obtained from cohorts of individuals exhibiting ASD as well as control popu-
lations. They found that certain deleterious mutations for EFR3A were more
common in cases positive for ASD as compared to control cases. It was also
seen that EFR3A was co-expressed in cortical neurons, in a pattern closely
matching that of a module of ASD-related genes (Gupta et al., 2014). While
the nature of this association remains unknown, it offers a promising route
of investigation into the cell biology of ASD.
Curiously, another set of studies on EFR3A function in the mouse brain
found that conditionally deleting the gene in adult brains promoted neuroge-
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nesis of hippocampal neurons. Removing the gene also conferred a protective
effect in terms of apoptosis and drug-induced neuronal degeneration. These
effects likely resulted from an upregulation of brain-derived neurotrophic fac-
tor (BDNF) and its related signalling pathways (Hu et al., 2017; Qian et al.,
2017). This evidence runs contrary to the data from Drosophila, where the
gene appeared to be required for neurogenesis. However, it is important to
note that the proliferation was only observed in hippocampal neurons and
other regions of the brain did not show this effect. It is possible that there is
an isoform-specific requirement of Efr3 in different brain regions. Moreover,
the EFR3B isoform is still present in the brains lacking EFR3A and could
potentially compensate for the deletion. EFR3B is, in fact, more highly ex-
pressed in mammalian brain tissue than EFR3A. As Drosophila have only
a single copy of the gene, any manipulations would have more severe effect
due to a lack of compensation by a second isoform.
The EFR3B isoform, despite being highly expressed in the brain, has been
implicated in regulating GPCR signalling rather than neurogenesis. A study
from mammalian cells indicate that EFR3B might regulate receptor resen-
sitisation, possibly by interacting with its C-terminus and controlling the
phosphorylation status (Bojjireddy et al., 2015). Further studies in this con-
text would inform on the role of Efr3 in regulating cell signalling, as discussed
in Section 5.8.3. Given that the photoreceptors of Drosophila are also pri-
mary sensory neurons, it is possible that the neuronal functions of stmA
hold good in these cells as well. While we demonstrated a role for stmA in
regulating PI4P and PIP2 levels, this does not rule out other functions for
the gene. A more detailed characterisation of the stmAts allele, for instance,
would aid in understanding the relevance of this protein and its functions in
Drosophila.

7.5.2 TTC7
The TTC7 gene in mammals is also present as two isoforms - TTC7A and
TTC7B. The gene appears to be expressed in almost all tissues except mus-
cles, with relatively higher expression in kidney and liver tissue (TAKABAYASHI
et al., 2007).The TTC7A gene has been associated with multiple genetic dis-
orders, the most prominent being those related to intestinal health. Whole-
exome sequencing data from patient samples has shown that mutations in
TTC7A are seen repeatedly in cases of multiple intestinal atresia, a fatal dis-
ease involving intestinal obstructions and immune deficiencies (Chen et al.,
2013; Samuels et al., 2013). An investigation into the mechanistic basis for
the disorder pointed to a PI4P-dependent mechanism, where point mutants
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for TTC7A showed reduced levels of PI4KIII↵ in enterocytes, as well as low
levels of PI4P in intestinal cell lines. These point mutations were isolated
from sequencing data of patients positive for very early onset inflammatory
bowel disease (Avitzur, 2014).The mutations also disrupt cell polarity of in-
testinal epithelia, possibly as a consequence of low PI4P levels (Bigorgne
et al., 2014).
Apart from contributing to intestinal health, mutations in TTC7 ave been
known to cause flaky skin syndrome in mice. These mice are also used
as model systems for psoriasis and autoimmune disorders (TAKABAYASHI
et al., 2007; Helms et al., 2005).
The cellular role of TTC7 in flies has been rather poorly studied till date.
Given its association with intestinal health in mice, it would be valuable to
study its function in Drosophila, especially since the fly genome only carries
a single isoform of the gene and would eliminate any compensatory effects
from other isoforms seen in mice.
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Appendix A

Representative Chromatograms

A.1 PIP, PIP2 and PE
Representative chromatograms for the five main PIP, PIP2 and PE species
detected using liquid chromatography - mass spectrometry (Fig.A.1, A.2,
A.3, A.4, A.5 and A.6). The left column is representation from a blank
sample, containing no biological material. The right column represents a
lipid sample extracted from the retinae of WT flies.

A.2 DAG, PA and PE
Representative chromatograms for the five main DAG, PA and PE species
detected using liquid chromatography - mass spectrometry (Fig.A.7, A.8,
A.9, A.10, A.11 and A.12). The left column is representation from a
blank sample, containing no biological material. The right column represents
a lipid sample extracted from the retinae of WT flies.
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Figure A.1 : Representative chromatograms - PIP (34 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.2 : Representative chromatograms - PIP (36 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.3 : Representative chromatograms - PIP2 (34 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.4 : Representative chromatograms - PIP2 (36 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.5 : Representative chromatograms - PE (34 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.6 : Representative chromatograms - PE (36 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.7 : Representative chromatograms - DAG (34 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.8 : Representative chromatograms - DAG (36 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.9 : Representative chromatograms - PA (34 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.10 : Representative chromatograms - PA (36 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.11 : Representative chromatograms - PE (34 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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Figure A.12 : Representative chromatograms - PE (36 species)
The x-axis represents elution time; y-axis represents intensity in counts per
minute. The x-axis has been cropped to focus on the elution time for each
species.
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