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ABSTRACT

Polycystic kidney disease (PKD) protein 2 Like 1 (PKD2LI1), also called
transient receptor potential polycystin-3 (TRPP3), regulates Ca?"-dependent hedgehog
signalling in primary cilia, intestinal development and sour tasting but with an unclear
mechanism. PKD2L1 is a Ca’*'-permeable cation channel that is activated by
extracellular Ca?" (on-response) in Xenopus oocytes. PKD2L1, co-expressed with PKD
protein 1 Like 3 (PKDIL3) receptor protein, exhibits acid-induced off-response
activation (i.e., activation occurs only after the removal of an acidic solution).

Whether PKDI1L3 participates in acid sensing and what is the exact mechanism
of PKD2L1 channel function remain unclear. In Chapter 2, we provided an answer for
the first question. By using the two-microelectrode voltage-clamp, site directed
mutagenesis, Western blotting, reverse transcriptase-polymerase chain reaction (RT-
PCR) and immunofluorescence, we showed that PKD2L1 expressed alone in oocytes
exhibits sustained off-response currents in the absence of PKDI1L3. PKDIL3 co-
expression augmented the PKD2L1 plasma membrane localization but did not alter the
observed properties of the off-response. PKD2L1 off-response was inhibited by an
increase in intracellular Ca%*. We also identified two intra-membrane residues aspartic
acid 349 (D349) and glutamic acid 356 (E356) in the third transmembrane domain that
are critical for PKD2L1 channel function. Our study suggests that PKD2L1 may itself
sense acids and defines off-response properties in the absence of PKD1L3.

It was previously reported that PKD2L.1 and PKDI1L3 form heterotetramers
with 3:1 stoichiometry. C-terminal coiled-coil-2 (CC2) domain (G699-W743) of

PKD2L1 was reported to be important for its trimerization but independent studies
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showed that CC2 does not affect PKID2L1 channel function. Thus, it remains unclear
how PKD2L1 proteins oligomerize into a functional channel. In Chapter 3, by use of
SDS-PAGE, blue native PAGE and mutagenesis we identified a novel C-terminal
domain called C1 (K575-T622) involved in stronger homotrimerization than the non-
overlapping CC2, and found that the PKD2L1 N-terminus is critical for dimerization.
By electrophysiology and Xenopus oocyte expression, we found that C1, but not CC2,
is critical for PKD2L1 channel function. Our co-immunoprecipitation and dynamic
light scattering experiments further supported involvement of C1 in trimerization.
Further, C1 acted as a blocking peptide that inhibits PKD2L1 trimerization and the
channel function of PKD2L1 and PKD2L1/PKD1L3. Thus, our study identified C1 as
the first PKD2L1 domain essential for both PKD2L1 trimerization and channel
function, and suggests that PKD2L1 and PKD2LI1/PKDI1L3 channels share the
PKD2LI1 trimerization process.

In Chapter 4, we studied roles of phospholipase C (PLC), lipid messengers and
phosphorylation in PKD2L1 channel function. As PKD2L1 is expressed in type III
taste receptor cells (TRCs) which are known to have a phospholipase C-dependent Ca>*
signalling, we wondered whether PKD2L1 function is downstream of a PLC pathway
or is affected by different lipid messengers. Using Xenopus oocyte expression system,
two-microelectrode voltage-clamp (TMVC) and immunofluorescence (IF), we found
that PKD2L1 function is indeed downstream of a PLC pathway. PLC activator m-
3M3FBS opens the channel in a Ca?'-dependent manner, while the PLC inhibitor
U73122 inhibits the Ca?*-induced channel function. Moreover, we found that phorbol

12-myristate 13-acetate (PMA), a commonly used PKC activator, but not its
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biologically non-active analogue, 4a-phorbol 12,13-didecanoate (4aPDD), inhibits
PKD2L1 channel function and reduces its plasma membrane localization. Consistently,
when we used a PKC blocker GF109203x the channel activity was increased. Further,
we tested a number of potential phosphorylation sites and found that PKD2L1 mutant
T338A has a substantially reduced response to the PMA treatment. Our results indicate
that 1) PLC regulates PKD2L1 channel function and that PKD2L1 inactivation is PKC-
dependent, and 2) PKC regulates PKD2L1 channel function through phosphorylating
threonine 338 and affecting its surface membrane density. This study will constitute an
important step towards understanding the molecular mechanism underling the
biological functions of PKD2L1 such as its role in sour tasting.
In summary, our studies constitute valuable contributions to understanding the

function and regulation of PKD2L1.
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CHAPTER 1

1. INTRODUCTION



1.1  TRP superfamily

The founding member of the TRP superfamily of ion channels was the
Drosophila TRP (dTRP) gene. Drosophila trp gene mutant exhibited a ‘transient
receptor potential’ response to light resulting in visually impaired flies. TRPs, mostly
non-selective cation channels, are involved in various sensory functions and cation
homeostasis; including detection of changes in light, pH, osmolarity, temperature,
tastants, pheromones and mechanical stimuli. These integral membrane proteins are
now known to underlie various abnormalities and diseases if disrupted (/-4). Such
disruption can range from fatal neonatal effect as in the case of the loss of TRP
polycystin-2 (TRPP2) to stationary night blindness and decreased visual acuity in the
case of mutated TRP melastatin-1 (TRPM1) (5). Other diseases have been linked to
other TRP members, with neurodegenerative, kidney, cardiac and chronic pain diseases

are examples (/,4,5).

Members of TRP superfamily comprise seven subfamilies with similar
membrane topology; TRPN (no mechanoreceptor potential C-like), TRPC (canonical),
TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin), TRPV (vanilloid) and
TRPA (ankyrin). Each TRP member has six transmembrane domains with intracellular
amino and carboxyl termini. Each subfamily has distinct channel domains and
properties, with closely related members can share up to 80% protein homology (5). A
phylogenetic tree, from Nilius B. et al. (6), illustrates the homology between

mammalian TRP superfamily members (Figure 1-1)



hTRPC1

TRPML nrrenLs ) (canonical)
(mucolipin) hTRPC3
| hTRPC7
hTRPPS \ / hTRPC6
hTRPP3
hTRPP2 mTRPC2
TRPP '
(polycystin)
hTRPMIS - hTRPV1
hTRPMA4 hTRPV2
hTRPMS hTRPV3
TRPM hTRPM2 hTRPV4
(melastatin) hTRPM7 hT,RPVS TRPV
. hTRPV6 (vallinoid)
hTRPM1 5
hTRPM3 -
TRPA

(ankyrin)

Figure 1-1 Phylogenetic tree of the mammalian transient receptor potential (TRP) channel

superfamily (6). Permission was not required for this figure to be reused in a thesis.



1.1.1 TRP superfamily structure/function relationship

A number of conserved structural domains have been reported in TRP
subfamilies, with either a determined or an undetermined functional effect (7). Ankyrin
repeats, TRP box, C-terminal coiled coil domain, EF hand, PDZ-binding domain,
calmodulin binding domain, enzyme domain and phosphorylation sites are some
examples of these regulatory structural domains (7). Below is a short summary of the
most recent available knowledge about each domain and how it affects the TRP

channel function.

Ankyrin repeats

Ankyrin repeats, the 33 amino acid (aa) long motifs, are present in the
intracellular N-terminal domain of members of the TRPA, TRPN, TRPV and TRPC
subfamilies (&). These protein-interacting domains are composed of multiple ankyrin
repeats in human homologues, ranging from 2 repeats in TRPCS, 15 in TRPAL1 (7), to
29 in TRPN members (8). Such repeats are proposed to serve as scaffold structures
allowing ligand binding. This protein-protein interaction mediates and regulates the
channel function (&). The longer repeats are proposed to sense mechanical stimuli in

humans as well as in lower animal classes (8, 9).

TRP box

A TRP box is a short (about 25 aa) conserved amino acid sequence found in the
C-terminal domain of the TRP subfamilies: TRPN, TRPV, TRPC and TRPM (/0). The

function of TRP boxes was elusive until in 2005 when Rohacs and colleagues found
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that the TRPM8 TRP box binds phosphatidylinositol (4,5)-bisphosphate (PI1(4,5)P(2))
(I1). The TRP box of TRPV1 was found to bind PIPs thereby regulating the channel
gating and desensitization (/2). Other studies revealed the role of conserved residues in
the TRP box of TRPV1 and TRPV4, and highlighted the role of the tryptophan (W)
residue within the box (/3,74). For example, W733 in the TRPV4 TRP box interacts
with L596 in the linker between the transmembrane domain 4 (TM4) and TMS5 (/3).
Such interaction was reported to affect the channel open probability and gating (/3).
This, however, does not exclude the important role of other residues in the domain that

mediates binding to lipid messengers and modulates channel functions (72).

Coiled coil domain

Coiled-coil domain (CCD) is a regulatory motif, composed of a-helices, that
keeps the protein in a particularly stable state. CCD is a common C-terminal structure
that serves as an oligomerization domain for several TRP members as well as for other
ion channels, structural proteins and transcription factors (/5). A number of
determinants govern the function of the CCD, including: amino acid composition,
length and how distal from TM6. Accordingly, CCDs have different roles in different
TRP members; it is important for oligomerization and trafficking in some melastatin
(TRPM) (1, 3, 6, 7) and vanilloid (TRPV) (1) TRP members but not essential for other
members (/5,16). Previous and recent studies highlight the interesting role of a CCD in
channel gating (/7,;18), with a proposed mechanism where a CCD is involved in

maintaining a closed channel state (/5,17,18).



EF hands

EF hands are putative Ca’" binding motifs. Their function can be either
stimulatory or inhibitory. TRPA1 has a controversial N-terminal structure which has
similar characteristics to known EF hands (8). This TRPA1 motif resembles EF hand
motifs in binding Ca?" and is capable of activating the TRPA1 channel (/9). In
contrast, when the EF hand domain in the C-terminus of the polycystin subfamily
member TRPP3 (i.e. PKD2L1) was deleted, an increase in channel activity and a

decrease in channel inactivation were observed (/8).

Calmodulin binding domain

Calmodulin (CaM) binding domain is another Ca?*-dependant regulatory motif
found in TRP channels. While CaM binding sites were found in the N- and C- termini
of TRPVI, it is usually detected in the C-terminal domain as in other TRPV members
(20-22). CaM binding has been largely accepted for its inhibitory and desensitization

role in the TRP superfamily (/5,20,21,23).

PDZ-binding domain

PDZ-domain is a protein sequence of about 90 amino acids. It was initially
identified in three proteins from which the acronym PDZ was derived. P is the first
letter from the post-synaptic density-95 protein, D from the Drosophila discs large
protein, and Z from the zonula occludens-1 (ZO-1) protein. TRP channels are known to

have PDZ-binding sequences that facilitate the association of different scaffolding



proteins containing PDZ domains (/,24,25). Such association is critical for the proper
arrangement of the signalling molecules along with the cytoskeletal components and
TRP channels. Montell in 2005 called this macromolecular arrangement a signalplex
(26), which was reported as a required assembly for the most efficient signalling

retrieval and channel function.

Enzyme domain

A number of TRPM members are known to have an enzymatic domain and
activity. While TRPM6 and TRPM7 have an a-kinase domain that is capable of
serine/threonine kinase activity (27) and autophosphorylation (28), TRPM2 contains a
NUDIX domain with adenosine diphosphate (ADP) ribose phosphohydrolase activity
(7;15). In the case of the a-kinase of TRPM?7, kinase activity is not a determinant of
channel function (29); however, the NUDIX domain enzymatic activity in TRPM2 is

essential for channel gating (30).

Post-translational modifications (PTMs)

TRP channels, as other cellular proteins, are regulated by post-translational
modifications (PTMs). N-linked glycosylation, lipidation and phosphorylation are some
of these cellular processes (37). All PTM modifications need a specific consensus
region and structural site to accommodate them. Their roles are diverse, ranging from a
reversible regulatory effect that can turn the channel function on/off to a modification
that targets the channel to degradation (37). Here, the major focus will be on regulation

by phosphorylation of different TRPs (37-33) for its relevance to the work performed
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in the fourth chapter of this thesis. Phosphorylation has been reported to change the
function of a number of TRP channels. A well-studied example is TRPV1 channel.
TRPV1 sensitization/desensitization processes are affected by protein kinase C- (PKC)
and protein kinase A- (PKA) dependent phosphorylation (3/) and has a number of

important serine residues identified (34).

Owsianik and colleagues summarized the major TRP structural domains and
phosphorylation sites (Fig. 1-2) discussed above, with the phylogenetically related

members illustrated beside each other at the same level (7).
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Figure 1-2 Schematic representation of the structural topology of TRP channels. The
transmembrane segments are similar in all TRP channels. The putative pore region is localized
between TMS and TM6 and its length and amino acid composition are variable in different
subfamily members. Only the most representative domains are annotated and lengths of the N-

and C-termini are approximated. Reprinted, with permission, from Owsianik and others (2006)

(7).



1.1.2 TRP superfamily main functional regulation mechanisms
For their importance and relevance to the research described in this thesis,
functional regulation of TRP channels by forming proper oligomers as well as the role

of phosphoinositides in this regulation are discussed here.

Oligomerization

The tetrameric structure of functional TRP channels is evident (35-37).
Although TRP channels can form homotetramers, they are still capable of
heterotetramerization. For example, TRPC1 can form homotetramers as revealed by the
atomic force microscopy (AFM) (35), and it can still form heterotetramer with TRPP2
(i.e. PKD2) in a unique alternating subunit assembly and 2:2 stoichiometry (38).
Functional homo- and heterotetrameric channels were reported for many TRPs e.g.;
TRPCI1 (35,38), TRPP2 (38-40), TRPVS and 6 (41) and TRPP3 (i.e. PKD2L1) (23,42).
Domains for TRP channel tetramer formation and proper channel assembly were
identified in the N-terminal (43), C-terminal (39,44), as well as the transmembrane

domains (45)

Dimerization and trimerization domains were identified in many TRPs with
some proved as non essential for channel function while others are prerequisite for
proper channel tetramerization and function. One model of a functionally critical
dimerization domain, that regulates tetramerization, is in the TRPP2 (i.e. PKD2)
protein. Cysteine 632 (C632) was found important for dimerization along with residues
in the N- and C-termini (43). Another model is in the TRPM subfamily where TRPM6

and 7 form a functional homo- and heterodimers with kinase activity (46). On the other
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hand, although TRPP3 (i.e. PKD2L1) CCD crystal structure and chromatography
experiments showed that it constitutes a trimerization domain (47,48), it was reported

as a non essential domain for channel function (/8,45).

Phosphoinositides

Phosphoinositides (PIs) constitute a small population of the cellular
phospholipids but they represent powerful signalling messengers with pivotal roles in
all aspects of cell regulation (49). Their phosphorylated heads provide enough charge
to interact with various cellular proteins allowing a dynamic functional modulation of
different proteins including ion channels (49). Functional regulation of TRP channels

by phosphoinositides is evident and previously reviewed (50-54).

One of the most controversial regulatory phospholipids is P1(4,5)P2 (i.e. PIP2).
PIP2 is the substrate for one of the major enzyme classes in cell signalling,
phospholipase C (PLC). It is also the precursor of the key lipid messengers, inositol
(1,4,5) trisphosphate (IP3) and diacylglycerol (DAG), upon hydrolysis by PLC. IP3 has
its role in releasing Ca”" from the intracellular stores through binding to IP3 receptors
(IP3R), while DAG can activate many forms of PKC (55). PIP2 effects on TRP
channels, even within the same subfamily, can differ substantially. Within the TRPC
subfamily, one recent study reported the direct role of PIP2-mediated inhibition and
DAG-mediated activation on TRPC6 and 7 channel function, independent of the
downstream signalling molecules (56), yet other previous studies showed that DAG

induces TRPC subtype inhibition by activating the downstream PKC (57). TRPP2 (i.e.
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PKD?2) also shows PIP2-dependent inhibition and its epidermal growth factor-mediated

activity is phospholipase C-gamma dependent (58).

Figure 1-3 from Rohacs T. review (59) summarizes an interesting
gating/desensitization mechanism that involves phosphoinositides and the activation of

PLC pathway.

(A

TRPMS8 or TRPV1

menthol / cold
capsaicin / heat

TRPV6
(B)

©)
TRPM4 or TRPMS

Figure 1-3 Calcium-induced activation of PLC leads to channel inactivation. (A) Menthol
or cold opens TRPMS, capsaicin or heat opens TRPV1. Calcium flowing through the channels
activates a Ca?" sensitive PLC, probably a PLCS isoform. This leads to the depletion of PIP2
(and PIP) and diminished channel activity (desensitization or adaptation). (B) TRPV6 is
constitutively active; Ca’>" flowing through the channel activates PLC and the ensuing PIP2
depletion inactivates the channel, i.e., it stabilizes its activity at a lower steady state. (C)
TRPM4 and 5 are impermeable to Ca?'. Increased cytoplasmic Ca?" activates these channels

(fast effect), but it also activates PLC leading to the depletion of PIP2 (slower effect). This
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sequence of events leads to a transient activation of these channels. Reprinted, with permission,

from Rohacs review (2009) (59).
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1.1.3 TRP channelopathy

TRPs are known for their role in Ca?* homeostasis, maintenance of other cation
levels (like Mg?"), as well as their role in maintaining the proper cell cytoskeletal
structure. Many TRP mutations have been linked to the progression of human
cardiovascular, metabolic, nephropathic, neurological and neoplastic disorders
(1,;4,60). Here, the focus will be on the main pathologic structural and functional
mutations within members of each TRP subfamily. Channelopathies are ordered
according to the phylogenetic relationship between subfamilies as arranged in Figure 1-

1; starting with the classical TRPC channelopathies.

Although TRPN members are not expressed in mammals; its mutations and
subsequent physiological defects will be mentioned as well for their importance in the
general understanding of malfunctioned TRP channels and their being widely studied

in Drosophila melanogaster and Caenorhabditis elegans models.
TRPC channelopathies

TRP superfamily founding members, the dTRP and TRPL, belong to the TRPC
subfamily, with their mutations resulted in visually impaired flies (6/). TRP mutant
flies were not able to adapt to prolonged exposure to intense light and behaved as blind
flies, with a reversible blindness. Flies with double nu/l mutation of both TRP and
TRPL lost their light-activated conductance (61,62). Cytoskeletal connections of dTRP
and TRPL are of considerable importance in channel gating and signal termination (/),
with any mutation that disrupt the proper assembly of the signalplex or Ca?**
homeostasis, such as the gain-of-function mutations in dTRP, is a factor contributing to

retinal degeneration (63). TRPC1 is the first human TRP member to be cloned (64).
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Although it is not directly linked to any genetic disease (63), its polymorphisms and
low mRNA copies have been associated with diabetic nephropathy in humans and
animal models (65-67). Through their role in Ca?>" homeostasis, TRPCs expression
levels affected the progression of a number of human diseases; including, cancer
(68,69), neurodegenerative and neuropsychiatric disorders (65,70). Familial focal
segmental glomerulosclerosis (FSGS) and childhood nephrotic syndrome are two
nephropathologic disorders linked to some mutations in TRPC6, mainly gain-of-
function mutations (7/-75). Interestingly, some TRPC6 genetic variants were not
identified as pathogenic but rather affected the FSGS patients’ therapeutic responses
(76). Moreover, TRPC1, 3, and 6 are involved in the progression of cardiac

hypertrophy, with their targeting representing a promising therapeutic manipulation

(77).

TRPV channelopathies

A number of TRPV channels are associated with kidney and sensory defects.
TRPV1 and TRPV4 are connected to a number of disorders including overactive
bladder, chronic cough, diabetes and pain disorders (77;78). Inhibition of TRPV1
represents a good pharmacological intervention for its analgesic effect. In addition,
TRPV4 inhibition was proven to improve bladder function in overactive bladder
disorder (77). While the role of TRPV1 and 4 in obesity is controversial, recent studies
point to their involvement in obesity in both human subjects and mouse model (79,80).
Structural and/ or functional disruption in either TRPVS or TRPV6 was linked to

idiopathic hypercalciuria and vitamin D-dependent rickets, due to their role in renal
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Ca?" reabsorption. Additionally, some TRPV6 gain-of-function polymorphisms
detected in patients forming kidney stones (4). TRPV3 is widely expressed TRP

channel in the skin, with a critical role in skin and hair health and disease (87,82).

TRPM channelopathies

TRPMSs, akin to other TRPs, are involved in many diseases. Their name is
referred to, by some authors, as melanoma-related TRPs for their first member,
TRPMI1, presence in benign nevi and absence in malignant metastatic melanoma (83).
TRPMI1 expression level was inversely proportional to the aggressiveness of the
disease. Beside their unique kinase and ADP binding domains, two TRPMs (4 and 5)
are selective to monovalent cations only (84). TRPM4 may be involved in bladder and
neurological disorders as well as cardiovascular disease (84), while TRPMS single
nucleotide polymorphisms (SNPs) are associated with increased risk of Type-2 diabetes
(85). Moreover, TRPM2, 5 and 8 are involved in metabolic disorders and obesity (80).
TRPMB6, on the other hand, has a role in magnesium absorption and its non functional
mutations are causing a hypomagnesaemia/hypocalcaemia hereditary syndrome (86-
88). While the role of SNPs in TRPM7 in a number of neurodegenerative disorders and
stroke are still controversial (89,90), the inhibition of TRPM7 was associated with
reduced neuronal cell loss (97,92). Such an observation highlights its role in Ca?*-

overload mediated neuronal cell death (93).
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TRPP channelopathies

The growth of numerous fluid filled cysts in the kidney in what is known as the
Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common
genetic renal diseases, affecting 7-10% of patients in need of renal replacement (94).
TRP polycystin 2 (TRPP2) or polycystic kidney disease 2 protein (PKD?2) is the protein
from the TRP superfamily responsible for 15-20% of the disease. PKD2 interacts with
polycystic kidney disease 1 protein (PKD1), the other ADPKD protein responsible for
80-85% of the disease. Few ADPKD cases were not linked to either gene. The exact
mechanism of the disease is not clearly delineated yet, with interrupted intracellular
Ca?" levels are pointed out by several studies (94,95). A reported unfolded protein
response (UPR), increased ER stress and disrupted cytoskeletal structural connections
of the channels were also highlighted as potential mediators of the disease (96-100).
PKD?2 is involved in cell proliferation and also has a profound role in placenta (/01).
PKD2 knockout mice fail to survive and die in utero (101). On the other hand, the
physiological roles of the other two TRPP members TRPP3 (also called polycystic
kidney disease 2 like 1 protein (PKD2L1)) and TRPPS (i.e. PKD2L2) are even less
studied. PKD2L1 absence is not lethal as shown in PKD2L1 knockout studies, with a
mild signalling and developmental defect (/02). Absence of PKD2L1 as well as other
genes from the tongue was associated with loss of sour taste in two patients in one
study (/03), with retinal detachment in another one (/03,104) and linked to circulating
phospholipid levels in others (/05,106). On the other hand, nothing is known about a

pathological role for PKD2L.2.
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TRPML channelopathies

Interestingly, TRPML1 is not only responsible for Ca?>* permeability, but it is
also permeable to iron (as Fe?*, ferrous ion) and Manganese (Mn?*) (107). It has an
important role in controlling cation concentrations in the late endosomes and lysosomes
and its loss-of-function mutations results in mucolipidosis type IV (108). Mucolipidosis
type IV is an autosomal recessive lysosomal storage disorder characterized by delayed
development, visual abnormalities and anaemia (/09). Pathological mechanisms
underlying the disease are still unclear. The roles of TRPMLI in other lysosomal
disorders have been proven and the use of TRPML1 agonist has shown improvement of
Niemann-Pick (NP) syndrome type C, another lysosomal storage disorder (//0). Other
studies had shown that TRPML2 and 3 have similar function to TRPML1 and may
potentially heterooligomerize (/08). These studies highlight the pivotal role of TRP

channels in maintaining the proper ion homeostasis in different subcellular organelles.

TRPA channelopathies

The only member of the TRPA subfamily, TRPA1, is known to be activated by
a wide range of irritants; for example, allyl isothiocyanate found in mustard oil and
cinnamaldehyde found in cinnamon activates the channel (//7). It is known also as a
pain sensor and implicated in the pathogenesis of migraine, dental pain as well as other
types of pain (/72). For this, two TRPA1 antagonists have been identified for their
pharmaceutical potential as pain killers (//3). Moreover, TRPA1 may be a molecular
determinant in many human disorders; including, asthma, respiratory distress and

inflammation, skin irritation, diabetes, cancer and bladder disorders (77,;112).
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TRPN channelopathies

The no mechanoreceptor potential-C (NOMPC) channels in Drosophila were
identified in 2000 by Walker ef al. and form the TRPN subfamily, which was
considered the first member of the TRP superfamily phylogenetically distal from the
mammalian members (//4). It was discovered for its profound effect in
mechanosensory transduction. NOMPC loss-of-function mutant flies loses their
mechanosensory responses, and several point mutations altered the flies
mechanosensory signalling transduction (//4). Caenorhabditis elegans TRPN
members have been the focus for further recent studies that revealed the role of TRPN

gain-of-function mutations in neurodegenerative disorders (/15).

Figure 1-4 summarizes the distribution pattern of the major human pathogenic
TRP channels members and their main associated disorders as illustrated by Kaneko

and Szallasi (77).
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TRPC3, TRPCS, TRPCS, Respiratory Disorders
TRPM2, TRPM4, TRPC6, TRPV1, TRPV4,
TRPM7, TRPML1 TRPMS, TRPA1
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_ TRPC1, TRPC3, TRPCS,
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Pain
Bladder Disorders TRPV1, TRPV3, TRPV4,
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TRPMS, TRPA1 TRPA1

Figure 1-4 Schematic illustration of the tissue-distribution of TRP channels and their
putative roles in the pathogenesis of human disease. Reprinted, with permission, from

Kaneko and Szallasi (2014) (77).
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1.2 PKD2L1 structure and main biophysical characteristics

PKD2L1 belongs to the TRPP subfamily and possesses a membrane topology
similar to all TRPs with six transmembrane domains, intracellular N- and C-termini
and a pore domain between TMS5 and TM6. Figure 1-5 shows PKD2L1 membrane
topology and highlights the major domains and posttranslational modifications as
described previously (/716,117). It shares about 50% sequence identity and 71%
similarity to PKD2 protein (//6). It also shows an overall = 21% identity and ~ 47%
similarity to many other cation channels and more specifically to the a subunits of the
pore-forming Ca?" channels (//6). A major difference between PKD2L1 and the a
subunit of voltage-gated cation channels is the absence of an adequate number of
positively charged residues in its predicted TM4, while the presence of 5 to 8 positively
charged arginine ( R ) and lysine ( K ) residues in TM4 of these channels act as voltage

sensors (/18).
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Extracellular

Coiled-coil
COOH

Figure 1-5 Proposed membrane topology for PKD2L1. 'P' and circular, triangular and
square flags indicate, respectively, the pore region, N-glycosylation, PKA- and PKC-
phosphorylation sites. Reprinted, with permission, from Chen ef al. (1999) (117).
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Both TRPP and TRPML subfamily members are recognized by their long
putative first extracellular loop, which is predicted to be the longest among other TRPs
reaching around 200 aa (/79). PKD2L1 predicted first extracellular loop, according to
Uniprot online data base, is 189 aa in length while the pore domain is 42 aa. Two

aspartic acid residues in the pore domain have been reported to be important for

channel Ca?* permeability. These are the D523 and D525 (42,120).

The PKD2L1 N-terminus is where the main difference between PKD2 and
PKD2L1 lies, as it lacks a 100 aa sequence present in PKD2. Part of PKD2L1 N-
terminus was reported to include a sequence essential for docking the receptor for
activated protein C kinase 1 (RACKI), a scaffolding protein that regulates cellular

functions and found to regulate PKD2L1 channel expression and function (/27).

PKD2L1 C-terminus contains an EF hand and a coiled coil domain. Both are
not involved in the initiation of the channel activity but rather share in the inactivation
process (/8). The coiled coil domain was found to contribute to the oligomerization
process (47,48), but is not a determinant of the channel function (45). Proximal to the
TM6, the C-terminus has two ER retention signals (/22) and a plextrin homology (PH)
domain (52), with the first ER retention signal (starting at K575) has a primary function
over the second one (/22). In addition, amino acid residues starting at T622 are not

essential for channel function (/8).

Akin to other TRP channels, functional PKD2L1 channel is found in homo-or
heterotetramers, with an estimated pore size of =7 A (123). With this pore size, the
channel is reported permeable to small mono- and divalent cations like, Ca?*, Ba*",

Sr>*, K*, Rb*, Li* and Na* (/7). PKD2L1 is also permeable to small organic cations
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like methylamine, dimethylamine, triethylamine and tetramethylammonium (7/23) but
impermeable to protons and larger ones like N-methyl-D-glucamine (NMDG) and
choline. Large cations have an inhibitory effect on cation permeation through PKD2L1,
which may be due to blocking the pore region, or competing at a binding site through
the permeation pathway. The inhibition potency of large organic cations is inversely
correlated with their sizes (/17,124). PKD2L1 channel is also reported to have higher

permeability to NH," and Cs* than Na™ (/24).

Noteworthy, the channel’s mono- and divalent cation permeability is not
additive and cations may compete to bind to the same site if present in the same
solution or they may interact with each other in what is called the anomalous mole
fraction effect (/23). The anomalous mole fraction effect can be described when an ion
channel conduct less current of two permeant ions when mixed than in their pure
solution (7/25). Moreover, PKD2L1 have a relatively high single channel conductance
of = 137 £ 7 pS (/17). While the channel is not voltage-gated, it showed some
modulation by voltage. An increase in the open probability (NP,) and mean open time

(MOT) at negative voltages compared to positive ones is evident (/24).
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1.3  PKD2L1 tissue-distribution and expression

1.3.1 Taxonomic overview

PKDZ2L1 gene was assigned to the long arm of the human tenth chromosome in
band q24 (116). Murine PKD2L1 was translated from 15 exons that spread over 29 kb.
In contrast to the other homologous ion channels in which each transmembrane domain
was coded by one exon, coding of four PKD2L1 transmembrane domains was divided

between two exons (/22).

Considering the importance of the sense of taste in animals and its role in
detecting harmful food and control of the animal’s feeding behaviour, recent
evolutionary studies have an interesting addition. Surprisingly, different whale and
dolphin species have various pseudogenes that include PKD2L1 among others (with
premature stop codon after exon 4 or 5 depending on species) and lack the functional
gene, to make them very unique mammals that lack four out of the five basic taste

qualities with only one putatively functional taste modality (/26).

The sagittal organ is another sensory system where PKD2L1 is an essential
component and widely accepted as a marker for its main constituents, the cerebrospinal
fluid contacting neurons (CSF-cNs) (/27-129). CSF-cNs are GABAergic neurons that
line the central canal along the entire length of the mice spinal cord (/28,130) as well
as other bony vertebrate species (/27). This sensory system is hypothesized to
modulate the sense of locomotion, body movement and position. Recently, it was
determined that this sensory system is marked by the expression of PKD2L1 and is

conserved from bony fish to primates (/27).
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1.3.2 Endogenous PKD2L1 expression in experimental animals

In adult mice, PKD2L1 expression was detected in the apical membrane of the
principal cells of the inner medullary collecting ducts (IMCDs) (/31). Basora et al.
(131) also detected PKD2L1 expressed in adult mice in ganglion cells in the retina,
biliary ducts in the liver, epithelial cells in the pancreatic ducts, spermatocytes in the
testis, reticular cells in the spleen, endothelial cells of the major blood vessels and the
epicardium in the heart. Later studies by Huang et al. (130) documented the presence of
PKD2L1 in the brain stem and CSF-cNs in P1-P4 mice. It is reported also that PKD2L1
expression is abundant in adult mouse brain (/32). Another study confirmed the
presence of PKD2L1 in stria vascularis, spiral ganglion cells, vestibular sensory cells,

dark cells, and ganglion cells of the mouse inner ear (/33).

PKD2L1 was detected early during the embryonic development. Similar to
adult mice, PKD2L1 localization was evident in mouse embryonic IMCDs starting at
the 16" day of gestation (E16) (137). As just mentioned, PKD2L1 is reported in
perinatal mice (P1-P4) CSF-cNs (/30), it was recently also detected in CSF-cNs

starting at E14.5 in mice and somite-18 stage in zebrafish (/27).

In 2006, PKD2L1 was the first protein to be identified as a good candidate for
sour taste perception (/30,134,135). PKD2L1 has a distinct expression to the taste bud
pore in all mouse taste bud papillae and areas. These studies along with others
(136;137) confirmed the labelled line mode of taste coding and further proved the
segregated perception of different taste modalities at the periphery; which means each

taste quality is mediated by a special type of taste receptor cells (TRCs), independent of
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the other taste modalities. Of note, PKD2L1 is now a widely accepted marker for sour

tasting TRCs (/30) and CSF-cNs (/27-129).

Interestingly, the Basora lab (/38) found that PKD2L1 was having a distinct
localization pattern in proliferative and non proliferative rat and mouse IMCDs as well
as in Madin—Darby canine kidney (MDCK) cells. For subconfluent cultures, PKD2L1
was localized mostly in the endoplasmic reticulum (ER) with a little plasma membrane
portion. In confluent cultures, some PKD2L1 was still in the ER with a good PM
targeting and this report was the first to demonstrate the presence of PKD2L1 in the
primary cilia and centrosomes of the above mentioned cell types (/38). Subsequent
studies confirmed the abundance of PKD2LI1 in primary cilia using the mouse

embryonic fibroblasts (MEF) and mouse retina pigmented epithelium (mRPE) (23).

1.3.3 Expression in Humans

Human tissue samples subjected to RNA dot blot and Northern hybridyzation
analysis revealed the presence of PKD2L1 in adult and fetal tissues, with more
abundance in fetal tissue when compared to the adult state (//6). This pattern of
expression is in contrast to the expression in mice described in the previous section
(1/31). Three human PKD2LI1 splice variants were isolated from kidney (805 aa), liver
(lack the EF-hand) and testis (lack 45 aa from the C-terminus). PKD2L1 was detected
in human heart as well, but with no splicing information available (/39). All variants
kept the basic channels properties (/8). PKD2L1 was found at high densities in the

primary cilia of two human cell types where it interacts with PKD1L1 (23).
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SNPs in PKD2L1 sequence are evident as well. PKD2L1 has two SNPs. One
reported in nucleotide 2147, where there is an A in the first reported sequence (/76)
and a C in a later report (/8), but it did not result in a change in the aa residue. Another
SNP at nucleotide 2203 (from C to T) resulted in a change in the 716 aa residue from

glycine to proline (/8).
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1.4 PKD2L1 Function; what is already known

1.4.1 pH sensing

PKD2L1 was proposed as a pH sensing channel by three independent studies in
2006 (130,;134;135). While low extracellular pH inhibits the channel and decreases its
basal conductance (/77,140), the channel was proposed to have a ‘delayed response to
acids’ (/34). Two years later, Inada ef al. (141) proposed that this ‘delayed response’ is
an off-response, where the stimulus (in this case the acid) has to be replaced by a less
acidic solution for the channel to elicit its activity. In human embryonic kidney (HEK)
cells, TRCs but not CSF-cNs, off-response activity was determined to require two main
factors: the expression of a polycystic kidney disease protein 1 like 3 (PKD1L3) and a
specific H" ion concentration (threshold pH). The latter is dependent on the biological

or heterologous expression system used.

PKD2L1/PKD1L3 complex off-response current amplitude was proportional to
the difference between the stimulating pH and the wash pH (/47). PKD2L1/PKDI1L3
channel off-response has some fundamental properties; PKD2L1/PKDI1L3 channel
activity is dependent on the stimulating pH (/30,134,141;142) and type of acid but
independent of the duration of acid application time. The type of acid is further
explained and comparable to the degree of the dissociation of the acid (/34;743). In
addition, PKD2L1/PKD1L3 off-response can be repeated and is not followed by a
desensitization period, compared to PKD2L1 Ca?**-induced activation. Moreover, Inada
et al. (141) also reported that PKD2L1/PKD1L3 off-response current inactivation was

markedly enhanced in the presence of extracellular Ca?*.
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Mouse PKD2L1 (mPKD2L1) is sensitive to alkalization in a bimodal manner
(/44). Shimizu and colleagues reported (/44) that homomeric PKD2L1 NP, was
increased by raising the pH to 8.0 - 9.0 and accordingly increased its current, while
raising it to 10.0 has an inhibitory and inactivating effects. In the same study, PKD2L1
was proposed to be activated by alkalization for the robust current observed upon the
wash of pH 10.0 with neutral pH, which may be simply explained by the removal of the
inhibitory effect of pH 10.0. Moreover, current simulation studies assumed that
PKD2L1 as part of PKD2L1/PKDI1L3 channel complex is an alkali-activated cation

channel (/45).

1.4.2 Ca? regulation

Ca?" activation and cation permeability are the first PKD2L1 channel properties
to be reported soon after its discovery in 1998 (/17). Ca*'-induced activation was
detected in heterologously expressed human PKD2L1 (hPKD2L1) in Xenopus oocytes.
It was followed by a reversible desensitization period that may last up to 10 min. The
study of PKD2L1 splice variants led to the discovery that the C-terminus EF-hand is
not essential for either the initiation of channel activity or its activation, but it rather

augments the inactivation process (/8).

hPKD2L1 showed Ca?*-induced activation when the channel was expressed in
Xenopus oocytes (117), but not HEK293T cells (23,140). The latter was characterized
by an outwardly rectifying current when expressing mPKD2L1 (740, 144) or hPKD2L1
(23). HEK expressing mPKD2L1 was constitutively active, highly permeable to Ca?*

and its currents were inhibited by the high extracellular Ca*" (140). DeCaen and others
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(23) reported that hPKD2L1 expressed in HEK cells is not activated by high
extracellular Ca®*, but rather it forms homomeric channels that conduct large non-

selective cation current with moderate Ca?* selectivity.

PKD2L1/PKDILI channel complex is a main ciliary channel that maintains a
surprisingly high Ca?* concentrations (= 600 nM) inside the cilium, distinct from the
resting cytoplasmic Ca”"concentrations (= 100 nM) (/02). The cilia from human retina
pigmented epithelium cell line (hRPE) were found to possess a non-inactivating
outwardly rectifying current that is 56 fold higher than that produced from the hRPE
cell bodies (23). Such current was moderately selective to Ca’* and heat while not
sensitive to pressure and mechanical stimuli (23). This channel activity is thought to
keep high levels of Ca?' in primary cilia at rest and allow the regulation of certain

hedgehog signalling components (/02).
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1.5 PKD21.1 functional modulation

1.5.1 Chemical modulators

PKD2L1 was inhibited by amiloride and analogs in a reversible manner. Such
an inhibition affected the channel MOT and NP,, but not the single channel
conductance (/46). Moreover, PKD2L1 was inhibited by external application of Mg?*
in a voltage-dependent manner (/24) and ciliary PKD2L1 currents were sensitive to
ruthenium red (23). Additionally, PKD2L1 was reversibly inhibited by the Chinese

herb Sparganum stoloniferum Buch.-Ham. (/47)

The channel was also inhibited by NMDG, choline, La’*, Gd**, and large
organic cations including tetracthylammonium (TEA), tetrapropylammonium (TPA),
tetrabutylammonium (TBA) and tetrapentylammonium (TPeA), while not sensitive to
Co?*, Pb?", Zn?*, and Cd?>" (117,;123,124). Large organic cations have been reported to
act in two different mechanism; so it either affects the single channel conductance
without affecting the channel MOT and NP, (e.g; TBA), or it can affect the channel
MOT and NP, (e.g; TEA, TPA, and TPeA) without affecting the single channel
conductance (/23). The former mechanism suggests that the inhibitor acts on the pore
domain and affects the permeation filter, while the latter affects the channel gating
mechanism (/23). Inhibition was found to be correlated with the size of the organic

cation.

PKD2L1 expressed in HEK cells was modulated by cell volume changes, with a
mechanism that involves phospholipase A, (PLA,). Application of the non-selective
PLA, inhibitor, 4-bromophenacyl bromide (pBPB), abolished PKD2L1 currents and

application of 10 uM arachidonic acid increased them (/40). This study points to the
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role of lipid messengers in modulating PKD2L1 activity. In addition, CaM antagonists
and calmidazolium activated/augmented PKD2L1 channel conductance in primary cilia

(23).

1.5.2 Oligomerization

Molland and colleagues (47) identified a structural motif in the C-terminus of
PKD2 and PKD2LI that is responsible for trimerization and Ca’" binding. More
specifically the CCD (CC2) domain from F839 to K876 and G692 to K741 in PKD2
and PKD2L1, respectively, was identified as a Ca**-independent trimerization domain
(47). A subsequent study from the same group identified a conserved structural motif
responsible for this observed PKD2L1 trimerization (48). This motif is composed of
the residues R—h-—x—x—h-E (where “R” is Arg, “E” is Glu, “h” is a hydrophobic
residue, and “x” is any residue) as shown in Figure 1-6. An arginine from one molecule
extends around the exterior of the helix to form an ionic interaction with a glutamic
acid from the adjacent molecule through a salt bridge (48). However, the fact that the

function of PKD2L 1 does not depend on this domain challenges its importance (/8,45).
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Human-PKD2L1 699 GGWVSGEEFY KM 737
Murine-PKD2L1 697 —-SWVSGEEFD KM 737
Human-PKD2 833 --GVSYEEFQ EI 870
Murine-PKD2 830 --GVSYEEFQ EI 867

Figure 1-6 PKD2L1 CRD trimerization is promoted by specific conserved residues. (A)
PKD2L1 CC2 structure with residues at “a” and “d” positions of the heptad repeat coloured
blue and red, respectively. (B) Acute packing geometry of individual coiled-coil layers with
backbone atoms shown as sticks and side chains shown as spheres with same coloring as in
(A). (C) Magnification of “R—h—x—x—h—E” trimerization motif in which R713 from chain B
forms a salt bridge (dashed black lines) with E718 from chain A. (D) Sequence alignment of
the of crystallized region (first line) with other polycystins. Conservation of residues at “a” and
“d” positions of coiled coil highlighted in teal and conserved salt bridge outlined by a black
box. Reprinted, with permission, from Molland et al. (2012) (47).
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1.5.3 Protein partners of PKD2L1
PKD2L1 interacts and is functionally modulated by a number of proteins,
including, PKD1 (/22), PKDIL1 (23), PKDIL3 (45,130,134,135), a-actinin (/32),

troponin-I (/39) and RACK1 (721).

Troponin-I

Troponin-I (Tnl) was the first protein partner interacting with PKD2L1 to be
identified (/39). Li et al. (139) showed that skeletal and cardiac Tnl isoforms reduced
PKD2L1 channel function, with an inward rectification at negative membrane
potentials, without affecting its PM targeting. This modulation of the channel function
was through direct interaction between the two proteins, as revealed under in vivo and
in vitro conditions. Native human PKD2L1 interacts with skeletal and cardiac Tnl
under normal conditions (/39). PKD2L1 C-terminus likely mediated this interaction
through its EF-hand and CCD with two Tnl CCDs (/39). Knowing that Tnl is an
important regulatory protein in the actin cytoskeleton system, this study established the

association of PKD2L1 with the actin cytoskeleton.

PKD1 family members

While PKD1 family members are described as polycystins, for their founding
member PKD1 causing ADPKD (/48), due to their limited structural similarity to
TRPs they are not considered members of the TRP superfamily (/49). PKD1 family
members (PKD1, PKDIL1, PKD1L2, PKD1L3, PKDREJ) are large proteins that have

different topology from PKD2 channels with 11 TMs and a long extracellular N-
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terminus. The long extracellular N-terminus has multiple domains that allow for
protein-protein, protein-carbohydrate interactions, as well as a G-protein coupled
receptor (GPCR) proteolytic site (GPS) domain. The last 5 TMs proximal to the C-
terminus are similar to TRP channels (/50). Figure 1-7 illustrates one member of the
PKDI family, mPKDI1L3. Of note that human PKDI1L3 does not contain S/P-rich
repeats (/57). PKD2L1 interacts with PKD1 family members PKD1, PKDILI and

PKDILS3.

S/P rich repeats CLD

GPS

LH2/PLAT

Figure 1-7 Schematic drawing illustrating conformational structures of mPKDI1L3.
mPKDI1L3 is predicted to have 11 transmembrane domains, and contains an N-terminal CLD,

29 S/P-rich repeats, a GPS, and a PLAT/LH2 domain. CLD, C-type lectin domain; S/P-rich
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repeats, serine/proline-rich repeats; GPS, G-protein-coupled receptor proteolytic site; PLAT,

polycystin-1-lipoxygenase-alpha toxin; LH2, lipoxygenase homology 2 (151).
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Murine PKD2L1 can form a functional channel with PKDI1 that is responsive to
hypo-osmotic solution. PKD2L1 C-terminal CCD mediated this interaction, which was
believed important for PKD2L1 PM trafficking. The same study identified and
highlighted the essential role of PKD2L1 ER retention sequence (/22). Another study
showed that PKD2L1 colocalizes with PKD1 in the same complex in cell-to-cell

contact, specifically in desmosomes, as well as in the cilia (/38).

PKD2L1/PKD1L3 channel complex was extensively studied for its role in sour
tasting and pH sensing (45,120;134;141-143;152). It was determined that the
heteromeric channel have a similar unitary Na* conductance (144 pS) (/41) to that
initially reported for PKD2L1 when expressed alone in Xenopus oocytes (137 pS)
(117). The two proteins interact through different sites, including the C-terminus as

well as several TMs (42,45).

PKD2L1/PKDILI is the most recent channel complex that has been deemed
important for controlling Ca?* levels in primary cilia and regulating the sonic hedgehog
signalling proteins (23;/02). While homomeric PKD2L1 channels were still fully
functional when knocking down PKDILI1, but the proposed channel unitary
conductance suggested that the main functional channel in vivo is the heteromeric one

(23).

a-actinin
In vivo and in vitro evidence showed that a-actinin binds to the C-terminus of
PKD2L1 in a Ca?"-independent manner (/32). Co-immunoprecipitation (co-IP) from
human kidney, human heart, mouse brain, HEK and MDCK cells showed an
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interaction between PKD2L1 with muscular and non-muscular types of a-actinin in
native and transfected tissue and cells (/32). Such an interaction enhanced PKD2L1

plasma membrane presence and channel open probability and functional activity.

RACK1

RACKI1 is a scaffolding protein that belongs to the tryptophan-aspartate repeat
(WD-repeat) family. It is homologous to the  subunit of G-proteins and implicated in
many cellular physiological processes; for example, cell proliferation and migration,
transcription, protein synthesis and neuronal functions (/53). RACKI1 physically
interacts with PKD2L1 through the last WD motifs of RACKI1 and the first 45 aa
residues in the N-terminus of PKD2L1 (/27). RACK1 was found to significantly

inhibit PKD2L1 channel function and reduces its PM population.
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1.6 PKD2L1-associated clinical manifestations

While PKD2L1 has a high similarity and sequence identity to PKD2, there is no
evidence that it shares in the progression of the ADPKD. To date, there is no clear
genetic disease linked to PKD2L1 mutations or absence, however, there are some

worthy observations that will be covered here.

PKD2LI1, as a candidate receptor for sour taste, was linked to sour taste
disorders. The sense of taste in mice lacking PKD1L3 was similar to wild-type (WT)
mice but targeting of PKD2L1 was accompanied by a substantial reduction (25%-45%)
in sour tasting (/54). Similarly, two patients with sour ageusia (i.e.; inability to taste
sour) had undetectable levels of transcripts coding acid sensing ion channels (ASICs)
and PKDs (especially PKD2L1) when biopsies from human lingual fungiform papillae
were tested (/03). Additionally, genetic ablation of the PKD2L1-expressing TRCs in
mice abolished their ability to taste sour while it did not affect sensing any of the other

taste qualities (/30).

PKD2L1 knockout mice (PKD2L17) are apparently healthy with a moderate
taste disorder as discussed earlier (/54). Another malformation observed in 50% of the
PKD2L1-deficient mice was intestinal malrotation, a developmental defect associated
with the subsequently affected SHH signalling pathway (/02). In addition, unpublished
observations from my own work include 1) loose cell-to-cell contact in PKD2L1"
heart tissue sections compared to the WT control hearts; noteworthy, PKD2L1 presence
in desmosomes is evident with a not-yet-defined function (/38), and 2) hair loss in

some body areas of PKD2L1”- mice accompanied by the urge to itch and dermatitis.
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Although Gilliam and Wensel detected a weak Northern blot signal of PKD2L1
in the mouse retina (/55), human and mouse RPEs have a dense population of
heteromeric PKD2L1/PKDI1L1 on their primary cilia (23). This may point to the tight
translational regulation of PKD2L1 according to the cellular compartment. A previous
report proved such conditional translational regulation to the parent homologue PKD2
(100). Moreover, downregulation of PKD2L1 was detected and changed proportional
to the stage of human retinal detachment and was proposed as a biomarker for the

retinal detachment process (/04).
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1.7  Thesis rationale

Mammalian cells expression systems would be better choices compared to
Xenopus oocytes. However, the ion channel protein PKD2L1 we study mostly localizes
to the intracellular endoplasmic reticulum membrane in these cells. We choose oocytes
that have been shown to be able to target PKD2L1 to the surface membrane, so that we
can employ electrophysiology approaches to study the function and regulation of the

channel.

1.8  Thesis objectives

The main purpose of the current study was to gain a better understanding of the
factors regulating the TRP-type channel, PKD2L1. For this, my first objective was to
determine whether PKD2L1 acid-induced activity requires the protein partner
PKDIL3. My second objective was to investigate the C-terminus structure/function
relationship involved in channel activity and their subsequent effect on
oligomerization. My third objective was to study the role of lipid messengers and

potential phosphorylation sites involved in PKD2L1 channel regulation.

Our hypotheses were that 1) PKD2L1 off-response property does not require
the presence of the protein partner PKDI1L3, 2) PKD2L1 C-terminus contains an
important domain (K575-T622) that is essential for both channel function and
oligomerization, and 3) PKD2L1 is regulated downstream of phospholipase C pathway,
with the subsequent activation of protein kinase C is accompanied by channel

inhibition/inactivation.
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CHAPTER 2

2. RESULT #1 Acid-induced off-response of
PKD2L.1 channel in Xenopus oocytes and its

regulation by Ca**
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2.1 INTRODUCTION

Polycystic kidney disease (PKD) protein 2 Like 1 (PKD2L1) belongs to the
transient receptor potential (TRP) superfamily of which members are implicated in a
number of sensory functions, such as detection of light, force, osmolarity, temperature,
odor, taste and pain (7,2). Human PKD2L1 gene is a homologue of PKD protein 2
(PKD2) and was first identified in 1998 (3). While mutations in PKD protein 1 (PKD1)
and PKD2 account for about 80% and 15% of the cases in autosomal dominant PKD
(ADPKD) (4), respectively, PKD2L1 does not seem to be involved in the disease. In
1999, Chen et al. discovered the Ca?*-regulated non-selective cation permeability of
PKD2LI (5). We previously reported that human PKD2L1 expressed alone in Xenopus
oocytes targets to the plasma membrane (PM) and shows the regulation of Ca’'-
induced channel activation (on-response) by a number of factors including Ca?*,
voltage, pH, amiloride analogs, large monovalent organic cations, troponin I, a-actinin,

and receptor for activated protein kinase 1 (RACK1) (5-12).

In mammalian cells, outward rectifying cation permeability of PKD2L1, with or
without co-expression of PKD protein 1 Like 1 (PKD1L1, a homologue of PKD1), was
recently reported (73). This group of researchers found that PKD2LI1, present in
primary cilia, regulates the ciliary Ca®" concentration and sonic hedgehog signalling.
Lack of PKD2L1 in mice was associated with defective hedgehog signalling and
development of inverted colon (73;74). In mammalian cells and oocytes, PKD2L1, in
complex with PKD protein 1 Like 3 (PKDIL3, another PKD1 homologue), was
activated by acids in an off-response manner, i.e., the PKD2L1/PKDI1L3 channel

complex mediated a large current only after the removal of the extracellular acid
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(15,16). These and subsequent studies (/7;/8) indicated that PKD2L1 or PKDI1L3
forms a novel extracellular acid sensor. Forming a candidate for sour taste sensation,
PKD2L1 was shown to interact with PKD1L3 (/8) in a subset of murine taste receptor
type III cells. PKD2L1 and PKD1L3 were co-expressed around the pore region of taste
buds in mouse circumvallate and foliate papillae (79), but only PKD2L1 was found in
other areas, including the fungiform and palate taste buds (75,18). The involvement of
the PKD2L1/PKDI1L3 complex in sour tasting remains controversial as studies using
knockout mice showed that PKD2L1, but not PKDI1L3, is involved in sour tasting and
acid sensing (17;20,;21). Further, these taste buds, regardless of whether expressing
PKDI1L3 or not, still have similar distribution patterns of PKD2L1 with a specific
localization to the pore region (18,21). The PM localization of PKD2L1 alone was
reported in both HEK cells and Xenopus oocytes by immunofluorescence, surface
biotinylation and/or electrophysiology (5,12;13;16;22) . Co-expression of PKDIL3
substantially increased PKD2L1 PM targeting, which presumably allowed the channel

function to be observed more easily (15,16,23;24).

PKD2L1/PKDI1L3 channel complex responded to both weak and strong acids.
It was reported that weak acids, such as citric acid, induce larger off-response currents
in HEK cells expressing the PKD2L1/PKDI1L3 complex than strong acids, such as
HCI, at the same pH. All these acids possessed similar activation threshold values of
around pH 3.0 (78). Controversially, it was reported later that the induced off-response
for PKD2L1/PKDIL3 by strong (HCI and sulphuric) and weak (citric, malic,
phosphoric, succinic and tartaric) acids are not significantly different in HEK cells (75).

In intact biological systems, PKD2L 1-expressing cells were associated with activation
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thresholds of higher pH values. For example, the threshold value for taste receptor cells
(TRCs) was found to be around pH 5.0 (20,25). Murine cerebrospinal fluid contacting
neurons (CSFcN), expressing endogenous PKD2L1, were very sensitive to changes in
extracellular pH, in the pH range of 6.5-7.4 (20). Moreover, two negatively charged
residues in the PKD2L1 pore loop, D523 (26) and D525 (16), have been identified to
affect Ca?" permeation and cation selectivity of the PKD2L1/PKDIL3 channel
complex. Such studies are important to determine the mechanism of channel gating and

selectivity.

Despite recent significant progresses towards understanding the biological and
physiological roles of PKD2L1 and PKD1L3, how PKD2L1 and/or PKD1L3 sense acid
is not fully understood. In the current study, we employed Xenopus oocyte expression
model to examine how acids and PKDI1L3 modulate PKD2L1 channel activity. In
addition, we tried to understand the roles of Ca?" and intra-membrane acidic residues in
this modulation. For this we utilized two-microelectrode voltage clamp in combination

with mutagenesis, Western blotting, RT-PCR and immunofluorescence.
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2.2  MATERIALS AND METHODS

2.2.1 Preparation of PKD2L]1 plasmid constructs

Human PKD2L1 gene was cloned as previously described (6). Mutations of
aspartic and glutamic acid residues to the neutral residues asparagine or glutamine were
performed using QuikChange Lightning site-directed mutagenesis kit (Agilent
Technologies, La Jolla, CA, USA). Primer design and procedure was performed

following the manufacturer’s protocol.

2.2.2 mRNA preparation and micro-injection into Xenopus laevis oocytes
Plasmids pCHGF harbouring wild type (WT) or a mutant PKD2L1 cDNA were
linearized with Mlu I, followed by phenol/chloroform purification and ethanol
precipitation. Linearized plasmids were used to in vitro synthesize capped mRNAs
using the T7 mMessage mMachine™ kit (Ambion, Austin, TX, USA). Stage V-VI
oocytes were isolated from Xenopus laevis under an approved institutional protocol.
Defolliculation of oocytes was performed through incubation in Barth’s solution (6)
containing Type 2 collagenase (2 mg/mL) (Worthington, Lakewood, NJ, USA) at room
temperature (RT) for 1.5 hours (hr). Oocytes were then incubated at 16-18 °C in
Barth’s solution supplemented with 1% antibiotics (penicillin/streptomycin)
(GIBCO™, Life Technologies, Burlington, ON, Canada) for at least 3 hr before
injection of 50 nL H,O containing 25-50 ng mRNAs or as stated in the experiment. An
equal volume of H,O was injected into control oocytes. Injected oocytes were
incubated at 16-18 °C in Barth’s solution, for 2-4 days prior to experiments. For
intracellular Ca®" chelation studies, oocytes were injected with 50 nL of 50 mM
ethylene glycol tetra-acetic acid (EGTA) tetra-sodium salt (Sigma-Aldrich, Oakville,
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ON, Canada) to allow a final intracellular concentration of ~5 mM 1 hr prior to

recordings.

2.2.3 Western blotting

Western blotting was performed as previously described (6). Briefly, 10-20 ug
of purified oocyte proteins were resolved on SDS PAGE (8%) gel, transferred to
nitrocellulose membrane. Membranes were blocked with 3-5% skim milk in Tris
Buffered Saline, 1% Tween 20 (TBST) for 1 hr at room temperature. This was
followed by a 4 °C overnight incubation with rabbit anti-PKD2L1 polyclonal antibody
(cat# PAB5914, Abnova, Taipei, Taiwan) diluted 1:1000 in the blocking buffer.
Loading control B-actin was detected using a mouse monoclonal antibody (cat# sc-
47778, Santa Cruz Biotechnology, Dallas, TX, USA). Secondary horseradish
peroxidase (HRP) - coupled anti-mouse and anti-rabbit were purchased from GE

Healthcare (Baie d’Urfe, QC, Canada).

2.2.4 Immunofluorescence

Xenopus oocytes were washed in PBS, fixed in 3% paraformaldehyde (PFA) for
15 min, and washed 3 times in PBS plus 50 mM NH,4CI, and then permeabilized with
0.1% Triton X-100 for 4 min. Oocytes were then washed 3 times in PBS for 5 min each
time, blocked in 3% skim milk in PBS for 30 min, and then incubated overnight with
the PKD2L1 polyclonal antibody. This was followed by 3 times 10 min washes in PBS.
The oocytes were then incubated with a secondary AlexaFluor 488-conjugated donkey
anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
for 30 min, followed by 3 times washes in PBS and mounting in Vectashield (Vector

labs, Burlington, ON, Canada). The slides were examined on an AIVI spinning disc
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confocal microscopy (Cell Imaging Facility, Faculty of Medicine and Dentistry,

University of Alberta).

2.2.5 Solution preparation

The standard extracellular solution contained (in mM): 100 NaCl, 2 KCI, 1
MgCl,, 10 HEPES adjusted to pH 7.5 by TRIS base. Low pH (2.5-4.5) standard
solutions were prepared from the standard solution adjusted by HCI. Solutions
containing extracellular Ca?" were prepared from the standard solution with the

addition of CaCl,.

2.2.6 Electrophysiology

Current and voltage signals were measured with the conventional two-
microelectrode voltage clamp technique with a commercial amplifier (TEV-200A,
Dagan, Minneapolis, MN, USA). Electrodes were fabricated from borosilicate glass
(Warner Instruments, Hamden, CT, USA) by a micropipette puller (P-87, Sutter
Instruments, Novato, CA, USA) and filled with 3 M KCl with typical tip resistance of
0.5-3 MQ. Digidata 1320A converter and pClamp 9.2 (Axon Instruments, Union City,
CA, USA) were used for data acquisition and analysis, respectively. In experiments
using a ramp or gapfree protocol (5), current/voltage signals were digitized at 200
ms/sample. Recorded tracings were then analyzed using pClamp 9.2 and plotted using
SigmaPlot 12 (Systat Software, San Jose, CA, USA). Absolute amplitudes of channel
activity were collected and normalized to the average activity of PKD2L1 wild-type
obtained under the same day, condition and group. Normalized values were then

expressed as a percentage value and plotted using SigmaPlot 12.
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2.2.7 Reverse Transcriptase —Polymerase Chain Reaction (RT-PCR)

Total RNAs were prepared from female Xenopus laevis oocytes, tongue,
kidney, and brain tissues. Oocytes were collected as described above. Tissues were
washed in PBS and kept on ice. RNAs were then extracted at room temperature with
TRIzol reagent (Invitrogen, Life Technologies, Burlington, ON, Canada). According to
the manufacturer’s manual, I mL TRIzol was used to homegenize 50-100 mg of tissue.
Chloroform was used to isolate the RNA followed by precipitation, wash and
resuspension steps. One-step RT-PCR was carried out using SuperScript®III One-step
RT-PCR kit (Invitrogen Life Technologies, Burlington, ON, Canada) by following the
instruction manual. The oligonucleotide primers for Xenopus laevis p-actin and

PKDIL3  for the first PCR were as  follows: f-actin, sense

GAGATGAAGCTCAAAGCAAAAG and antisense
CAGGATTCCATACCAAGGAAAG; PKDIL3 sense
GCAGATTGTGAGGAAGAAAGG and antisense

TGCTGAGAGCTGGTAGGGTAGT. 10X diluted first PKDIL3 PCR products were
used as templates to run second (nested) PCR using inner primers to increase PCR
specificity and efficiency. Sequences of the PKDIL3 inner primers were: sense
AGATTGTGAGGAAGAAAGGGGG and antisense

TTTGCTAAAGTCTGGTGGGTTG.

2.2.8 Statistical analysis
Data were presented as mean + standard error of the mean (SEM). All data were

collected from at least three different experiments. Student's t-test was used to compare
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two groups of data for statistical significance indicated by a p value. P values of less

than 0.05 and 0.01 were considered significant and very significant, respectively.
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2.3 RESULTS

2.3.1 Acid-induced off-response currents in oocytes expressing PKD2L1 with or

without PKD1L3

Although reported acid-dependent off-response properties have so far all been
associated with the co-expression of PKD2L1 and PKDIL3 (75;18;23-28), it has
remained unclear as to the role of PKD2L1 in acid sensing and induction of the off-
response. We employed the two-microelectrode voltage clamp (TVMC)
electrophysiology to determine how PKD2L1 expressed alone in Xenopus oocytes
responds to acidic stimuli. In the absence of extracellular Ca?* (to avoid the on-
response effect of Ca?" on PKD2L1), we found that increasing extracellular acidity
(from pH 7.5 to pH 2.5-4.5) to PKD2L1-expressing or control oocytes does not induce
appreciable currents. However, in PKD2L 1-expressing, but not water-injected control,
oocytes voltage clamped at -50 mV a large inward current was elicited following
substitution of an acidic extracellular solution with a control solution at pH 7.5 (Figure
2-1 A). This large current induced in an off-response manner resembles those
associated with PKD2L1/PKDIL3 co-expressed in HEK cells, oocytes and TRCs
(15;16;,18;25). This indicates that PKD2L1 alone is able to exhibit off-response
activation. We also voltage clamped oocytes at other membrane potentials using a
voltage ramp protocol, which produced the acid-elicited off-response currents as
function of the membrane potential (I-V curves) (Figure 2-1 B).

To examine whether any oocyte endogenous PKDI1L3 contributed to our
observed off-response currents we performed RT-PCR assays using total RNAs

isolated from oocytes and various Xenopus tissues including tongue, kidney and brain.
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No PKDIL3 or PKD2L1 signal was detected in oocytes in the first round of the RT-
PCR (Figure 2-1 C). We followed up with nested PCR assays which revealed a weak
PKD2L1 signal in oocytes and brain, but still no detectable PKD1L3 signal in oocytes
(Figure 2-1 C and D). Thus, the off-response observed in PKD2L1-expressing oocytes

is independent of Xenopus PKD1L3.

53



C

1L3

2L1 B-actin M

B Qi —s
I e

PKD2L1

Al —

1 min

o
N
(=

]

T RDEE e
[TeTTare——
1 e 0 [0 e 1

54

o s e Ve -
500bp

Figure 2-1 Acid-induced off-response currents in Xenopus laevis oocytes over-expressing

. i

2nd PCR)

human PKD2L1. (A), Representative currents recorded by the two-microelectrode voltage
clamp at -50 mV from an oocyte expressing human PKD2L1 or a water-injected oocyte (as a

control). An off-response current is defined as the difference between the current amplitudes at



pH 7.5 and the acidic pH 3.0. The pH values of the standard extracellular solutions are
indicated. (B), Representative current—voltage relationship curves obtained using a voltage
ramp protocol at the time points indicated by 'a' and 'b' in the panel A tracings. (C) RT-PCR
using Xenopus oocytes detecting the RNA signals of PKD2L1 (2L1), PKD1L3 (1L3) and B-
actin. The predicted sizes are 658 bp, 706 bp and 718 bp for B-actin, PKD1L3 and PKD2L1,
respectively. (D) Second (nested) PCR detecting PKD1L3 signals using Xenopus oocytes (O),

tongue (T), kidney (K) and brain (B). B-actin signals served as positive controls.
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We next examined the effect of PKDIL3 co-expression on PKD2L1-induced
off-responses. In oocytes injected with a small amount (4 ng) of PKD2L1 mRNA the
off-response was observed only in the presence of PKDI1L3 co-expression (at 25 ng
mRNA per oocyte) (Figure 2-2 A and B). Our immunofluorescence experiments
showed that PKD1L3 co-expression increases the PM localization of PKD2L1 (Figure
2-2 C). These data are in agreement with a previous report in which similar amounts of
mRNAs were injected (/6). In oocytes injected with a larger amount (25 ng) of
PKD2L1 mRNA, co-expression of PKDIL3 still increased off-response currents and
PKD2L1 PM localization (Figure 2-2). Thus, taken together, our data indicated that
PKD2L1 exhibits the off-response when its PM localization exceeds a certain threshold
level and that PKDI1L3 enhances the off-response amplitude likely through increasing

the PM population of PKD2L1.

56



A 240 *
200 1| N=10
gg 160
C 120 { N=8_
a - |
w
4 2l
= -N=8
E‘E 20
N=12
0 .
2L1+1L3 25+0 25+25 4+0 4+25
B e 25+0 g |l (WA)

25+0 25+25 4+0 4+25

Figure 2-2 Off-response currents in oocytes expressing PKD2L1 with or without
PKDI1L3. (A) Averaged and normalized off-response currents elicited by extracellular pH3.0
from oocytes injected with 4 or 25 ng of PKD2L1 (2L1) mRNA alone or co-injected with 25 ng
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of PKD1L3 (1L3) mRNA, and voltage clamped at -50 mV. Shown are off-response currents
averaged from different numbers of oocyte, as indicated. *p < 0.05 and **p < 0.01. (B)
Representative off-response [-V curves obtained using a ramp protocol under the same
conditions as in panel A. (C) Representative immunofluorescence data showing the PM
intensity of PKD2L1 protein in oocytes injected with different amounts of mRNAs, as

indicated.
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2.3.2 Effects of acid dose, application time, and type on the PKD2L1 off-

response

Our voltage clamp data showed that the PKD2L1-associated off-response is
dose-dependent with half maximal activation value of pH 3.5 + 0.5 (N = 5-9) in
PKD2L1- expressing oocytes voltage clamped at -50 mV (Figure 2-3 A and B).
Previous studies also found dose-dependent off-responses, with cell-type dependent
half maximal activation pH values. PKD2L1/PKDIL3 expressed in HEK cells
responded to pH 3.0 or less (15,18;24), taste cells responded to solutions of pH 5.0 or
less (19;20), while mouse CSF-cN neurons responded to changes in extracellular pH in

the 6.5 to 7.4 range (20).
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Figure 2-3 Dose dependence of the acid-induced off-response. (A) Representative current
recorded at -50 mV and different extracellular pH, as indicated, from a PKD2L1-expressing
oocyte. (B), pH dose dependence of the off-response currents for oocytes injected with
PKD2L1 mRNA or water. [H+] indicates protons concentration. Data points represents average
values from N= 5-9 with SEM and were fitted to the Michaelis Menton Equation, which
produced a K, value of pH 3.5 £0.5.
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In order to determine whether the off-response is sensitive to the duration of
acid application, we applied a solution of pH 3.0 for different periods of time. We
found that oocytes over-expressing PKD2L1 exhibit similar off-response amplitudes
for different application durations, ranging from 10 sec to 1 min (Figure 2-4 A). Our
data indicated that acid application time is rather not a determinant of the off-response
amplitude, resembling the previously reported duration-independent characteristic of
the PKD2L1/PKD1L3 channel complex (75).

Further, we investigated whether there is any difference between weak and
strong acids with respect to the amplitude of off-response current. For this we
compared the effects of acetic and citric acids with HCI, using 50 mM Na-acetate or
Na-citrate to replace 50 mM NaCl in the standard solution. These solutions were
adjusted to pH 3.0 by titrating against HCI. Considering the pK, values of both acids,
the resulting solutions contain 49.1 and 12.9 mM of the undissociated membrane-
permeable form of acetic and citric acids, respectively. Additionally, we found that the
off-response current induced by acetic acid, but not citric acid, is significantly larger
than that induced by HCI (60%, p < 0.001) (Figure 2-4 B and C). This pattern of
increase is comparable to the response in the chorda tympani of rat TRCs by acetate,

citric and hydrochloric acids at the same pH (29).
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Figure 2-4 Effects of acid application time and type on the off-response. (A) Representative
current recorded at -50 mV and with the application of the standard solution with pH 3.0 for
different time intervals in an oocyte expressing PKD2L1. (B) Averaged and normalized off-

response currents elicited by HCI or citric acid at pH 3.0 were compared from the same
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oocytes. (C) Averaged and normalized off-response currents elicited by HCI or acetic acid at

pH 3.0 were compared from the same oocytes (***p < 0.001, by paired t-test).
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2.3.3 Roles of extracellular protons in modulating PKD2L1 on-response

Application of extracellular Ca?" induces PKD2L1 channel activation followed
by an ensuing channel inactivation (5). In contrast, an acid-induced off-response did
not display an ensuing inactivation under Ca*'-free conditions (Figure 2-5 A). Thus, the
same channel expressed in oocytes exhibits two apparently distinct properties: Ca?*-
induced on-response with inactivation and acid-induced off-response (in the absence of
Ca?*) without inactivation.

We previously showed that extracellular low pH significantly reduces Ca?'-
induced PKD2L1 activation (5). Consistently, here we found that the Ca?*-induced
activation is completely abolished when extracellular pH drops to pH 3.0 (Figure 2-5
B). Similar conclusion can be made by comparing between the on-response current-
voltage relationships obtained at pH 7.5 and 3.0 (Figure 2-5 C). Thus, the off-response

activator, acid, played an inhibitory role in the on-response.
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Figure 2-5 Acid-induced vs Ca*-induced channel activation of PKD2L1. (A)
Representative current recorded at -50 mV in a PKD2L1-expressing oocyte to show the on-
response induced by 5 mM extracellular Ca?* (and pH 7.5) and the subsequent off-response
induced by extracellular pH 3.0 (no extracellular Ca?"). (B) Representative current recorded at -

50 mV in a PKD2L1-expressing oocyte to show the on-response induced by 5 mM
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extracellular Ca?* (and pH 3.0) and the subsequent off-response induced by extracellular pH 3.0
(no extracellular Ca?*). (C) I-V curves generated at the time points (‘a’ - 'd") indicated in panels

A and B.
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2.3.4 Roles of Ca** ion in modulating PKD2L1 off-response

Conversely, we wondered whether and how the on-response activator Ca”*
plays a role in the off-response. So far, we have performed all the off-response
experiments in Ca?*-free extracellular environments, in part to avoid the Ca?*-induced
on-response. Interestingly, in the presence of extracellular Ca’** (5 mM), PKD2L1-
expressing oocytes responded with a robust off-response current followed by channel
inactivation, forming a spike of current (Figure 2-6 A) that has a similar shape as those
previously published using HEK cells expressing PKD2L1/PKDIL3, also in the
presence of Ca?" (15). Thus, compared with the presence of a sustained off-response
current plateau in the absence of Ca?" (see Figure 2-1 A and 2-4 A), our data together
suggest that the off-response inactivation is attributed to Ca?". Indeed, consistently, we
found that sustained off-response currents were abolished by the addition of Ca”*
(Figure 2-6 B). Thus, the on-response activator Ca?" played an inhibitory role in the
off-response.

Because of the permeability of PKD2L1 to Ca?>" we wondered whether the
Ca?*- induced inhibition/inactivation is due to an increase in the intracellular Ca?*
concentration ([Ca®'];). For this, we pre-injected Xenopus oocytes over-expressing
PKD2L1 with 50 nL of 50 mM ethylene glycol tetra-acetic acid (EGTA) tetra —sodium
salt solution 1 hr before the same electrophysiological measurements as those for
Figure 2-6 B, to chelate the intracellular Ca?*. We found that while EGTA pre-injection
does not prevent PKD2L1 from exhibiting the off-response, it substantially reduces the
ability of extracellular Ca?" to inhibit the off-response (Figure 2-6 C to E). On average,

EGTA pre-injection resulted in similar off-response currents compared with the control
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condition (115.8 £ 27.1%, N = 8-12, p = 0.6) while it reduced the Ca’" inhibition
ability to 23.1 £ 12.0% (N = 8-12, p = 0.0007, unpaired t-test) (Figure 2-6 D and E).
These results suggest that the increase in [Ca®']; is critical for the extracellular Ca?*-

induced inhibition, but not for the activation of the off-response.
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Figure 2-6 Roles of Ca?" ions in the PKD2L1 off-response. (A) Representative tracing

recorded at -50 mV, showing the off-response activation and ensuing inactivation in the
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presence of extracellular Ca?" (5 mM). (B) Representative current recorded at -50 mV in
aPKD2[ 1-expressing oocyte, showing the inhibition of the off-response current by
extracellular Ca?>* (5 mM). (C) Representative current recorded at -50 mV in a PKD2LI1-
expressing oocyte 1 hr after injection of 50 nL of 50 mM EGTA, showing the effect of
extracellular Ca?* (5 mM). (D) Averaged and normalized off-response currents with EGTA or
water (control) pre-injection. (E) Averaged percentage of the off-response current inhibition by

extracellular Ca>* with EGTA or water pre-injection. ***p = 0.0007, unpaired t-test.
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We also used EGTA to chelate extracellular Ca?". We added 1 mM EGTA to
our extracellular solutions to chelate any trace amounts of Ca’?" ion and consistently
this resulted in 36.7 + 3.8% (N = 11, p = 0.04, unpaired t-test) increase in the off-
response current (Figure 2-7 A and B).We then further wanted to determine the K;
value of the extracellular Ca®*concentration ([Ca?'],) for the Ca?' inhibition by
applying different [Ca®'], values, as shown in Figure 2-7 A. We found that 1 mM
CacCl, is sufficient to completely inhibit the off-response current and that K; for [Ca®'],
is equal to 167 = 33 uM (N = 11) for the off-response current generated from pH 3.0 to
7.5 (Figure 2-7 C). This K; value was obtained by fitting experimental data to the

equation

I=1,,x[Cal,+ (K;+[Cal,)

where I, represents the off-response current and / is the inhibited fraction of /,; . Of
note, we think that the presence of trace amounts of 'contaminating' Ca?" in
extracellular solutions (~5 uM, based on data sheets of MgCl, NaCl and KCI) may
account, at least in part, for the difference in the off-response currents with and without

extracellular EGTA (Figure 2-7 A).
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Figure 2-7 Role of extracellular Ca?* ions in the PKD2L1 off-response. (A) Representative

current recorded at -50 mV in a PKD2L1-expressing oocyte under various extracellular
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conditions, as indicated. (B) Based on experiments described in panel A, averaged data to show
the effect of extracellular EGTA (1 mM). *p = 0.04. (C) Dose-dependence of the relative Ca?*
inhibition of the off-response current. Data were averaged from 11 oocytes and the curve is the

fit of the data to Equation 1, with K; value of 167 £+ 33 uM.
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2.3.5 Roles of acidic residues in PKD2L1 on- and off-responses

Previous reports found the importance of the aspartic acid residue D523 in
human PKD2L1 for the Ca*" permeability (13) as well as for the off-response of the
PKD2L1/PKDI1L3 complex (16,26). We wanted to explore whether this mutation
affects the Ca’'-induced on-response as well. We found that the D-to-N mutation
inhibits the on- and off-response currents by 104.0 = 1.6 % (N = 20, p = 3.0e-6,
unpaired t-test) and 77.2 + 2.8 % (N = 8, p = 0.002, unpaired t-test), respectively
(Figure 2-8 A and B). We verified by Western blotting and immunofluorescence that
the mutant is expressed on the PM to a similar extent as the wild type (WT) PKD2L1
(Figure 2-8 C and D). Thus, our studies found that residue D523 is essential for both

on- and off-responses of PKD2L1.
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Figure 2-8 Effects of mutation D523N on the PKD2L1 on- and off-responses. (A) Averaged

and normalized on- and off-response currents elicited by extracellular 5 mM Ca?" and pH 3.0,
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respectively, from oocytes expressing WT or mutant PKD2L1 voltage clamped at -50 mV.
Shown are on- (***p = 3.0e-6) and off-response currents (**p = 0.002) averaged from different
numbers of oocyte, as indicated. (B) Representative off-response I-V curves obtained by a
ramp protocol under the same condition as in panel A. (C) Western blotting data showing the
protein expression of WT and mutant PKD2L1 in expressing or water-injected (Ctrl) oocytes.
(D) Representative immunofluorescence data showing the PM localization of WT and mutant

PKD2L1 in oocytes.
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We next examined the importance of intra-membrane acidic residues for
PKD2L1 on- or off-response properties. For this we mutated eight such residues into
their corresponding neutral residues: E103Q and D113N in TMI1, D349N, E356N,
E369Q and E370Q in TM3, D390N in TM4, and D476N in TMS5 and then examined
their expression and channel function in oocytes. We found that mutants E369Q,
D390N and D476N have no detectable protein expression although their mRNA is
normal (Figure 2-9 A), possibly rapidly degraded due to mis-folding. While the
function of mutants E103Q, D113N and E370Q were similar to that of the WT channel,
we found that the function of mutants D349N and E356N is significantly reduced
(Figure 2-9 B). As our immunofluorescence data indicated that their PM levels are not
affected (Figure 2-9 C), our electrophysiology data indicated that residues D349 and
E356 in TM3 are critical for both the Ca?*-induced on-response and H*-induced off-
response, possibly through interaction with Ca?" or protons. Of note, the loss of
function by point mutations D523N, D349N and E356N further supports the specificity

of the off-response currents observed for the WT PKD2L1 in oocytes.
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Figure 2-9 Effects of the negatively charged intramembrane residues on the PKD2L1 on-

and off-responses. (A) Representative data showing mRNA and protein bands that were
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revealed in 1% agarose gel and 8% SDS-PAGE, respectively. (B) Averaged and normalized
on- and off-response currents elicited by extracellular 5 mM Ca?* and pH 3.0, respectively.
Oocytes expressing WT, mutants or in water-injected oocytes (Ctrl) were voltage clamped at -
50 mV. The number of each group is indicated in a bracket. On-response currents were
significantly reduced with *p = 0.03 and 0.05 (unpaired t-test) in D349N and E356N,
respectively. Off-response currents were also significantly reduced with *p = 0.05 and **p =
0.01 (unpaired t-test) in D349N and E356N, respectively. (C) Representative
immunofluorescence data showing the PM localization of PKD2L1 (WT), D349N and E356N

expressed in oocytes.
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2.4 DISCUSSION

In the present study we have examined acid-dependent properties of human
PKD2L1 expressed in Xenopus oocytes using the two-microelectrode voltage clamp
electrophysiology, together with molecular biology and mutagenesis techniques. We
found that PKD2L1 over-expressed alone in oocytes exhibits acid-induced off-response
characteristics, such as pH dependence, activation by strong and weak acids, and I-V
relationships, that are comparable to those previously reported for the
PKD2L1/PKDIL3 complex in HEK cells and oocytes. Given the non-detectable
endogenous PKD1L3 in oocytes, this indicates that PKD1L3 is not required for the acid
sensation of PKD2LI1. PKD2L1 off-response was inhibited and regulated by an
increase in intracellular Ca?". Moreover, the intra-membrane residues D349 and E356

were found to be essential for channel function.

Previous reports showed that PKD1L3 is essential for the off-response through
increasing the targeting of PKD2L1 to the PM (15;16,23;24). Nonetheless, the
functional roles of PKDIL3 in the channel activity of the PM PKD2L1/PKDIL3
channel complex remain unclear. It was proposed that the PKD1L3 long extracellular
N-terminus is involved in sensing extracellular pH (75). While PKD2L1 knockout mice
have defective sour tasting, PKD1L3 knockout mice do not exhibit tasting abnormality
(17;21). This fact appears to be controversial and argues that PKD1L3 does not play a
significant role in the PKD2L1/PKDI1L3 complex in terms of sensing acid in the
tongue. Studies by Yu and colleagues (76) nicely supported our finding that PKD2L1
alone in oocytes is expressed on the PM. However, injection of ~4 ng mRNA of

PKD2L1 into each oocyte did not result in measurable PKD2L1-associated currents in
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our study as well as in a previous report (/6). This is likely due to an insufficient PM
population of PKD2L1. Co-expression of PKD1L3 much increased the PM level of
PKD2L1, allowing PKD2L1 to exhibit the off-response (76). In fact, this report showed
that tetrameric PKD2L1 is present on the PM even with a small mRNA amount
injected and in the absence of PKDI1L3. In addition, the same report indicated that
PKDI1L3 alone does not target to the PM or exhibit channel activity (16). Therefore,
these data together suggest that PKD2L1, rather than PKDI1L3, may possess an acid
sensing capability and defines the basic channel properties of PKD2L1/PKD1L3.
However, we could not exclude the possibility that an endogenous partner protein
participates in the acid sensing in cells expressing PKD2L1 alone or complex
PKD2L1/PKDI1L3. In addition to the chaperone role, it is nevertheless possible that
PKDI1L3 modulates PKD2L1 channel properties. It is noted that another PKDI1
homologue PKDI1L1 indeed modulates the single-channel conductance of PKD2L1 in

mammalian cells, though PKD2L1 alone exhibits channel function on the PM (173)

PKD2L1 was first reported in 1999 to be a non-selective cation channel
activated by and highly permeable to Ca’" in Xenopus oocytes (5), a property that we
call here a Ca’*-induced on-response. Its Ca?" permeability in mammalian cilium
membrane is important for regulating ciliary Ca*" concentration and Ca?"-dependent
hedgehog signalling. However, distinct channel properties were observed in the
primary cilium, such as outward rectification and absence of Ca?*-induced channel
activation (13;14). Whether the Ca?'-induced on-response and acid-induced off-
response share part of the molecular mechanisms, this remains unknown. However,

some different properties between the on- and off-responses are noted. For example,
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after an on-response a waiting/recovery period of 5-8 minute was required for the
induction of a new on-response (3). In contrast, as shown here, the off-responses (at
least under Ca?*'-free conditions) can be repeatedly induced immediately one after
another. Further, Ca?*-induced channel activation was followed by channel inactivation
while acid-induced channel activation was sustained without inactivation in the absence
of Ca?'. These data also suggest that the Ca’'-dependent on-response and acid-
dependent off-response are not completely governed by the same mechanism.

In fact, acid-induced off-response activation in PKD2L1-expressing oocytes
occurred in the absence of extracellular Ca®* and reached a plateau, similar to reported
data using oocytes (16). In fact, in the presence of extracellular Ca?*, the off-response
was still present but was followed by an ensuing inactivation, producing a current spike
that is similar to the reported observations in HEK cells for PKD2L1/PKD1L3 under a
comparable condition (75). Furthermore, if Ca?>" was added during an off-response
activation, then an immediate inhibition of the off-response current was observed, with
a K; value (50% inhibition) for [Ca?"], of only 0.17 mM. These data together indicated
that extracellular Ca®" regulates (somehow inhibits) the off-response currents. In
contrast, other previous reports using HEK cells expressing PKD2L1 and PKDIL3
stated that the acid-induced off-response requires the presence of extracellular Ca?* and
results in an increase in [Ca®"]; (25). The discrepancy in the role of extracellular Ca**
will have to be clarified in further studies.

Interestingly, while preloading oocytes with Ca?" chelator did not significantly
alter the off-response, it abolished the ability of extracellular Ca®* to inhibit the off-

response. This suggests that an increase in the intracellular free Ca?" is required to
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inhibit the off-response activation. On the other hand, we previously reported that an
increase in intracellular Ca?* is required for both the Ca?'-induced on-response
activation and the ensuing inactivation (5). In terms of the effect of intracellular
protons, our data and previous report (29) using weak and strong acids support that
acid-induced off-responses positively correlate with increased intracellular H'
concentrations. Putting all data together, although Ca’' and acid distinctly induce
PKD2L1 channel activations they seem to share the same or similar way of
inactivation, i.e., by an increase in [Ca?'];.

It has remained unclear as to how Ca’' and proton ions trigger channel
activations although Ca?* plays roles in both phenomena. It is worthy to note that the
PKD2L1 C-terminus possesses an EF hand, a coiled-coil domain, a cytoplasmic
regulatory domain (CRD, aa 561-805) and phosphorylation sites (30;31). PKD2L1
CRD was shown to be related to channel inactivation (32), maybe through direct
binding to Ca?*, or through activating downstream signalling molecules. More recently,
CRD binding to Ca*" was reported to change the a-helical property of the C-terminus
(30), which may explain the desensitization/inactivation phenomenon that follows the
Ca?*-induced activation. However, whether the same domain is involved in the Ca%*
inhibition associated with acid-dependent off-response needs further studies. On the
other hand, we found two negatively charged residues D349 and E356 to be critical for
both on- and off-response functions. Because aspartate and glutamate residues have
their pK, values of pH 3.7 and pH 4.0, respectively, which are well within the pH range
in which PKD2L1 exhibits the off-response, our work suggests that protons may

interact with these residues as part of the off-response activation process. Further,
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because of their importance for the Ca?*-induced on-response activation, these acidic
residues may also interact with Ca?* during the on-response process.

In summary, in the present study we discovered that PKD2L1 expressed alone
in  Xenopus oocytes exhibits extracellular acid-induced off-responses with
characteristics resembling those associated with PKD2L1/PKDIL3 and that this off-
response is inhibited by an increase in the intracellular Ca?*. Further studies will help in

better understanding how PKD1L3 and Ca*" modulate the PKD2L1 channel function.
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CHAPTER 3

3. RESULT #2 A novel PKD21.1 C-terminal domain

critical for trimerization and channel function

88



3.1 INTRODUCTION

Eight members in the polycystic kidney disease (PKD) family of proteins have
so far been identified: PKDI,-1L1, -1L2, -1L3, -REJ; PKD2, -2L1 and -2L2. Among
them, only PKD1 and PKD?2 are mutated in autosomal dominant PKD (ADPKD) (7,2).
PKD2, -2LL1 and -2L2 form the transient receptor potential (TRP) polycystin (TRPP)
subfamily and are called TRPP2, 3 and 5, respectively. Members of the TRP
superfamily are cation channels and play critical roles in sensory physiology (3,4).
PKD2L1 and PKD2 share 50% sequence identity and 71% similarity and are predicted
to have similar membrane architecture: six transmembrane (TM) segments flanked by
the intracellular amino- (N-) terminus (NT, M1-Y96) and carboxyl- (C-) terminus (CT,
E566-S805), with a pore loop between TMS5 and TM6. Sharing these topological
features with other TRP members TRPP channels are presumably organized as
homotetramers (5-7). When over-expressed in Xenopus oocytes alone, PKD2L1
channel was found to traffic to the plasma membrane and be activated by Ca*" and
permeable to Ca?* (8;9). PKD2L1 also acts as a Ca?* channel on the mammalian cell
surface membrane and primary cilia where it regulates Ca?" concentration and Ca?'-
dependent hedgehog signalling (70;11). The same studies found that PKD2L1
knockout (KO) mice exhibit defective intestinal development. When over-expressed in
human embryonic kidney (HEK) cells, PKD2L1 is regulated by extracellular pH and
cell swelling (12). In addition, PKD2L1 is expressed in bipolar neurons in the tongue
taste buds and neurons surrounding the central canal of spinal cord where it responds to
a decrease in extracellular pH (73). In fact, the same study found that genetic ablation

of cells expressing PKD2L1 eliminates gustatory nerve response to sour stimuli in
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mice. The involvement of PKD2L1 in sour tasting was later confirmed using KO

mouse models (74).

There are theoretically 15 possible ways of complexion between a PKD1 and a
PKD2 homologue, which may nicely respond to various tissue-specific needs of
sensory functions and regulations. E.g.; the PKD2/PKD1 and PKD2L1/PKDI1L3
channel complexes were reported to sense fluid flow and acid, in primary cilia and
surface membrane, respectively (75,/6). PKD1 and PKD2L1 were also reported to
form a channel complex when co-expressed in HEK cells, but the physiological role
has remained unknown (77). At least when co-expressed in HEK cells, PKD2L1 also
interacts with PKD1L3 such that both efficiently traffic to the surface membrane where
they act as an extracellular acid-induced off-response cation channel, i.e. activation
occurred only after low extracellular pH was removed (15,18). Further, they are co-
expressed in mouse circumvallate and foliate papillae although only PKD2L1 is found
in other taste bud areas, including fungiform and palate taste buds (75,/8). These in
vitro and in vivo data suggest that PKD2L1 and PKD1L3 are synergistically involved
in acid sensing pathways. However, unlike PKD2L1 KO mice, PKD1L3 KO mice were
not found to have defects in sour tasting (79), arguing against the assumption that they
are in the same pathway in the tongue. In primary cilia PKD2L1 and PKDILI form a
Ca?" channel that regulates the ciliary Ca?" concentration and Ca?*-dependent hedgehog
signalling pathway, which seems to be developmentally important (70,71). In these
studies, PKD1L1 was found to regulate the single-channel conductance of PKD2LI.
However, it remains to be determined whether PKD1L1 KO mice also display similar

developmental defects as those observed in PKD2L1 KO mice. Optimistically, more
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diverse functions and regulations associated with pairs of PKD proteins will be

discovered in near future.

How does a PKD2 homologue complex with a PKD1 homologue? Studies
using mammalian cell and Xenopus oocyte expression showed that both the
PKD2/PKD1 and PKD2L1/PKDI1L3 complexes form heterotetramers with 3:1
stoichiometry, i.e. one PKD2 (or PKD2L1) trimer paired with one PKD1 (or PKDI1L3)
monomer (20,21). Although no corresponding information for PKD2L1/PKD1 and
PKD2L1/PKDI1LI1 is available it is reasonable to speculate that they are also organized
with the same stoichiometry. The PKD2L1 C-terminal coiled-coil 2 domain (CC2,
G699-W743) was found to homotrimerize in vitro and be important for PKD2LI
homomeric assembly and PKD2L1/PKDI1L3 surface expression in Xenopus oocytes
(21-23). However, a previous study found that PKD2L1 truncation mutants lacking
CC2 possess similar Ca?*-activated channel function as wild-type (WT) PKD2LI.
PKD2L1 and PKDIL3 interact with each other through their TMs, which is required
for PKD2L1/PKDI1L3 surface expression in HEK cells (24). This study also showed
that cells still respond to 25 mM citric acid solution when co-expressed full-length
PKDIL3 with PKD2L1 truncation mutant lacking either CC2 (PKD2LIACC, Ml1-
E653) or both CC2 and the EF hand domain (PKD2L1AEF-CC, M1-F621), but little
response was observed with PKD2L1 truncation mutant lacking the entire C-terminus
(PKD2LIACT, MI1-1560), despite robust cell surface expression. This suggests the

importance of a domain within [560-F621 for channel function (25).
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Based on the tetrameric assembly of PKD2 (26,27) and other TRP channels (5-
7) it is likely that PKD2L1 also possesses tetrameric organization. It may be speculated
that a TRP homotetrameric channel is formed through dimerization of two
homodimers. If such speculation would be true for PKD2L1, then it should possess two
distinct domains, for dimerization of two monomers and of two homodimers,
respectively, and these domains should also be distinct from a trimerization domain,
e.g. CC2. Unfortunately, it has so far remained unknown as to which PKD2L1 domains
are critical for both its homomerization and channel function. In the present study,
through the use of mutagenesis, non-reducing SDS-PAGE, blue native PAGE (BN-
PAGE) and electrophysiology, among others, we discovered that a novel C-terminal
domain called C1 (K575-T622) is essential for both homotrimerization and channel
function, challenging the speculation that a functional homotetrameric TRP channel is

formed through two consecutive steps of homodimerization.
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3.2 MATERIALS AND METHODS

3.2.1 Plasmid construction

Human full-length PKD2L1 ¢cDNA was amplified from pCHGF (9) by PCR and
subcloned into pcDNA3.1(+) and pEGFP-C2 for mammalian cell expression. Flag tag
was inserted 5' of the PKD2L1 coding region in pcDNA3.1(+). Mouse PKDIL3
plasmid was a kind gift of Dr. H. Matsunami from Duke University. All mutations
were made with QuikChange Lightning Site-Directed Mutagenesis kit (Agilent

Technologies, La Jolla, CA) and confirmed by sequencing.

3.2.2 Cell culture and transfection

HelLa and HEK cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Sigma, St. Louis, MO). Cells of less than 25 passages were
cultured to full confluence before collection. Transient transfection was performed on
cells cultured to 70%-90% confluence using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA) according to the manufacturer's instruction.

3.2.3 Western Blotting (WB)

Protein samples were separated on 8% SDS-PAGE gels. For the non-reducing
SDS-PAGE, samples were mixed with SDS loading buffer without reducing reagents
and kept on ice for 5 minutes (min) prior to electrophoresis. For the reducing SDS-
PAGE, samples were mixed with loading buffer supplemented with 0.5 M
dithiothreitol (DTT) or 5% 2-mercaptoethanol (2-ME), and subjected to heating at 65

°C for 5 min. 30 pg of total protein was loaded per lane. Flag and GFP (B-2) antibodies

93



were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). PKD2L1 antibody
(H00009033) was purchased from Abnova (Taipei, Taiwan) for tissue detection. Rabbit
antibody against PKD2L1 (PR71) was custom made and used previously (42).
Secondary antibodies were purchased from GE Healthcare (Baie d'Urfe, QC, Canada).

Band intensity was analyzed with the software ImageJ (NIH, Bethesda, MD).

3.2.4 BN-PAGE

HeLa cell lysates for BN-PAGE were prepared with NativePAGE Sample Prep
Kit (Invitrogen) according to the manufacturer's protocol. Coomassie blue G-250 was
added to supernatants at 8:1 detergent:G-250 ratio. Protein complexes were separated at
150 V for 90 min using NativePAGE Novex 3-12% BisTris gels (Invitrogen). For
immunoblotting, gel was incubated in 20 mM Tris-HCI (pH 8.3), 0.15 M glycine, and
0.02% SDS for 5 min at room temperature. Proteins were then transferred to
polyvinylidene difluoride membranes (at 150 mA for 90 min and 4 °C). Membranes
were blocked with 3% skim milk in PBS buffer with 0.1% tween-20 for 40 min at room

temperature and then incubated with antibodies.

3.2.5 Dot blot

Lysates of Xenopus oocytes were spotted onto a nitrocellulose membrane and
then let the membrane dry. Glutaraldehyde fixation was applied as previously described
(43) to enhance the retention of short peptides on the membrane. Briefly, membrane
was immersed in PBS containing 0.5% (v/v) glutaraldehyde for 5 min and moved to a
fresh PBS/glutaraldehyde solution for 10 min, followed by placement in PBS
containing 50 mM glycine to stop cross-linking reaction. Membrane was then washed

once with PBS buffer and subjected to normal WB procedure.
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3.2.6 Immunofluorescence

Xenopus oocytes were washed in PBS, fixed in 3% paraformaldehyde for 15
min, washed 3 times in PBS plus 50 mM NH,4CI, and then permeabilized with 0.1%
Triton X-100 for 4 min. Oocytes were then washed 3 times in PBS for 5 min each time,
blocked in 3% skim milk in PBS for 30 min, and then incubated overnight at 4 °C with
the rabbit anti-PKD2L1 polyclonal antibody (cat# PAB5914, Abnova). This was
followed by 3 times 10-min washes in PBS. Oocytes were then incubated with a
secondary AlexaFluor 488-conjugated donkey anti-rabbit antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 30 min, followed by 3-time
washes in PBS and mounting in Vectashield (Vector Labs, Burlington, ON). The slides
were examined on an AIVI spinning disc confocal microscopy (Cell Imaging Facility,
Faculty of Medicine and Dentistry, University of Alberta). Plasma membrane intensity
of WT or mutant PKD2L1 was assessed by quantifying the plasma membrane
immunofluorescence using Volocity 6.2 (Perkin Elmer, Waltham, MA). Background
fluorescence was subtracted and data were normalized to the average PKD2L1 WT

intensity.

3.2.7 Co-immunoprecipitation (Co-IP)

Co-IP was performed using lysates of HeLa cells over-expressing GFP-
PKD2L1 and Flag-tagged mutant PKD2L1 constructs. HeLa cell monolayer in 100 mm
dishes was washed twice with PBS and solubilized in ice-cold CellLytic-M lysis buffer
supplemented with protease inhibitor mixture (Sigma). Supernatants were collected
following centrifugation at 16,000 x g for 15 min. Equal amounts of total proteins from

postnuclear supernatants were pre-cleared for 1 hour (hr) with protein G-Sepharose
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(GE Healthcare), and then incubated for 4 hr at 4 °C with the antibody against GFP.
After the addition of 100 pl of 50% protein G-Sepharose, the mixture was incubated
overnight with gentle shaking at 4 °C. The immune complexes adsorbed to protein G-
Sepharose were washed five times with Nonidet P-40 lysis buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 1% Nonidet P-40) with protease inhibitors and eluted by SDS loading
buffer. Precipitated proteins were analyzed by WB using the antibodies against Flag or

GFP.

3.2.8 Protein expression in and purification from E. coli

DNA fragment encoding Cl1 was inserted into pET28a(+) that contains
upstream GFP gene. BL21 (DE3) strain (Novagen, Darmstadt, Germany) was used for
expression. Following growth at 37 °C to an optical density (OD) of 0.6, cultures were
cooled to 30°C, induced with 1 mM isopropyl B-D-thiogalactoside and incubated for 6
hr. Cell lysates from 50 mL culture were prepared with CellLytic-B lysis buffer
(Sigma) according to the manufacturer's instruction. Proteins were pulled down with
Ni-NTA resin (Qiagen, Venlo, Netherlands) and eluted from beads with 250 mM

imidazole by following the manufacturer's manual.

3.2.9 Preparation of mRNAs and microinjection into oocytes

Capped mRNAs of WT or mutant PKD2L1 were synthesized by in vitro
transcription from a linearized template in the pCHGF vector using the mMESSAGE
mMACHINE kit (Ambion, Austin, TX). Stage V-VI oocytes were isolated from
Xenopus laevis. Defolliculation of oocytes was performed through incubation in Ca?*-
free Barth's solution (24) containing collagenase (2 mg/ml) at RT for 2-2.5 hr. Oocytes

were then incubated at 18 °C in the Barth's solution for at least 3 hr before injection of
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50 nl RNase-free water containing 50 ng mRNAs. An equal volume of water was
injected into each control oocyte. The present study was approved by the Ethical
Committee for Animal Experiments of the University of Alberta, and was carried out in
accordance with the Guidelines for Research with Experimental Animals of the
University of Alberta and the Guide for the Care and Use of Laboratory Animals (NIH
Guide) revised in 1996. Injected oocytes were incubated at 16—18 °C in the Barth's

solution supplemented with antibiotics for 2—4 days prior to experiments.

3.2.10 Two-microelectrode voltage clamp (TMVC)

Two-microelectrode voltage clamp experiments were performed as described
before (9). Briefly, the two electrodes (Capillary pipettes, Warner Instruments,
Hamden, CT) impaling oocytes were filled with 3 M KCl to form a tip resistance of
0.3-2 MQ. The standard extracellular solution (pH 7.5) containing 100 mM NacCl, 2
mM KCl, 1 mM MgCl, and 10 mM HEPES was used. The solution containing
extracellular Ca?* was prepared from the standard solution with the addition of CaCl,
to a final concentration of 5 mM. Duration of application of Ca?* medium was
indicated in time course recordings. Oocyte whole-cell currents were recorded using a
Geneclamp 500B amplifier and Digidata 1322A AD/DA converter (Molecular Devices,
Union City, CA). The pClamp 9 software (Axon Instruments, Union City, CA) was
applied for data acquisition and analysis. Currents and voltages were digitally recorded
at 200 ps/sample and filtered at 2 kHz through a Bessel filter. SigmaPlot 12 (Systat

Software, San Jose, CA) was used for data fitting and plotting.
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3.2.11 Dynamic light scattering (DLS)

DLS experiments were performed using a Malvern Zetasizer Nano ZS
instrument (Malvern, Worcestershire, UK) at 25 °C, as described previously (44).
Freshly purified PKD2L1 CT and deletion mutants from E. coli in a solution containing
50 mM NaH,PO,4, 300 mM NaCl and 250 mM imidazole, pH 8.0 were passed through
a 0.22 um filter to remove large particles or aggregates and diluted to 0.4 mg/ml before
measurements. Correlation data obtained with DynalLS software (Malvern) were fitted
using SigmaPlot 12 (Systat Software) to derive the average apparent hydrodynamic

diameter.

3.2.12 Statistical analysis

Data were analyzed and plotted using SigmaPlot 12 (Systat Software), and
expressed as mean = SEM (N), where SEM stands for the standard error of the mean
and N indicates the number of experimental repeats. Paired or unpaired Student t-test
was used to compare two sets of data. A probability value (P) of less than 0.05, 0.01
and 0.001 was considered statistically significant and indicated by *, ** and ***,

respectively.
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3.3 RESULTS

3.3.1 Oligomeric state of PKD2L.1 in mouse tissues and human cells

Previous studies on PKD2L1 oligomerization were limited to in vitro
conditions, including trimerization of its purified C-terminus or of the full-length
protein over-expressed in Xenopus oocytes (21-23). In order to determine the
oligomeric states of PKD2L1 under more in vivo and physiological conditions, we
performed Western Blot (WB) experiments using mouse tissues under non-reducing
and reducing conditions. We found that in the kidney, testis and brain under non-
reducing condition, endogenous PKD2L1 displays similar oligomeric patterns from
which the bands’ sizes suggest the presence of PKD2L1 homodimers, -trimers and -
tetramers, or its heteromerization with endogenous interacting partner proteins (Figure
3-1 A). These oligomer bands disappeared in the presence of a reducing condition. To
provide further documentations regarding whether these bands correspond to PKD2L1
homo- or heterooligomers we over-expressed human PKD2L1 in HEK (HEK293T) and
HeLa cells in which partners of PKD2L1 were assumed to have little influence due to
their absence or relatively low expression levels. In both HEK and HeLa cells under the
non-reducing condition, we still detected four bands (Figure 3-1 B and C) that were
comparable to the patterns obtained using mouse tissues. We thus tentatively assigned
them as monomer, dimer, trimer and tetramer. Interestingly, under the reducing
condition, a significant portion of trimers remained while all tetramers and the majority
of dimers were absent. These data indicated that the oligomerization strength follows
an order of trimer >> dimer > tetramer, consistent with a previous finding that PKD2L 1

CT forms very stable trimers in vitro (22,;23).
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Because oligomerization may occur through a disulfide bond between two
cysteine residues during lysate preparations or SDS-PAGE under denaturing
conditions, and there are several cysteine residues in PKD2L1, we wondered whether
disulfide bonds formed by these residues under oxidative conditions account for the
observed oligomers. For this we included 10 mM N-ethylmaleimide (NEM) in cell
lysis buffer to inhibit disulfide bond formation by modifying free cysteine residues. We
found that the amount of oligomers decreases with the NEM treatment in HEK cells but
does not further decrease with additional reducing agents (Figure 3-1 D), indicating
that the observed oligomers in Figure 3-1 B and C are partially due to disulfide bond
formation during sample preparations and/or electrophoresis, and that the oligomers
detected in the presence of the NEM treatment are formed through peptide-peptide

interactions.

We also employed BN-PAGE to check PKD2L1 oligomeric state under the
non-denaturing condition. No disulfide bonds would be formed during sample
preparation and/or electrophoresis with BN-PAGE. Our data indicated that PKD2L1 is
mainly present as homotrimers, and possibly also as homotetramers or hetero-
oligomers with its partner proteins, while monomers and dimers are still detectable
under this condition (Figure 3-1 E). Only monomers were observed in the presence of
SDS and DTT, while dimers were detectable if only SDS was applied (Figure 3-1 E).
Previous studies showed that peptide-peptide interaction mediated oligomers of some
membrane proteins, especially multiple-transmembrane proteins, can also be detected
with non-reducing SDS-PAGE under denaturing conditions (28-30) because SDS as a

detergent may form micelles, similar to lipid vesicles, at certain concentrations to hold
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denatured oligomers by binding to hydrophobic transmembrane domains rather than to
disrupting them into monomers (3/). However, since there is no SDS in the gel or
running buffer on BN-PAGE, compared with SDS-PAGE, these oligomers/SDS
micelle complexes may be dissociated once the samples are loaded into the gel. That
may be the reason why no trimers were detected on BN-PAGE with SDS while trimers
can still be observed on non-reducing SDS-PAGE. Taken together, our data using over-
expressed PKD2L1 together with our in vivo data using mouse tissues strongly

indicated that PKD2L1 forms homodimers, -trimers and -tetramers.
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Figure 3-1 Oligomers of PKD2L1 in mouse tissues and human cell lines. (A) Detection of

PKD2L1 in mouse kidney, testis, and brain tissues by WB. Samples were prepared with SDS

loading buffer under the non-reducing and reducing (supplemented with 5% 2-ME or 0.5 M
DTT) conditions. PKD2L1 was detected with an antibody from Abnova. Na/K ATPase was

used as a loading control. Detection of over-expressed human PKD2L1 in HEK (B) and HelLa

cells (C). pcDNA3.1(+) containing human PKD2L1 or empty vector (Ctrl) was transfected into
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HEK and HeLa cells. Cell lysates were collected 48 hr after transfection. Samples for SDS-
PAGE were prepared under non-reducing or reducing condition. (D) Detection of over-
expressed human PKD2L1 in HEK cells under non-reducing and reducing conditions. Samples
were prepared with or without treatment by 10 mM NEM. (E) WB analysis after BN-PAGE of
Flag-tagged PKD2L1 over-expressed in HeLa cells. Samples were prepared with or without
2.5% SDS, or with 2.5% SDS plus 0.1 M DTT. An anti-Flag antibody was used for WB

detection. Putative PKD2L1 monomer, dimer and trimer are indicated.
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3.3.2 Effects of intracellular N- and C-termini of PKD2L1 on its channel

function and homomerization

PKD2L1 was first found to act as a Ca?>*-activated non-selective cation channel
when over-expressed in Xenopus oocytes in which PKD2L1 traffics to the plasma
membrane (8,9). Previous studies demonstrated that the PKD2L1 C-terminal domain
CC2 formed a trimer in vitro (22;23) but truncation mutant channels T622X and
V670X that do not contain CC2 are still functional (24), indicating that CC2 is not
important for PKD2L1 channel function. On the other hand, mutant PKD2L1 lacking
CT is still able to oligomerize (25), indicating that a domain outside CT mediates the
oligomerization. In an effort to identify domain(s) that are important for both PKD2L1
homomerization and channel function we first set to examine the effects of the
PKD2L1 CT and NT on its channel function. For this we over-expressed PKD2L1
truncation mutant with deletion of CT (named ACT) or NT (named ANT) in Xenopus
oocytes, and measured Ca?"-induced channel activation currents with the two-
microelectrode voltage clamp. We found that both the ACT and ANT mutants are
functionally dead although they continue to traffic to the plasma membrane (Figure 3-2
A-E), which is consistent with previous findings that PKDI1L3/PKD2L1 ACT or

PKDI1L3/PKD2L1 ANT complex shows no response to 25 mM citric acid (25).
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Figure 3-2 Roles of the human PKD2L.1 N- and C-termini in its channel activity and
oligomerization. (A) Representative whole-cell current tracings obtained from Xenopus
oocytes expressing PKD2L1 WT, mutant ACT (deletion of E566-S805) or ANT (deletion of

M1-Y96) using the two-microelectrode voltage clamp technique. Oocytes were voltage
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clamped at =50 mV. Data from a water-injected oocyte served as a negative control (Ctrl).
Currents were measured using standard extracellular solution pH 7.5 (7.5) or standard
extracellular solution containing 5 mM CacCl, (7.5+Ca). (B) Averaged currents obtained from
oocytes expressing PKD2L1 WT, ACT, ANT or water (Ctrl). Currents were averaged from
different numbers of oocytes, as indicated. ***p < 0.001 compared to WT data. (C)
Representative current—voltage relationship curves obtained using a voltage ramp protocol, as
indicated, before (7.5) and after addition of 5 mM CaCl, (7.5+Ca). (D) Representative
immunofluorescence data showing the plasma membrane expression of PKD2L.1 WT, ACT and
ANT in oocytes. (E) Averaged and normalized surface expression of PKD2LL1 WT, ACT and
ANT in oocytes. Surface expressions were averaged from indicated numbers of oocytes and
normalized to that of PKD2L1 WT. (F) WB detection of Flag-tagged human PKD2L1 WT,
ANT and ACT over-expressed in HeLa cells under the non-reducing condition. A band
(indicated by an arrow), that is unlikely a dimer based on its size and remained unaccounted
for, was detected with the CT deletion. The data in this figure were generated by me except for

data in F.
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We next wanted to determine whether NT is important for oligomerization
using HeLa cells. Absence of NT in mutant ANT abolished the oligomers except
trimers with both SDS-PAGE (Figure 3-2 F) and BN-PAGE (Figure 3-3 B), suggesting
that NT mediates homodimerization. Interestingly, deletion of CT resulted in loss of all
trimers and most of dimers (Figure 3-2 F), suggesting the possibility that the
dimerization is dependent, at least in part, on trimerization. Because we showed that
part of dimers is due to disulfide bond formation during lysate preparations or SDS-
PAGE under denaturing conditions (Figure 3-1 D), and there are four cysteine residues
in NT, we wondered whether disulfide bonds formed by these residues under oxidative
conditions account for the observed dimerization. For this we mutated one or more of
these cysteine residues to alanine and found that the mutation C38A, but not any of the
other three mutations (C60A, C70A and C74A), substantially reduces the dimer band
(Figure 3-3 A). Further, inclusion of NEM in cell lysis buffer exhibited a similar effect
(Figure 3-3 A), which was confirmed with BN-PAGE (Figure 3-3 B). These data
together showed that part of the dimer band observed under SDS-PAGE attributes to
the disulfide bond formed between two C38 residues during the denaturing step and

indicated that the rest of the dimer band is due to specific dimerization of NT in vivo.

To gain insights into domains responsible for trimerization without
‘contamination' of di- and tetramerization we thus utilized the Flag-tagged ANT mutant
to construct plasmids with deletion of C-terminal fragments. We found that while the
mutant with T622X truncation from ANT (named ANT/T622X) still forms trimers, the
mutant with the entire CT deleted from ANT (named ANT/ACT) has no trimer (Figure

3-3 D). Since no cysteine residue is present in the CT, the observed trimer band likely
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corresponds to the specific trimerization of PKD2L1 in vivo. Because domain CC2 is
absent in these mutants, and ACT and T622X are dead (Figure 3-2 B) and functional
mutants (24), respectively, our data indicated that the C-terminal fragment ES66-T622
contains a novel domain that is critical for both PKD2L1 trimerization and channel

function.

3.3.3 Identification of a C-terminal domain critical for both PKD2L1

homotrimerization and channel function

For WT or a mutant PKD2L1 channel to be functional it is necessary that they
are in a correct oligomeric state. In an effort to identify a PKD2L1 domain that is
essential for both trimerization and channel function we first made two deletion
mutants with C1 or CC2 deleted from truncation mutant Flag-ANT (see Figure 3-3 A
for a schematic illustration of the C1 and CC2 positions in CT), and performed WB
experiments under the non-reducing condition. We found that while CC2 deletion
significantly reduces the trimerization C1 deletion has a more substantial effect (Figure
3-3 E). Consistently, double deletion of C1 and CC2 completely abolished the trimer
band. These data indicated that there exist two domains, C1 and CC2 (22;23) in CT,
that are essential for trimerization. Human PKD2L1 C1 is a 48-amino-acid peptide
containing 16 highly hydrophobic residues and 7 and 8 negatively and positively
charged residues, respectively. Sequence alignment showed that C1 is the most
conserved part in CT and shares overall 62.5% identity among different species (Figure

3-3 F), suggesting its importance in the PKD2L1 assembly and/or function.
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Figure 3-3 Identification of domain C1 of PKD2L1 critical for its trimerization. (A) WB
detection of over-expressed Flag-tagged PKD2L1 WT, without or with 10 mM NEM treatment,
or mutants 4xC-A (quadruple C38A, C60A, C70A and C74A mutations), C38A and 3xC-A
(triple C60A, C70A and C74A mutations) under non-reducing condition. (B) WB analysis after
BN-PAGE of Flag-tagged PKD2L1 WT and ANT over-expressed in HeLa cells. WT samples
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were prepared with or without 2.5% SDS, or with 2.5% SDS plus 10 mM NEM. Putative
PKD2L1 monomer, dimer and trimer are indicated. (C) Schematic illustration of PKD2L1
membrane topology. TMs, pore-loop, C1, CC2, EF-hand, coiled-coil domains, and positions of
residues Y96, ES66 and T622 are indicated. (D) WB detection of Flag-tagged PKD2L1 mutants
ANT/ACT (M1-Y96 and E566-S805 double deletion) and ANT/T622X (M1-Y96 and T622-
S805 double deletion) over-expressed in Hela cells under the non-reducing condition. Two
unknown bands similar to one in Figure 3-2 F remained unaccounted for. (E) WB detection of
over-expressed Flag-tagged PKD2L1 mutants in HEK or HeLa cells. All constructs were made
from ANT. These included Ctrl (ANT), AC1 (Cl, K575-T622, deletion from ANT), ACC2
(CC2, G699-W743, deletion from ANT), or ACI/ACC2 (C1 and CC2 double deletion from
AN). (F) Amino acid sequence alignment of PKD2L1 C1 from indicated species. National
Center for Biotechnology Information accession number for sequences used here are
NP 057196 (human), NP 852087 (mouse), XP 426509 (chicken), XP 005637930 (dog),
XP 002698535 (cattle), and XP 001168415 (chimpanzee). Identical residues among the
species are indicated by black bold letters.
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We next performed electrophysiological experiments using various C-terminal
deletion and truncation mutations of PKD2L1. We found that any domain after T622 is
not important for the channel function, as supported by functional mutant V670X and
T622X channels. In contrast, truncation mutant S581X and the mutant with C1 deletion
did not exhibit channel function (Figure 3-4 A—C). Our immunofluorescence data
indicated that all these mutants target to the plasma membrane (Figure 3-4 D and E).
These data together demonstrated that C1, but not CC2, is critical for PKD2L1 channel
function. Thus, we have discovered for the first time a domain in PKD2L1, C1, that is
essential for both homotrimerization and channel function. Interestingly, Ishimaru et al.
also found that PKDIL3/PKD2L1 MI1-F621 responds to citric acid while
PKDI1L3/PKD2L1 M1-I560 shows no response, suggesting that domain C1 is also

important for PKD1L3/PKD2L1 complex off-response channel function (25).
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Figure 3-4 Identification of domain C1 of PKD2L1 critical for its channel function. (A)
Representative whole-cell current tracings obtained from Xenopus oocytes expressing PKD2L 1
truncation mutant T622X, S581X, or deletion mutant AC1 (C1 deletion from PKD2L1 WT)
using the two-microelectrode voltage clamp technique under similar experimental conditions as

those for Figure 3-2. (B) Averaged currents obtained from oocytes expressing PKD2L1 WT or



truncation/deletion mutants, as indicated. Currents at —50mV were averaged from indicated
numbers of oocytes and normalized to that of PKD2L.1 WT. Water-injected oocytes were used
as control (Ctrl). ***p < 0.001 compared to WT. (C) Representative current—voltage
relationship curves obtained using a voltage ramp protocol, as indicated in Figure 3-2 C, before
(7.5) and after addition of 5 mM CacCl, (7.5+Ca). (D) Representative immunofluorescence data
showing the plasma membrane expression of mutants T622X, S581X and AC1 expressed in
oocytes, or those injected with water (Ctrl). (E) Surface membrane expression of mutants
T622X, S581X and AC1 were averaged from the indicated numbers of oocytes and normalized

to that of PKD2L1 WT. The data in this figure were generated by me.
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3.3.4 Further characterization of Cl-involved trimerization

To provide further documentations on the involvement of C1 in trimerization
we first employed co-IP assays to determine the effect of C1 on the interaction between
two differently tagged WT or mutant PKD2L1 proteins. To enhance the co-expression
efficiency, HeLa cells were transfected with GFP-WT first, then 12 hr later with Flag-
T622X or -K575X. We collected cell lysates 30 hr after the second transfection. We
found that the strength of the interaction of WT with K575X (that lacks C1), assessed
by the immunoblotting band after normalization by input bands, is 36.5 + 6.8% (N =3,
P < 0.001, by paired t-test) less than the interaction with T622X (Figure 3-5 A and B).
We believe that the interaction between WT PKD2L1 and K575X is largely mediated
through their N-terminus. In summary, our in vitro data were in support of the

involvement of C1 in trimerization.

Further, we employed the DLS technique to examine the role of Cl1 in the
trimerization of purified CT in solution. DLS assesses a protein's apparent
hydrodynamic diameter (Dy) as being the size of a hypothetical hard sphere that
diffuses in the same fashion as the hydrated protein being measured. We expressed and
purified CT and its deletion mutants CT-AC1 (with C1 deletion) and CT-Adouble (with
both C1 and CC2 deletions) from E. coli (Figure 3-5 C). We found that the Dy of CT
measured by DLS is 8.88 + 0.26 nm (N = 6), which is significantly reduced to 5.80 +
0.17 nm (N =5, P <0.001) and 5.49 £ 0.05 nm (N =5, P < 0.001) for C1 and double
deletions, respectively (Figure 3-5 D). Using the Mark-Houwink-Sakurada equation,
molecular weight = a(Dy)®, where parameters a and b were found to be 0.41 + 0.05 and

248 £ 0.04, respectively, for proteins in the range of 17-440 kD (32), the
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corresponding molecular weights deduced from these Dy values are 93 + 6 kD, 32 £+ 2
kD and 28 = 1 kD, for CT, CT-AC1 and CT-Adouble, respectively, indicating a
predominant trimeric structure for CT and monomeric structures for the two deletion
mutants under this experimental condition. These data indicated that C1 deletion
significantly breaks down trimerization of CT, in support of the importance of C1 for

oligomerization.

Next, we examined whether peptide C1 is sufficient to form trimers by itself.
For this we first expressed C1 in and purified it from E. coli. Because C1 was not
detectable when expressed alone, presumably due to its small size and/or instability, we
utilized fusion protein GFP-C1 for E. coli expression. As a negative control, we
expressed and purified GFP protein fused with human eukaryotic initiation factor 4E
binding protein 1 (4EBP1) fragment M1-T50 (GFP-Ctrl) of a similar size. We then
carried out BN-PAGE experiments which indeed revealed the presence of a trimer band
for GFP-C1 but not for GFP-Ctrl (Figure 3-5 E). Of note, the trimer band was relatively
weak, which may be due to the added coomassie blue G-250 that gave negative
changes to C1 and reduced its trimerization during sample preparation for BN-PAGE.
As a comparison and control, we carried out SDS-PAGE analysis as well and found no
trimer band for C1 under this condition (Figure 3-5 E). Therefore, our data showed that
purified C1 itself forms trimers. We also noted visible weak bands below and above the
trimer band, which may represent a dimer due to the well-known weak dimerization of

GFP and a hexamer due to GFP dimerization plus C1 trimerization, respectively.
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3.3.5 Role of C1 as a blocking peptide

We reasoned that C1 may disrupt the oligomerization of full-length PKD2L1
through competitive binding, thereby inhibiting channel function. To test this, we
applied a similar blocking peptide strategy that we described previously (9). First, we
co-transfected PKD2L1 ANT with HA-tagged C1 or control plasmid encoding HA-
T622-E657 (negative Ctrl), that has no overlap with C1 or CC2. Indeed, we found that
co-expression of C1 decreases ANT trimerization to 42.7 = 7.5% (N = 3, P < 0.001, by

paired t-test) (Figure 3-5 F).
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Figure 3-5 Further evidence for C1 involvement in trimerization. (A) Effect of C1 on the
interaction between two PKD2L1 proteins assessed by co-IP. Left panel: representative data
showing the interaction of GFP-PKD2L1 (GFP-WT) with Flag-T622X or Flag-K575X in HeLa
cells. GFP-WT was first transfected, followed by transfection of T622X and K575X 12 hr later.
Right panel: representative input data by WB showing the expression of WT, T622X and
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K575X. (B) Data from experiments in panel A were quantified, averaged, normalized, and then
compared by paired t-test (***p < 0.001, N = 3). (C) Coomassie blue staining of purified
PKD2L1 C-terminus (CT, E566-S805), CT-AC1 (C1 deletion from CT), and CT-Adouble (C1
and CC2 double deletion from CT) from E. coli. Data using crude lysates are shown on their
left (lanes 1, 2 and 3). (D) Analysis of size distribution of purified CT, CT-ACI1, and CT-
Adouble fragments by DLS experiments. (E) Coomassie blue staining analysis of BN-PAGE or
SDS-PAGE of purified protein GFP-C1 or GFP-Ctrl (human 4EBP1 MI1-T50 fragment).
Putative GFP-C1 trimer is indicated by an arrow on BN-PAGE. The faint bands below and
above the putative trimer are indicated with stars. (F) Left panel: WB detection of over-
expressed Flag-ANT with co-expression of HA-tagged blocking peptide C1 (HA-C1) or control
peptide T622-E675 (HA-Ctrl) in HeLa cells under the non-reducing condition. 200ng Flag-
ANT plasmid and 1000ng HA-C1 or HA-Ctrl plasmid were used in the co-transfection. Right
panel: trimer bands were quantified, averaged, normalized, and compared by paired t-test (***p

<0.001, N = 3).

118



Next, using oocyte expression and electrophysiology, we found that expression
of C1 substantially inhibits the channel function of PKD2L1 alone and in complex with
PKDIL3 (Figure 3-6 A, B and D). Our WB assays using similarly prepared oocytes
showed that C1 expression significantly reduces the formation of PKD2L1 oligomers
but not monomers, regardless whether PKD1L3 was co-expressed or not (Figure 3-6
C). Of note, due to its small size of only about 5 kD, we carried out dot blot assays and
confirmed its expression (Figure 3-6 C). Our immunofluorescence data indicated that
over-expression of C1 reduces PKD2L1 surface expression (Figure 3-6 E and F), which
may be the reason why reduction in the trimer band did not result in an increase in the

monomer band in our WB experiments (Figure 3-6 C).
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Figure 3-6 Effect of C1 on PKD2L1 trimerization and function. (A) Representative whole-
cell current tracings from Xenopus oocytes expressing PKD2L1 (2L1) or PKD2L1/PKD1L3
(2L1+1L3), with or without C1 using the two-microelectrode voltage clamp technique under

similar conditions as for Figure 3-2. (B) Averaged currents elicited by extracellular 5 mM Ca?*
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from oocytes expressing 2L1 or 2L1+1L3, with or without C1, and voltage clamped at —50
mV. Currents were averaged from different numbers of oocytes, as indicated, and normalized
to that of WT PKD2L1 alone. (C) WB detection of PKD2L1 expression or dot blot detection of
C1 expression in oocytes. (D) Representative current—voltage relationship curves obtained
using a voltage ramp protocol, as indicated in Figure 3-2 C, before (7.5) and after addition of 5
mM CaCl, (7.5+Ca). (E) Representative immunofluorescence data showing the oocyte plasma
membrane expression of 211 and 2L.1+1L3, with or without C1. (F) Surface expression was
quantified and averaged from the indicated numbers of oocytes, and normalized to that of 2L1.

The data in this figure were generated by me except for data in C.
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3.4 DISCUSSION

Because the function of an ion channel presumably relies on its intact
oligomeric state deletion of or alterations in an oligomerization domain would
substantially affect the channel architecture and consequently channel activity. Up to
now it has remained unknown as to which domain of PKD2LI1 that is important for
both oligomerization and function. Previous studies identified CC2 as a trimeric
domain in CT that is important for the surface membrane expression of PKD2L1 and
complex PKD2L1/PKDI1L3 (27-23). However, using the Xenopus oocyte expression
system, it was previously shown that PKD2L1 with truncation either before or after the
CC2 domain does not significantly affect the channel function (24), which is also
confirmed by the current study (Figure 3-4 B), indicating that CC2 is not required for
PKD2L1 channel function. The reported 3:1 oligomeric assembly for
PKD2L1/PKDI1L3 channel complex and our current in vivo data from mouse tissues
showing the presence of trimeric assembly indicate the presence of a yet to-be-
identified domain(s) important for a functional PKD2L1 trimeric state. Indeed, our
current studies using a combination of in vitro expression in mammalian cells and
Xenopus oocytes, electrophysiology, mutagenesis, protein-protein interaction, and
dynamic light scattering identified the C-terminal C1 domain as the most conserved in

CT and critical for both PKD2L.1 trimerization and channel function.

Our non-reducing SDS-PAGE with mouse tissues showed the same oligomers
pattern in kidney, testis and brain and these oligomers were reduced to monomer with
reducing agents (Figure 3-1 A). This would suggest that all PKD2L1 oligomers in the

tissues are generated through cysteine-cysteine disulfide bonds since reducing agents

122



are expected to only disrupt oligomerization mediated by disulfide bonds. However, for
some unknown reasons, reducing agents may also disrupt oligomerization mediated by
peptide-peptide interactions, at least for some multiple-transmembrane proteins. For
example, Feng et al. showed that dimers of PKD2 truncation mutant PKD2-L703X
detected with non-reducing SDS-PAGE disappeared by the addition of reducing agents
and that these dimers are indeed formed by a peptide-peptide interaction in the N-
terminus of PKD2 (26). Further, oligomers formed through peptide-peptide interactions
under non-reducing SDS-PAGE may be more vulnerably disrupted by reducing agents
in tissue lysates than in cell line lysates for unclear reasons. For example, almost all
PKD2 oligomers were reduced into monomers with addition of reducing agents in
human kidney tissues, but the effect of reducing agents were only moderate in cell lines
(33). In the case of PKD2L1, previous studies by other groups have reported the
presence of PKD2L1 homooligomers through its C-terminal peptide-peptide
interactions, e.g., through CC2 trimerization (2/) and PKD2L1/PKDIL3
heterooligomerization at 3:1 stoichiometry through peptide-peptide interaction (25).
Together with our current data on its C-terminal C1 trimerization, we think that part of
PKD2L1 oligomers detected with non-reducing SDS-PAGE using tissue lysates should
be mediated by peptide-peptide interactions, possibly the CI1-CI1 interaction, and

reduced to monomers by reducing agents.

TRPC, TRPM and TRPN channels were found to contain a conserved
intracellular TRP domain downstream of TM6, which is similarly located as C1. This
TRP domain was proposed to participate in subunit assembly and/or allosteric

modulation of channel gating (34). Interestingly, the recently resolved TRPV1 structure
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showed that charged side chains within the TRP domain interact with pre-S1 helix in
the N-terminus through hydrogen bonding and salt bridging (35). It is possible that C1
shares some functional similarities and plays corresponding roles in PKD2L1. For
example, in addition to its trimerization role, it seemed to regulate PKD2L1
dimerization formed by PKD2L1 NT (see Figure 3-2 F). Future studies will need to

address this by providing more direct evidence.

We wondered why PKD2L1 needs two distinct trimerization domains in CT of
PKD2L1. PKD2L1 channel is activated by Ca’" followed by channel inactivation,
presumably through an increase in the intracellular Ca?* concentration (8), but it
remains unclear whether Ca?' regulates PKD2L1 channel activity through direct
binding. CT contains a Ca?*-binding EF hand motif (E637-L665) that negatively
regulates the ability of PKD2L1 channel to be activated by Ca?*, suggesting that Ca>"
binds to this domain to prevent the channel from over-activation (24). Direct binding of
Ca?" to CT was indeed reported (23) although it remains unknown whether and how
this binding is relevant to channel function. At least, this same study showed that Ca?*
binding is not affected by mutations of 6 residues to alanine within CC2, suggesting
that CC2 is not involved in Ca?* binding. More importantly, our previous and current
studies both demonstrated that CC2 is not important for PKD2L1 channel function.
Although arguably, CC2 was found to be important for surface expression of PKD2L1
and complex PKD2L1/PKDIL3 in Xenopus oocytes (21) whether it promotes the
trafficking to, or prevents the retrieval from, the surface membrane remains unknown.
In contrast, although C1 did not seem to affect the PKD2L1 surface membrane

expression (Figure 3-4 E) it is critical for the channel function. It is possible that nature
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chooses to have two trimerization domains that together ensure proper surface

membrane configuration and stability, as well as channel function.

Members of the TRP superfamily including PKD2 and PKD2L1 are assumed to
assemble into homo- and/or hetero-tetramers with either a PKD1 homologue or another
TRP protein, but the molecular mechanisms underlying these assemblies are still
unclear. Like PKD2L1, the PKD2 C-terminus was found to form trimers (20;22). The
trimerization of the PKD2 or PKD2L1 C-termini seems to nicely explain the tetrameric
organization of the PKD2/PKD1 or PKD2L1/PKD1L3 complex with a trimer/monomer
assembly (20;21). Based on our current data we propose that a functional PKD2L1
homotetramer can be formed either through C-terminal trimerization followed by N-
terminal dimerization of a fourth subunit with a subunit in the trimer or through
dimerization followed by trimerization (see model in Figure 3-7). Thus, we think that,
under physiological conditions, depending on the availability of a co-localized PKD1
homologue, PKD2L1 forms homo- or heterotetramers by a shared way, namely,
homotrimerization of PKD2L1 and heterodimerization of PKD2L1-PKD1 homologue
(Figure 3-7). We should however bear in mind that interaction forces involved in the
organization of TMs for a pore forming architecture are important as well although

they are not discussed here.
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Figure 3-7 Model illustrating how a PKD2L1 homo- or heterotetramerer can be formed.

(A) A PKD2L1 (oval) homotetramer can be formed either through first homotrimerization
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followed by recruitment of a fourth subunit to the trimer by dimerization or through first
homodimerization followed by recruitment of two subunits to form a trimer with a subunit in
the dimer. Of note, 1) the illustration is only to indicate trimeric and dimeric binding and does
not intend to show how the pore region is organized; and 2) the drawn trimer does not intend to
mean that there are two points of contact. (B) A PKD2L1 heterotetramer can be formed with a
PKD1 homologue (square), eg, PKD1L3 or PKDI1L1, through first trimerization of PKD2L1
and then recruitment of a PKD1 homologue, or reversely, through first heterodimerization
between PKD2L1 and a PKD1 homologue, followed by the recruitment of two PKD2L1

subunits to form a trimer with the existing PKD2L1 subunit.
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It is noted that such a 3 + 1 assembly protocol for forming homo- and
heterotetramers has been reported for other channels. For example, the cytoplasmic C-
terminal leucine zipper domain (G488-Y526) of small conductance voltage-gated Ca?*-
activated K* channel (SKc,) forms trimers, as shown by crystallographic analyses (36)
while the functional full-length SK¢, channel forms homotetramers (37). Similarly, a
C-terminal domain (R583-D611) of voltage-gated K™ channel K,7.1 was shown to
trimerize but the full-length channel forms tetramers (38). Under physiological
conditions, cyclic-nucleotide-gated channels are more likely heterotetramers consisting
of the A and B subtypes with the A-trimer:B-monomer assembly when both are
present. In cells over-expressing the A subtype, homotetramers were found (39-41).
Therefore, PKD2L1 as a TRP superfamily member may possess a strategy of

oligomeric assembly that is shared by other families of ion channel.

In summary, our study has found that endogenous PKD2L1 in mouse tissues
exhibits oligomeric states including dimers, trimers and tetramers. We identified a
novel PKD2L1 C-terminal C1 domain that is associated with stronger trimerization
than the previously reported CC2 domain. Importantly, C1 represents the first
oligomerization domain critical for PKD2L1 channel function. We thus propose that
functional PKD2L1 channel assembly involves both trimerization and dimerization, a

mechanism possibly shared by some non-TRP types of ion channel.
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CHAPTER 4

4. RESULT #3 PKD2L1 is downstream of a
phospholipase C pathway with a PKC-dependent

inactivation mechanism
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4.1 INTRODUCTION

The interest in studying the membrane lipid environment, downstream lipid
messengers and their effect on ion channels regulation has emerged since late 1990s (1-
3). One major pathway that dynamically alters the membrane phospholipid
composition and subsequently controls the function of many membrane ion channels
and proteins is the phospholipase C (PLC) pathway. PLC enzymes have ubiquitous
expression and a shared role in hydrolyzing the quantitatively minor membrane
phospholipid phosphoinositide (4,5) biphosphate (PIP2) into the membrane bound
DAG and the cytosolic inositol (1,4,5) triphosphate (IP3) (4). Direct interaction
between membrane phospholipids and ion channels has been reported to modulate
channel functions, as the case for potassium channels (5), and contribute to some
channelopathies (6). In addition to direct interactions, PLC activates downstream
signalling kinases and triggers Ca?" releases from the intracellular stores through IP3
receptors. Both the activation of kinases and increase in the intracellular Ca" level are

important factors that further regulate ion channels (7,8).

Transient receptor potential (TRP) superfamily is comprised of seven
subfamilies of integral membrane ion channel proteins that are key determinants of
many human senses and diseases (9-/3). TRP channels, akin to other ion channels,
have been known for their interaction and regulation by phosphoinositides (1-3,14-16).
TRPC subfamily members represent nice examples of TRP channels modulated by
diacylglycerols (DAGs) and subsequent protein kinase C (PKC) activation (17-20).
TRPC3, -5, -6 and -7 have been shown to be activated by PLC-mediated mechanisms

(18;20) with the downstream activation of PKC inactivating TRPC3, -4 and -5 (20).
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Variations within the TRP superfamily, in regards to the effect of lipid messengers and
kinase activation, are evident. Even among members of the same subfamily, different
lipid messengers exert different effects. For example, while DAG activated TRPC3 in a
PKC-independent manner, TRPC4 and -5 were inactivated by the elevation of DAG
levels with the DAG associated activation of PKC (20). Regulation of TRPV1 by
lipids, especially its regulation by PIP2 and PI4P, is another controversial debate that
has been reviewed recently. Some literature showed an inhibitory effect of PIP2 on
TRPV1, while others showed it as a stimulatory factor. With a closer look, work using
excised inside-out patches and lipid phosphatases determined that PIP2 and PI4P

stimulatory effect has more support (21).

One possible protein modification upon the activation of PLC pathway is
phosphorylation. Phosphorylation is an important reversible posttranslational
modification that regulates the function of the cellular protein repertoire. Drosophila
eye specific PKC (ePKC) mutants were found to affect the photoreceptor deactivation
(22). Later, the Drosophila TRP (dTRP) was found to be phosphorylated by ePKC and
such phosphorylation is part of the negative feedback mechanism that regulates Ca?*
influx (23). However, dTRP phosphorylation mechanism is complicated and governed
by several kinases and phosphatases (§), and represents an example for complex
regulation of TRP channels. Roles of phosphorylation in the regulation of TRPV1
channel was extensively studied and reviewed by Bevan et al. (24). dTRP and TRPV1
phosphorylation studies indicated that there are multiple phosphorylation sites that
control the channel function, but rather it is a coordinated simultaneous process that

regulate the channel function, trafficking and sensitization/desensitization processes.
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PKD2L1 is a TRP-type non-selective cation channel that is activated by Ca?*
and acid when expressed in Xenopus oocytes (25,26), acquires an outwardly rectifying
current in HEK and primary cilia (27), and is activated by acid in the cerebrospinal
fluid contacting neurons (CSF-cNs) and taste receptor cells (28-30). PKD2L1 function
is modulated by large cations (3/;32), amiloride and analogs (33), and calmodulin
agonists (27). Besides, a number of PKD2L1 protein partners have been identified as
important regulators of its function including, PKDIL3 (26,29;34), PKDIL1 (27),
troponin I (35), a-actinin (36) and receptor for activated C kinase 1 (RACKI1) (37).
PKD2L1 has been shown to be modulated by pH, osmolarity, voltage and alkalization
(38,39). In addition, PKD2L1, in complex with PKDI1L3, has been recently proposed
as an alkali activated channel (40). Moreover, we and others determined that PKD2L1

possesses a Ca>*-dependent inactivation mechanism (40).

From the above, PKD2L1 involvement in sour tasting and Ca®* regulation is
evident but the activation/inactivation mechanism remains largely unclear despite the
known involvement of Ca®* (40), calmodulin (27) and the C-terminal domain (41,42).
Our previous work showed the involvement of RACKI1 and intracellular Ca?" in
PKD2L1 functional regulation; these observations pointed to possible roles of PLC
pathway and PKC in PKD2L1 channel sensitization and inactivation. Indeed, here we
show that PKD2L1 activation/inactivation is downstream of the PLC activation

pathway, with the involvement of a PKC-dependent inactivation mechanism.
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4.2 MATERIALS AND METHODS

4.2.1 Materials

U73122 (PLC inhibitor), m-3M3FBS (PLC activator) and GF 109203x (PKC
blocker) were obtained from Sigma (Sigma-Aldrich, Oakville, ON, Canada). Stock
solutions were made in DMSO and stored at RT. Dilutions to the working
concentrations were made fresh before each experiment. Phorbol 12-myristate 13-
acetate (PMA, PKC activator) and 4oa-Phorbol 12,13-didecanoate (40PDD, PMA
inactive analog) were purchased from Tocris Bioscience (Tocris Bioscience, Bristol,
UK). Stock solutions of these compounds were made in DMSO, aliquoted, stored at -20
°C, thawed and diluted to the working concentrations just before the experiment.
Heparin sodium salt (Fisher Scientific, Toronto, ON, Canada) was dissolved in water

(20 pg/ml) for injections.

4.2.2 Preparation of PKD2L1 plasmid constructs

Human PKD2LI gene was cloned as previously described (37). Mutations of
threonine, serine and tyrosine residues to the neutral or negatively charged residues
alanine or aspartic acid were performed using QuikChange Lightning site-directed
mutagenesis kit (Agilent Technologies, La Jolla, CA, USA). Primer design and

procedure was performed following the manufacturer’s protocol.

4.2.3 mRNA preparation and micro-injection into Xenopus laevis oocytes
Plasmids pCHGF harbouring wild type (WT) or a mutant PKD2L1 cDNA were
linearized with Mlu I, followed by phenol/chloroform purification and ethanol

precipitation. Linearized plasmids were used to in vitro synthesize capped mRNAs
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using the T7 mMessage mMachineTM kit (Ambion, Austin, TX, USA). Stage V-VI
oocytes were isolated from Xenopus laevis under an approved institutional protocol.
Defolliculation of oocytes was performed through incubation in Barth’s solution (37)
containing Type 2 collagenase (2 mg/mL) (Worthington, Lakewood, NJ, USA) at room
temperature (RT) for 1.5 hours (hr). Oocytes were then incubated at 16-18 °C in
Barth’s solution supplemented with 1% antibiotics (penicillin/streptomycin)
(GIBCO™, Life Technologies, Burlington, ON, Canada) for at least 3 hr before
injection of 50 nL H,O containing 25-50 ng mRNAs or as stated in the experiment. An
equal volume of H,O was injected into control oocytes. Injected oocytes were
incubated at 16-18 °C in Barth’s solution, for 2-4 days prior to experiments. For
intracellular IP3 antagonist studies, oocytes were injected with 50 nL of 20 pg/ml to

allow a final intracellular concentration of ~1 pg/ml prior to recordings.

4.2.4 Immunofluorescence

Xenopus oocytes were washed in PBS, fixed in 3% paraformaldehyde (PFA) for
15 min, and washed 3 times in PBS plus 50 mM NH,CI, and then permeabilized with
0.1% Triton X-100 for 4 min. Oocytes were then washed 3 times in PBS for 5 min each
time, blocked in 3% skim milk in PBS for 30 min, and then incubated overnight with
the PKD2L1 polyclonal antibody. This was followed by 3 times 10 min washes in PBS.
The oocytes were then incubated with a secondary AlexaFluor 488-conjugated donkey
anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
for 30 min, followed by 3 times washes in PBS and mounting in Vectashield (Vector

labs, Burlington, ON, Canada). The slides were examined on an AIVI spinning disc
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confocal microscopy (Cell Imaging Facility, Faculty of Medicine and Dentistry,

University of Alberta).

4.2.5 Electrophysiology

Current and voltage signals were measured with the conventional two
microelectrode voltage clamp (TMVC) technique with a commercial amplifier (TEV-
200A, Dagan, Minneapolis MN, USA). Electrodes were fabricated from borosilicate
glass (Warner Instruments, Hamden CT, USA) by a micropipette puller (P-87, Sutter
Instruments, Novato, CA, USA) and filled with 3 M KCI with typical tip resistance of
0.5-3 MQ. Digidata 1320A converter and pClamp 9.2 (Axon Instruments, Union City,
CA, USA) were used for data acquisition and analysis, respectively. In experiments
using a ramp or gapfree protocol (25), current/voltage signals were digitized at 200
ms/sample. Recorded tracings were then analyzed using pClamp 9.2 and plotted using
SigmaPlot 12 (Systat Software, San Jose, CA, USA). Absolute amplitudes of channel
activity were collected and normalized to the average activity of PKD2L1 wild-type
obtained under the same day, condition and group. Normalized values were then

expressed as a percentage value and plotted using SigmaPlot 12.

4.2.6 Statistical Analysis

Data were presented as mean + standard error of the mean (SEM). All data were
collected from at least two different experiments. Student's t-test was used to compare
two groups of data for statistical significance indicated by a p value. P values of less

than 0.05 and 0.01 were considered significant and very significant, respectively.
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43 RESULTS

4.3.1 PKD2L1 is activated downstream of phospholipase C activation pathway
Our hypothesis was that the initiation of PKD2L1 channel activity is through
the activation of PLC. Activation of PLC will result in the production of DAG and IP3,
and at the same time will momentarily decrease the level of PIP2 in the plasma
membrane. IP3 will bind to IP3R and releases Ca?" from the intracellular stores. An
initial increase in intracellular Ca?* contributes either directly or indirectly (through an
unknown protein) to channel activation. Subsequent activation of PKC will follow as
free Ca?* levels continue to rise in the cytosol besides the availability of DAG. PKC
can activate some lipid kinases that help restore PIP2 levels. In addition, PKC will
potentially phosphorylate PKD2L1 and contribute to channel desensitization process
(Figure 4-1 A). To investigate whether this hypothesis is correct, we proposed a
number of activators (with red arrows) and blockers (with the black arrows) for the

proposed PKD2L1 activation/inactivation pathway (Figure 4-1 B).
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Figure 4-1 Proposed mechanism of PKD2L1 activation/inactivation process. (A)

Schematic diagram to illustrate our hypothesis of the mechanism regulating PKD2L1. (B) Our
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proposed PKD2L1 inhibitors (in black boxes and indicated by bold black lines) and PKD2L1
activators (in grey boxes and indicated by red bold lines) along the PLC signalling pathway and
expected to be regulating PKD2L1 channel function.
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Our first question was whether PKD2L1 is affected by the activation of PLC
signalling pathway. To answer this question, we first tested the effect of the PLC
activator m-3M3FBS on oocytes expressing PKD2L1. We found that the application of
10 uM m-3M3FBS in the perfusion solution stimulated channel activity in the presence
of 1 mM Ca?" but not in Ca?" free environment (Figure 4-2 A and B). This was evident
at different membrane potentials as indicated by the current-voltage relationship
(Figure 4-2 C). The observed activity is specific to PKD2L1 and not to endogenous
mediators as the H,O-injected control oocytes did not show any response to the PLC

activator either in the presence or absence of Ca?* (Figure 4-2 D).
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Figure 4-2 Effect of PLC activator m-3M3FBS on Xenopus laevis oocytes over-expressing
human PKD2L1. (A), Representative currents recorded by TMVC at -50 mV from an oocyte
expressing human PKD2L1 perfused with standard solution containing 10 pM m-3M3FBS
PLC activator in the absence of Ca?". (B), Representative currents recorded by the TMVC at -
50 mV from an oocyte expressing human PKD2L1 perfused with standard solution containing
10 uM m-3M3FBS PLC activator in the presence of 1 mM Ca?". (C), Representative current—

voltage relationship curves obtained using a voltage ramp protocol generated at the time points
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(‘a' - 'd') indicated in panels A and B. (D), Representative currents recorded by the TMVC at -
50 mV from a H,O-injected oocyte perfused with standard solution containing 10 pM m-

3M3FBS PLC activator in both Ca2" free and 1 mM Ca?" conditions.
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Next we wanted to provide further support for our hypothesis that PLC is
involved in the mechanism regulating PKD2L1 channel function. We incubated
PKD2L1-expressing oocytes in Barth’s solution containing 10 uM of the PLC inhibitor
U73122 for 30 min before testing the oocytes for the Ca**-induced on-responses. We
found that PLC inhibition significantly reduced the Ca?*-induced channel activity
(Figure 4-3 A). PKD2L1 on-responses were reduced by an average 74.85 £ 23.24%
compared to the on-response currents from non-treated oocytes (p = 0.0002, N = 7-11).
In a paired experiment some of the oocytes showing high Ca?" currents were allowed to
recover after the Ca?"-induced on response for 1 hr and 30 min then incubated with
U73122 for 30 min. I-V curves collected from these oocytes confirmed the inhibitory

effect of U73122 on PKD2L1 channel function (Figure 4-3 B).

146



>

120 - N=11

-—
o
o
i |

(o]
o

S
o

*k%*

% Ca-induced
activation
S

N
o

o

NT U73122

B | (uA)

STD

=== STD (U73122) 104
5mM Ca
5mM Ca (U73122) 5 -

-10 -

-15-

Figure 4-3 Effect of the PLC inhibitor U73122 on Ca?'-induced current in PKD2L1-
expressing oocytes. (A) Averaged and normalized PKD2L1 Ca?*-induced currents elicited by
extracellular 5 mM Ca?* solution from oocytes non-treated (NT) and oocytes incubated with 10
uM U73122 for 30 min (U73122), voltage clamped at -50 mV. Shown Ca?*-currents averaged
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from different numbers of oocyte, as indicated. ***p = 0.0002, unpaired t-test. (B)
Representative on-response I-V curves obtained using a ramp protocol under the same
conditions as in panel A.

148



4.3.2 Phorbol esters inhibit PKD2L.1 channel function through the activation of

protein kinase C

As the activation of PLC pathway result in the formation of the key lipid
messengers, DAG and IP3, we wanted to test whether both are involved in regulation
of PKD2L1. The DAG analog, PMA had a significant inhibitory effect on PKD2L1
channel function (p = 0.0006, N = 8) when oocytes expressing the channel were
incubated with 200 nM of this compound for 30 min before electrophysiological
measurements (Figure 4-4 A). This inhibition was accompanied by a moderate decrease
in PKD2L1 plasma membrane (PM) presence (Figure 4-4 B), however, this decrease
cannot account for the 67.9 + 9.7% decrease of the functional activity. Of note, the
biologically inactive analog of PMA, 40PDD, neither altered the channel function nor
its PM density (Figure 4-4 A and B). We also tested the possible involvement of IP3 in
PKD2L1 channel function by injecting the IP3R antagonist, heparin, which increased

the channel function by 32.7 £ 3.2% (p = 0.04, N = 16) (Figure 4-4 C).
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Figure 4-4 Effect of PMA on PKD2L1 Ca-induced channel function. (A), Averaged and

normalized PKD2L1 Ca?*-induced currents elicited by extracellular 5 mM Ca?* solution from
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oocytes non-treated (NT) or oocytes incubated with 200 nM of either PMA or 4aPDD for 30
min, voltage clamped at -50 mV. Shown Ca?*-currents averaged from different numbers of
oocyte, as indicated. ***p = 0.0006, unpaired t-test. (B), Representative immunofluorescence
data showing the PM intensity of PKD2L1 protein in oocytes under the same conditions as in
panel A. (C), Averaged and normalized Ca**-induced on-response currents elicited by 5 mM
Ca?* in PKD2LI1-expressing oocytes injected with the IP3 receptor antagonist, heparin,

compared to PKD2L1-expressing H,O-injected (NT) oocytes (*p = 0.04, unpaired t-test).
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Whether or not the phorbol esters effect was mediated through the subsequent
activation of PKC, this was our next question. To answer that question, we incubated
PKD2L1 expressing oocytes with the PKC blocker, GF 109203x, either for 30 min at
500 nM or for 20 min at 1uM, and then we tested its Ca**-induced activity. Blocking
PKC increased PKD2L1 Ca?" currents as revealed by channel activity (Figure 4-5 A )
as well as through I-V curves of the channel during Ca?*-induced responses (Figure 4-5

B).
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Figure 4-5 Effect of PKC blocker, GF 109203x incubation on PKD2L1 on-response. (A)

Averaged and normalized PKD2L1 Ca**-induced currents elicited by extracellular 5 mM Ca?*

solution from oocytes non-treated (NT) and oocytes incubated with either 500 nM or 1 uM GF

109203x for 30 or 20 min, respectively. Oocytes were voltage clamped at -50 mV. Ca?*-
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currents averaged from different numbers of oocyte, as indicated. B, Representative on-
response [-V curves obtained by a ramp protocol under the standard PKD2L1 Ca?*-induced
activation condition from a non-treated oocyte vs an oocyte incubated with 500 nM GF

109203x, PKC blocker, for 30 min.
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We next scanned a number of potential phosphorylation sites as identified by
KinasePhos 2.0 (43). Interestingly, we found that threonine 338 when mutated to
alanine the channel was no longer responsive to PMA-mediated inhibition (Figure 4-6
A) or PM reduced channel density (Figure 4-6 B). We also investigated the effect of
mutating the other threonine and serine residues to alanine, including S333 and T591.
These mutants were still responsive to PMA-mediated inhibition, with TS91A mutation

is characterized with surprisingly high Ca?* current amplitude (data not shown).
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Figure 4-6 Effect of mutating PKD2L1 threonine 338 on PMA-mediated inhibiton of
PKD2L1 Ca?-induced channel activation. (A), Averaged and normalized Ca?'-induced
currents elicited by extracellular 5 mM Ca?" solution from oocytes expressing PKD2L1 or
PKD2L1 T338A, non-treated (NT) or incubated with 200 nM of either PMA or 4aPDD for 30
min, voltage clamped at -50 mV. Shown Ca?"-currents averaged from different numbers of

oocyte, as indicated. **p = 0.01, unpaired t-test. (B), Representative immunofluorescence data
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showing the PM intensity of PKD2L1 protein or its mutant PKD2L1 T338A in oocytes under

the same conditions as in panel A.
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4.4 DISCUSSION

Here we showed that PKD2L1 is activated downstream the activation of the
PLC pathway. This regulation was accompanied by the involvement of DAG, PKC and
IP3. We also identified one potential phosphorylation site, T338, within the first
intracellular loop between the transmembrane domain 2 and 3, as a potential PKC
regulatory sites. The involvement of IP3 and IP3 receptor is further supported by the
work done by us (25) and others (44;45) highlighting the role of the increase in

intracellular Ca?* in regulating PKD2L1 channel function, both Ca?*- and acid-induced.

PLC enzymes have a ubiquitous expression and their involvement in mediating
the physiological effects of many extracellular stimuli is evident, including signalling
in response to hormones, neurotransmitters and growth factors (4). PLCBII is proved to
mark type II taste receptor cells (TRCs) and regulate the taste responses in the bitter,
sweet and umami tastes (46,47). Although PKD2L1 is identified as the best sour taste
receptor candidate responsible for 25% - 45% of tasting sour stimuli in mice (48,49),
the mechanism of its function and sour taste sensation is still poorly understood.
PKD2LI is expressed in murine type III TRCs (47) which possess a PLC-dependent
Ca?* signalling property (50). Our results showing that PKD2L1 function is mediated
through PLC pathway constitutes the first step towards understanding the mechanism

underlying its function, including that related to the sense of tasting sour.

Of note, we previously showed that PKD2L1 channel on-response measured
from Xenopus oocytes co-injected with 50 ng of Pkd2L1 and 25 ng of RACKI is
similar with that from the injection of 6.2 ng of Pkd2L1 alone (37). This observation

raised the possibility that PKD2L1 functional regulation by RACK1 might be mediated
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by PKC. Other independent studies mentioned PKD2L1 T338 as a potential PKC
phosphorylation site (5/). TRPV1 studies (52) showed a phosphorylation site at a
similar position (S502) in the first cytoplasmic loop that is involved in the PMA-
mediated channel sensitization to different stimuli, like enhancing TRPV1 capsaisin
evoked currents. Another interesting effect of PMA is its modulation of the content of
the phospholipid bilayer, by increasing the levels of PIP and PIP2 in oocytes
membranes. This modulation of the phosphoinositide metabolism is through PKC
activation that result in an increased phosphoinositide 4 kinase B (PI4Kp) activity (53).
A cross talk between phosphoinositides levels and PKC is a key determinant in the

regulation of many ion channels as reviewed recently (2).

In summary, PKD2L1 is activated through phospholipase C and its
inactivation/desensitization mechanism involves the activation of protein kinase C.
This inactivation/desensitization may involve the threonine residue 338. As membrane
phosphoinositide levels may be affected by the activation of PKC, it is yet-to-be
determined the phosphoinositide species involved in PKD2L1 activation and/or

inhibition mechanisms.
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CHAPTER 5

5. General discussion and future directions
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5.1 INTRODUCTION

This PhD thesis investigated different aspects of the functional regulation of the
TRP-type channel, PKD2L1. The work performed here provided new insights into the
mechanism controlling the channel activation/inactivation with a special emphasis on
the role of PKD2L1 protein in pH sensing with and without its protein partner,
PKDIL3. In addition, we had identified different residues and domains mediating
channel function and oligomerization. Moreover, our experiments highlighted the role
of intracellular free Ca?" concentration and PLC pathway as the major signalling

mediators controlling PKD2L1 channel function.

5.2 PKD2L1 senses acids in the absence of PKD1L3

PKD2L1-expressing cells are identified for their ability to respond to acids in
the tongue as well as the spinal cord. With a unique delayed response to acids,
PKD2L1 responds to the acidic stimuli by a current evoked after washing the acid
(141). Since 2008, this current was called the off-response but recently a new group has
called it an alkali on-response (/45). We tried this approach by applying alkali under
our experimental conditions but we did not get similar results (data not shown).
PKD2L1 expression is marking a specific population of TRCs, known to respond to
sour stimuli, these are Type III TRCs (/34,156). It marks as well a specific set of
neurons lining the mouse central canal of spinal cord, known as CSF-cNs (/28-130).
This type of neurons responds to minute changes in extracellular pH. While pH sensing
of PKD2L1 in complex with PKDIL3 protein has been studied in many expression

systems as well as in animal models, it continued to be a point of debate. Although
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mouse model did not show an effect for PKD1L3 deletion on sour taste in TRCs (/54),
heterologous expression systems continued to provide evidence for the necessity of
PKDI1L3 role in acid sensing (45,134,141). Even in Xenopus oocytes, previous report
with slightly different experimental conditions showed the need for PKDIL3 in order

to see PKD2L1 acid-induced off-response current (42).

Here we found that for PKD2L1 whole cell off-response current to be easily
seen, the PM channel population needs to exceed a certain limit. In addition, off-
response current was independent from endogenous PKD1L3. Moreover, the observed
off-response was having the same previously reported current characteristics for
PKD2L1/PKDI1L3 complex (130,141,143); including 1) the channel response to acids
is proportional to the H" concentration and to the degree of acid dissociation. 2) Having
a threshold value for acid-induced activation which differs in accordance to the
expression system. 3) Duration-independence is another characteristic, where the acid

application time does not affect the off-response current.

5.3  Role of Ca%" in channel activation/inactivation process

As a TRP-type channel has a preferred permeability and activity to Ca" ions,
Ca?" plays a pivotal role for PKD2L1 channel activity. First clue was from Chen and
colleagues (/17) when they identified the rise in intracellular Ca?* as the main trigger
for the Ca*'-induced activation. Ca®" imaging was used as well to detect the acid-
induced channel function, for the rapid increase in Ca?" levels upon triggering the off-
response both in primary TRCs as well as in vitro (120;142). Ca*" is an important

cofactor for the PLC enzymes to be activated (/57); besides it may directly bind to one
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or more of the residues causing conformational changes essential for channel opening.
We continued to identify the roles of Ca’? by determining the inhibitory role it has on
PKD2L1 off-response. So from our perspective, the initial increase in intracellular Ca*
initiates the channel activation, while further increase in intracellular free CaZ" starts to
activate the mediators of the inhibitory pathway. Ca?* as a pivotal signalling molecule,
it initiates the channel inhibition through more than one route. We determined that the
K; value for Ca?" inhibition was as low as = 170 uM. Ca?" is an important factor for the
activation of PKC and CaM. Both had been determined as inhibitory mediators of
PKD2L1. CaM antagonists were having a stimulatory effect on PKD2L1-associated
currents in a previous report (23). Moreover, our previous studies delineating the role
of RACKI1 in PKD2LI1 regulation (/27) as well as our current PKC experiments, all

support PKC-mediated inhibition of PKD2L1.

5.4  Residues and domains critical for channel function

Our PKD2L1 structure/function studies were able to identify two negatively
charged intramembrane residues that were critical for channel function. We assume that
these residues are important and may potentially bind to the channel stimulators, Ca**
and H" 1ons. The contribution of more than one residue to the proposed mechanism is
evident. Previous studies identified the aspartic acid residues 523 and 525 as critical for

channel Ca?* permeability and selectivity filter (42,120).

Moreover, native PKD2L1 was found to form monomers, dimers, trimers and
tetramers. Our lab was the first to identify that the EF hand and CCD is not important
for PKD2L1 channel function (/8), but rather they contribute to the inactivation
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process. Later the CCD was identified to contain a trimerization domain (47,48), but
surprisingly the absence of this domain did not affect the normal channel function, as
confirmed by us and others (/8,45). Further studies by our group revealed the existence
of another conserved C-terminal domain that is critical for the channel oligomerization

and function with its absence is detrimental to the channel function.

5.5 PLC pathway as a major regulatory signalling pathway controlling
PKD2L1 channel

PLC enzyme isoforms are widely distributed and conserved throughout the
animal kingdom. Their involvement in signalling throughout the body has been and is
continued to be studied extensively (/57). One of the interesting findings from a
previous study is the presence of PLC-dependent Ca®' activity in Type III TRCs
downstream of the G protein, Ca®" sensing receptor (158). As these are the TRCs that
express PKD2L1, this raised the possibility that PKD2L1 is regulated by the same
pathway. Our data is the first to provide the evidence that PKD2L1 is regulated by the

PLC pathway and that this regulation is PKC-dependent.

5.6  Future directions

Sour tasting is one of the basic animal senses and a fundamental part of human
and animal physiology. The signalling pathway underlying how sour tasting is
transduced is still poorly understood. While PKD2L1 is a strong candidate for sour

taste sensation (/59), it would not be the sole receptor that senses acids. For this it is
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critical to investigate the mechanism underlying PKD2L1 function and the necessity to

identify more proteins that may contribute to sour taste sensation is urging.

Our PLC pathway work still needs further investigations. First, we need to
identify the potential role of PIP2 in PKD2L1 channel function. To investigate PIP2
role on PKD2L1 expressed in oocytes, we are currently optimizing the conditions of
using the polycation, neomycin, to chelate PIP2 and the activator of the 5-phosphatase,
rapamycin, which depletes PIP2 by converting it to PI4P. We expect to observe
increased sensitization and activation of the channel by decreasing the amount of PIP2
available for channel inhibition; however, as we are using whole cell recordings the
optimizations become more challenging. For the same purpose we are optimizing the
use of diC8, as a mimic of PIP2 to see whether it is going to decrease/inhibit PKD2I1

channel.

Second, further experiments are required with the PKC blocker, GF 109203x, to
determine which isoform of PKC enzymes is responsible for the associated
inhibition/desensitization of PKC activation. Our preliminary data indicate that the
hypothesis we put forward is correct, but to get a statistically significant data we need

to perform further experiments.

Third, from what is learned from TRPV1 and dTRP, more than one
phosphorylation site is likely to be affected during the activation/inactivation pathway;
so further scanning of potential phosphorylation sites might be of interest. We have
already generated a number of potential phosphorylation site mutants that needs further
characterization. This work will provide a better understanding of how PKC regulates

the channel and contributes to the inactivation process.
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Fourth, it is interesting to investigate the potential role of GPCR in the PKD2L1
channel function, and more specifically the role of Ca?* sensing receptor. We think that
different G proteins may distinctly regulate PKD2L 1, which may explain differences in
the biophysical and physiological properties of PKD2L1 channel observed in different
tissues. A pilot experiment may include the use of different Ca’" sensing receptor
agonists and antagonists to check whether it is involved in PKD2LI1 activation

pathway.

With the availability of PKD2L1 knockout mice, a number of interesting
experiments could be performed on them. Knowing that PKD2L1 interacts with Tnl
and is endougenously expressed in the heart, it will be interesting to challenge these
mice with exercise and see whether their hearts are as healthy as the control mice. A
number of heart function indicators could be measured in the plasma, including but not
limited to, troponin, creatine kinase and collagen markers. The level of the latter

indicates changes in either the myocardium or the extracellular matrix.

Understanding how PKD2L1 is regulated and deciphering the steps by which
the channel is gate opened and closed will help proposing a signalling transduction

mechanism for acid sensing.
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