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Abstract

Redefining the Caenorhabditis elegans DEG/ENaC Mechanosensory Channel Complex

Yushu Chen

Mechanosensation underlies multiple senses, such as touch, pain, hearing, and
proprioception. The molecules that mediate most of the mechanical senses have not been
identified. Genetic and molecular methods have identified several putative mechanosensitive
proteins. However, how the mechanotransduction machineries organize and function remains
largely unknown.

To understand the organization of the mechanotransduction complex, I studied the
DEG/ENaC mechanosensory channel that detects gentle touch in the six touch receptor
neurons (TRNs) of C. elegans. Previous studies from our lab have suggested that this channel
complex contains two pore-forming subunits MEC-4 and MEC-10 (DEG/ENaC proteins) and
two auxiliary subunits MEC-6 (paraoxonase-like protein) and MEC-2 (stomatin-like protein).
However, questions remain about what molecules really constitute this mechanosensory
channel complex. Studying this particular DEG/ENaC channel in C. elegans will not only
elucidate the organization of one major mechanosensory complex, but also improve our
knowledge of other DEG/ENaC proteins, which are found in both vertebrates and
invertebrates, and involved in various functions, e.g. mechanosensation, sodium taste, acid
sensation, synaptic plasticity, and sodium homeostasis.

My thesis research investigated the molecular organization and formation of the
DEG/ENaC mechanosensory channel in C. elegans. In collaboration with Ehud Isacoft’s lab,

I analyzed the stoichiometry and co-localization of the potential channel subunits using single



molecule optical imaging. In Xenopus oocytes, MEC-4 and MEC-10 form trimers, either of
MEC-4 alone or of MEC-4 and MEC-10 in a ratio of 2:1. MEC-2 and MEC-6 do not seem to
colocalize with the MEC-4; or MEC-4,MEC-10 trimers at the single molecule level, and thus,
may not be part of the channel complex.

To study the role of MEC-6, I characterized its homologous protein POML-1.
Compared to MEC-6, POML-1 appears to play a similar but relatively minor role in the TRNS.
As with mec-6, loss of poml-1, completely suppressed mec-4(d) induced neuronal
degeneration. [mec-4(d) encodes a hyperactive channel and causes neuronal degeneration in
vivo]. Loss of poml-1 alone had no effect, but in sensitized background, it completely
abolished touch sensitivity. Surprisingly, most of MEC-6 and POML-1 proteins were found in
the endoplasmic reticulum (ER), rather than on the plasma membrane, consistent with the
finding in Xenopus oocytes that MEC-6 is not part of the MEC-4 mechanosensory channel.

I provided several lines of compelling evidence to demonstrate that MEC-6 and
POML-1 are required for MEC-4 folding and transport, and likely function as ER chaperones.
First, loss of these proteins dramatically reduced MEC-4 protein level, eliminated the punctate
distribution of MEC-4 in the neuronal process, and altered the MEC-4 folding status in the
TRNs. These phenotypes are also shared by calreticulin (CRT-1), a chaperone in the ER.
Second, MEC-6 also substantially increased MEC-4 surface expression in Xenopus oocytes,
though POML-1 and CRT-1 did not have the same effect in oocytes. Third, overexpressing a
transport protein, SEC-24, partially rescued the transport defects caused the pom!-1 and crt-1
mutations.

Based on the finding that loss of pom/-1 reduces MEC-4 protein levels and suppresses

neurodegeneration caused by the hyperactive MEC-4(d) channel, I used the poml-1 deletion



as a sensitized background to identify genes that normally inhibit MEC-4(d) neurotoxicity
through a genetic screen. I found that the loss of two genes, mec-10 and C49G9.1, makes
mec-4(d) more toxic. The proteins encoded by these genes affect mec-4(d) neurotoxicity
through different mechanisms. MEC-10 inhibits MEC-4(d) without affecting MEC-4 surface
expression. In contrast, both in vivo and in vitro data suggested that C49G9.1, a membrane
protein specific to nematodes, can reduce MEC-4 surface expression, which contributes to, at
least in part, its inhibitory effect on MEC-4(d). C49G9.1 does not incorporate into the MEC-
4/MEC-10 channel, though they may transiently interact, because C49G9.1 did not appear to
co-localize with MEC-4 either in vivo or in vitro, but co-immunoprecipitated with MEC-4.
In summary, my doctoral research has refined the model of the MEC-4/MEC-10
complex. In particular, my studies resolved the subunits composition of DEG/ENaC channel
at the single molecule level, by showing that they form MEC-4,MEC-10 trimers in Xenopus
oocytes. Notably, MEC-2 and MEC-6 may not be part of the complex. Indeed, I provided
compelling evidence to demonstrate that MEC-6 and POML-1 are needed for MEC-4 folding
and transport, and likely function as chaperones and/or assembly factors. In addition, I
identified a novel membrane protein, C49G9.1, which negatively regulates MEC-4 surface
expression and/or activities. This work has revised our understanding of a major
mechanosensory complex and described a new class of chaperone proteins as well as a new

inhibitor protein for DEG/ENaC proteins.
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Chapter 1

Introduction



Organisms detect various stimuli (radiant, chemical, and mechanical) from both the
internal and external environments. Despite their diverse nature, these stimuli act on
organisms in a similar way: activating their receptors (usually membrane proteins), eliciting
electrical (membrane depolarization) and/or chemical signals (second messengers), and
generating behavior (e.g. aversion or attraction).

Mechanical stimuli include, but are not limited to, physical contact, air vibration,
osmolarity change, sound waves, gravity, acceleration, blood pressure, and fluid flow. These
stimuli all activate mechanosensitive proteins in neurons innervating sensory organs and
visceral organs, enabling animals to hear sound, feel touch, sense body position, monitor
blood pressure, etc. Mechanosensation also underlies osmoregulation in microbes and
gravitropism in plants. In addition to the sensory functions, mechanosensation has broader
roles in bone development (Bonewald, 2006), morphogenesis (Eisenhoffer et al., 2012), cell
migration, and cancer metastasis (Tadeo et al., 2014).

This thesis mainly focuses on sensory mechanosensation. The molecules that detect
most mechanical stimuli remain unknown. Past studies have identified several putative
mechanosensitive proteins, which are all ion channels, but how these channel proteins
organize and function is poorly understood. Arguably, the C. elegans DEG/ENaC
mechanosensory channel is the best understood eukaryotic mechanosensitive protein.

In this chapter, I first summarize the mechanosensitive proteins that have been
identified so far, then introduce touch sensation in C. elegans and the DEG/ENaC
mechanosensory channel complex, which includes two DEG/ENaC proteins (MEC-4 and
MEC-10), a paraoxonase-like protein (MEC-6), and a stomatin like protein (MEC-2). In the

following two sections, I also provide more specific background information about



DEG/ENaC proteins and paraoxonase proteins. Because this thesis reports that MEC-6
facilitates MEC-4 folding and transport, I provide an overview of protein synthesis and

transport in the last section of this chapter.



Section A: Mechanosensitive (MS) proteins

Recent studies on mechanosensation are mainly focused on identifying and
characterizing mechanosensitive cells and proteins in peripheral sensory neurons and blood
vessels. Here, | summarize the progress made towards identifying and characterizing
mechanosensitive proteins.

Because mechanosensory transduction occurs extremely rapidly, usually with a
latency of less than one millisecond, e.g. 40 us in hair cells (Corey and Hudspeth, 1979) and
200 us in fly sensory bristle (Walker et al., 2000), it is believed to result directly in an
electrical signal rather than in a second messenger that mediates chemosensation. Therefore,

the molecules that detect mechanical stimuli are supposed to form ion channels.

Putative mechanosensitive proteins

In the past 30 years, genetic and molecular methods have identified several putative
mechanosensitive proteins. They all form ion channels on the plasma membrane of the
mechanosensitive cells. For most of these proteins, the requirement for mechanosensation has
been proven genetically or physiologically: their absence reduces or abolishes behavioral
responses to mechanical stimuli in animals, and/or the mechanosensitive currents in cells. The
rest of these proteins lack the in vivo evidence, but they can form true mechanosensitive
channels when expressed in heterologous systems or reconstituted on liposomes. Some of

these mechanosensitive proteins are considered to be the pore-forming components of native



mechanotransducers because their point mutations can alter the physical properties (e.g. ion
selectivity and gating) of the mechanosensory channels in vivo (Arnadottir and Chalfie, 2010).
Unlike the olfactory receptors and most gustatory receptors, which are G-protein
coupled receptors, putative MS proteins are very diverse in protein sequence and structure.
We know very little about their common nature besides their mechanosensitivity. Different
sets of mechanosensitive channels are utilized by different species, for example, MscL and
MscS in bacteria, TRPY in yeast, DEG/ENaC and TRP in C. elegans, DEG/ENaC, TRP, and
Piezo in Drosophila, K channel, TRP, and Piezo in mammals. One possibility is that MS
proteins emerged as soon as life started on the earth and diverged over the course of
evolutionary history (Kung and Blount, 2004). Moreover, diverse mechanical stimuli may

have driven organisms to develop various machineries.

MscL and MscS

The first MS proteins to be identified, which are also the best characterized, are
mechanosensitive channel of large conductance (MscL) and mechanosensitive channel of
small conductance (MscS) in bacteria (Levina et al., 1999; Sukharev et al., 1994). MscL and
MscS are expressed on the bacterial membranes, open to release solutes when bacteria
encounter osmotic down-shock in the environment, such as rain. Bacteria lacking both types
of these MS proteins become very sensitive to hypo-osmotic shock (Levina et al., 1999).
Purified MscL proteins remain mechanosensitive when reconstituted in liposomes (Sukharev
et al., 1994).

Despite their similar physiological roles, MscL and MscS are very different proteins.

The MscS channel is a homoheptamer of subunits with three transmembrane helices; the third



transmembrane helix of each subunit assembles together to form the channel pore (Bass et al.,
2002). In contrast, MscL has two transmembrane helices and assembles as homopentamer,
with the first transmembrane helix of each subunit lining the pore (Chang et al., 1998).

Four MscS-like proteins have been found in Arabidopsis thaliana and are implicated
in mechanosensation: MSL3 can rescue the osmoregulation in bacteria that lack several MS
ion channels; MSL2 and MSL3, are expressed in plastids, co-localize with plastid division
proteins, and are necessary for controlling the size and shape of plastids (Haswell and
Meyerowitz, 2006); membrane localized MSL9 and MSL10 are required for
mechanosensitivity of root cells (Haswell et al., 2008). Proteins similar to bacterial MscS
have only been found in plants and fungi, but not in animals, suggesting animals use different

types of proteins for mechanosensation.

Degenerin/epithelial Na+ channel (DEG/ENaC)

Several DEG/ENaC proteins are mechanosensitive. DEG/ENaC proteins form
amiloride sensitive and Na" selective channels found in metazoa. DEG/ENaC is trimer, and
each subunit contains two transmembrane segments (Jasti et al., 2007; Mano and Driscoll,
1999).

DEG/ENaC proteins in C. elegans, MEC-4/MEC-10, are the first confirmed
mechanosensory channels in eukaryotic sensory neurons. MEC-4 is specifically expressed in
the six touch receptor neurons (TRNs, Lai et al., 1996), while MEC-10 is expressed in TRNs
and two other types of mechanosensory neurons, FLP and PVD (Huang and Chalfie, 1994).
MEC-4 is essential for touch sensitivity and the mechanoreceptor current (MRC), as verified

by the phenotype of its null mutants (O'Hagan et al., 2005). Moreover, animals with a mec-4



missense mutation u2 (G716D), which alters channel ion selectivity, completely lost the MRC
and touch response. In contrast, we have shown that MEC-10 appears to be required but not
essential, because loss of mec-10 reduced but did not eliminate the MRC and touch sensitivity;
but several gain-of-function mutations of mec-10 altered ion selectivity of the
mechanotransduction channel and completely eliminated the MRC and touch responses,
validating the contribution of MEC-10 to the mechanosensory channel (Arnadottir et al.,
2011).

Another C. elegans DEG/ENaC protein, DEG-1, is an essential pore-forming
component of the major mechanotransducer in the nociceptive ASH neuron. Loss of deg-1
completely eliminated the Na" permeable and amiloride sensitive current, which constitutes
approximately 80% of the total MRC; deg-/ missense mutations affecting the predicted pore-
forming domain altered the MRC ion selectivity (Geffeney et al., 2011).

Several DEG/ENaC proteins from Drosophila and mammals are also implicated in
mechanosensation, but little evidence exists for their direct role in transduction (see more

details in section B).

Transient receptor potential (TRP) channels

Transient receptor potential (TRP) channels are involved in multiple senses, including
vision, taste, smell, hearing, touch, and temperature. In these different sensory modalities,
TRP channels can function as either the direct transducers or downstream molecules. The trp
gene was first identified in a Drosophila mutant with defective vision (Montell et al., 1985;
Montell and Rubin, 1989), and later was found to encode a large family of Ca** permeable but

non-selective cation channels conserved from yeast to mammals. Based on sequence and



topological similarity, TRP channels can be divided into seven subfamilies: TRPA, TRPC,
TRPM, TRPN, TRPV, TRPP, and TRPML; more distantly related yeast TRPs comprise
another subfamily (Venkatachalam and Montell, 2007). TRP proteins have similar topology:
six transmembrane segments and intracellular N and C-termini (Montell, 2005).

Nearly every subfamily (except TRPM and TRPML) has members that are potential
mechanotransducers, but only two of them have been confirmed. Yeast TRPY1 (also called
Yvclp) mediates the release of Ca®" from vacuoles to cytoplasm upon hyperosmotic shock.
This protein can be activated by pressure either on whole vacuole or the vacuole excised on
patch (Zhou et al., 2003). C. elegans TRP-4 (TRPN member) is an essential pore-forming
subunit of the mechanosensory channel in CEP neuron, because loss of TRP-4 completely
eliminated the MRC in CEP neuron, and the mutations in the predicted pore altered ion
selectivity of the mechanosensory channel (Kang et al., 2010). TRP-4 is also required for the
function of DV A neuron in sensing body stretch and regulating locomotion in C. elegans (Li
et al., 20006).

Several other TRP channels are potential mechanotransducers, though none have been
experimentally confirmed. One of the most likely candidates is nompC, which was first
recovered by genetic screening for mutants defective in mechanoreception in Drosophila
(Kernan et al., 1994). nompC (TRPN) is expressed in Drosophila mechanosensory organs (e.g.
bristles, proprioceptors, and auditory system), and its mutation eliminated 90% MRC in the
mechanosensory bristles, and 40% of sound-evoked electrical response in hair cells
(Kamikouchi et al., 2009; Walker et al., 2000). It has been suggested that NOMPC is the
mechanotransducer in the auditory organ of Drosophila, because its mutation disrupted the

non-linear signal amplification in hair cells which requires the functional transducers (Gopfert



et al., 2006). In zebrafish, NOMPC is also a potential transducer for hearing because the
reduction of its expression eliminated the mechanical response in hair cells (Sidi et al., 2003).

Another likely candidate is TRPV. C. elegans TRPV channels, OSM-9 and OCR-2,
are located on the cilia of the poly-modal nociceptor ASH neuron, and are required for
avoidance of hyperosmolarity and nose touch in C. elegans (Colbert et al., 1997; Tobin et al.,
2002). Mouse TRPV4 can restore the osmotic avoidance and nose touch avoidance to the
osm-9 mutant worms, and trpv4 knockout mice displayed impaired osmotic regulation,
suggesting a conserved role of TRPV in mechanosensation (Liedtke and Friedman, 2003;
Liedtke et al., 2003).

TRPAL is also implicated in mechanosensation. C. elegans TRPA1 is required for
foraging and nose touch response. Moreover, the heterologously expressed worm and rat
TRPALT proteins can produce currents in response to negative pressure and hyperosmolarity,

respectively (Kindt et al., 2007; Zhang et al., 2008).

Transmembrane channel-like (TMC) proteins

TMC1 and TMC?2 are implicated in mechanosensation in hair cells. They both encode
Ca”" permeable cation channels with six predicted transmembrane segments. TMC1 and
TMC2 are expressed in mouse hair cells, and are required for hearing and vestibular function
(Kawashima et al., 2011). But whether TMC proteins act as the mechanotransduction channel
in hair cells remains controversial, based on studies from two groups. The Holt group reported
that TMC1 and TMC?2 act as essential components of the hair cell mechanotransducer in the
mouse inner ear, because deletion of both genes reduced the mechanotransduction current and

a Tmc1 point mutation reduced Ca”" permeability and the single channel conductance (Pan et



al., 2013). In contrast, the Fettiplace group observed that outer hair cells with deletion of both
Tmcl and Tmc2 produced currents of normal amplitude when hair bundles deflected to the
negative position (wild type hair cells respond to the positive deflection), suggesting that
TMC1 and TMC2 do not form the pore of the transduction channel (Kim et al., 2013). It is
likely that TMC1 and TMC2 contribute to mechanotransduction through interaction with tip
links, because hair cells with defective tip links produced the similar negative phase current to
that in Tmc1/Tmc2 double knockout (Alagramam et al., 2011). The defects observed by the

Holt group may arise from loss of one auxiliary component of the transduction complex.

Piezo

Recently, Piezo proteins (Piezol and Piezo2) were identified as essential components
of mechanosensitive channels through siRNA screens for potential ion channels needed for
mechanosensitive current in Neuro A neuroblastoma cells (Coste et al., 2010). Piezo proteins
encode a new class of non-selective cation channels that are found in animals, plants, and
fungi, but not in yeast and bacteria. These proteins each contain over 30 putative
transmembrane regions, and assemble as homo-tetramers. Both Drosophila and mouse Piezo
can produce mechanically activated currents when expressed in many cell types and
reconstituted in lipid bilayers, suggesting Piezo proteins alone can form mechanosensitive
channels (Coste et al., 2012). Drosophila Piezo is required for mechanical nociception, and
acts in parallel with DEG/ENaC pickpocket (ppk), because the loss of Piezo alone reduced the
response, whereas in combination with ppk knockdown, it completely abolished the response
to noxious mechanical stimuli (Kim et al., 2012). Mouse Piezo proteins are expressed in

bladder, colon, kidney, lung, and dorsal root ganglion (DRG) neurons, suggesting a role for

10



Piezo proteins as native mechanotransducers (Coste et al., 2010). Piezo 2 has been shown to
be required for mechanosensation in mouse Merkel cells, because its deficiency in the skin
reduced the firing rate of the slow adapting response to mechanical stimuli in Merkel cells,

and decreased the behavioral response to touch in animals (Woo et al., 2014).

K" channel

Several potassium channels are also mechanosensitive. Two-pore domain potassium
channels (K;p) form homo- or heterodimeric channels; each subunit contains four predicted
transmembrane regions and two pore-forming domains. They are poly-modal channels and
open in response to a wide range of stimuli, including mechanical stimuli, membrane
depolarization, heat, lower intracellular pH, and lipids (e.g. volatile anesthetics,
polyunsaturated fatty acids, and lysophospholipids) (Honore, 2007). Membrane stretch and
lipids can directly activate three K,p members, TREK-1 (TWIK-related K channel), TREK-2,
and TRAAK (TWINK-related arachidonic acid-stimulated K" channel) in heterologous
systems (Bang et al., 2000; Maingret et al., 1999; Patel et al., 1998). Their responses to lipids
also hint at a mechanosensitive property, because lipid is thought to change membrane
geometry and may activate the channel directly through mechanical forces within the lipid
bilayer.

Although heterologously expressed Kyp proteins exhibit mechanosensitivity, the role
of Kyp in mechanosensation has not been proven in vivo. TREK-1 may function as a
modulator rather than a transducer, because trek-1 knockout mice are more sensitive to
mechanical stimuli than wild-type animals (Alloui et al., 2006). In contrast to the opposing

effect on mechanical sensitivity, TREK-1 may mediate the cellular response to volatile

11



anesthetics, because TREK-1 is highly expressed in mammalian CNS, and the genetic
knockout mice showed a significant decrease in sensitivity to chloroform, halothane,
sevoflurane, and desflurane (Franks and Honore, 2004).

Kv 1.1 proteins are also mechanosensitive. Recently, Kv 1.1 was found to produce
mechanosensitive current, which can modulate mechanical threshold of C-mechano-
nociceptors and adaptation of AB-mechanoreceptors (Hao et al., 2013).

In addition to the above potential mechanically-gated ion channels, Kv Shaker channel
(Laitko et al., 2006; Laitko and Morris, 2004) and HCN2 (Lin et al., 2007) can be
mechanically modulated, because membrane stretch can alter their rate of activation and

Inactivation.

Auxiliary proteins for mechanosensitive channels

As with many ion channels, MS channels also require auxiliary proteins for their
function and/or expression. The first identified auxiliary proteins are a stomatin-like protein
(MEC-2) and a paraoxonase-like protein (MEC-6) in C. elegans DEG/ENaC mechanosensory
channels (Chelur et al., 2002; Goodman et al., 2002). The two proteins have different
functions: MEC-6 is needed for the channel localization (Chelur et al., 2002); MEC-2 binds to
cholesterol and may contribute to channel gating through regulating the lipid
microenvironment surrounding the channel (Huber et al., 2006). A MEC-2 homolog, mouse
STOML3 (also called SLP3), is needed for the function of multiple potential
mechanosensitive proteins, because 1) loss of STOMLS3 resulted in several types of

mechanosensory DRG neurons that exhibited deficits in producing the mechanosensitive
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current (Poole et al., 2014; Wetzel et al., 2007); 2) STOML3 co-immunoprecipitated with
ASIC2a, ASIC2b, and ASIC3 in HEK-293 cells, and inhibited the activities of ASICs in both
HEK-293 cells and mouse DRG neurons (Wetzel et al., 2007); 3) in N2A neuroblastoma cells,
STOML3 increased the mechanosensitivity of Piezol and Piezo2 (Poole et al., 2014).
However, how these auxiliary proteins contribute to mechanosensory channel function

remains unclear.

Gating mechanism of MS proteins

One important open question is how transduction occurs. Based on their gating
properties, MS proteins can be divided into two groups: the first group can be directly
activated by membrane stretch without any additional proteins, including bacterial MscS and
MscL, yeast TRPY 1, mammalian K,p and Piezo; the second group requires other proteins
(intracellular cytoskeleton, extracellular proteins, or other auxiliary proteins) for mechanical
activation, e.g. C. elegans DEG/ENaC channels, the unidentified hair cell transduction

channel, and some TRP channels (Arnadottir et al., 2011).

Two gating models are proposed: the membrane force model for the first group and
the tethered model for the second group (Kung, 2005). In the membrane force model, the MS
channel is directly gated by force on the membrane, through interaction between lipids and
proteins. In the tethered model, the MS channel is tethered to intracellular and extracellular
components; the membrane bending caused by force stretches the tethering to open the MS
channels. For example, hair cells project multiple stereocilia composed of cross-linked actin

bundles on the surface, and these stereocilia are connected via tip links composed of cadherin
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and protocadherin. Deflection of the tip links activates the membrane-localized hair cell
transduction channel, which is thought to be tethered to the actin bundle inside and the tip link
outside (Pickles and Corey, 1992). But little direct evidence exists. The function of C. elegans
MEC-4/MEC-10 mechanotransduction complex requires extracellular matrix (ECM) proteins
and intracellular 15-protofilament microtubules (15-p MTs). But a couple of experiments
raised the doubt about the tethered model for MEC-4: 1) membrane-localized MEC-4 proteins
do not appear to associate with either ECM proteins or the 15-p MTs, as imaged by electron
microscopy (Cueva et al., 2007); 2) disrupting the 15-p MTs reduces but does not completely

eliminate the mechanoreceptor current (O'Hagan et al., 2005).

Understanding the molecular organizations and architecture of mechanosensory
channels will pave ways to the understanding of the function and regulation of
mechanosensory channels. The function and organization of the mechanotransduction
complex is not understood except for the bacterial MscL and MscS channels. C. elegans
MEC-4/MEC-10 is perhaps the best characterized eukaryotic MS channel. The major part of
my PhD research is studying the organization of MEC-4/MEC-10 mechanosensory channel

complex (more details in Chapter II).
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Section B: Touch Sensation in C. elegans

Mechanosensation in C. elegans

C. elegans is a great model organism to study mechanosensation for several reasons.
First, it is a simple organism with a small and transparent body composed of only 959 cells
(1031 cells in male), including 302 neurons (383 neurons in male) in adult hermaphrodites.
Second, it is a great genetic tool because of its short life cycle, easy maintenance, and sexual
forms containing predominant self-fertilizing hermaphrodites as well as males (Riddle, 1997).
Third, its wild-type cell lineage (Deppe et al., 1978) and neuroanatomy (White et al., 1986)
have been determined; its entire genome has been sequenced (Consortium, 1998).

C. elegans has 30 mechanosensory neurons in hermaphrodites, e.g. the six touch
receptor neurons sensing gentle touch and plate tap, the multi-dendritic PVD and FLP
detecting harsh touch, the ciliated neurons CEP, ADE, and PDE sensing texture during
crawling, the polymodal sensory neuron ASH responding to mechanical and osmotic stimuli.

Males have an additional 52 putative mechanosensory neurons for mating (Goodman, 2006).

The six touch receptor neurons

Among all these mechanosensory neurons, the six touch receptor neurons (TRNs) are
the best characterized. TRNs consist of three pairs of neurons laying against the hypodermis
(Figure I-1A): two pairs of neurons are located on the lateral anterior (ALML and ALMR)

and posterior (PLML and PLMR) sides of the worm; a third pair of neurons lie on the ventral
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side of the mid anterior (AVM) and mid posterior (PVM) of the worm (Chalfie and Sulston,
1981). The TRN has a simple morphology: a cell body and a process that extends from the
cell body anteriorly for nearly half of the worm’s length. In addition, PLM neurons each have
a shorter posterior process, and some ALM neurons also have a posterior process, which is
shorter than that of a PLM. The processes of TRNs sense physical touch through the
mechanotransduction complex localized on the membrane and make synaptic connection with
other neurons through their anterior branches. All TRNs have physical features unique to
them, including the prominent extracellular proteins that ensheathe the TRNs and the
intracellular 15-protofilament microtubules (most other cells have 13-protofilament

microtubules) (Bounoutas and Chalfie, 2007).
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Figure I-1. Touch sensation in C. elegans. (A) Diagram of the six TRNs (blue) in C. elegans
(adapted from Chalfie and Sulston, 1981). (B) MEC-4::GFP (false colored) puncta along the
TRN process (from Emtage et al., 2004). (C) Membrane proteins required for the
mechanotransduction complex (adapted from O’Hagan and Chalfie, 2006)

The development and function of TRNs requires 15 mec (MEChanosensory abnormal)
genes, which were identified by genetic screens for mutants defective in body-touch
sensitivity (Chalfie and Au, 1989; Chalfie and Sulston, 1981). These mec genes encode a
transcription factor with a LIM-type homeodomain (MEC-3), an RNA processing factor
(MEC-8), extracellular matrix proteins (MEC-1, MEC-5, and MEC-9), microtubule proteins
(MEC-7 /B-tubulin and MEC-12/a-tubulin), DEG/ENaC proteins (MEC-4 and MEC-10), a
stomatin-like protein (MEC-2), a paraoxonase-like protein (MEC-6), a F-box protein
implicated in protein degradation pathway (MEC-15; Bounoutas et al., 2009b), a tubulin

acetyltransferase (MEC-17; Topalidou et al., 2012), a luciferase and coA ligase-like protein
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(MEC-18), and a protein similar to the shaker-type K channel B-subunit (MEC-14; Chalfie et

al., unpublished work).

DEG/ENaC mechanosensory channel

Among those 15 MEC proteins, four membrane proteins are necessary for the function
of the mechanotransduction channel complex, which can produce amiloride sensitive Na"
current in response to mechanical stimuli (O'Hagan et al., 2005). These proteins include two
pore-forming subunits MEC-4 and MEC-10 (DEG/ENaC proteins), MEC-2 (a stomatin-like
protein), and MEC-6 (a paraoxonase-like protein) (Chelur et al., 2002; Goodman et al., 2002).

Although both MEC-4 and MEC-10 form the pore of the mechanosensory channel
(more details in Section A), MEC-4 plays a major role in the channel function while MEC-10
plays a relatively minor role. First, the null mutations of mec-4 and mec-10 produce different
effects on touch sensitivity. mec-4 null mutation completely eliminated touch sensitivity and
the mechanoreceptor current (MRC) in worms (O'Hagan et al., 2005). In contrast, a mec-10
deletion that is considered to be a null mutation reduced the touch response by 40% and the
MRC peak amplitude by 25% in vivo (Arnadottir et al., 2011). Second, their gain-of-function
(d) mutations that encode amino acid substitutions produce different effects. In Xenopus
oocytes, MEC-4(d) alone forms the hyperactive channel that produces Na selective and
amiloride inhibited currents (similar to the in vivo MRC), whereas MEC-10(d) alone is
inactive, and modestly reduces the MEC-4(d) current amplitude when co-expressed with
MEC-4(d) (Brown et al., 2007; Chelur et al., 2002; Goodman et al., 2002). In vivo, mec-4(d)

induces over 90% TRN degeneration and its toxicity does not require mec-10 (Driscoll and
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Chalfie, 1991), whereas mec-10(d) causes only 30% TRNs death and its toxicity requires mec-
4 (Huang and Chalfie, 1994).

MEC-10 has only modest effects on the physical properties of the channel. MEC-10
does not affect the single channel conductance both in vivo and in vitro (Arnadottir et al.,
2011; Brown et al., 2008). Loss of MEC-10 did not affect the MRC responses to varying
stimulus pressure, suggesting MEC-10 is not involved in gating (Arnadottir et al., 2011). Loss
of MEC-10 modestly altered channel kinetics, resulting in an MRC with slower activation and
adaptation (Arnadottir et al., 2011). Moreover, MEC-10 has no effect on MEC-4 distribution
and expression on the plasma membrane either in vivo or in vitro (Arnadottir et al., 2011;
Goodman et al., 2002). Probably, MEC-10 plays a modulatory role in the MEC-4/MEC-10
mechanosensory channel.

Several experiments suggest that MEC-6 and MEC-2 play different roles in the
mechanosensory channel. First, MEC-2 and MEC-6 act synergistically to increase MEC-4(d)
activities in Xenopus oocytes, suggesting that they function in parallel (Goodman et al., 2002).
Second, MEC-2 reduces amiloride K; and increases the single channel conductance of MEC-
4(d) by 30% in Xenopus oocytes; whereas MEC-6 has no effect on channel properties (Brown
et al., 2008; Goodman et al., 2002). Third, MEC-6 is required for MEC-4 channel localization,
whereas MEC-2 punctate distribution requires MEC-4 and MEC-6 (Chelur et al., 2002; Zhang
et al., 2004), suggesting MEC-2 and MEC-6 may act downstream and upstream of the MEC-
4/MEC-10 channel respectively. Because MEC-2 associates with the inner leaflet of lipid
bilayer, and can bind to cholesterol, it may regulate the lipid environment surrounding the
transduction channel and contribute to the channel gating. This hypothesis is supported by

experiments that disrupting MEC-2 binding to cholesterol reduced the touch sensitivity in
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animals (Huber et al., 2006). In contrast, MEC-6 functions, at least in part, through regulating

MEC-4 channel localization.

The model of DEG/ENaC mechanosensory channel

Several experiments suggested that MEC-2, its similar protein UNC-24, and MEC-6
were the auxiliary subunits of the mechanosensory channel. First, MEC-2 and MEC-6 are
essential for the production of MRC in vivo (the role of UNC-24 is not tested) (O'Hagan et al.,
2005). Second, MEC-2 and MEC-6 dramatically increased the whole cell current of MEC-4(d)
when expressed in Xenopus oocytes, without apparently increasing the amount of surface
localized MEC-4(d) in a biotinylation assay (Brown et al., 2008; Chelur et al., 2002;

Goodman et al., 2002); UNC-24 reduced the MEC-4(d) current amplitude by 30% (Zhang et
al., 2004). Third, MEC-2 and MEC-6 co-immunoprecipitated with MEC-4(d), MEC-10, and
each other in Xenopus oocytes or CHO cells (Chelur et al., 2002; Goodman et al., 2002;
Zhang et al., 2004); while UNC-24 co-immunoprecipitated with MEC-2 and MEC-4(d) in
Xenopus oocytes (Zhang et al., 2004). Fourth, MEC-2 (detected by the MEC-2 antibody) and
MEC-6::FLAG (detected by the FLAG antibody) formed discrete puncta in the TRN process,
which appeared to colocalize with MEC-4::YFP (Chelur et al., 2002; Zhang et al., 2004);
UNC-24::GFP co-localized with MEC-2 puncta (Zhang et al., 2004).

This mechanotransduction complex model (MEC-4/10, MEC-2, MEC-6, and UNC-24)
is possible but not proven. No sufficient evidence supports that these MEC proteins complex
together. The co-immunoprecipitation only suggests these proteins have physical interaction

in the whole cells, which can be transient; the co-localization of these proteins within puncta
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along the TRN process is acquired by the conventional light microscopy rather than the single
molecule imaging, and thus, does not necessarily indicate that these proteins complex together.
Several experiments also raise doubts about this model. First, MEC-10 puncta have
not been detected in the TRN process (Chatzigeorgiou et al., 2010). Second, the function of
the puncta was questioned by the in vivo electrophysiological studies (O'Hagan et al., 2005),
which estimated that the amount of functional channel was similar to the number of puncta in
the TRN process. The single channel should not be visible in previous experiments, so most
proteins localized to the puncta are probably inactive. Third, loss of MEC-6 eliminated MEC-
4::YFP puncta in the TRN process, but had no effect on MEC-4 surface expression in

Xenopus oocytes (Chelur et al., 2002).

Other proteins that regulate the DEG/ENaC mechanosensory channel function

The proper function and localization of the DEG/ENaC mechanosensory channel also
requires extracellular matrix (ECM) proteins (MEC-1, MEC-5, and MEC-9) and 15-
protofilament microtubules (MEC-7/B-tubulin and MEC-12/a-tubulin). ECM proteins are
essential for the MEC-4 channel localization in the neuronal process, because loss of any of
these proteins eliminated the MEC-4 puncta (Emtage et al., 2004). The TRN specific 15-
protofilament microtubules have general roles in gene expression and intracellular transport of
TRNs. Microtubule disruption caused by mutations or colchicine treatment eliminated MEC-2
punctate distribution in the TRN process (Bounoutas et al., 2011; Bounoutas et al., 2009a). In
addition, the 15-protofilament microtubules also play specific roles in mechanosensation,

perhaps by providing the rigidity for TRNs (Bounoutas et al., 2009a).
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The previous microarray experiment identified two additional membrane proteins that
may regulate the function of the MEC-4/MEC-10 transduction channel (Topalidou and
Chalfie, 2011). POML-1::GFP fusion (originally called K11E4.3) formed discrete puncta
along the TRN process; poml-1 mutation resulted in very mild defects in touch sensitivity.
C49G9.1::GFP fusion was detected in TRNs, FLP, and PVD, and appeared to co-localize with

MEC-2 in the TRN process (Topalidou and Chalfie, 2011).
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Section C: Structure and Function of DEG/ENaC proteins

DEG/ENaC channels are found in many species

Degenerin and epithelial Na” channels (DEG/ENaC) form amiloride sensitive and Na"
selective channels. DEG/ENaC can be divided into four groups: C. elegans degenerins
(Driscoll and Chalfie, 1991), mammalian ENaCs (Canessa et al., 1993; Lingueglia et al.,
1993), the acid-sensing ion channels (ASICs; Waldmann et al., 1997), and FMRFamide-gated
channels (FNaC) found in snail and Aplysia (Furukawa et al., 2006; Lingueglia et al., 1995).

DEG/ENaC proteins are found in invertebrates and vertebrates, but not in yeast and
bacteria (Mano and Driscoll, 1999). Invertebrates have a larger number of DEG/ENaC
proteins: the C. elegans genome encodes 30 DEG/ENaC proteins; the Drosophila genome
encodes 31 DEG/ENaC-like proteins (Ben-Shahar, 2011). Mammalian genomes encode three
ENaC proteins (ENaC a, B, y) and at least six ASIC (also called ACCN) proteins (ASIC-1a,
1b, 2a, 2b, 3, 4) from four genes loci (Ben-Shahar, 2011; Wemmie et al., 2013).

DEG/ENaC channels can be activated by mechanical force (O'Hagan et al., 2005), low
extracellular pH (Waldmann et al., 1997), and peptides (Lingueglia et al., 1995). ENaC is
constitutively open (Canessa et al., 1993; Lingueglia et al., 1993). DEG/ENaC proteins have a
wide range of functions, e.g. mechanosensation, sour and sodium taste detection, peripheral

pain, synaptic plasticity, learning and memory, and Na” homeostasis.

Sensory functions of DEG/ENaC proteins
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Mechanosensation

After studies in C. elegans first identified degenerin proteins, MEC-4 and MEC-10, as
pore-forming subunits of the mechanotransducers in the TRNs (Arnadottir et al., 2011;
Chalfie and Sulston, 1981; O'Hagan et al., 2005), more DEG/ENaC proteins were found to be
involved in mechanosensation. DEG-1 has been shown to be the major mechanosensory
channel in the C. elegans nociceptor, ASH neuron (Geffeney et al., 2011). UNC-8 and UNC-
10 are potential mechanosensitive channels, but have not been confirmed by experiments yet.
UNC-8 was proposed to act as a mechanosensitive channel that regulate locomotion in C.
elegans, because UNC-8 was expressed in sets of motor neurons that were thought to sense
body stretch, and unc-8 null mutation produced severe locomotion defects (Tavernarakis et al.,
1997). UNC-105 may be a mechanosensitive protein in muscles, and its hyperactivation
caused hypercontraction of muscle (Liu et al., 1996).

A couple of Drosophila melanogaster DEG/ENaC proteins have been shown to be
required for mechanosensation. Drosophila pickpocket (ppk) is essential for the mechanical
nociception in larvae, because mutation or RNAi knock down of this gene reduced the
larvae’s response to harsh mechanical stimuli without affecting the general physiology of the
nociceptive neurons (Zhong et al., 2010). Drosophila ppk28 mediates water detection, likely
through sensing mechanical tension in membrane caused by changes in external osmolarity
(Cameron et al., 2010; Chen et al., 2010).

Mammalian ASICs also contribute to mechanosensation but may not function as the
transducers. ASICs are abundant in the peripheral sensory neurons, including cutaneous
mechanoreceptors (Meissner corpuscles, Lanceolate endings, Merkel cell complex, and

Ruffini endings), proprioceptors of the muscle, nociceptors, arterial baroreceptors, gastric
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DRG neurons, suburothelium nerve complex of bladder, and vestibular ganglia (Chen and
Wong, 2013). ASICs may modulate rather than mediate mechanosensation in the skin,
because knocking out ASIC2 and 3 caused only subtle and controversial effects on
mechanosensation in behavioral and electrophysiological assays (Chen and Wong, 2013;
Drew et al., 2004; Price et al., 2001; Roza et al., 2004), and transgenic expression of a
dominant-negative ASIC3 subunit, which eliminates all ASIC channel activities, led to
increased mechanosensitivity (Mogil et al., 2005). In contrast to the weak modulatory effects
on skin mechanosensation, ASIC2 is required for the mechanosensory function of arterial
baroreceptors. The ASIC2 knockout mice developed hypertension, baroreceptor neurons
isolated from ASIC2 null mice showed reduced membrane depolarization upon mechanical
stimuli than WT neurons, and baroreceptor neurons overexpressing ASIC2a had increased
mechanically-induced membrane depolarization (Lu et al., 2009). Further investigation needs

to verify the role of ASIC2 as a component of the mechanotransducer in baroreceptors.

Chemosensation - sodium and acid

Studies in Drosophila and mice have suggested that DEG/ENaC proteins mediate the
taste of sodium salt in taste-receptor neurons. Disrupting two DEG/ENaC genes ppkl ] and
ppk19 reduced flies’ response to low concentrations of KCI and NaCl, but had no effect on
other taste modalities (Liu et al., 2003). ENaCa knockout mice completely lost sodium taste
responses, suggesting an essential role of ENaC in mammalian sodium taste (Chandrashekar
et al., 2010).

ASICs can be activated by lower extracellular pH (Waldmann et al., 1997; Wemmie et

al., 2006), but the their role in mammalian sour taste detection is unclear. Rat taste bud cells
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express ASIC2 (ASIC2a and ASIC2b), and produce a current that is predominantly carried by
Na" and can be partially suppressed by amiloride (very similar to the ASIC2 current in vitro),
suggesting a role of ASIC2 in sour perception (Lin et al., 2002; Ugawa, 2003; Ugawa et al.,
1998). However, studies in mice challenged the potential role of ASICs as the universal sour
taste receptors in mammals: gene expression of ASIC1 and ASIC3, but not ASIC2, was
detected in mice; ASIC2 knockout mice had normal acid-evoked Ca®" response (Richter et al.,
2004). These conflicting results suggest that multiple receptors exist in mammals, and
different species utilize different receptors to perceive sour taste. Indeed, polycystic kidney
disease (PKD) related protein, PKD2L1 (TRP channel), has been identified as the sour taste
receptor in mice (Chandrashekar et al., 2009; Huang et al., 2006; Kataoka et al., 2008; Nelson
et al., 2010). Both ASICs and PKD proteins may contribute to human sour taste perception,
because two sour ageusia (inability to detect low pH in ingested food) patients were found to
have reduced gene expression of ASICs (ASICla, 1b, 2a, 2b, and 3) and PKD channels
(PKD2LT and 1L3) (Huque et al., 2009).

Two C. elegans DEG/ENaC proteins are required for acid sensation. ACD-1 (acid-
sensitive channel), in parallel with DEG-1, mediates acid avoidance and chemotaxis to amino

acid lysine (Wang et al., 2008; Wang and Bianchi, 2009).

Peripheral pain

All ASICs except ASIC4 are expressed in DRG nociceptive neurons, but their roles in
mediating acid-induced pain appear to be controversial based on studies from different
species. Genetically disrupting ASIC3, whose homomeric channel is most sensitive to pH

among all ASIC channels and can be potentiated by several inflammatory molecules, resulted
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in mice that had increased response to acidic stimuli (Mogil et al., 2005; Price et al., 2001). In
contrast, pharmacological inhibition and genetic knock down of ASIC3 reduced acid-induced

pain in humans and rats (Deval et al., 2010; Ugawa et al., 2002).

ASICs in the central nervous system (CNS)

ASICs also detect protons produced by acidic neurotransmitter release, metabolism,
and diseases in the CNS, and are implicated in synaptic plasticity, learning and memory,
neuronal injury and neurological diseases (Wemmie et al., 2013). ASICla, ASIC2a and
ASIC2b are all expressed in CNS, but only ASICla is required.

Several studies suggested that ASIC1a is an essential component of the H'- gated
channel that regulates synaptic plasticity. First, ASIC1a is abundant in brain regions with high
synaptic density, and is localized to dendritic synapses (Wemmie et al., 2003). Second,
ASICla is essential for the acid-evoked currents that are predominantly carried by Na™ and
are also permeable to Ca>" (similar to ASIC1a currents in a heterologous system) in
hippocampal, amygdala, and cortical neurons (Wemmie et al., 2003; Wemmie et al., 2002;
Xiong et al., 2004). Third, ASIC1a increases the density of dendritic spines in hippocampal
slices, through the H'-evoked intracellular Ca*" increase and downstream CaMKII
phosphorylation (Zha et al., 2006). Fourth, consistent with the physiological studies, ASICI
knockout mice showed impaired long-term potentiation in hippocampus, and exhibited
deficits in several learning behaviors that depend on hippocampus, cerebellum, and amygdala

(Wemmie et al., 2003; Wemmie et al., 2002).
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ASICs are also implicated in neuronal injury and neurological diseases, e.g. ischemic
stroke, multiple sclerosis, Huntington’s disease, Parkinson’s disease, spinal cord injury, and
epilepsy (Wemmie et al., 2013; Xiong et al., 2004). These diseases and their related metabolic
stress induce local acidosis, which results in hyperactivation of ASIC1la and causes brain
injury. Pharmacological blockade of ASIC1a can protect against the acidification-induced

neuronal injury (Xiong et al., 2004).

ENaC and Na" homeostasis

ENaC is responsible for Na' reabsorption on several epithelial tissues, including distal
kidney nephron, distal colon, urinary bladder, and lung, and thus, plays a crucial role in
regulating Na' balance, blood volume and pressure (Schild, 2010). ENaC comprises three
homologous subunits a, , and y, which share 30-40% identical amino acid sequence. Among
the three homologues, only the a subunit is able to form functional homomeric channels and
is essential for the ENaC activities, whereas the § and y subunits allow the maximal channel
expression and activities on the plasma membrane (Canessa et al., 1994). A fourth subunit &
has been found to assemble with a, B, and y subunits in lung epithelial cells, and alter several
channel properties, such as cation selectivity, amiloride inhibition, proton activation, and self
inhibition time (Ji et al., 2006). Activation of ENaC needs the proteolytic cleavage of the
extracellular loops of a and y subunits by furin and other proteases, which can occur both
along secretory pathways and on the plasma membrane (Carattino et al., 2008; Hughey et al.,
2007; Kleyman et al., 2009). Similar activation by proteases was also observed in MEC-4(d)

channels expressed in Xenopus oocytes (Brown et al., 2008).
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Because ENaCs play crucial roles in regulating Na" balance and blood pressure, their
expression and activities need to be tightly regulated. Apical expression of ENaC is largely
regulated through ubiquitination and subsequent retrieval from the apical surface. Specifically,
the E3 ubiquitin ligase, Nedd4-2, binds to PPxY motifs in the C-terminus of ENaC a, 3, and y
subunits and mediates the ubiquitination of lysine residues in the N-terminus of ENaC
proteins. Mutations affecting Nedd4-2 and ENaC interaction lead to increased ENaC surface
expression and hypertension in Liddle syndrome (Goulet et al., 1998; Hansson et al., 1995a;
Hansson et al., 1995b; Shimkets et al., 1994; Snyder, 2002; Staub et al., 1996). The
ubiquitinated ENaC is internalized through clathrin-mediated endocytosis. Most internalized
ENaCs are destined for either endosomes or lysosomes for degradation, but a small number of
proteins can be deubiquitinated and routed to a cycling compartment (early endosome and/or
recycling endosome) to return to the apical surface.

Multiple hormones and kinases can regulate the activities and expression of ENaC
proteins, at least in part, through Nedd4-2 mediated ubiquitination. Several hormones (e.g.
aldosterone and vasopressin) regulate ENaC expression at the apical membrane through
ENaC trafficking and recycling (Loffing and Korbmacher, 2009). ENaC expression is mainly
up-regulated by aldosterone in kidney, which increases both protein insertion (rapid process)
to the apical membrane and gene transcription (slow process) and also inhibits ENaC
degradation (Loffing et al., 2001). Part of the above hormonal regulation is mediated by their
downstream kinases (e.g. aldosterone and insulin induced kinase SgK1, PI3K, and Akt).
These kinases phosphorylate ENaC o subunit (Diakov and Korbmacher, 2004; Staruschenko
et al., 2007) to increase the ENaC open probability. Moreover, these kinases phosphorylate

Nedd4-2 to inhibit Nedd4-2 binding to ENaC and thus increase ENaC surface expression (Lee
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et al., 2007; Snyder et al., 2004). Several other kinases, including G protein-coupled receptor
kinase, Grk2 (Dinudom et al., 2004), protein kinases A and C (Shimkets et al., 1998),
extracellular regulated kinase (Shi et al., 2002a; Shi et al., 2002b), and Casein kinases 2 (Shi
et al., 2002b), have also been reported to mediate phosphorylation of the C-termini of ENaC 3
and y subunits, and regulate ENaC/Nedd4-2 interaction.

Moreover, self-inhibition of ENaC by Na" provides a negative feedback loop to
control Na™ absorption (Turnheim, 1991). Extracellular Na' rapidly reduces channel open
probability (Bize and Horisberger, 2007; Volk et al., 2004). In contrast, intracellular Na"
decreases channel surface expression and open probability in a slower manner (Anantharam et

al., 2006).

Gain of function mutations of C. elegans degenerin

Gain of function (d) mutations of C. elegans degenerin genes encode hyperactive
channels that can lead to necrosis-like cell death [mec-4 (Driscoll and Chalfie, 1991;
Goodman et al., 2002), mec-10 (Huang and Chalfie, 1994), deg-1 (Chalfie and Wolinsky,
1990; Garcia-Anoveros et al., 1995), unc-8 (Shreffler et al., 1995; Tavernarakis et al., 1997;
Wang et al., 2013)], or muscle hypercontraction [unc-105 (Garcia-Anoveros et al., 1998; Park
and Horvitz, 1986)]. Cells expressing degenerin with the d mutations accumulate
membranous whorls and cytoplasmic vacuoles, swell to several times of their original size,
and often die (Hall et al., 1997).

The d mutations usually result in the substitution of large-side chain amino acids (e.g.

Thr, Val, and Leu) for Ala or Gly at either the pore forming domain preceding the second
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transmembrane segment (A713T in MEC-4, A707T in DEG-1, A692V in UNC-105, A673V
in MEC-10) or the extracellular regions (A404V in MEC-4, A393V in DEG-1, P134S in
UNC-105, G387E and A586T in UNC-8) (Brown et al., 2007; Garcia-Anoveros et al., 1998;
Driscoll and Chalfie, 1991; Tavernarakis et al., 1997; Garcia-Anoveros et al., 1995; Huang
and Chalfie, 1994). The residual substitution interferes with gating, locking the DEG/ENaC
channel in a constitutively open state (Brown et al., 2007; Garcia-Anoveros et al., 1998;
Wang et al., 2013). Unlike the sequence containing the d position on the extracellular loop
(Garcia-Anoveros et al., 1995), which is specific to C. elegans, the region containing the d
position near the second transmembrane domain is highly conserved (Brown et al., 2007).
Indeed, a similar mutation also activates mammalian ASIC1 (also called BNaC2) and ASIC2
(also called MDEG and BNaC1) and Drosophila PPK, leading to cell death (Adams et al.,
1998; Bassilana et al., 1997; Waldmann et al., 1996).

The neuronal degeneration induced by the d mutations affecting DEG/ENaC proteins
(MEC-4, DEG-1, and UNC-8) requires calreticulin (a Ca>” binding chaperone in the ER) and
intracellular Ca®” increase due to the release of Ca®" from the ER (Xu et al., 2001). The
hyperactive DEG/ENaC channels are permeable to Ca>*, and may also contribute to the
intracellular Ca*" increase (Bianchi et al., 2004; Brown et al., 2008; Xu et al., 2001).
Moreover, the d mutation induced neurodegeneration also requires MEC-6 (Chalfie and
Wolinsky, 1990; Garcia-Anoveros et al., 1995; Harbinder et al., 1997; Shreffler et al., 1995),

which is needed for MEC-4 channel localization (Chelur et al., 2002).

Structure and stoichiometry of DEG/ENaC proteins
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DEG/ENaC proteins have a simple topology (Figure I-2): two short intracellular N and
C-termini, two transmembrane helices (TM1 and TM2), and a large extracellular region,
which contains two cysteine rich domains (CRD); while C. elegans degenerin proteins have
one additional CRD and extracellular regulatory domain (ERD) (Lai et al., 1996; Sherwood et
al., 2012). The two transmembrane helices, the sequence preceding them, and CRDIII are
particularly important for gating and ion conductance of the MEC-4/MEC-10
mechanosensory channel, because most mec-4 missense mutations and all of the mec-10
missense mutations that alter ion selectivity are located on these regions (Arnadottir et al.,

2011; Hong et al., 2000).
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CRDIII

Figure I-2. Diagram of the conserved domains in DEG/ENaC channels (from Bounoutas and
Chalfie, 2007). The CRD1 and ERD (in shaded circle), is only found in C. elegans degenerin.
d mutations in the ERD and preceding TM2 (in red), can produce hyperactivate channel and
cause neurodegeneration. In indicates inside the cell; out indicates outside the cell. Domains
are not drawn in proportion to the real size.

The first crystal structure of a DEG/ENaC protein, chick ASIC, provides a structural
basis for the stoichiometry and subunit-subunit interaction (Jasti, et al., 2007). First, ASIC is
trimeric (Figure I-3A). Second, in each subunit, the extracellular region resembles a clenched
hand and contains multiple domains that represent palm, -ball, knuckle, finger, and thumb
(Figure I-3B). The two conserved CRDs are located at palm, 3-ball, and thumb domains. The
intracellular termini were not seen in crystal structure, probably because they do not form an

ordered structure. Third, in the trimeric channel, each subunit interacts extensively with the

other two between the two transmembrane helices, the palm domains, and the palm domain of
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one subunit and the thumb domain belonging to the other. Weak interaction between subunits
also exists between knuckle and finger domains, and palm domain and (3-ball domain.

The ASICI1 structure also suggests mechanisms about how the mec-4 and mec-10
mutations affect ion selectivity or gating. Both TM1 and TM2 define the interior pore, but
TM2 makes the predominant contribution, consistent with the fact TM2 harbors most point
mutations that alter ion selectivity and gating. Gly 435, equivalent to the d position whose
mutation into bulky residues results in hyperactive degenerin channels and neurodegeneration
in C. elegans, resides on TM2, facing the TM1 of the adjacent subunit. It suggests that d
mutations produce hyperactive channels through disrupting gating.

The snake toxin bound open state of the ASIC channel reveals more details about its
pore architecture and ion selectivity (Baconguis, et al, 2014). The second transmembrane is
discontinuous, and makes a turn at Gly-Ala-Ser, allowing the one third cytoplasmic TM2 of
one subunit to swap with that of the other subunit within the trimer (Figure I-3C). The Gly-
Ala-Ser peptide each adopts a belt-like conformation aligning nearly parallel to the membrane
plane. The GAS belts from three subunits form triangular rings and define the selectivity
filter with a radius of 3.6 A (Figure I-3C), matching the size of hydrated Na" (3.8 A) and
hydrated Li" (3.5 A). It provides structural basis for the DEG/ENaC proteins high
permeability for Na" and Li", and also suggests that DEG/ENaC adopts a barrier mechanism
for ion selectivity. The open ion channel pore is lined with carbonyl oxygen atoms of Gly 436,
439, 443, Thr 448, and Glu 451. All of these residues are highly conserved among
DEG/ENaC proteins, and their mutations in MEC-4 and MEC-10 disrupt touch sensitivity in
C. elegans (Eastwood and Goodman, 2012), suggesting other DEG/ENaC proteins may also

have the similar ion pore structures and ion selectivity mechanism.
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Comparing the desensitized state and the open state of the ASIC channels suggests the
structural domains that are crucial for ASICs gating (Baconguis and Gouaux, 2012;
Baconguis, et al., 2014). Superimposition of the desensitized and the toxin bound open state
channel indicates that the upper palm and knuckle domains have the same conformation,
which may comprise the rigid structural scaffold. Relative to the desensitized state, the lower
palm flexes and undergoes conformational changes. The toxin forms extensive interactions
with the thumb, palm, and wrist domains, suggesting that these regions may play major roles
in channel gating. On the basis of ASIC structures, the channel gating may involve
conformational changes to varying extent of the flexible domains of thumb, finger, lower
palm, and wrist, which lead to the rotation and tilt of the transmembrane helices and the
opening of the channel pore (Baconguis, et al., 2012; Figure 1-4).

The mechanical gating mechanism of MEC-4 and MEC-10 still remains elusive. If
they adopt a gating mechanism similar to that of ASICs, it would suggest that the gating
initiates from the extracellular domains, and transduces into the transmembrane helixes,

favoring the previous tethered model over the membrane force model.

35



Figure I-3. Crystal structure of
chick ASIC1 protein (A and B are
adapted from Jasti et al., 2007). (A)
Homotrimeric ASIC1. Three
subunits

are indicated in red, yellow and
blue. (B) Domain organization of
one subunit. (C) Swapping of
transmembrane helix and the
selectivity filter (from Baconguis et
al., 2014).
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Figure 1-4. The gating model of the ASIC channel (adapted form Baconguis and
Gouaux, 2012). A, The closed and desensitized state conformation. B, The open state
conformation.

Although several experiments suggested that functional DEG/ENaC channels
consisted of four, eight, or nine subunits (Coscoy et al., 1998; Eskandari et al., 1999; Firsov et
al., 1998; Snyder et al., 1998), the crystal structure of the chick ASIC channel provides the
most convincing evidence that DEG/ENaC is trimeric. Additionally, fluorescence intensity
ratio analysis also suggested that ENaC af}y prefer to form heteromeric channels containing
an equal number of each subunit when co-expressed in COS-7 cells (Staruschenko et al.,

2005). Consistent with the chick ASIC structure, this thesis reports that MEC-4 and MEC-10
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also form trimeric channels (MEC-4; or MEC-4,MEC-10) in Xenopus oocytes, with
preference for MEC-4,MEC-10 when co-expressed.

DEG/ENaC proteins can form both homomeric and heteromeric channels. Only some
DEG/ENaC proteins can form functional homomeric channels, while other subunits
contribute to heteromeric channels and modulate channel activities. For example, among
ENaC a, B, and vy, only a subunit can form functional channels, while the § and y subunits
regulate channel expression and activities on the plasma membrane (Canessa et al., 1994).
Among the six ASICs (1a, 1b, 2a, 2b, 3 and 4), four of them can form functional homomeric
channels with different desensitization rate and pH sensitivity in heterologous systems
(ASICla, pHps = 6.2; ASIC1b, pHos = 5.9; ASIC2a, pHys = 4.4; ASIC3, pHos =6.5; pHo s
indicates pH of half-maximal activation); ASIC2b and ASIC4 are pH insensitive by
themselves (Wemmie et al., 2006; Wemmie et al., 2013). But ASIC2b has been reported to
associate with other ASICs and modulate the channel activities, e.g. inactivation kinetics and
peak current amplitude (Lingueglia et al., 1997). Different ASICs are expressed in different
neurons: ASICla, 2a, 2b, and 4 in central nervous system and ASICla, 1b, 2a, 2b, and 3 in
peripheral nervous system (Wemmie et al., 2013).

Similar to other DEG/ENaC proteins, this thesis reports that MEC-4 alone can form
homotrimers in Xenopus oocytes; MEC-10 incorporates into the heterotrimer MEC-4,MEC-
10 channel in Xenopus oocytes. MEC-10 is also expressed in other two types of
mechanosensory neurons, FLP and PVD, and may contribute to other DEG/ENaC channels
complex. These studies suggest that combination of different subunits could produce diverse

receptors in different neuronal populations.
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Section D: Paraoxonase (PON)

PONSs are multifunctional enzymes with protective activities

Paraoxonases (PONSs) are a family of enzymes with a wide range of activities,
including deoxidization of lipids and detoxification of organophosphates. Human and mice
have three PON proteins, PON1, PON2, and PON3 (Primo-Parmo et al., 1996). These three
proteins share approximately 60% sequence identity. PONs exhibit enzymatic activities of
arylesterases, paraoxonases, and lactonases (Draganov et al., 2005; Khersonsky and Tawfik,
2005; Rodrigo et al., 2003; Rosenblat et al., 2003; Smolen et al., 1991). Although this protein
family is named as paraoxonase, only PON1 has paraoxonase activity. PON1 is capable of
hydrolyzing toxic organophosphates, including pesticide products, such as paraoxon,
diazoxon, chlorpyrifos oxon, and even neurotoxins such as sarin and soman (Davies et al.,
1996; Smolen et al., 1991). All three PONs, however, have lactonase activity (Draganov et al.,
2005). In vitro evidence suggests that the lactonase activity may enable human and mouse
PONSs to hydrolyze and therefore inactivate acyl-homoserine lactones, which are quorum-
sensing signals of some pathogenic bacteria (e.g., Pseudomonas aeruginosa) (Chun et al.,
2004; Estin et al., 2010).

Studies in the past twenty years have demonstrated a relationship of the PONSs to the
risk of atherosclerosis. PON1 associates with high density lipoprotein (HDL), and is needed
for two key HDL activities: inhibition of lipid oxidation in low density lipoprotein (LDL) and
mediation of cholesterol efflux (Lund-Katz et al., 2003), such as from macrophage foam cells

in atherosclerotic lesions. In vitro data suggests that the anti-atherogenic property of PON1 is
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related to its lipolactonase activities, by hydrolyzing oxidized lipids (Rosenblat et al., 2006).
PON2 and PON3 also protect against atherosclerosis. Like PON1, human PON3 is primarily
expressed in the liver and secreted into the plasma, where it associates with HDL particles and
prevents atherosclerosis (Aviram and Rosenblat, 2004; Mackness et al., 1993; Reddy et al.,
2001). Similarly, PON2 also exhibits anti-antherogenic ability by reducing oxidized lipids in
LDL and macrophage (Ng et al., 2001).

PON2 and PON3 also exhibit anti-oxidative effects in various tissues and can protect
against cell death. In contrast to PON1, PON2 (human and mouse) and mouse PON3, are not
detected in HDL, but are widely expressed in many tissues, such as liver, adipose, and
macrophage (Shih et al., 2010). PON2 and PON3 are expressed on the mitochondrial
membrane; they interact with coenzyme Q10 and protect against cell death by reducing
mitochondrial superoxide formation in several human cell lines (Altenhofer et al., 2010;
Schweikert et al., 2012). The anti-oxidative effects appear to be independent of their
enzymatic activities, because the point mutations that abolish the lactonase activity of PON2
have no effect on its anti-oxidative or anti-apoptotic function (Altenhofer et al., 2010).
Moreover, PON2 and PON3 are present in the endoplasmic reticulum (ER), increase their
expression upon ER stress caused by unfolded proteins, and reduce the ER stress induced
apoptosis (Horke et al., 2007; Schweikert et al., 2012). However, their function and
mechanism in the ER is not understood.

Despite the extensive research on mammalian PONSs, the physiological roles and
native substrates of PONs still remain elusive. Even for their well-studied anti-atherogenic

function, the mechanism still remains debated.
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The PONs in C. elegans

PON-like proteins have been identified from many species, including nematode
(Chelur et al., 2002). In addition to MEC-6, the C. elegans genome also encodes four more
PON-like proteins, which we have renamed POML (paraoxonase and mec-6-like): POML-1
(K11E4.3), POML-2 (E01A2.7), POML-3 (E01A2.10), and POML-4 (K05F6.11). All of the
five PON-like proteins have a 13-amino acid sequence that is only found in C. elegans, right
after the predicted transmembrane domain. POML-2, POML-3, and POML-4 are more
closely related because their sequences are over 60% identical to each other; POML-3 and
POML-4 are 98% identical, and may arise from gene duplication. In contrast, MEC-6 and
POML-1 share only 20-30% identical sequence to that of the other three POMLs and each
other.

C. elegans PON-like proteins share 20-30% identical sequence with human PONs
over the conserved C-terminal domain (Figure I-4), but they resemble human PONs more in
the overall structure. For example, all the C. elegans PON-like proteins have the disulfide
bonds (Cys42 and C353) required for stability in human PONs (Josse et al., 1999; Rosenblat
2006). All the five PON-like proteins have predicted hydrophobic N-termini, a similar feature
to mammalian PONs. Both human PONT1 and C. elegans MEC-6 bind to lipid with their N-
termini [PON1 to HDL phospholipids (Harel et al., 2004) and MEC-6 to the TRNs plasma
membrane (Chelur et al., 2002)]. However, among the five C. elegans PONs, only POML-2,
POML-3, and POML-4 retain some of the amino acids required for lactonase and esterase
activities in human PONs (Figure I-5), including H115, H134 (catalytic histidine dyad), H155,

E53, D269 (catalytic Ca”* binding sites), and W281 (Harel et al., 2004; Josse et al., 1999).
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Most of these enzymatic sites do not exist in MEC-6 and POML-1, suggesting C. elegans
PONSs may have distinct function from the enzymatic activities found in the mammalian

PON:ss.

™ C. elegans specific region
MEC-6 MGLQSAAAHFINRFITWITIFMVACFLLRLLWVL RVLTONYKGTAGMTYVESQKRVY ITLGYGRAHDLKTKTGIAFYKTNRTDGRSQQEMYDLIEMTINNNG 116
POML-1 ---MLQLSPFASNCLFFTSFAIVTTLFGKLLLH]] GVIPNLPG--------- ILGLTTSTTGRLYMTTNSKDIN----TDQTHLFTFYSDNRTAREIEIRGGP 100
POML-2 - -MLVKVVLFGLLGVSIHFIFNTLLT RKIEGPVHGSEDIEVIDKLQIAFISSGLVYLPNSASDV---KWKGQIFLYDLTKRSYKAEPIPVL-NL 103
POML-3 - -MLKIVLVVLLAFLVQYVFKTLLMADINKRTYNHRP - - - - GARKVDGPVHGS EDIAIVEE LNLAF ITSGLVYL IEDPTQV---TWKGQIFAYDL SKKTYKAESIPIV-NL 102
POML-4 - -MLKIVLVVL LAFLVQYVFKTLLMADINKRTYNHRP - - - - GO RKVDGPVHGS EDIATVEELNLAF ITSGLAYL TEDPTQV---TWKGQIFAYDL SKKTYKAESIPIV-NL 182
PON1_Human - -MAKLIAL TLLGMGLAL FRNHQSSYQTRLNAL REVQPVEL PNCNLVKGIETGSEDLE IL PNG-LAFISSGLKYPGIKSFNP- - -NSPGKILLMDLNEEDPTVLELGITGSK 106
PON2_Human - -MGRLVAVGLLGIALAL LGERLLALRNRLKASREVE SVDLPHCHLIKGIEAGSEDIDIL PNG-LAFFSVGLKFPGLHSFAP- - -DKPGGILMMDLKEEKPRARELRIS-RG 105
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POML-1 PKWR- -LTPGALSINSETSN-PNVFVHNKR - - - TNNIDVFE TNEQNDAWQYRK TFKDEQF EGLTDI SAAGLNSFFFVKSSIFGTNFALNITERVVPIPTGYIYFVSGNNIQQISRVSFPT 214
POML-2 EDVD-GFHPHGLSHWILNNRTVRL FVVVHSKTFKHS IVILDYNSAKREL NHVKTIRGEKFVRPNDIVATGENSFLVSNDGGAQTALGNVWEIL SGFYKGGLVYYNGKKSQFLMEN-NIAN 221
POML-3 EDGD-GFHPHGISHNIKKDGSVRL FVVVHSKQFRHS TATLDFDKTKWQLNHVK TVRDDKFVRPNDVVATGENS FLVSNDGGAQTIVGNATEMFTGFFKGGLVYFDGMNSHYLLEN-TVAN 220
POML-4 EDGD-GFHPHGISHWIKKDGSVRL FVWVHSKQFRHS TATL DFDKTKWQLNHVKTVRDDKFVRPNOVVATGENS FLVSNDGGAQTI IGNATEMFTGFFKGGLVYFDGKNSHYLLEN-TVAN 220
PON1_Human FDVS-SFNPHGISTFTDEDNAMYL LVVNHP-DAKSTVEL FKFQEEEKSL LHLKTIRHKLL PNLNDIVAVGPEHFYGTNDHYFLDPYLQSWEMYLGLAWSYVVYYSPSEVRVVAEGFDFAN 224
PON2_Human FDLA-SFNPHGISTFIDNDDTVYL FVVNHP - EFKNTVEIFKFEEAENSLLHLKTVKHELL PSVNDITAVGPAHFYATNDHY FSDPFLKYLETYLNLHNANVVYYSPNEVKVVAEGFDSAN 223
PON3_Human FDKE-LFNPHGISIFIDKDNTVYLYVVNHP -HMKSTVE IFKFEEQQRSLVYLKTIKHELLKSVNDIVVLGPEQFYATRDHY FTNSLLSFFEMILDLRWTYVLFYSPREVKVVAKGFCSAN 223
: A115 - : *Hi134 Do.I. . . H15B:-. : - - : . = : . -
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POML-1 GIVYDSVKKSIFVTSSTRNSIYRMKVQVKNGIEIVSSKEYDLGCSPSSINKDFDG-SFLITCHPVKFRYLLSLFNVITS---SPSLILRVAVPTDKDKPLTITQLYSNDGATISNANVTV 330
POML-2 GIILSRDQKTLFVSHINQETIGVYTWNQKD-GEIQKISEIETL TGCONFYVDTQD-HLWAGCHPVVKDAAGHL GNVSDSTLYGPSQVLRVSFSKDLKT-AEIVEVLADDGRFVSASTIAL 338
POML-3 GIILSRDRKTLFVSHINQETIGVFANDQKK-ITIKKISEIETL TGCONFFIDNED-NLWSGCHPVLKDAVGHL GDATNPNL YSQSQVLRFKFSSDLKS -TEMLEVFSDDGRFTAASATAA 337
POML-4 GIIFSRDRKTLFVSHFNQETIGVFANDQKK-ITIKKISEIETLTGCYNFFIDNED-NLWSGCHPVLKDAL GHLGDATNPNL YSQSQVLRFKFSSDLKS-TEMVEVFSDDGRFTAASATAA 337
PON1_Human GINISPDGKYVYIAELLAHKIHVYEKHAN- -WTLTPLKSLDFNTLVONI SVDPETGDLWVGCHPNGMKIFFYDSENPPA -~ - - - SEVLRIQNILTEE--PKVTQVYAENGTVLQGSTVAS 335
PON2_Human GINISPDOKYIYVADILAHEIHVLEKHTN--MNLTQLKVLELDTLVDNL SIDPSSGDINVGCHPNGQKLFVYDPNNPPS - - - - -SEVLRIQNIL SEK--PTVTTVYANNGSVLQGSSVAS 334
PON3_Human GITVSADQKYVYVADVAAKNIHIMEKHDN- -WDL TQLKVIQLGTLVONL TVDPATGDILAGCHPNPMKLLNYNPEDPPG- - - - - SEVLRIQNVLSEK--PRVSTVYANNGSVLQGTSVAS 334
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PON3_Human VYHG--KILIGTVFHKTLYCEL------- 354
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Figure I-5. Sequence alignment of C. elegans and human PONSs. (A) Sequence alignment was
generated by using Clustal W2. Predicted transmembrane (TM) region, red; C. elegans
specific region, rectangle, disulfide bonds (Cys42 and C353), blue; residues required for
enzymatic activities, green. (B) Phylogenetic tree made by Clustal W2.
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Section E: Membrane protein production and transport

Nearly all eukaryotic membrane proteins are synthesized in the endoplasmic reticulum
(ER), modified in the Golgi, and transported to the plasma membrane and other target sites.
The mechanism and machineries used for production and transport of membrane proteins are
highly conserved across species and have been extensively studied in both yeast and
mammals. Similar features also exist in C. elegans. Here I summarize the classical protein

synthesis and secretory pathways.

Classical protein synthesis and secretory pathways

Protein translocation into the endoplasmic reticulum (ER)

After ribosomes translate the signal peptide or the first transmembrane segment in the
cytosol, the elongating polypeptide translocates across the ER membrane, in either a co-
translational or a post-translational manner. The entire process includes the targeting (signal-
recognition particle dependent) and translocation (the Sec61 channel mediated) phases
(Rapoport, 2007). During translocation, many auxiliary components contribute to the folding
of transmembrane segments and efficiency of translocation, including ER membrane proteins
[e.g. translocon-associated membrane protein (TRAM), the translocon-associated protein
(TRAP), Sec62/63], and the ER luminal chaperones [e.g. heat shock protein BiP and protein
disulfide isomerase (PDI) (Zimmermann et al., 2011)].

Most membrane proteins insert in the ER membrane during their synthesis. The

orientation of the first transmembrane region usually follows “positive inside rule”’(more
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positively charged segments in cytosol; Andersson and von Heijne, 1994), and determines
that of the subsequent transmembrane segments. The hydrophilic segments between
transmembrane regions alternate between the ER lumen and the cytosol (Rapoport et al.,

2004).

Protein folding in the ER

After entering ER, nascent polypeptides undergo a series of folding and modifications
to acquire their native conformation, assisted by molecular chaperones and folding enzymes.
The entire folding process involves N-linked glycosylation, protein folding, disulfide bond
formation, proline-isomerization, and oligomerization (Braakman and Hebert, 2013). Most
membrane proteins receive polysaccharide (Glc3Man9GIcNAc?2) attached to the Asn residue
of Asn-X-Ser/Thr sequence from the oligosaccharyltransferase (OST). Glucosidase I and II
sequentially remove the two residual glucoses from the N-glycan attached to the nascent
protein. After this, the mono-glucosylated protein associates with ER lectin chaperones,
calnexin and calreticulin, which are paralogous proteins residing on the ER membrane and
lumen, respectively. Oxidoreductase ERp57 also binds to the nascent chains and catalyzes
disulfide bond formation. Calnexin and calreticulin bind to GlcMan9GIcNAc2 (Ca**
dependent, Vassilakos et al., 1998) and ERp57 through a globular N-domain and an extended
arm-like P-domain, respectively (Leach et al., 2002; Michalak et al., 2009). The
calnexin/calreticulin/ERp57 complex releases most nascent proteins in their native
conformation. These folded proteins undergo deglucosylation and partial demannosylation

before entering transport vesicles to leave the ER (Hebert and Molinari, 2007).
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Oligomerization of subunits and assembly of protein complexes can occur before (Copeland
et al., 1988) or after (Prabakaran et al., 1996) an individual protein completely matures.

In addition to the lectin chaperones (calnexin and calreticulin), heat shock proteins,
such as Hsp70 and Hsp90 families, constitute the other major chaperone group. They directly
bind to the maturing or misfolded polypeptides to promote folding efficiency and/or prevent
aggregation (Braakman and Hebert, 2013). ER chaperones have diverse substrates. It remains
largely unknown how newly synthesized polypeptides choose their folding chaperones and
enzymes. Some proteins may have their own specific chaperones. In this thesis, I report that
MEC-6, POML-1, and calreticulin function as chaperones and/or assembly factors for MEC-4
folding and transport.

Chaperone activities can be assayed both in vitro and in vivo. In vitro, chaperones can
suppress thermal aggregation of glycosylated proteins (e.g. IgY and and a-mannosidase) and/
or non-glycosylated proteins (e.g. citrate synthase and malate dehydrogenase), as monitored
by light scattering; they promote refolding of denatured proteins, as monitored by recovery of
activities; they interact with substrates (usually unfolded proteins rather than native proteins),
as analyzed by size exclusion chromatography, co-immunoprecipitation, and electron
microscopy (Ihara et al., 1999; Saito et al., 1999; Stronge et al., 2001). In vivo assays have
analyzed the effect of chaperones on the assembly and transport of the major
histocompatibility complex (MHC) class I molecules in mammalian cells or Drosophila S2
cells. MHC molecules each comprise transmembrane heavy chain, light chain f3,-
microglobulin, and peptides, which assemble in the ER before leaving for the membrane.
Their folding and assembly stages can be probed by several antibodies that recognize different

intermediates (Paquet et al., 2005).
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ER associated degradation (ERAD)

The ER has a protein quality control mechanism to ensure only the properly folded
proteins can either stay and function in the ER or travel to the Golgi and beyond; misfolded
proteins are rapidly removed through ERAD pathways. Although it remains largely unknown
how the cells select the terminally misfolded proteins from the well folded proteins and the
folding intermediates, a growing number of ER-resident factors have been proposed to
recognize and target substrates, such as BiP, PDI, calnexin, UBL domain containing
membrane protein (Usal in yeast, and HERP in mammal), ER degradation-enhancing a-
mannosidase-like lectin (EDEMs), and Mannose-6-phosphate receptor-like lectin (Yos9 in
yeast, OS9 and XTP3-B in mammals; Vembar and Brodsky, 2008). Targeted substrates retro-
translocate across the ER membrane to the cytosol, and get degraded by the ubiquitin-
proteasome pathway. A few candidates are proposed as the putative dislocation channel on
the ER membrane, including Sec61, derlin, and membrane spanning E3 ubiquitin ligases Hrd.
AAA+ ATPase (Cdc48 in yeast and p97 in mammal) associates with the dislocation channel

and pulls substrates out of the ER (Olzmann et al., 2013; Vembar and Brodsky, 2008).
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Figure 1-6. Synthesis of glycoproteins in and out of the ER (from Hebert and Molinari, 2007).
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ER-to-Golgi-to-plasma membrane transport

After passing the “quality control” checkpoint, newly synthesized proteins are
exported from the ER to the Golgi via COPII-coated vesicles. The COPII machinery
comprises cytosolic proteins: the small GTPase Sarl, Sec23/24, and Sec13/31 (Schekman,
2002). ER membrane protein Sec12, which is the guanine nucleotide exchange factor,
activates Sarl and recruits Sarl to the ER membrane (Barlowe and Schekman, 1993). Sarl
initiates vesicle formation and subsequent recruitment of Sec23/Sec24 and Sec13/31 (Bi et al.,
2002; Lee et al., 2005). Sec24 binds to cargo molecules and recruits them into vesicles (Miller
et al., 2002; Miller et al., 2003; Peng et al., 1999; Shimoni et al., 2000; Springer and
Schekman, 1998). Sec23 functions as a Sarl GTPase activating protein. Sec13 and Sec31
form the outer layer of vesicles and promote membrane bending and vesicle fission (Barlowe
et al., 1994; Copic et al., 2012). COPII vesicles depart from the ER exit sites and travel along
microtubules towards the Golgi in a dynein/dynactin dependent manner (Presley et al., 1997).
Once reaching their destination, GTP hydrolysis by Sarl induces disassembly of the COPII
complex; vesicles fuse with the cis-Golgi or ER-Golgi intermediate compartment (ERGIC) to
release the cargo proteins.

After the forward transport, the transport proteins and escaped ER proteins return from
the Golgi to the ER through the COPI mediated retrograde transport. The cargo proteins of
COPI vesicles include proteins bearing an ER retrieval signal at the C-terminus (KDEL or
HDEL for ER luminal proteins, KKXX or KXKXX motif for membrane proteins), KDEL
receptors, SNARE, etc. Moreover, the COPI-coated vesicle is also implicated in intra-Golgi
traffic. The COPI machinery comprises the small ras-like GTPase ARF1, ARFGAPs, and

oligomeric coatomer (Duden, 2003).
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Proteins undergo further modification and processing in the Golgi before heading to
their final destination. One major modification affects protein glycosylation. Most proteins
enter the cis-Golgi with N-glycans of high mannose type (Endo H sensitive), which mature
into complex N-glycans (Endo H resistant), after glycosylation enzymes remove mannoses
and add other sugars (Stanley, 2011).

Mature membrane proteins leave the trans-Golgi for the plasma membrane via
multiple routes, including Rab GTPase positive endosomes (Weisz and Rodriguez-Boulan,
2009) and non-endosome compartments in some cases (Hou and Pessin, 2007). Lipid rafts
have also been shown to be involved in protein sorting and trafficking (Helms and Zurzolo,
2004). Vesicle budding and trans-Golgi network (TGN) exit utilizes machineries different
from COPI and COPII vesicles, and requires dynamin, cofilin, microtubules, actin, and motor
proteins kinesin and non-muscle myosin. After exiting the TGN, vesicles travel along

microtubules to the plasma membrane (Weisz and Rodriguez-Boulan, 2009).

Auxiliary proteins and ion channel expression and trafficking

The proper function of ion channels largely depends on the right number of ion
channels localized at the right sub-cellular positions. Aberration in channel protein expression
and localization results in cellular dysfunction and is linked to many diseases, such as
epilepsy, ataxia, and Liddle syndrome. Cells utilize multiple molecular pathways to control
the protein synthesis, secretory, and endocytic pathways. The regulation can be very specific

for particular proteins.

49



Many ion channels need their own auxiliary proteins for expression and transport. For
example, cytoplasmic Kv[32 subunit facilitates Kv1 axonal transportation, but not surface
expression, through interaction with (MT) plus-end tracking protein (+TIP) EB1 and
KIF3/kinesin II (Gu et al., 2006). Cavf subunit stabilizes Cav channels and increases total
Cav protein expression by preventing ubiquitination and ERAD of the Cav channels (Altier et
al., 2011; Waithe et al., 2011). AMPA receptor regulatory proteins (TARPs) increase synaptic
AMAP receptor expression via direct interaction with the post-synaptic density (PSD), and
also modulate channel properties and agonist-binding affinity (Straub and Tomita, 2012).
Cornichon (CNIH) proteins negatively regulate the AMPA receptor export from the ER to
control the neuronal excitability (Brockie et al., 2013). My thesis reports that paraoxonase-
like proteins MEC-6 and POML-1 act as chaperones or assembly factors for the folding and
transport of the DEG/ENaC mechanosensory channel in C. elegans. These auxiliary proteins
differ in mechanism, sequence, and structure. Little common nature has been found among

them.

In summary, mechanosensitive proteins mediate multiple senses. But except in
bacteria, how these molecules organize and function remains largely unknown. In eukaryotes,
the well-known mechanosensory complex is the DEG/ENaC channel that mediates gentle
touch sensation in the six touch receptor neurons of C. elegans. The function of this channel
complex requires four membrane proteins: DEG/ENaC proteins MEC-4 and MEC-10,
stomatin-like protein MEC-2, and paraoxonase-like protein MEC-6. Past work suggested that
all these four proteins form the mechanotransduction complex. But this model has some

problems.
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This thesis has refined the mechanosensory channel model. In chapter II, I used single
molecule imaging to analyze the composition of the channel complex, and found that it is
simply MEC-4; or MEC-4,MEC-10. Neither MEC-2 nor MEC-6 incorporates into the
channel. I provided several lines of evidence to demonstrate that MEC-6 and its similar
protein POML-1 appear to act as chaperones that facilitate MEC-4 folding and transport. In
chapter III, I screened for mutations that can enhance the neurotoxicity of mec-4(d) in poml-1
background, and found two genes mec-10 and C49G9.1. C49G9.1 encodes a novel membrane
protein, which can negatively regulate MEC-4 channel surface expression. In Appendix II, I
summarize the gene expression pattern and the loss of function phenotypes of all the C.

elegans PONs-like proteins.
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Chapter I1

Reconsidering the C. elegans DEG/ENaC Mechanosensory Channel Complex

(The following manuscript has been submitted to J. Neurosci. with other authors:
Shashank Bharill, Zeynep Altun, Robert O’Hagan, Brian Coblitz, Ehud Y. Isacoff, and
Martin Chalfie. Shashank Bharill performed the single molecule imaging experiment in
Xenopus oocytes and collected the data of MEC-4 surface expression using TIRF. Zeynep
Altun identified the cells where POML-1 is expressed. Robert O’Hagan collected the in vivo
electrophysiology data. Brian Coblitz helped with cloning POML-1 cDNA. I performed the

remaining experiments.)
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Summary

Caenorhabditis elegans senses gentle touch in the six touch receptor neurons (TRNs)
using a mechanotransduction complex that contains the pore-forming DEG/ENaC proteins
MEC-4 and MEC-10. Past work has suggested these proteins interact with the paraoxonase-
like MEC-6 and the cholesterol-binding stomatin-like MEC-2 proteins. Using genetics,
molecular biology, electrophysiology and single molecule optical imaging, we have refined
the model for the MEC-4/MEC-10 complex. In Xenopus oocytes MEC-4 and MEC-10
form MEC-4; and MEC-4,MEC-10 trimers. The other proteins do not associate with these
trimers and, thus, may not be part of the transduction complex. MEC-2, however,
colocalizes with MEC-4 in vivo and, thus, may affect the lipid environment of the trimeric
channels. In contrast, MEC-6 and a similar protein, POML-1, do not appear to colocalize
with MEC-4 either in vivo or in vitro. Several lines of evidence suggest that they act as

chaperones and/or assembly factors for MEC-4 folding and transport.
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Introduction

Few of the sensory transduction molecules needed to detect touch, sound, and other
mechanical stimuli are known (Chalfie, 2009; Geffeney and Goodman, 2012), and the
molecular organization of most of those that are known have not been studied. In C. elegans,
for example, gentle touch is transduced in the six touch receptor neurons (TRNs) by the
DEG/ENaC proteins MEC-4 and MEC-10 (O’Hagan, 2005), but the exact nature of the
transduction complex is not known. Several of our previous experiments, however, suggested
that several other membrane proteins, including the stomatin-like protein MEC-2 (Huang et
al., 1995), and the paraoxonase-like protein MEC-6 (Chelur et al., 2002), also contributed to
the transduction complex. First, MEC-2, MEC-6, and MEC-4 are essential for the production
of the transduction current, whereas MEC-10 has relatively minor effects on it (O’Hagan et al.,
2005; Arnadottir et al., 2011). Second, MEC-2 and MEC-6 increased the activity of MEC-4(d)
channels five days after injection of their cRNAs into frog oocytes without apparently
changing the amount of surface-localized MEC-4(d) protein (Chelur et al., 2002; Goodman et
al., 2002; Zhang et al., 2004). [The mec-4(d) mutation, which results in an A713T
substitution, produces a hyperactive channel that is constitutively active (Driscoll and Chalfie,
1991; Goodman et al., 2002; Brown et al., 2007) and leads to TRN degeneration.] Third, in
frog oocytes MEC-2 and MEC-6 co-immunoprecipitated with MEC-4(d), MEC-10, and each
other (Chelur et al., 2002; Goodman et al., 2002). Fourth, antibodies to MEC-2 and FLAG-
tagged MEC-6 labeled puncta in vivo, which appeared to colocalize with MEC-4::YFP

(Chelur et al., 2002; Zhang et al., 2004).
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Recently, other observations made us reinvestigate this model. First, although MEC-
6 did not affect MEC-4 abundance in frog oocytes, loss of mec-6 in vivo led to a drastic
reduction in MEC-4::YFP expression in the TRNs (Chelur et al., 2002). Second, studies in
Drosophila melanogaster found that although DEG/ENaC proteins needed for
mechanosensation were present (Liu et al., 2003; Zhong et al., 2010), obvious MEC-6-like
proteins were not (Hicks et al., 2011). Third, we wondered about the importance of the puncta
and the apparent colocalization of the proteins in them, since in vivo electrophysiological
studies of the TRNs (O’Hagan et al., 2005) showed that the estimated number of active
channels equaled the number of puncta, but single channels were unlikely to be visible by
fluorescence microscopy. Moreover, MEC-10::GFP did not form puncta in vivo
(Chatzigeorgiou et al., 2010).

Here we study the interactions and stoichiometry of the proteins of the TRN
transduction channel complex and the particular role of MEC-6 and a second MEC-6-like
protein, K11E4.3 ([renamed POML-1 (paraoxonase and MEC-6-like)] in the production of the
complex. These studies suggest that the ENaC proteins form a MEC-4,MEC-10 trimer that
does not form a high-affinity complex with MEC-2 or MEC-6. Moreover, our data suggest
that MEC-6, POML-1, and the endoplasmic reticulum (ER) chaperone CRT-1/calreticulin

regulate MEC-4 production, maturation, and transport from the ER.

Experimental Procedures

C. elegans strains
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Unless otherwise indicated, strains were maintained and studied at 20°C on the OP50
strain of E. coli according to Brenner (1974). Strains with the pom!-1(0k2266), poml-
1(tm4234), mec-10(ok1104), crt-1(0k948), and uba-1(it129) mutations were obtained from the
C. elegans Genetic Center and National Bioresource Project-Japan. Strains with the poml-
1(u881) and poml-1(u882) mutations were obtained by Mos1-mediated deletion as described
below. poml-1(u851,u852, u853, u854) were obtained by ethyl methanesulfonate
mutagenesis as described below. The two mec-6 hypomorphic alleles [mec-6(u511) with a
G235E change and mec-6(u518) with a G213E change] were identified in a genetic screen for
suppressors of the cold lethality of deg-1(506) (Garcia-Anoveros, 1995). mec-6(u450), mec-
6(u247), mec-4d(el611), mec-4(u45), mec-4(u253), and mec-5(u444) have been previously
described (Chalfie and Sulston, 1981; Chalfie and Au, 1989; Driscoll and Chalfie, 1991;
Huang and Chalfie, 1994). 1A404 [fog-2(q71) pha-4(q490)/sec-23(ij13) rol-9(sc148); uEx
(sec-23::gfp)] (Roberts et al., 2003) was a kind gift from Dr. Meera Sundaram. Double or
triple mutants were created using standard genetics (Brenner, 1974) and verified either
phenotypically or by PCR.

The following strains were generated during this study: TU3380 [uls31,; mec-
4d(el611) poml-1(0k2266)], TU3393 [mec-6(u450); uls31; mec-4d(el611)], TU3S553 [uls77
(poml-1::yfp)], TU3S55 [uls78 (poml-1::yfp, mec-6::3xflag)], TU3583 [dpy-5(eb6l),
uls83(Pmec-4::mec-4(d), Pmec-17.::gfp, Pmyo2::mcherry)], TU3930 [uEx834(Pmec-
4::yfp::tram-1], TU3969 [uls144(Pmec-4::yfp::pisy-1)] , TU3970 [uls145(Pmec-4.::aman-
2::9fp)], TU3971 [uls146 (mec-4.:tagrfp)], TU3973 [uls149 (mec-6::tagrfp)], TU4109
[uEX849(Ppoml-1::poml-1::tagrfp)], TU4339 [uls31; poml-1(0k2266) mec-4d(el611);

uEx863(Pmec-18::sec-24.1::unc-54 3°’UTR, Pmec-18::sec-24.2::unc-54 3’UTR,
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Pmyo2::mCherry)], TU4340 [uls31; poml-1(0k2266) mec-4d(el611); uEx864(Pmec-18.:sec-
24.1::unc-54 3°’UTR, Pmec-18::sec-24.2::unc-54 3°’UTR, Pmyo2::mCherry)], TU4352
[uls146 (mec-4::tagrfp); WEX871(Pmec-10::mec-10::gfp, Pmyo?2::mCherry)], TU4353
[uls146 (mec-4::tagrfp); WEx872(Pmec-10::mec-10::gfp, Pmyo2::mCherry)], TU4356 [mec-
6(u450); uls31; mec-4d(el611); uEx865(Pmec-18::sec-24.1::unc-54 3’UTR, Pmec-18::sec-
24.2::unc-54 3°’UTR, Pmyo2::mCherry)], TU4357 [mec-6(u450); uls31; mec-4d(el611);
uEx866(Pmec-18::sec-24.1::unc-54 3°’UTR, Pmec-18::sec-24.2::unc-54 3’UTR,
Pmyo2::mCherry)], TU4358 [crt(0k948); uls31; mec-4d(el611); uEx867(Pmec-18::sec-
24.1::unc-54 3°’UTR, Pmec-18::sec-24.2::unc-54 3°’UTR, Pmyo2::mCherry)], TU4359
[crt(0k948); uls31; mec-4d(el611); uEx868(Pmec-18::sec-24.1::unc-54 3°’UTR, Pmec-
18::5ec-24.2::unc-54 3’UTR, Pmyo2::mCherry)], TU4563 [mec-6(u450); uls94(Pmec-
4::channelrhodopsin-2::yfp, Pmec-17::gfp, Pmyo2::mCherry); poml-1(0k2266)], TU4564
[uls94, crt-1 (0k948)], TU4A565 [uls94; crt-1(0k948); poml-1(0k2266)], TU4569
[uEx903(Pmec-4::cfp::mec-4.:yfp, Pmyo2::mCherry)], TU4570 [uEx904(Pmec-4::cfp.:mec-
4::yfp, Pmyo2::mCherry)], TU4600 [uEx905(Pmec-4::cfp::mec-4.:yfp, Pmyo2::mCherry)],
TU4615 [uls188(Pmec-4::mec-4::yfp, Pmyo2::mCherry); ukx919(Pmec-4::cfp::mec-4,
Pinx20::cfp)], TU4616 [uls188,; uEx920(Pmec-4.:cfp::mec-4, Pinx20::cfp)], TU4618
(uls188), TU4619 [uls189(Pmec-4::cfp::mec-4, Pmyo2::mCherry)], TU4628 [uEx912 (Pmec-
4::mec-4.::yfp, Pmec-18::mec-6::3xflag; Pmyo2::mCherry)], TU4629 [uEx913 (Pmec-4::mec-
4::yfp, Pmec-18::mec-6::3xflag; Pmyo2::mCherry)], TU4630 [uls193(Pmec-10::mec-10::gfp,
Pmyo2::mCherry); ukEx914 (Pmec-4::mec-4, Pinx20.:gfp)], TU4631 [uls193; uEx915(Pmec-

4::mec-4, Pinx20::gfp)]
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c¢DNA and plasmids

A 1050 bp poml-1 fragment encoding the cDNA coding sequence was generated by
RACE PCR using FirstChoice RLM-RACE kit (Ambion, Grand Island, NY) with mRNA
from wild-type animals.

Fluorescence fusion plasmids were generated from pPD95.75
(www.addgene.org/static/cms/files/Vec95.pdf). TU#1171 was made by replacing GFP in
pPD95.75 with YFP. A poml-1::yfp (TU#1172) translational fusion was created by cloning
poml-1 promoter (3008 bp of genomic sequence before start codon) and coding sequence
(from the start codon to the end of genomic sequence right before the stop codon) into
TU#1171 between HindIIl and BamHI. poml-1::tagrfp (TU#1173), mec-6.:tagrfp (TU#1174)
and mec-4.:tagrfp (TU#1175) were generated by removing yfp::unc-54 3’UTR from poml-
1::yfp, mec-6.:yfp, and mec-4::yfp (Chelur et al., 2002) using Kpnl and 4pal and replacing it
with tagrfp::unc-54 3’UTR from TU#930 (J. Kratz and M.C., unpub.). TU#1190 was made
by replacing GFP in pPD95.75 with 3XxFLAG from p3XFLAG-CMV-14 (Sigma-Aldrich, St.
Louis, MO). mec-6.:3Xflag (TU1191) was made by cloning 3787bp sequence upstream of the
start codon and 2872bp of coding sequence (without the stop codon) of the mec-6 genomic
DNA into TU#1190. mec-10::gfp (TU#1176) was made by cloning the1925 bp sequence
upstream of the start codon and the 4232 bp of coding sequence (without the stop codon) of
the mec-10 genomic DNA into pPD95.75. The Pmec-18::mec-6.:3Xflag construct has been
previously described (Chelur et al., 2002).

A plasmid (TU#1177) containing Pmec-4.:mec-4(d) was generated by taking wild-
type genomic DNA from 1019 bp upstream of the mec-4 start codon to 541 bp downstream of

the stop codon and inserting it into pPD95.75 digested with BamHI and Apal and producing
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the mec-4(d) mutation (A713T) using QuickChange Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA)

Subcellular markers were from plasmid generated by Rolls et al. (2002). The
Pmec4::yfp.:tram-1(TU#1178) plasmid was constructed by replacing the rp/-28 promoter
with the MEC-4 promoter in 28y-TRAM via Sall-Notl digestion. Similarly, The Pmec-
4::yfp::pisy-1(TU#1179) plasmid and the Pmec-4.::aman-2::yfp (TU#1180) plasmid were
constructed by replacing the glr-1 promoter with mec-4 promoter in gy-PIS via PstI-Notl
digestion and in gy-Manns via Ps¢#I-Notl digestion.

Pmec-18::sec-24.1::unc-54 3’UTR (TU#1182) and Pmec-18::sec-24.2::unc-54 3’ UTR
(TU#1183) were made using the Three-Fragment Vector Construction Kit (Invitrogen). The
mec-18 promoter (400 bp genomic sequence upstream of start codon) was cloned into
pDONRP4P1R. The sec-24.1(+) and sec-24.2(+) coding sequences (genomic sequence from
the start codon to the stop codon) were cloned into pPDONR221. unc-54 3’UTR (865 bp from
pPD95.75) was cloned into pDONRP2RP3. Pmec-18::sec-24.1(m)::unc-54 3°’UTR
(TU#1184) and Pmec-18::sec-24.2(m)::unc-54 3’UTR (TU#1185) were produced by site
direct mutagenesis. Pmec-4.:cfp::mec-4::yfp (TU#1186) was made using the Three-Fragment
Vector Construction Kit. mec-4 promoter and cfp coding sequence was cloned into
pDONRP4P1R. mec-4 coding sequence w/o ATG and stop codon was cloned into
pDONR221. yfp and unc-54 3’UTR (from TU#1171) was cloned into pDONRP2RP3. Pmec-
4::cfp::mec-4 (TU#1187) was also made using the three-fragment vector. Pmec-4::mec-4::yfp

was described by Chelur et al. (2002).

Transgenic animals

59



Transgenic animals were generated by microinjection and integrated transgenes were
generated by UV irradiation (Chelur and Chalfie, 2007). For all expression experiments, we
microinjected lin-15 (n756ts) with 5-20 ng/ul of the relevant GFP or TagRFP (Merzlyak et al.,
2007) fusion plasmid (unless otherwise indicated) and 40 ng/ul of the /in-15(+) plasmid and
pBluescript SK plasmid to bring the total DNA to 100 ng/ul. Integration of transgenes was
induced by y-irradiation (Chelur and Chalfie, 2007). Integrated lines have been out crossed at
least three times. The function of the Integrated arrays with poml-1::yfp, mec-4.:tagrfp and
mec-6. :tagrfp was tested by rescuing poml-1, mec-4, and mec-6 mutations.

For the rescuing experiments, we microinjected 1-10 ng/ul of the relevant plasmid, 2
ng/ul Pmyo2::mCherry (PCFJ90, Addgene, Cambridge, MA), 40 ng/ul of the lin-15(+)

plasmid, and pBluescript SK to bring the total DNA to 100 ng/ul.

Mutageneses

Additional pom/-1 mutations were obtained by mutagenizing TU3699 [dpy-5(e61);
uls83 (Pmec-4::mec-4(d), Pmec-17::gfp, Pmyo2::mcherry)] with ethyl methanesulfonate
(Brenner, 1974), crossing them with poml-1(0k2266) males, and screening for non-Dpy
hermaphrodite progeny with GFP in the TRNs. These animals should carry a new pom!-1
mutation failing to complement poml-1(0k2266). Four mutants were recovered from
approximately 15,000 hermaphrodites.

We generated a targeted deletion of pom!-1 by excision (Frokjaer-Jensen et al., 2012)
of the Mosl1 insertion ttTi23097 (obtained from Dr. Kathrin Gieseler), which is 10 kb
downstream of pom!/-1. The plasmid that enabled the deletion (TU#1192) was made using the

Three-Fragment Vector Construction kit. 2105 bp of genomic DNA downstream of the
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ttTi23097 Mosl insertion site was cloned into pPDONRP4P1R. Genomic DNA of C. briggsae
unc-119 (including the promoter, coding sequence, and 3’UTR) from pCFJ151 (Addgene,
Cambridge, MA) was cloned into pDONR221. 2506 bp of genomic DNA upstream of the
poml-1 start codon was cloned into pPDONRP2RP3. Two independent deletion lines were
recovered, verified by PCR, and outcrossed seven times. These deletions (#8817 and u882)
each removed a 14.6 kb sequence from the pom!-1 start point ATG to the ttTi23097 Mos1
insertion as expected, and replaces it with ch-unc-119(+). The deletion starts with
ATGCTACAGCTAAGCCCGTTTGCTAGTAACTGT and ends at

CGCAACGGCGTCGGCTGCGCGAACGTCTCTCACGCCACAT.

TRN activity

We studied gentle touch sensitivity in blind tests as described (Chalfie and Sulston,
1981). We quantified the response by counting the number of response to ten touches
delivered alternately near the head and tail in 30 animals.

We performed in vivo electrophysiology as previously described (O’Hagan et al.,
2004). We also used blue light and channelrhodopsis-2 expressed in the TRNs to stimulate

these cells as described by Chen and Chalfie (2014).

Immunofluorescence and C. elegans microscopy

Immunostaining of larvae and adults was performed according to Miller and Shakes
(1995). Isolated, embryonic TRNSs that had been cultured for 15-24 hrs (Zhang et al., 2002)
were fixed in 4% paraformaldehyde, blocked in PBS with 1% BSA (in some experiments 0.2%

Triton-X-100 was added to permeabilize the plasma membrane), incubated with primary
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antibody at 4°C for 2 hours, washed 3X in PBS, incubated with secondary antibodies at room
temperature for 30 min, and washed 3X in PBS. The following antibodies were used: anti-
MEC-18 (Zhang, 2004), anti-MEC-2 N-terminus (Zhang, 2004), anti-MEC-4 (mouse, Abcam
ab22184), and anti-GFP (rabbit and mouse; Invitrogen, Carlsbad, CA) diluted 1:200,
tetramethylrhodamine isothiocyanate-conjugated goat anti-mouse/rabbit IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA), and Alexa Fluor 488/555-conjugated goat
anti-rabbit/mouse (Invitrogen, Carlsbad, CA) diluted 1:1000.

Fluorescence and immunofluorescence were observed using a Zeiss Axio Observer Z1
inverted microscope equipped with a Photometrics CoolSnap HQ? camera (Photometrics,
Tucson, AZ) and a Zeiss Axioskop II equipped with SPOT 2 slider camera (SPOT Imaging
Solutions, Sterling Heights, MI). Confocal images were acquired using a Confocal ZEISS
LSM700. Live animals were anesthetized using 100 mM 2-3 butanedione monoxime in 10
mM HEPES, pH 7.4.

We measured MEC-4::TagRFP intensity in the cell body by selecting the cell body
area (20-30 um?), and measuring the mean intensity subtracted from the background of the
same size area by Image J (rsbweb.nih.gov/ij/).

The intensity of the MEC-4::TagRFP puncta intensity was measured in the best
focused image of six images taken at different z planes using the Puncta Analysis Toolkit beta
developed by Dr. Mei Zhen, Samuel Lunenfeld Research Institute, Toronto , Canada. Puncta
were examined over a region approximately equivalent to ten cell body lengths starting near
the cell body.

MEC-2 and POML-1 immunofluorescence puncta were also analyzed using Image J

and the Puncta Analysis Toolkit beta. The width of puncta was the length at half-maximum of
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each peak and the average distance between puncta were calculated as 1/(number of puncta
per um).

FRET was performed on L4 to young adult animals glued with Dermabond (Ethicon
Inc., Somerville, NJ) onto 2% agarose pads according to the method of Youvan et al. (1997)
using a Confocal ZEISS LSM700. Mean fluorescence intensity minus background was
determined in the cell body (and in the puncta for wild type) for three channels: CFP
(CFPexcitation=405nm = CFPemission=420-4750m; YFP (Y FPexcitation=488nm = Y FPemission=520nm), and FRET
(CFPexcitation=405nm = Y FPemission=s20nm). The cross talk of CFP into the FRET channel (Df =
FRET/CFP = 84%) was determined in animals expressing Pc..s::cfp::mec-4. Similarly, the
cross talk co-efficiency of YFP to the FRET channel is determined by expressing Pe..4::mec-
4::yfp only, and calculated as Af = FRET/YFP = 1.4%. Net FRET was calculated as FRET —
0.84 X CFP - 0.014 X YFP (Youvan, 1997). Normalized FRET was calculated as Net
Fret/(CFP X YFP)"? (Xia and Liu, 2001).

We performed single molecule fluorescence in situ hybridization to count mec-4

mRNA as previously described (Topalidou et al., 2011).

Electrophysiology in Xenopus ooctyes

cRNA expression and electrophysiology in Xenopus laevis oocytes followed the
procedures and used the plasmids described in Goodman et al. (2002). 10 ng cRNA of MEC-
4, MEC-2, and 1 ng MEC-6 cRNA were injected unless noted. In addition poml-1 cDNA was
cloned in pGEM-HE (Liman et al., 1992) and 5 ng of cRNA was injected in Xenopus laevis
oocytes unless noted (Xenopus I, Dexter, MI or Nasco, Fort Atkinson, WI). Oocytes were

maintained as previously describe (Arnadottir et al., 2011). Membrane current was measured
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4-6 days after RNA injection unless noted using a two-electrode voltage clamp as previously
described (Goodman et al., 2002).

cDNA for C-terminally FLAG-tagged POML-1 was cloned into pPGEM-HE. N-
terminally Myc-tagged MEC-4(d) and C-terminally HA-tagged MEC-6 were expressed in
oocytes as described previously (Goodman et al., 2002). Immunoprecipitation were performed
5-6 days after cRNA injection and detected by using antibodies against the FLAG, Myc and
HA tags (Sigma) and horse radish peroxidase-conjugated secondary antibodies (Jackson

ImmunoResearch Laboratories, West Grove, PA).

Single molecule imaging

For stoichiometry and co-localization experiments, DNA constructs for C and/or N-
terminally EGFP and mCherry tagged proteins were generated in vector pPGEMHE-X-
EGFP/mCherry and/or pPGEMHE-EGFP-X (Ulbrich and Isacoff, 2007). Plasmids propagation
and cRNA synthesis were done as before (Goodman et al. 2002).

Imaging of individual protein complex in Xenopus oocyte membrane by TIRF
microscopy was performed as previously described (Abuin et al., 2011; Ulbrich and Isacoff,
2007, 2008). Briefly, oocytes were manually devitellinized after 1-2 days of expression at
18°C and placed on high refractive index coverglass (n = 1.78, Olympus America Inc.) and
imaged using Olympus 100X, NA 1.65 oil immersion objective at room temperature.

EGFP and mCherry tagged MEC proteins were excited using a phoxX 488 (60 mW)
laser and a 593 nm DPSS laser, respectively. For subunit counting with EGFP tags, a 495 nm
long-pass dichroic mirror was used at excitation in combination with a 525/50 nm band-pass

filter at emission. For co-localization experiments where both EGFP and mCherry were
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excited sequentially, a z488/594 rpc polychroic (Chroma) was used at excitation and 525/50
and 629/53 nm band-pass filters for EGFP and mCherry, respectively, were used at emission.
Five to eight hundred frames at the rate of 20 Hz were acquired for subunit counting, whereas
1000 frames (~200 for mCherry and ~800 for EGFP, sequentially) were acquired at the same
rate for co-localization using an EMCCD (Andor iXon DV-897 BV) camera. Only single,
immobile and diffraction-limited spots were analyzed. The number of bleaching steps was
determined manually for each single spot included in the analysis. 200-800 spots from 5-10
oocytes from 3-5 different batches were analyzed for most of the constructs. Observed
frequency distribution of photobleaching steps for each construct was plotted and compared
with the expected binomial distributions for a dimer, trimer, tetramer and pentamer that were
calculated using a fixed probability of 80% of mEGFP being fluorescent, and 66% of
mCherry being fluorescent.

Single-molecule co-localization of red (mCherry) and green (EGFP) spots were

analyzed as previously described (Abuin et al., 2011).

Statistics
Data are presented with their mean = S.E.M. Statistical significance was determined

using the Student t-test unless otherwise noted.

Results

MEC-6 and POML-1 are found in the TRN ER
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The POML-1 sequence is 30% identical and 42% similar to that of MEC-6. As with
MEC-6, POML-1 contains a transmembrane domain and a nematode-specific region of 15
amino acids in the N-terminus (Figure 1A; Chelur et al., 2002). In contrast to MEC-6, which
is expressed in many cells (Chelur et al., 2002), POML-1 was expressed in only a few neurons.
In addition to the TRNs (Topalidou and Chalfie, 2011), POML-1 was found in the IL1, AIM,
ALN, and BDU neurons.

In the TRNSs, rescuing and tagged translational fusions of MEC-6 and POML-1
formed a mesh-like structure in the cell body and puncta in the proximal process. (In general,
the POML-1 fusion was brighter than that of MEC-6 and could be seen further along the
process.) In the cell body, translational fusions for both proteins co-localized with markers
for the ER (YFP::TRAM-1 and YFP::PISY-1, Figures 1B-D), but not with a marker for the
Golgi apparatus (AMAN-2::YFP, Figure 1E).

MEC-6 and POML-1 puncta appeared to co-localize in the TRN process (Figure 1F).
These puncta differed and did not co-localize with the MEC-4::TagRFP or MEC-2 puncta
(Figures 1G, 1H, 11, and 1J) although some overlap was observed. In general, the MEC-6 and
POML-1 puncta were smaller and closer together than the MEC-4 and MEC-2 puncta:
POML-1 puncta were 0.90 + 0.02 wum wide and were separated by 1.17 = 0.08 um (n=25

PLM processes), and MEC-2 puncta were 1.95 + 0.05 um wide and were separated by 3.86 +

0.13 um (mean = SEM, n=30 PLM processes).

We cannot explain why these results differed from our previous work (Chelur et al.,
2002), which did show colocalization of MEC-6 and MEC-4. Unfortunately the strain used in
those previous studies has been lost, but our new experiments used the same plasmids to

generate a new strain. Perhaps the relative overexpression in the previous work (higher
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concentrations of DNA were injected in Chelur et al., 2002) or the different microscopes used
in the experiments resulted in the very different results.

Previous work suggested that MEC-6 was a membrane protein that extended its C-
terminus extracellularly (Chelur, et al., 2002). Specifically, LacZ fused to the C-terminus of
MEC-6 produced no -galactosidase activity unless a synthetic transmembrane domain was
inserted between MEC-6 and LacZ (LacZ only produces p-galactosidase activity
intracellularly). MEC-6 was glycosylated when expressed in CHO cells, and C-terminally HA
tagged MEC-6 was detected by surface immunostaining against HA in CHO cells (Chelur, et
al., 2002). We found, however, that antibodies directed against C-terminal epitopes of MEC-
6 and POML-1 only detected the proteins in cultured TRNs from wild-type embryos when the
cells were permeabilized (Figures 1K and 1L). In contrast, surface MEC-4 could be detected
in intact cells (data not shown). The failure to detect MEC-6 or POML-1 on the TRN surface
suggests that most, if not all, of both proteins is located within the cell. Because some of
these molecules were found on the surface of Xenopus oocytes and CHO cells in previous
experiments (Chelur, et al., 2002), either control over the subcellular localization is tighter in
the TRNs or a small, undetected amount of MEC-6 and POML-1 goes to the TRN surface.
Most of MEC-6 and POML-1, however, appears to reside in the ER.

The above fusion constructs, including poml-1::yfp, poml-1::tagrfp, mec-4::tagrfp,
Pmec-18::mec-6::3Xflag, mec-6::3Xflag, and mec-6::tagrfp were proven to be functional by
rescuing poml-1, mec-4, and mec-6 null mutations. mec-4.:yfp rescued mec-4 mutations
poorly, but formed the puncta that co-localized with MEC-4::TagRFP along the TRN process

(data not shown).
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Figure 1 (II-1). TRN expression of MEC-6 and POML-1. (A) The deduced POML-1 protein
sequence. The C. elegans specific domain (underline) and the predicted transmembrane domain
(red) are indicated. Splice-site (arrow) and missense (inverted triangle) mutations are indicated
above the affected amino acid for each mutant allele (in parentheses). The sequences deleted in
0k2266 and tm4234 alleles are indicated in gray and blue, respectively. Confocal sections of
TRN cell bodies of (B) MEC-6::TagRFP and the ER marker YFP:: TRAM-1, (C) POML-
1::TagRFP and the ER marker YFP::PISY-1 (D) MEC-6::TagRFP and POML-1::YFP, and (E)
POML-1::TagRFP and the Golgi marker AMAN-2::YFP. Process expression of (F) POML-
1::YFP and Pmec-18::MEC-6::3XFLAG, (G) Pmec-18::MEC-6::3XFALG and MEC-4::YFP,
(H) POML-1::YFP and MEC-4::TagRFP, (I) Pmec-18::MEC-6::3xFLAG and MEC-2, and (J)
POML-1::YFP and MEC-2. Anti-FLAG, anti-GFP, and anti MEC-2 antibodies were used to
label the proteins in (F), (G), (H), (I), and (J). (K) MEC-6::3XFLAG expression as detected by
an anti-FLAG antibody in intact (top panel) and permeabilized (lower panel) cultured TRNSs.
(L) POML-1::YFP expression as detected by an antiGFP antibody in intact (top panel) and
permeabilized (lower panel) TRNs in culture. The faint immunofluorescence in intact cells (K
and L) was not specific because it was often observed in cells that did not express MEC-
6::3XFLAG or POML-1::YFP. Scale bars = 5 um.

POML-1 affects MEC-4 function

The failure of MEC-6 and POML-1 to colocalize with MEC-4 suggests that MEC-6
and POML-1 may not function directly in transduction. To study the role of poml-1, we first
generated a poml-1 null allele. Using Mosl-mediated gene deletion (Frokjaer-Jensen et al.,
2010), we obtained two null mutations, #8881 and u882, which lacked the entire poml-1 coding
sequence. We obtained four additional mutations using ethyl methanesulfonate mutagenesis:
three splicing junction mutations (857, u852, and u853) and one missense mutation (u854;
Figures 1A and Table 1). Two poml-1 alleles (0k2266 and tm4234) with the gene partially
deleted previously known. For many of the experiments we used the 0k2266 allele, which

acted as a null since it produced the same phenotype as pom!/-1(u881, see below).
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Table 1 (II-1). poml-1 mutations

Allele Mutation

0k2266 exons 2-4 deleted

tm4234 exons 6-8 deleted

u851 g-a at splice junction of exon 3 — intron 3

u852 g-a at splice junction of intron 4 — exon 5

u853 g-a at splice junction of exon 7 — intron 7

u854 ggt>gat, missense mutation G320D

u881 Deletion from poml-1 start to ttTi23097 Mos| insertion site
u882 Deletion from poml-1 start to ttTi23097 Mos| insertion site

None of the eight mutations produced touch insensitivity or any other obvious
phenotype. The mutations, however, did render animals containing sensitizing mutations
touch insensitive (Figure 2). These sensitizing mutations were temperature-sensitive alleles
of mec-4 and mec-6 (Gu et al., 1996), two hypomorphic alleles of mec-6 [u511(G235E) and
u518(G213E)] (Garcia-Afioveros, 1995), and two crt-1 null alleles (Xu et al., 2001). Except
for the crt-1 mutations, which lower MEC-4 protein level and cause slight touch defects (Xu
et al., 2001), none of the sensitizing mutations produced touch insensitivity on their own. All
the mutations produced severe touch insensitivity in poml-1 homozygotes. These synthetic
results suggest a role for poml-1 in TRN touch sensitivity. [The loss of MEC-6, POML-1, or

CRT-1 did not affect the general physiology of the TRNs, since light-activation of TRN-
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expressed channelrhodopsin-2 (Nagel et al., 2003) produced the same response in crt-1, mec-6;

poml-1, and crt-1; poml-1 animals as wild type (data not shown).]
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Figure 2 (II-2). poml-1 mutations dramatically reduce the touch sensitivity in sensitized
backgrounds (mean = SEM, n=30).
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Other evidence for a role in MEC-4 function comes from the suppression by poml-1
mutations of the TRN degeneration caused by the mec-4(d) gain-of-function mutation e/611.
mec-6 mutations but not those of other touch sensitivity genes, suppressed these deaths
(Chalfie and Wolinsky, 1990; Huang and Chalfie, 1994). In contrast to their weak effects on
touch sensitivity, seven of the eight pom!-1 alleles (all but the missense mutation u854)
strongly suppressed mec-4(d) neuronal degeneration to different extents (Table 2) and did so
on their own. The suppressed animals were all touch insensitive, suggesting that either
insufficient MEC-4(d) is available for touch sensitivity or that the mutant channels cannot
transduce touch. Overexpressing wild-type poml-1, but not mec-6, resulted in TRN
degeneration in poml-1 mec-4(d) animals (Table 2). Similarly, poml-1(+) did not rescue mec-
6, mec-4(d) mutants (data not shown). Overexpressing mec-4(d) by the multiple copy
insertion uls83 partially caused degeneration in pom/-1 animals, but not in mec-6(u450),
which deletes most of mec-6 coding sequence and is considered to be a null allele (Chelur et
al., 2002; Table 2). Unlike mec-6 mutations (Chalfie and Wolinsky, 1990; Shreffler et al.,
1995), poml-1 mutations did not suppress other DEG/ENaC gain-of-function mutations,
including deg-1, unc-8, and unc-105, even though poml-1 and deg-1 are both expressed in IL1
neurons. These results suggests that POML-1 is critical for the MEC-4(d)-induced

degeneration, and has a separate role from MEC-6, which functions more broadly.
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Table 2 (II-2). poml-1 and mec-6 mutations suppress mec-4(d) degenerations

Genotype % Surviving TRNs
poml-1 mec-6 mec-4(d) ALM PLM
+ + el6l1 1+1 1+1
0k2266 + el6l1 97+1 90+2
u881 + el6l1 9242 89+2
0k2266/u881 + el6l1 93+2 86+4
u881; uEx[poml-1(+)] + eloll 1+£1 1+£1
+ u450 el6l1 99+1 99+1
+ + uls83 0+0 0+0
u851 + uls83 50+3 29+3
u852 + uls83 70+3 32+3
u853 + uls83 2343 11£2
u854 + uls83 1+1 0+0
0k2266 + uls83 73+£3 38+4
tm4234 + uls83 60+3 2343
u881 + uls83 62+3 26+3
u882 + uls83 68+3 3543
+ u450 uls83 98+1 100+0

TRNs with GFP in L4 and young adult animals were scored as having survived. u/s83 is an
integrated array that overexpresses mec-4(d). The percentage of surviving TRNs is given as
the mean = SEM. n > 100 except for the 0k2266/u881 heterozygotes (n = 30) and the rescue
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experiments using extrachromosomal arrays of pom!l-1(+) (uEx[poml-1(+)]; n= 61 from four
stable lines).

POML-1 increases MEC-4(d) channel activity in Xenopus oocytes

As with MEC-6 (Chelur et al., 2002), POML-1 increased the activity of the MEC-4(d)
channel in Xenopus oocytes (Figure 3A). POML-1 increased the amiloride-sensitive Na+
current by three-fold, a smaller effect compared to the 10-fold increase by MEC-6. Like
MEC-6, POML-1 worked synergistically with MEC-2, but not with MEC-6, to increase
channel activity ~12-fold (Figure 3A). The effects of POML-1 on channel activity suggest
that POML-1 up-regulates MEC-4(d) channel activity through a similar mechanism to that of
MEC-6, but different from that of MEC-2. We did, however, find that coexpression of
POML-1 with MEC-4d, MEC-2, and MEC-6 doubled MEC-4(d) channel activity over that in
oocytes without POML-1. Either, POML-1 also regulates MEC-2 expression or activity or
the larger current with MEC-2 and MEC-6 revealed a small effect of POML-1 [At higher
concentrations POML-1 on its own, like MEC-6 (Chelur et al., 2002), produced an amiloride-
resistant current in Xenopus oocytes (Figure 3B).]

To study protein-protein interactions, we tagged these proteins and expressed them in
Xenopus oocytes. Antibodies against the tags on MEC-4(d) and MEC-6 bound a small
amount of POML-1::3XFLAG, suggesting a weak physical interaction between POML-1 and

these proteins (Figure 3C).
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Figure 3 (II-3). POML-1 increases MEC-4(d) activity in Xenopus oocytes. (A) The
effect of POML-1 (white bars) on the MEC-4(d) amiloride-sensitive current at -85 mV
(mean = SEM) in the presence and absence of other MEC proteins. The number of
oocytes tested is given in parentheses (here and in B). The oocytes were from at least
two frogs. *p=0.005; **p<0.0001; ns, not significant. (B) Amiloride-resistant
membrane current produced by expressing POML-1 alone in Xenopus oocytes at -85

mV (mean + SEM). (C) Co-immunoprecipitation of POML-1 by MEC-4(d) and MEC-6
in Xenopus oocytes.
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POML-1 and MEC-6 affect the amount and distribution of MEC-4

MEC-2 and MEC-4 are predominantly distributed in TRN processes as puncta (Chelur
et al., 2002; Zhang et al., 2004). This distribution requires MEC-6 (Chelur et al., 2002), and
the production of MEC-2 puncta requires MEC-4 (Emtage et al., 2004; Zhang et al., 2004).
We tested the role of POML-1 on MEC-2 distribution using an anti-MEC-2 antibody in pom!-
1 mutants, the two mec-6 hypomorphic mutants [u5/1(G235E) and u518(G213E)], crt-1
mutants, and mec-6(u511 or u518); poml-1 and crt-1; poml-1 double mutants. No single
mutation caused obvious defects in MEC-2 puncta. In contrast, the double mutants had
disrupted MEC-2 puncta (Figure 4A), a result that is consistent with the need for the doubles
to cause touch insensitivity.

We also tested the effect of mec-6 and poml-1 mutations on the production and
distribution of MEC-4. We examined wild-type MEC-4 expression using several fluorescent
protein tags and with an anti-MEC-4 antibody. Tagged MEC-4 appeared as large spots in the
TRN cell body and smaller puncta in the process (in some cases the spots were less prominent
in the cell body and a meshwork was seen). In the cell body, MEC-4::TagRFP spots partially
co-localized with ER (YFP::TRAM-1), but some were always adjacent to the Golgi (AMAN-
2::YFP, n= 20 TRNs) and the ER exit site (SEC-23::GFP; n = 10 TRNs, Figure 4B). Thus,
cell body MEC-4 may reside in ER-Golgi intermediate compartment (Appenzeller-Herzog
and Hauri, 2006) or trans-Golgi network (Traub and Kornfeld, 1997).

mec-6 and poml-1 mutations reduced MEC-4 protein levels as seen with anti-MEC-4
antibody (Figure 4C) and fusion proteins (Figure 4D). The reduction, was stronger with mec-6

(Figures 4C, 4D, and 4E), and, thus, correlates with the stronger phenotype of mec-6 with
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regard to touch sensitivity and mec-4(d) degeneration. Protein was mainly found in the TRN
cell body with faint expression in the proximal process. In general, MEC-4 was more evenly
distributed in the cell body and puncta were not seen in the process (Figure 4C and 4D).

Since poml-1 animals had nearly normal touch sensitivity and MEC-2 puncta, the animals
must have functional, surface-localized MEC-4 channels that are below our level of detection.
In addition, the mechanoreceptor current (MRC) of poml-1 TRNs responded slightly
differently from that in wild-type TRNs to pressure (poml-1 P, = 7.7 + 0.8 nN/um’ versus
wild type P> = 4.5 + 0.7 nN/um?), but peak MRC amplitude was not changed (data not
shown).

The effects of mec-6 and pom!-1 mutations on MEC-4 protein levels and distribution
suggest that MEC-6 and POML-1 act early in MEC-4 production and/or transport. Consistent
with this hypothesis defects that presumably affect touch sensitivity after MEC-4 is made
[mutation of mec-5 and mec-9, genes that encode ECM proteins needed for touch sensitivity
(Emtage et al., 2004)], disrupted the process localization of MEC-4 without affecting the level

of MEC-4 protein or its distribution in the cell body (Figure 4D).

MEC-6 and POML-1 may be chaperones

Calreticulin (CRT-1), a calcium-binding chaperone in the ER lumen (Park et al., 2001),
is also required for the degeneration caused by hyperactive degenerin channels containing
MEC-4, UNC-8, DEG-1, or UNC-105 (Xu et al., 2001). Like the mec-6 and pomI-1
mutations, cr¢-1 mutations reduced the amount of MEC-4 and its appearance as puncta in

TRN cell bodies and processes (Figure 4D). crt-1 mutation resulted in a slight defect in touch

77



sensitivity and a slight reduction in MEC-2 puncta, but crt-1 and poml-1 together completely
abolished touch sensitivity and disrupted MEC-2 puncta (Figures 2 and 4A), suggesting CRT-
1 and POML-1 act redundantly.

MEC-6, POML-1, and CRT-1 affected the expression and distribution of MEC-4
protein, rather than the amount of mec-4 mRNA as seen with single molecule fluorescence in
situ hybridization (data not shown). The similarity of the phenotypes of crt-1, mec-6, and
poml-1 mutants, the expression of all three proteins primarily in the ER, and the additivity of
their phenotypes suggest that MEC-6 and POML-1, like CRT-1, may, at least in part, act as
chaperones.

If these proteins facilitate the folding of MEC-4 in the ER, the reduction in MEC-4
could be a consequence of protein degradation. Indeed, the loss of CRT-1, MEC-6, or
POML-1 caused an ubiquitin-dependent reduction in MEC-4 levels. Mutation of the
ubiquitin-activating (E1) enzyme gene uba-1 (Jones et al., 2002) or treatment of L.3-4 larvae
for 8 hours (animals got very sick if treated with bortezomib for longer periods) with 50 uM
proteasome inhibitor bortezomib increased MEC-4 levels 2-3 fold in mec-6, poml-1, and crt-1
mutants (uba-1 only increased MEC-4 level by 20% in wild type; Figure 4E).

This increase, however, did not restore MEC-4 levels to those seen in wild type, in
part, perhaps, because less MEC-4 protein was produced in mec-6, poml-1, and crt-1 mutants
even when the degradation pathway was blocked or the uba-1 mutation and bortezomib
treatment only partially suppressed the degradation pathway. Although these treatments
increased the amount of MEC-4, they did not change its distribution. MEC-4 was still largely
restricted to the same mesh-like structure in the cell body seen in the mutants without the uba-

I mutation or bortezomib (Figure 4D). Moreover, the MEC-4 present in the proximal process
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was diffuse (Figure 4D). Additionally, because these treatments did not restore touch
sensitivity to mec-6 null mutants or crt-1,; poml-1 double mutants (data not shown) and only
resulted in a modest increase (16% for uba-1 in ALM) of touch cell deaths in poml-1 mec-4(d)
animals but not in mec-6, mec-4(d) animals (Figure 4F), the increased MEC-4 does not

function, perhaps because it is misfolded or not properly localized.
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Figure 4 (II-4). Effect of mec-6, poml-1, and crt-1 mutations on MEC-2 and MEC-4
expression in the TRNs. (A) MEC-2 puncta in the TRN process. (B) Coexpression of MEC-
4::TagRFP with YFP::TRAM-1 (an ER marker), AMAN-2::YFP (a Golgi marker), and
SEC-23::GFP (an ER exit site marker). (C) mec-6 and pom!-1 mutations reduce the amount
of endogenous MEC-4 as detected by an anti-MEC-4 antibody (green). TRNs were labeled
with an anti-MEC-18 antibody (red). The left panels show MEC-4 immunofluorescence; the
right panels show the merged MEC-4 and MEC-18 immunofluorescence. (D) MEC-
4::TagRFP expression. Left panels show the merged images of expression at ten focal
planes; right panels are images of the single plane showing the best focused images of the
same cell body. (E) Normalized MEC-4::TagRFP fluorescence intensity in the TRN cell
bodies of L4 larvae and young adults of wild type, crt-1, mec-6(u450), and poml-1 animals
that were either untreated, had a uba-1 mutation, or were treated with 50 uM bortezomib for
8 hrs (mean = SEM, n = 30-50, *p<0.0001; ns, not significant). (F) Lack of a strong effect of
uba-1 mutation on TRN degeneration in poml-1 mec-4(d) or mec-6, mec-4(d) animals (mean
+ SEM, n = 40-70, *p<0.001). Unless noted the following mutations were used: crt-
1(0k948), mec-4(u253), mec-5(u444), uba-1(it129), and poml-1(0k2266). Scale bar =5 um.

Since overexpression of the ER transport protein SEC-24 rescued trafficking defects
caused by the loss of a putative ER chaperone/escort receptor in yeast (Elizabeth Miller, pers.
comm.), we tested whether overexpression of the genes for C. elegans SEC-24 (sec-24.1 and
sec-24.2) in the TRNs could similarly suppress crt-1, mec-6, and poml-1 mutations. The
effects were partial: about 50% of the TRNs died in pom!l-1 mec-4(d) animals and 30% in crt-
1; mec-4(d) animals, but no TRNs died in mec-6; mec-4(d) animals overexpressing the sec-24
genes (Figure 5A). Most of the remaining TRNs had morphological defects: wavy processes,
extra neurites and misplaced cell bodies (Figure 5B). These defects were also found, though
less severe, in wild-type animals that overexpressed sec-24(+), but they were rarely observed
in mutants that did not overexpress them. Overexpressing SEC-24 in poml-1 mutants doubled
the amount of MEC-4::TagRFP in TRN processes, but not in the cell bodies (Figure 5C). In
addition, overexpression of SEC-24 did not restore touch sensitivity to mec-6(u511); poml-1
animals. Overexpressing the C. elegans sec-24 genes with mutated potential cargo-binding
sites [corresponding to Yeast SEC-24 R230A, R235A, L616W (Miller et al., 2003)] reduced

but did not eliminate the effect; 20% of the TRNs died pom!l-1 mec-4(d) animals (Figure 5A).
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The partial recovery of mec-4(d)-induced death by SEC-24(+) in poml-1 and crt-1
animals might result from an increase in MEC-4 transport to the plasma membrane. POML-1
and CRT-1 may act, at least in part, as chaperones to facilitate MEC-4 transport. We do not
know why SEC-24 overexpression did not affect the mec-6 phenotype; either the amount of
SEC-24 could not overcome the loss of MEC-6 or MEC-6 may have an additional, essential

role.
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Surviving TRNs
Mutations % ALM % PLM n

C
poml-1 mec-4(d); uEx[sec-24(+)] 55+4 51+4 46

MEC-4::TagRFP
poml-1 mec-4(d) 97+1 90+2 50
poml-1 mec-4(d); uEx[sec-24(m)] 82+4 76+4 61

crt-1; mec-4(d); uEx[sec-24(+)] 514 88+3 72

crt-1; mec-4(d) 904 982 30 pomi-1; UEX[sec-24(+)]
mec-6; mec-4(d); uEx[sec-24(+)] 98+1 98+2 60
mec-6; mec-4(d) 99+1  99+1 50 3+ sec244)
g i
uls31; UEX[sec-24(+)] 1000 100:0 100 g m-—_'—
w
uls31 100+0 1000 50 o
o)
B 5 ; —ns
S
<
_ 0 1 2 3
MEC-4::TagRFP Intensity

Figure 5 (II-5). MEC-6, POML-1 and CRT-1 may function as chaperones. (A) The effect
of SEC-24(+) overexpression on the suppression of mec-4(d) deaths by poml-1, crt-1, and
mec-6 (mean + SEM). sec-24(m) is sec-24.1 and sec-24.2 with mutated cargo-binding
sites. n = the number of animals examined. The results with uEx/sec-24(+) and uEx[sec-
24(m)] were collected from 2-5 stable lines. (B) Overexpression of sec-24(+) caused
morphological defects in the majority of surviving TRNs in poml-1 mec-4(d) animals. (C)
Effect of overexpressing SEC-24(+) on MEC-4::TagRFP fluorescence intensity in the
TRN cell bodies and proximal processes of poml-1 L4 larvae and young adults (mean +
SEM, n = 34-40, *p<0.001). Fluorescence intensity was normalized to that of poml-1
mutants. Scale bar =5 um.
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Because Forster resonance energy transfer (FRET) can be used to monitor protein
folding (Miyawaki et al., 1997; Philipps et al., 2003), we used a CFP::MEC-4::YFP fusion to
examine whether MEC-6, POML-1, and CRT-1 affect the MEC-4 protein folding. This
fusion was expressed in the TRNSs: the protein formed puncta in the process and a mesh-like
structure and spots in the cell body, though the spots in the cell body appeared to be smaller
and dimmer than with MEC-4::TagRFP (Figure 6A). In mec-6, poml-1, or crt-1 animals
CFP::MEC-4::YFP was restricted to the cell body, where the fluorescence was reduced by
50%, but formed a similar mesh-like structure and spots to those seen in the wild type (Figure
6A and data not shown). CFP::MEC-4::YFP produced an efficient FRET signal in wild type
animals, suggesting that CFP and YFP were close to each other. The FRET signal of
CFP::MEC-4::YFP was mainly produced intramolecularly, rather than intermolecularly
because co-expression of CFP::MEC-4 (CFP fused to the N-terminus of MEC-4) and MEC-
4::YFP (YFP fused to the C-terminus of MEC-4) did not produce the FRET signal (Figures
6A and 6B). Thus, the FRET signal is likely to reflect the folding status of individual MEC-4
polypeptides, rather than their aggregation or trimerization. In contrast to the FRET signal in
wild type, FRET from CFP::MEC-4::YFP was reduced by 50%-70% in mec-6, poml-1, or crt-
1 animals (Figure 6B). The reduction of FRET in these mutants was less likely to be due to
their reduced CFP::MEC-4::YFP expression, because the FRET signal was normalized to
CFP and YFP intensity (see Experimental Procedure), and wild-type animals expressing
similar level of CFP::MEC-4::YFP as that in these mutants still produced robust FRET
signals (data not shown). These data suggested that MEC-4 had not folded or assembled

correctly in these mutants.
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Figure 6 (II-6). The FRET signal of CFP::MEC-4::YFP. (A) Schematic of
CFP::MEC-4::YFP protein (left panel) and images of CFP::MEC4::YFP or
CFP::MEC-4 with MEC-4::YFP taken with the CFP (green), FRET (red), and YFP
(yellow) channels, respectively (right panel). The Net FRET signal is given by a
pseudocolored image to show the relative intensity. (B) The normalized FRET signal
(see Experimental Procedures, mean + SEM) of CFP::MEC-4::YFP (white bar) in the
cell body of WT and mutants and in the puncta of WT. The black bar represents the
normalized FRET signal (mean + SEM) in the TRN cell bodies containing CFP::
MEC-4 and MEC-4::YFP. The number of cell bodies or strongly fluorescent puncta
tested (from 2-3 stable lines with extrachromosomal arrays) is given in parentheses.

* p<0.001; **p<0.0001. Unless noted the following mutations were used: crt-
1(0k948), mec-6(u450), and poml-1(0k2266).
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MEC-6 increases the surface expression of MEC-4

In keeping with a role for MEC-6 as a chaperone, we found that it greatly increased
the amount of surface expression of MEC-4 in Xenopus oocytes using total internal reflection
(TIRF) microscopy. The number of MEC-4::EGFP spots increased 50-fold in the presence of
MEC-6 (from 3.5 + 1.3 spots to 180 = 60 spots; mean = SEM, Figures 7A and 7B). These
results appear specific to MEC-6 since no significant increase of MEC-4 surface expression
was observed with MEC-2, POML-1, or CRT-1 (Figures 7A and 7B). This result supports the
hypothesis that MEC-6 assists the folding of MEC-4 and/or its transport to the plasma
membrane.

In our previous study (Chelur et al., 2002), we did not detect an effect of MEC-6 on
the surface expression of MEC-4 in Xenopus oocytes 5-6 days post injection using a
biotinylation assay. These different results could have been due to the larger amount of
MEC-4 cRNA used in the original experiments and to the relative lack of sensitivity of the
biotinylation assay. Indeed, when we used the larger amount of MEC-4::EGFP cRNA
(equivalent to what was used in our previous experiments), we observed a smaller difference
(2.5-fold increase) in surface MEC-4-EGFP with MEC-6 (from 86 % 16 spots to 305 = 40
spots). The longer period of expression used in the previous study (5 days vs 2 days) may
have also contributed to our not finding any difference in MEC-4 surface expression. One
possibility is that the amount of MEC-4 at the latter times is approximately the same with or
without MEC-6, but at earlier times the MEC-6-dependent MEC-4 expression on the surface

1S more obvious.
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Because the change in surface MEC-4 was seen so early following oocyte injection,
we tested whether an early change could also be seen in MEC-4(d) currents in the frog
oocytes. Indeed, MEC-6 increased the MEC-4(d) current over 30 fold to about 50% of the
maximum current two days post injection (Figure 7C) (the fold difference is greater here than
above because these oocytes had been injected with the lesser amount of mec-4 cRNA, so the
MEC-4(d) current was lower). In contrast, MEC-2 and POML-1 barely increased the MEC-
4(d) current two days post injection (Figure 7C). [CRT-1 did not increase MEC-4(d) current
at any time tested (data not shown).] Thus, MEC-6 shortened the amount of time required for

MEC-4 to reach the surface and produce observable currents in Xenopus oocytes.
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Figure 7 (II-7). The effect of MEC-6, POML-1 and CRT-1 on MEC-4 surface
expression. Images (A) and quantification (B) of MEC-4::EGFP fluorescent spots on the
Xenopus oocytes surface by TIRF imaging (mean + SEM, n = 9-12 patches). 7-10 cells
from two different batches were examined. The field dimensions are 13 um x 13 um.
Xenopus oocytes were injected with 3.75 ng MEC-4 cRNA, 1 ng MEC-6 cRNA, 3.75
and 7.5 ng MEC-2 cRNA, 3.75 and 5 ng cRNA of POML-1, and 3.75 ng CRT-1. (C)
The amiloride-sensitive MEC-4(d) current at -85 mV (mean + SEM; from 6-10 oocytes
of two batches) on its own and in the presence of MEC-2, MEC-6, and POML-1 at
various times post injection. Xenopus oocytes were injected with 3.75 ng MEC-4 cRNA,
1 ng MEC-6 cRNA, 7.5 ng MEC-2 cRNA, 5 ng cRNA of POML-1.
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Stoichiometry and co-localization of the MEC-4/MEC-10 channel complex

We examined the association and stoichiometry of the proteins of the MEC-4/10
channel complex using single molecule optical imaging (Ulbrich and Isacoff, 2007, 2008) in
Xenopus oocytes. The tagged proteins used in these experiments retained their normal
function, as they rescued touch sensitivity in C. elegans mutants and produced similar
currents as untagged protein when expressed in Xenopus oocytes (Figure 8A). When
expressed alone in Xenopus oocytes, MEC-4 formed homotrimers (Figure 8B). The
stoichiometry of MEC-10 expressed on its own could not be determined because of its
continuous mobility on the oocytes surface (Movie S1). In contrast, coexpression of MEC-10
and MEC-4 produced stable, colocalized complexes containing two molecules of MEC-4 and
one of MEC-10 (Figures 8C, 8D, and 8E). These results are consistent with the stoichiometry
of ASICI, a chicken DEG/ENaC homotrimeric protein (Jasti et al., 2007).

The lack of visible MEC-10::GFP puncta in the TRNs, although previously observed
(Chatzigeorgiou et al., 2010), is nonetheless surprising given the association of MEC-4 and
MEC-10 in the oocyte and the appearance of MEC-4 puncta in the TRNs. Even eliminating
endogenous MEC-10 using the mec-10(okl104) mutation did not result in MEC-10::GFP
puncta (data not shown). Interestingly, we did see MEC-10::GFP puncta, which colocalized
with MEC-4::TagRFP in puncta in the TRN process, but only when animals expressed both
fusion proteins (Figure 8F). MEC-10::GFP puncta were also seen when multiple copies of
untagged MEC-4 was expressed (Figure 8F). Previous studies showed that the formation of

MEC-4::GFP puncta did not require MEC-10 (Arnadottir et al., 2011). These results suggest
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that MEC-10 is not a major component of the puncta, except, perhaps, when MEC-4 is

overexpressed.
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Figure 8 (II-8). The stoichiometry and co-localization of the MEC-4/MEC-10 channel
complex. (A) The effect of N or C-terminal EGFP/mCherry-tagged MEC-4(d), MEC-2,
MEC-6 and POML-1 on the amiloride-sensitive current at -85mV in frog oocytes (mean +
SEM). G indicates EGFP; R indicates mCherry. The number of tested oocytes is given in
parenthesis. B-E display results from experiments examining expression on the plasma
membrane of Xenopus oocytes; F shows expression in the TRNs in vivo. (B) MEC-
4::EGFP forms trimers on its own. Left panel shows an example of a MEC-4::EGFP
complex with three bleaching steps (arrows). The right panel (here and in Figures 8E, 9A
and 9C) gives the observed number of bleaching steps (black bars) as well as predicted
pattern (red dotted bars). The error bars in the subunit counting data show counting errors
and are given by I/N*Vn (n= total number of spots for each step; N= total number of spots
for all steps). (C) The co-localization of MEC-4-EGFP and MEC-10-mCherry. The left
panel shows a representative image; the right panel shows the number of spots with MEC-
4 alone (green), MEC-10 alone (red), and both proteins (orange). The co-localization
fraction (here and in Figures 9B and 9D) is given as mean + SEM. (D and E) An example
(left panel) and quantification (right panel) of the photobleaching of a MEC-4,MEC-10
heterotrimer. (F) MEC-10::GFP puncta form only in the presence of MEC-4::TagRFP
puncta, with which they colocalize in the TRN process. Scale bar = 5 um.

Although we had previously thought that MEC-6 was also part of the TRN channel
complex (Chelur et al., 2002), single molecule imaging in Xenopus oocytes showed that
MEC-6 (N or C-terminally tagged) existed as a stable monomer (Figure 9A) that did not bind
to MEC-4 (with or without MEC-10, Figure 9B and data not shown) or change MEC-4
stoichiometry (Figure 9C). These results argue against MEC-6 being part of the channel
complex. In addition the MEC-6 monomers did not appear to co-localize with POML-1
(Figure 9D), a result consistent with the weak physical interaction between these two proteins
(Figure 3C). Because these proteins appeared to co-localize in the TRNs (Figures 1D and 1F),
the colocalization may reflect their existence in the same domain within the cell.

We also asked whether MEC-2 colocalized with MEC-4. The stoichiometry of MEC-
2 could not be determined because the molecules moved on the surface of frog oocytes even
in the presence of MEC-4 and did not seem to co-localize with MEC-4 (Movie S2). In

addition, MEC-2 did not change the stoichiometry of the MEC-4 trimer (Figure 9E). In
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contrast, MEC-2 (detected by an anti-MEC-2 antibody) often colocalized with MEC-
4::TagRFP puncta in TRN processes (Figure 9F) as reported previously (Zhang et al., 2004).
These results could indicate that MEC-2 and MEC-4 are loosely associated in the TRNs (a
weak interaction would not be detected at the low density expression in the single molecule
imaging experiments) or that their association needs other factors present in the TRNs but not

in Xenopus oocytes.
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Figure 9 (II-9). MEC-2, MEC-6, POML-1, and MEC-4 do not colocalize on the plasma
membrane of Xenopus oocytes . (A) Quantification of bleaching steps indicating that
MEC-6-EGFP is monomeric. (B) MEC-4-mCherry and EGFP-MEC-6 fail to colocalize in
the presence of untagged MEC-10. (C and E) Bleaching steps indicate that MEC-
4::EGFP forms trimers in the presence of MEC-6 (C) and MEC-2 (E). The observed
number of bleaching steps (black bars) and the predicted pattern (red dotted bars) are
indicated. (D) MEC-6-mCherry and EGFP-POML-1 fail to colocalize. (F) MEC-2
(detected with an anti-MEC-2 antibody) co-localizes with MEC-4::TagRFP. Scale bar = 5
um.
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Discussion

MEC-6 and POML-1 may be DEG/ENaC-specific chaperones

The experiments presented here provide a very different view of MEC-6 (and POML-
1) activity than we hypothesized previously (Chelur et al., 2002). By examining MEC-6
action in frog oocytes at earlier times, the TIRF and electrophysiological experiments correct
these previous results and show that MEC-6 is needed for rapid accumulation of MEC-4 at the
plasma membrane. The ER localization of MEC-6 and POML-1 in the TRN cell body, their
absence from the plasma membrane of TRN processes in culture, their failure to colocalize
with MEC-4 or MEC-2 in vivo and in frog oocytes, and their effect on MEC-4 surface
expression in vivo and in frog oocytes suggest that these proteins are more important for the
production of the channel complex than for its function. Furthermore MEC-6 does not affect
the amiloride-binding affinity and single channel conductance of the MEC-4(d) channel
expressed in frog oocytes, whereas MEC-2 and MEC-10 do (Brown et al., 2008; Goodman et
al., 2002). Moreover, only slight binding is seen between MEC-6 and MEC-4 and between
POML-1 and MEC-4.

The results with MEC-6 and POML-1 suggest a role in the production and transport of
MEC-4, perhaps as chaperones. This hypothesis is supported by the similarity in the action of
mec-6 and poml-1 mutations to that of crt-1 mutations, which affect a Ca2+ binding
chaperone (Park et al., 2001), on MEC-4(d)-induced deaths, MEC-4 distribution, and MEC-4

folding.
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The three proteins do not act identically. For example, the mutant phenotypes of
poml-1 and crt-1, but not mec-6, were partially rescued by over-expression of SEC-24.
Although all these three proteins affect MEC-4 folding in the TRNs, only MEC-6
demonstrably shortened the time required for MEC-4 to reach the surface and become active
in Xenopus oocytes. These data suggest that MEC-6 may have additional functions from the
other two proteins. In contrast, POML-1 may play a different or minor role, which cannot be
detected by the TIRF experiment; other proteins in Xenopus oocytes may compensate for
CRT-1.

In contrast to CRT-1, which has more general functions in cells, e.g., facilitating
glycoprotein folding and regulating Ca*” homeostasis in the ER (Michalak et al., 2009),
MEC-6 and POML-1 seem to act specifically on DEG/ENaC protein. MEC-6, which is
expressed in many neurons and muscles, is needed for the action of gain-of-function (d)
mutations affecting several DEG-ENaC proteins (DEG-1, UNC-8, and UNC-105) and
ectopically-expressed MEC-4(d), but not a gain-of-function, degeneration-causing mutation
affecting the nicotinic acetylcholine receptor protein DEG-3 (Chalfie and Wolinsky, 1990;
Garcia-Anoveros et al., 1995; Shreffler et al., 1995; Harbinder et al., 1997). POML-1 is more
narrowly expressed. In addition mutations in mec-6 and poml-1 do not affect the expression
of each other or other TRN proteins, such as MEC-2 and MEC-18 (data not shown), and their
loss did not generally disrupt TRN development or affect light induced activation of TRN-
expressed channelrhodopsin-2.

Because POML-1 increased MEC-4d channel activity in Xenopus oocytes with MEC-
2 or with MEC-2 and MEC-6 together, but not with MEC-6 on its own, we hypothesize that

either the larger current reveals an additional effect of POML-1 or that POML-1 may affect
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MEC-2 activity. The finding that both MEC-6 (Chelur et al., 2002) and POML-1 (this work)
can produce an amiloride-resistant current in Xenopus oocytes hints that they may act on
other proteins. Unfortunately, we could not test directly the effect of POML-1 on MEC-2
surface expression in Xenopus oocytes because of the continuous mobility of MEC-2 at the
surface. Nonetheless, because the loss of poml-1 did not affect the distribution of MEC-2
puncta in the TRN process, any potential effect of POML-1 on MEC-2 expression may be
relatively minor.

MEC-6 and POML-1 and the human PONSs are ~27% identical (over the C-terminal
260 residues), and all have an N-terminal hydrophobic region (Sorenson et al., 1999).
Interestingly, two of the three mammalian PONs, PON2 and PON3 are found in the ER
(Horke et al., 2007; Schweikert et al., 2012). The characterization of MEC-6 and POML-1 in
C. elegans suggests a novel function of this protein family: ER chaperones that facilitate the
maturation and export of DEG/ENaC and, perhaps in mammalian cells, other proteins.

The requirement for these proteins for the production of DEG/ENaC channels need
not be absolute. Functional MEC-4 channels are made, albeit slower, in Xenopus oocytes
without MEC-6. Moreover, although Drosophila melanogaster has 25 genes encoding
DEG/ENaC proteins (Liu et al., 2003), it has no genes encoding proteins that are obviously
similar to MEC-6, POML-1, or the mammalian PON proteins (Hicks et al., 2011).
Presumably the function of these PON-like proteins has been assumed by other proteins in

Drosophila.

The MEC-4/MEC-10 channel is heterotrimeric
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MEC-4 and MEC-10 formed MEC-4; and MEC-4,MEC-10 trimers in frog oocytes.
This arrangement is consistent with the crystal structure of the chicken DEG/ENaC protein
ASICI channel (Jasti et al., 2007) and immunoelectron microscopy, which suggested that half
of the membrane-associated MEC-4 existed as doublets (Cueva et al., 2007). In contrast to
MEC-4, which formed immobile homotrimers on the oocyte surface, MEC-10 was very
mobile on its own, so we could not determine its stoichiometry. Since MEC-10(d) does not
form a functional channel in frog oocytes (Goodman et al., 2002), it may not be able to form
trimers on its own. The differences between MEC-4 and MEC-10 may explain several
genetic results: 1) loss of MEC-4 causes complete touch insensitivity (Chalfie and Sulston,
1981), whereas loss of MEC-10 does not (Arnadottir et al., 2011); 2) MEC-4(d) causes nearly
100% TRN cell death and its toxicity does not require MEC-10, whereas MEC-10(d) only
causes about 30% TRN cell death and its toxicity requires MEC-4 (Huang and Chalfie, 1994);
and 3) MEC-10::GFP localization needs MEC-4::TagRFP whereas MEC-4::TagRFP
localization as puncta does not need MEC-10.

Several other DEG/ENaC proteins cannot form functional homomeric channels. The
mammalian epithelial sodium channel has three submits (a-, 3-, and y-ENaC), but only a-
ENaC forms a functional channel on its own (Canessa et al., 1994). In contrast, ASIC
channels (including ASIC1, ASIC2 and ASIC3) can form functional homomeric and
heterotrimer channels with distinct physiological properties (Benson et al., 2002). We could
not predict the interacting residues of MEC-4 and MEC-10 based on those of the chick ASIC1
channel, because most of the prominent interacting residues in ASIC1 are not conserved in

MEC-4 or MEC-10.
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The formation of MEC-4,MEC-10 trimers brings into question the role of the MEC-4
puncta and whether they are the sites of mechanically-gated channels. Electrophysiological
evidence predicts that the number of functional channels is about the same as the number of
puncta (O’Hagan et al., 2005), yet such trimeric channels should not be visible with either
fluorescent protein tags or with antibodies. Therefore, most channels in the puncta are
probably inactive. Indeed, MEC-10::GFP puncta did not form unless MEC-4::TagRFP was
present. In addition, pom/-1 mutants are touch sensitive, but have no obvious MEC-4 puncta
in their processes. Presumably, these animals have functional trimers. Since MEC-4 puncta
can be seen with anti-MEC-4 antibodies (Cueva et al., 2007), they are not artifacts of
fluorescent protein expression. One possibility is that the puncta may be intracellular
reservoirs for MEC-4 (and possibly other proteins). Indeed, Cueva et al. (2007) found about
half of the MEC-4 immunogold labeling in electron micrographs to be associated with the
plasma membrane of TRNs; and the rest are associated with 15-protofilament microtubules.
Butterworth et al. (2005) have suggested that mammalian ENaC channels can enter the

plasma membrane from a recycling pool.

A simplified mechanosensory channel complex

The data presented here simplify the model of the mechanotransduction complex in
the TRNs. We have confirmed the high affinity and stable association of MEC-4 and MEC-
10, but suggest that the other membrane proteins, MEC-2 (and perhaps UNC-24, which we
did not test), MEC-6, and POML-1 have very low affinity and/or transient interactions with

MEC-4 and MEC-10. MEC-2 binds cholesterol and we have hypothesized that it may be
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necessary for touch sensitivity because it modulates the lipid microenvironment of the MEC-
4,MEC-10 channel (Huber et al., 2006). The finding that MEC-2 and a similar protein,
podocin, form multimeric complexes in HEK293T1/2 cells (Huber et al., 2006) may explain
why a MEC-2 antibody identifies puncta that colocalize with MEC-4 puncta (Zhang et al.,
2004; Cueva et al., 2007) even though we do not find evidence for a direct interaction. Our
data suggest new, non-transduction roles for MEC-6, POML-1, and MEC-2, but cannot
exclude the possibility that they also directly affect, albeit transiently, the transduction

complex.
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Chapter 111

MEC-10 and C49G9.1 reduce the neurotoxicity of the MEC-4(d) DEG/ENaC channel

(The following manuscript will be submitted to Genetics with other authors, including
Shashank Bharill, Robert O’Hagan, Ehud Y. Isacoff, and Martin Chalfie. Shashank Bharill
performed the single molecule imaging and the TRIF imaging experiment in Xenopus oocytes.
Robert O’Hagan collected the in vivo electrophysiology data. I performed the remaining

experiments.)
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Summary

The C. elegans DEG/ENaC proteins MEC-4 and MEC-10 transduce gentle touch in
the six touch receptor neurons (TRNs). Gain-of-function mutations of mec-4, mec-4(d), result
in a hyperactive channel and neurodegeneration in vivo. Loss of MEC-6, a putative
DEG/ENaC-specific chaperone, or the similar protein POML-1 suppress the
neurodegeneration caused by mec-4(d) mutations. We find that mutation of two genes, mec-
10 and C49G9.1 prevent this action of POML-1, allowing the TRNs to die in poml-1 mec-4(d)
animals. The proteins encoded by these genes affect mec-4(d) neurotoxicity through different
mechanisms. MEC-10 inhibits MEC-4(d) activities, without affecting MEC-4 expression. In
contrast, C49G9.1, a membrane protein specific to nematodes, inhibits MEC-4(d), at least in

part, by reducing MEC-4 surface expression.
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Introduction

Degenerin and epithelial Na+ channel (DEG/ENaC) proteins form sodium-selective,
amiloride-sensitive channels in invertebrate and vertebrate. These channels can be
constitutively active (the ENaC channels; Canessa et al., 1993; Lingueglia et al., 1993) or they
can be gated mechanically (O'Hagan et al., 2005), by acid (Canessa et al., 1993; O'Hagan et
al., 2005; Waldmann et al., 1997), or by small peptides (FMRFamide peptide-gated Na"
channel (Lingueglia et al., 1995). DEG/ENaC channels serve a wide range of functions,
including mechanosensation, sour and sodium taste, peripheral pain, synaptic plasticity,
learning and memory, and sodium homeostasis (Ben-Shahar, 2011; Schild, 2010; Wemmie et
al., 2002).

Accumulation of high levels of constitutively-open ENaC channels or hyperactivation
of gated DEG/ENaC channels can be very detrimental. For example, the excessive
accumulation of ENaC channels in the kidney leads to increased sodium reabsorption and
hypertension in Liddle syndrome in humans (Snyder, 2002). The hyperactivation of ASIC1
channel by local acidosis caused by ischemia and stroke in mouse brains causes massive
neuronal death (Xiong et al., 2004). Gain-of-function mutations affecting C. elegans
DEG/ENaC proteins produce hyperactive channels that cause neuronal lysis and degeneration
(Chalfie and Wolinsky, 1990; Goodman et al., 2002; Shreffler et al., 1995; Tavernarakis et al.,
1997) or hypercontraction of muscle (UNC-105; Liu et al., 1996; Park and Horvitz, 1986).
Therefore, studying molecular mechanisms that regulate hyperactive DEG/ENaCs will better

our understanding of both hyperactivation-induced toxicity and the normal channel

physiology.
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In the DEG/ENaC family, C. elegans DEG/ENaC proteins MEC-4 is best
characterized at genetic details. MEC-4 is essential for touch sensitivity, and together with
MEC-10, comprise the pore of the mechanotransduction complex in the six touch receptor
neurons (Arnadottir et al., 2011; O'Hagan et al., 2005). The mec-4(d) gain-of-function
mutation results in an A713T substitution that causes constitutive channel activation and thus
neurodegeneration (Brown et al., 2007; Driscoll and Chalfie, 1991; Goodman et al., 2002).
The mec-4(d) induced cell death requires three proteins with chaperone activities: MEC-6
(paraoxonase-like protein), CRT-1/calreticulin (calcium binding chaperone), and POML-1,
which encodes a MEC-6 and paraoxonase like protein in C. elegans (Chalfie and Wolinsky,
1990; Xu et al., 2001; Y.C and M.C, submitted). However, it remains unknown what factors
inhibit mec-4(d) neurotoxicity.

Here we performed a genetic screening for enhancers of mec-4(d)-induced TRNs cell
death in poml-1 mec-4(d) genetic background, and found loss of mec-10 or C49G9.1 make
mec-4(d) more toxic. Their protein products, MEC-10 and C49G9.1 reduced MEC-4(d)
activities through different mechanism: MEC-10 dampened MEC-4(d) activities without
affecting MEC-4 expression. By contrast, C49G9.1, a novel membrane protein expressed in

TRN, inhibited MEC-4(d), at least partly through reducing MEC-4 surface expression.

Experimental procedures

C. elegans procedures
Unless otherwise indicated, strains were maintained and studied at 20°C according to

Brenner (1974) on the OP50 strain of E. coli. The strains used in this study are given in Table
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4. Strains with the poml-1(0k2266), mec-10(ok1104), C49G9.1(0k2504), crt-1(0k948)
mutations were obtained from the C. elegans Genetic Center. mec-4(d)(el611), mec-4(u45),
mec-6(u450) (Chalfie and Au, 1989; Driscoll and Chalfie, 1991; Huang and Chalfie, 1994;
Zheng et al., 2013) have been described previously. C49G9.1(u898) was obtained by ethyl
methanesulfonate mutagenesis as described below. Double or triple mutants were created by
standard genetics procedures and verified either phenotypically or by PCR.

Ethyl methanesulphonate mutagenesis was performed according to (Brenner, 1974) to
identify suppressors of the poml-1 suppression of mec-4(d) degeneration. We mutagenized
TU3871 [uls152 (Pmec-3::tagrfp); uls31(mec-17::gfp); poml-1(0k2266) mec-4(d)(el611)]
animals and screened F2 progeny for animals missing RFP and GFP in the TRNSs, but
expressing RFP in the FLPs. Normally in TU3871 animals TagRFP labels both the TRNs and
the FLP neurons and MEC-17::GFP labels only the TRNs.

We assayed for gentle touch sensitivity in blind tests as described (Chalfie and Sulston,
1981). We quantified the response by counting the number of response to 10 touches
delivered alternately near the head and tail in 30 animals (Hobert et al., 1999)

We performed in vivo electrophysiology as previously described (O'Hagan et al.,

2005).
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Table 4 (III-1). Strains used in these studies.

Strain Genotype

TU3871 | ulsi52(Pmec-3::tagrfp); uls31; poml-1(0k2266) mec-4(el611)

TU3964 | mec-10(okl1104) poml-1(0k2266)], TU3965 [mec-10(okl104) poml-1(u882)

TU3966 | mec-6(u450); uls152; uls31; mec-10(okl104) poml-1(0k2266) mec-4(el611)

TU3968 | ulsi52; uls31; mec-10(okl104) poml-1(0k2266) mec-4(el611)

TU4013 | mec-6(u450) C49G9.1(u898); uls152; uls31; poml-1(0k2266) mec-4(el611)

TU4270 | C49G9.1(0k2504); uls152; uls31; poml-1(ok2266) mec-4(el611)

TU4360 | ulsi46; uEx869[C49G9.1(+), Pmyo2::mCherry)

TU4355 | C49G9.1(u898); uls146], TU4394 [uls31; mec-4d(el611); uEx869

TU4327 | C49G9.1(u898); uls31; poml-1(0k2266)

TU4328 | C49G9.1(u898); uls31

TU4243 | uEx851(Pmec-4.:mec-4.:tagrfp); C49G9.1(u898); poml-1(0k2266)

Plasmids and Microinjection
C49G9.1::gfp and has been described (Topalidou and Chalfie, 2011).

Pmyo2::mCherry (PCFJ90) was obtained from Addgene (www.addgene.org). mec-4.:tagrfp

(TU#1175) was generated by removing yfp::unc-54 3’UTR from mec-4::yfp (Chelur et al.,
2002) using Kpnl and Apal and replacing it with tagrfp::unc-54 3’UTR . Pmec-4::aman-
2::tagrfp (TU#1181) was made by using the Three-Fragment Vector Construction Kit
(Invitrogen). mec-4 promoter and start codon of 1023 bp was cloned into pPDONRP4PIR.
aman-2 coding sequence of 300bp (Rolls et al., 2002) was cloned into pPDONR221. tagrfp and
unc-54 3’UTR was cloned into pPDONRP2RP3.

We microinjected 5-10 ng/ul of the relevant plasmid, 2 ng/ul Pmyo2::mCherry
(PCFJ90) and 40 ng/ul of the /in-15(+) plasmid and pBluescript SK plasmid to make up to
100 ng/ul DNA in total. For complex array microinjection, we injected 0.2-2 ng/ul of PCR
product or linearized plasmids, 10ng/ul Pinx-20::gfp as a marker and 125 ng/ul linearized E.

coli OP50 genomic DNA.
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Microscopy and Immunofluorescence

Fluorescence and immunofluorescence were observed using a Zeiss Axio Observer Z1
inverted microscope and a Zeiss Axioskop II. Confocal images were acquired using Confocal
ZEISS LSM700. Live animals were anesthetized using 0.1 mM 2-3 butanedione monoxime in
10 mM Hepes, pH 7.4.

MEC-4::TagRFP intensity in the cell body was determined by measuring the mean
intensity of the entire cell body (20-30 um?) and subtracting the mean intensity of nearby
background of the same size using Image J (rsbweb.nih.gov/ij/). The intensity of the MEC-
4::TagRFP puncta in TRN processes was measured in the best focused image of six images
taken at different depths through the TRNs using the Puncta Analysis Toolkit beta developed
by Dr. Mei Zhen (Samuel Lunenfeld Research Institute, Toronto , Canada). Puncta were
examined over a region approximately equivalent to ten cell body lengths starting near the
cell body.

We performed single molecule fluorescence in situ hybridization (SM-FISH) as
previously described (Topalidou et al., 2011). For imaging of individual protein complex in
Xenopus oocyte membrane by total internal reflection fluorescence (TIRF) microscopy was
performed as previously described (Abuin et al., 2011; Ulbrich and Isacoff, 2007, 2008).

Immunostaining was performed according to Miller and Shakes (1995) using
antibodies against MEC-4 (mouse, Abcam ab22184) diluted 1:200 and Alex Fluor 488/555

goat anti-mouse (Invitrogen, Carlsbad, CA) diluted 1:1000.

Ooctye Experiments
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cRNA expression and electrophysiology in Xenopus laevis oocytes followed the
procedures and used the plasmids described in Goodman et al. (2002). C49G9.1 cDNA of 390
bp was obtained by RT-PCR from cDNA library (generated by reverse-transcription using
wild-type mRNA), and was cloned in pGEM-HE (Liman et al., 1992). 10 ng cRNA of mec-
4(d), 1 ng mec-6, and 1ng C49G9.1 were injected to Xenopus laevis oocytes unless noted
(Xenopus I, Dexter, MI or Nasco, Fort Atkinson, WI). Oocytes were maintained as previously
describe by Arnadottir et al. (2011). Membrane current was measured 4-6 days after RNA
injection using a two-electrode voltage clamp as previously described by Goodman et al.
(2002).

C-terminally HA-tagged C49G9.1 and N-terminally Myc-tagged MEC-4(d) were
expressed in oocytes as described previously (Goodman et al., 2002). Immunoprecipitation
were performed 5-6 days after cRNA injection and detected by using antibodies against the
Myc and HA tags (Sigma) and horse radish peroxidase-conjugated secondary antibodies

(Jackson ImmunoResearch Laboratories, West Grove, PA).

Statistics

Statistical analysis was done using the Student t-test unless otherwise noted.

Results

Loss of mec-10 or C49G9.1 enhances TRN cell death in poml-1 mec-4(d) animals
Loss of poml-1 (e.g. with the 0k2266 mutation) lowers MEC-4 protein levels and

suppresses mec-4(d)-induced TRN degeneration (90% of the TRNs live; Y.C and M.C,
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submitted). To identify components that may act downstream of POML-1 to allow the
deaths and/or genes that normally reduce MEC-4 activity, we screened for mutations that
increased TRN cell death in poml-1(0k2266) mec-4(d) animals. The starting strain also
contained mec-3p:.tagrfp to label the TRNs and the FLP neurons and mec-17p:.gfp to label
the TRNs. Mutations that allowed TRN deaths would lack the TRN label but not the FLP
label.

Seventeen such mutations were found among 20,000 haploid genomes after ethyl
methanesulfonate mutagenesis (Table 2; one mutation was a mec-3 missense mutation (F33Y),
which gave the phenotype by causing mec-3 expression in the FLP neurons, but not in the
TRNs). Fifteen of the mutations affected mec-10; these mutations included nonsense alleles,
missense alleles, a deletion allele, and several splice junction alleles. Several of these mec-10
mutations acted semi-dominantly. The mec-10(ok1104) allele, which is considered to be a
loss-of-function deletion (Arnadéttir et al., 2011), also enhanced the TRN cell death in poml-
1(0k2266) mec-4(d) animals semi-dominantly (Figure 1A). Addition of a wild-type copy of
the gene rescued the effects of the mec-10 mutations (Figure 1A).

The inhibitory effect of MEC-10 on MEC-4(d)-induced TRN neurodegeneration is
consistent with our previous finding that MEC-10 decreased MEC-4(d) activity in Xenopus
oocytes (Goodman et al., 2002). Thus, both the in vivo and in vitro data suggest that MEC-
10(+) inhibits MEC-4(d) channel activity. Paradoxically, null alleles of mec-10 cause a
modest loss of the touch sensitivity (Arnadottir et al., 2011), which was significantly
enhanced by poml-1 null mutations (0k2266 and u882; Figure 1B). These data suggest that
MEC-10 and POML-1 act additively in touch sensitivity, but against each other with regard to

MEC-4(d) channel activity.
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Table 2 (I11-2). poml-1 suppression of mec-4d requires mec-10 and C49G9.1

Gene Allele Mutation D/R* % ALM % PLM
mec-10  u883 TGG>TGA, 95W>Stop semi-D 0 0
u884 CAG>TAG, 147Q>Stop semi-D 0 4
u885 TGG>TGA, 618W>Stop R 0 2
u886 TGC>TAC, 170C>Y R 0 3
u887 TCC>TTC, 471S>F R 2 12
u888 CGC>TGC, 507R>C R 1 6
u889 TGC>TAC, 557C>Y R 2 13
u890 GTG>ATG, 573V>M R 5 17
u891 G>A splicing junction, 2nd exon R 1 5
u892 G>A splicing junction, 6th exon R 2 11
u893 A>T 3rd nucleotide, 6th intron R 2 8
u894 G>A splicing junction, 9th exon semi-D 2 2
u895 G>A splicing junction, 14th exon semi-D 1 4
u896 G>A, 6th nucleotide, 16th intron R 2 1
u897 deletion** semi-D 6 18
C49G9.1 u898 deletion of the first exon R 1 2
mec-3  u899 TTT>TAT, 33F>Y R 0 1

*D, dominant; R, recessive. **DNA from u897 animals could not be amplified using
primers that were 120 bp upstream of the start ATG and 80 bp downstream of the stop
codon.
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The remaining mutation deleted a 288 bp sequence containing 19 bp upstream of start
codon, the first exon and part of first intron from C49G9.1. The effect on mec-4(d)
degeneration was shown to be caused by the C49G9.1 mutation, because it could be rescued
by the wild-type gene (Figure 1A). Given the nature of the deletion, this mutation is probably
a null; it enhanced mec-4(d) recessively. We also tested the effect of C49G9.1 deletion on the
suppression of mec-4(d) by crt-1 and mec-6 mutation. Loss of C49G9.1 also enhanced cell
death in crt-1; mec-4(d) animals, but to a lesser extent (Figure 1A), suggesting that CRT-1
acts differently from POML-1. However, mec-10 and C49G9.1 mutations has no effect on
mec-4(d) degeneration when mec-6 is lost (Figure 1A), probably due to a more broader role of

mec-6 in mec-4(d) function (Y.C. and M.C., submitted).
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Figure 1 (IlI-1). mec-10 and C49G9 on mec-4(d) degeneration and touch sensitivity. (A) Loss
of mec-10 and C49G9.1 enhanced TRNs degeneration in poml-1 mec-4(d). n>50. All
experiments used poml-1(0k2266), mec-6(u450), crt-1(0k948), mec-10(u883), and
C49G9.1(u898) unless noted. *mec-10 rescue was examined in two stable lines (n>50
animals); C49G9.1 rescue was examined in four stable lines (n >100 animals). (B) mec-
10(okl1104) further reduced the touch sensitivity of two poml-1 null mutations (mean = SEM,
n=30). A = anterior touch response; P = posterior touch response.

C49G9.1 reduces MEC-4 surface expression in the TRN

C49G9.1 encodes a novel membrane protein of 129 amino acids with one predicted
transmembrane domain near its N-terminus (Figure 2A). Similar proteins are found in
nematodes but not in other organisms (Table 3 and Table 4). The gene is expressed in the
TRNs, FLP neurons, and PVD neurons (Topalidou and Chalfie, 2011). A C49G9.1::GFP
translational fusion was found throughout the TRN process and also on the plasma membrane
of the TRN cell body (Figures 2B and 2C); it also forms puncta within the cell body.
C49G9.1::GFP expression overlapped somewhat with MEC-4 (Figure 2B) and MEC-2
(Topalidou and Chalfie, 2011) in the proximal process and cell body. In the cell body,
C49G9.1 puncta also overlap somewhat with the Golgi marker AMAN-2::TagRFP (Figure
20).
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Loss of C49G9.1 increased MEC-4 in the TRN processes by 70% in wild-type
(Figures 2D and 2E) and pom!-1 animals (Figure 2F). C49G9.1, poml-1 also expressed 40%
less MEC-4 in their cell bodies than pom/-1 animals (Figure 2F), but a similar effect was not
observed in wild type (Figure 2E). In contrast, loss of mec-10 did not increase MEC-4 levels
(Figure 2F). The increased MEC-4 was not due to an increase in the amount of steady state
mec-4 mRNA as measured by SM-FISH (8.2 = 0.3 mRNA molecules/PLM for
C49G9.1(u898), 8.6 = 0.3 for C49G9.1(0k2504), and 8.7+0.4 for wild type, mean + SEM,

n=20).
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Figure 2 (I11-2). C49G9.1 sequence, expression and effect on MEC-4 expression. (A) The
deduced amino acid sequence of C49G9.1. The predicted transmembrane is underlined. (B, C)
Confocal images showing the partial overlap of C49G9.1::GFP with MEC-4::TagRFP (B) in
cell body and proximal process and the Golgi marker (AMAN-2::TagRFP) (C) in the cell
body. Scale bar =5 um. (D) MEC-4 labeling with an anti-MEC-4 antibody in the TRN of
wild-type animals and C49G9.1(u#898) mutants. Each pair of panels shows the TRN process
(upper) and cell body (lower). (E) Normalized MEC-4::TagRFP fluorescence intensity (mean
+ SEM) in the TRN process of WT and C49G9.1(#898). n=10, * p=0.01. (F) Images (left
panel) and quantification (right panel) of MEC-4::TagRFP fluorescence intensity (mean =
SEM) in TRNs of poml-1(0k2266), C49G9.1(u898),; pomli-1(0k2266) or C49G9.1(u898);
mec-10(okl104) animals. Fluorescence intensity was normalized to that of poml-1. n>40. *
p=0.01, **p=0.002, ***p=0.001.
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Table 3 (I11-3). C49G9.1 homology identified by BLASTP

BLAST | Species Description Identities Positives Gaps
e-value
9e-49 C. brenneri hypothetical protein 82/132(62 101/132(7 | 5/132(3%)
CAEBREN 22708 %) 6%)
2e-42 C. remanei hypothetical protein 78/133(59 | 99/133(74 | 11/133(8
CRE 14224 %) %) %)
8e-34 C. briggsae Hypothetical protein 74/139(53 | 89/139(64 | 27/139(19
CBGO08708 %) %) %)
2.6 Thiomicrospira | hypothetical protein 21/64(33% | 32/64(50% | 0/64(0%)
arctica ) )
2.7 Vibrio glutaminyl-tRNA 21/57(37% | 29/57(50% | 4/57(7%)
metschnikovii | synthetase ) )
3.7 Calescamantes | flagellar M-ring protein | 18/40(45% | 22/40(55% | 1/40(2%)
bacterium FliF ) )
SCGC
AAA471-M6
5.8 Amphimedon | hypothetical protein 16/43(37% | 24/43(55% | 2/43(4%)
queenslandica | LOC100635484 ) )
6.5 Acyrthosiphon | phosphorylase b kinase | 34/113(30 | 50/113(44 | 23/113(20
pisum gamma catalytic chain, | %) %) %)

skeletal muscle
isoform-like
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Table 4 (I11-4). C49G9.1 homology recognized by Phyre2 (Kelley and Sternberg, 2009)

3D Model Confidence % i.d. Template Information

PDB header:hormone/growth factor receptor

Ch: E: PDB Molecule:natriuretic peptides b;

PDBTitle: structure of natriuretic peptide receptor-c complexed
with brain2 natriuretic peptide

PDB header:transport protein

Chain: A: PDB Molecule:odorant binding protein asp2;
PDBTitle: solution structure of the honey bee general odorant
binding2 protein asp2 in complex with trimethylsilyl-d4 propionate

PDB header:blood clotting

Chain: A: PDB Molecule:lebetin 2 isoform alpha;

PDBTitle: lebetin peptides, a new class of potent aggregation2
inhibitors

S
ﬁ 322
i b . 321
28.3

PDB header:transcription

Chain: A: PDB Molecule:fxyd domain-containing ion transport
regulator 4;

PDBTitle: solution structure of the human fxyd4 (chif) protein in
sds2 micelles

PDB header:hormone/growth factor receptor

Chain: E: PDB Molecule:atrial natriuretic factor;

PDBTitle: structure of natriuretic peptide receptor-c complexed
with atrial2 natriuretic peptide

&
—

PDB header:ribosomal protein
Chain: F: PDB Molecule:nafl;
PDBTitle: structure of the garl domain of nafl

PDB header:signaling protein,membrane protein

Chain: H: PDB Molecule:atrial natriuretic peptide factor;
PDBTitle: rotation mechanism for transmembrane signaling by the
atrial2 natriuretic peptide receptor

PDB header:cell cycle

Chain: B: PDB Molecule:n-acetylserotonin o-methyltransferase-like
protein;

PDBTitle: crystal structure of maf domain of human n-
acetylserotonin o0-2 methyltransferase-like protein

PDB header:viral protein

Chain: C: PDB Molecule:major capsid protein vpl;

PDBTitle: unassembled washington university polyomavirus vpl
pentamer r198k2 mutant

Fold:Double-stranded beta-helix
Superfamily:RmIC-like cupins
Family:3-hydroxyanthranilic acid dioxygenase-like

# Template Alignment Coverage
1 CclyklE_ Alignment

2 cltujA_ Alignment

3 c1g01A_ Alignment

4 C2jp3A_ Alignment

3 clykOE_ - Alignment

6 Cc2v3mF_ Alignment B
7 clt34H_ o Alignment

8 C2p5xB_ _Alignment

9 €3s7xC_ AlignmeT

10 dizvfal _Alignment

11  dlwjpa2 Alignment B

Fold:beta-beta-alpha zinc fingers
Superfamily:beta-beta-alpha zinc fingers
Family:Classic zinc finger, C2H2
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— PDB header:antimicrobial protein
" 'Chain: A: PDB Molecule:plectasin;

12 dzua Alignment PDBTitle: plectasin:a peptide antibiotic with therapeutic potential2
from a saprophytic fungus
PDB header:antimicrobial protein

- IChain: A: PDB Molecule:pelovaterin;

13 C2jr3A_ Alignment PDBTitle: antibacterial peptide from eggshell matrix: structure and2
self-assembly of beta-defensin like peptide from the3 chinese soft-
shelled turtle eggshell

- Fold:YdfO-like

14 d2hh8al Alignment Superfamily:YdfO-like

Family:YdfO-like
— Fold:PH domain-like barrel

15 dly5oal Alignment Superfamily:PH domain-like
Family:TFIIH domain
PDB header:transferase

. . Chain: B: PDB Molecule:protein kinase c-beta ii;

e €2i0e8_ Alignment PDBTitle: structure of catalytic domain of human protein kinase c2
beta ii complexed with a bisindolylmaleimide inhibitor
PDB header:structural genomics, unknown function
Chain: A: PDB Molecule:uncharacterized protein;

17 C2jvmA_ Alignment PDBTitle: solution nmr structure of rhodobacter sphaeroides
protein2 rhos4_26430. northeast structural genomics consortium3
target rhr95
Fold:Double-stranded beta-helix

18 dlyfual Alignment Superfamily:RmIC-like cupins
Family:3-hydroxyanthranilic acid dioxygenase-like

— PDB header:gene regulation
. IChain: A: PDB Molecule:b-cell lymphoma 6 protein;

e Alignment PDBTitle: solution structure of the 1st zf-c2h2 domain from human

b-2 cell ymphoma 6 protein
— PDB header:structural genomics, unknown function
: . Chain: A: PDB Molecule:uncharacterized protein;

20 c2irA_ Alignment PDBTitle: solution nmr structure of g5lis5 from silicibacter2

pomeroyi. northeast structural genomics consortium target3 sir90

We next tested whether C49G9.1 loss affected touch sensitivity and the
mechanoreceptor current (MRC). The C49G9.1 mutation did not detectably change touch
sensitivity either with or without pom/-1 mutations, but it increased the touch sensitivity of
mec-4ts animals (Gu et al., 1996) at various temperatures (Figure 3A). Surprisingly, the

C49G9.1 TRNs were slightly less sensitive than that wild-type TRNs to pressure as seen in
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changes in the MRC (C49G9.1 P1,=7.0 1.2 nN/Mm2 versus wild type P1,=4.5+0.7
nN/um?; Figures 3B); the peak MRC at the saturating stimuli, however, was not changed

(Figure 3C). These data suggest that although C49G9.1 mutation increased MEC-4 expression

in the TRN process, it had only modest effect on touch sensitivity and the MRC.
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Figure 3 (I11-3). The effect of C49G9.1 mutation on touch sensitivity and the MRC. (A)
C49G9.1 (u898) increases touch sensitivity of mec-4ts animals (mean = SEM, n=30). (B)
C49G9.1(u898) produced a small but significant change on I vs P of MRC responses to varied
pressure stimuli (wild type versus C49G9.1, p=0.05; C49G9.1 versus C49G9.1; poml-1,
p<0.0001, F test; N indicates the number of cells tested). (C) C49G9.1(u898) does not affect
the maximum peak amplitude of MRC recorded from PLM (at -74mV) at the onset (gray bars)
and offset (white bars) of a response to saturating mechanical stimulus in the presence of
either wild type or poml-1(0k2266) (mean = SEM, N indicates the number of cells tested).

Overexpressing C49G9.1 reduced the amount of MEC-4 in the process by 30%
without affecting the amount or distribution of MEC-4 in the cell body (data not shown),
reduced animal touch sensitivity by 50%, and suppressed 50% of the mec-4(d) TRN deaths
(Figures 4A-4C). Most of the TRNs surviving with mec-4d had morphological defects (wavy
process, overgrowth of PLM anterior process, multiple neurites on the process), which also

appear, albeit to a lesser extent, in wild-type animals overexpressing C49G9.1. By contrast,
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mec-10 overexpression did not dramatically affect mec-4(d) degenerations (Figure 4C) or
cause any morphological defects (data not shown).

Thus, C49G9.1 affects MEC-4 surface expression. The increase in cell deaths in
C49G9.1; poml-1 mec-4(d) animals could be due, at least in part, to elevated levels of surface
MEC-4(d). In contrast, mec-10 does not seem to affect MEC-4 protein levels and presumably

enhanced mec-4(d) cell deaths through a different mechanism.
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Figure 4 (I11-4). The effect of overexpression of C49G9.1(+). (A) Overexpression of
C49G9.1(+) reduces the amount of MEC-4::TagRFP in the TRN process (two stable lines,
n=21, p=0.02). (B) Overexpression of C49G9.1(+) reduces touch sensitivity (two stable lines,
n=25, p<0.0001) and causes morphological defects in the TRNs. Scale bars =5 um. (C)
Overexpression of C49G9.1(+) and to a lesser extent mec-10 (+) prevents mec-4(d)-induced
TRN deaths. All cells die in mec-4(d) animals. Stable lines are labeled as s1, s2, etc. (D)
The morphological defects of surviving TRNs in mec-4(d) animals that overexpressed
C49G9.1(+). Scale bars represent 5 um.
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C49G9.1 reduces MEC-4 activity and surface expression in Xenopus oocytes

We next tested the effect of C49G9.1 on MEC-4 currents in Xenopus oocytes.
C49(G9.1 dramatically reduced the amiloride-sensitive current of MEC-4(d) coexpressed with
MEC-6, POML-1, or MEC-2 by approximately 80% (Figure 5A) [C49G9.1 alone produced
amiloride-resistant current when expressed at higher concentration in Xenopus oocytes
(Figures 5B and 5C)]. Thus, both in vivo and in vitro experiments suggest that wild-type
C49G9.1 inhibits MEC-4(d) channel activity. Part or all of this inhibition could have resulted
from the loss of surface MEC-4 in the frog oocytes, which was seen using TIRF 2 days post-
injection (Figures 5D and 5E). Even in the presence of MEC-6, C49G9.1 still reduced MEC-4
surface expression by 50% (Figure 5D and 5E). The action of C49G9.1 on MEC-4(d) could
be direct, since C49G9.1 and MEC-4(d) from frog oocytes co-immunoprecipitated each other
(Figure 5F).

Because the expression of C49G9.1 overlapped with that of MEC-4 and MEC-2 in the
TRNs and co-immunoprecipitated with MEC-4 in the frog oocytes, we asked whether it is
part of the MEC-4/MEC-10 channel. We tagged C49G9.1 with EGFP/mCherry at its C
termini, and expressed them in Xenopus oocytes. [The tagged protein retains their normal
function because it acted like the untagged protein in rescuing the C49G9.1 enhancement of
TRN cell death in poml-1 mec-4(d), and reducing the MEC-4(d) current amplitude in
Xenopus oocytes (Figure 5G)]. The stoichiometry of C49G9.1 could not be determined
because the molecules moved on the surface of frog oocytes even in the presence of MEC-4;
they did not seem to co-localize with MEC-4 (Video S1). In addition, C49G9.1 did not
change the stoichiometry of the MEC-4 trimer (Figure SH), which indicates that this protein is

not incorporated into the MEC-4 channel. C49G9.1 may interact with MEC-4 transiently.
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Figure 5 (II1-5). C49G9.1 and MEC-4 in Xenopus oocytes. (A) The effect of C49G9.1 on the
MEC-4(d) amiloride-sensitive current in the presence of MEC-6, MEC-2 or POML-1. The
number of oocytes from at least two individual frogs is given in parentheses. (B and C)
Amiloride-resistant current produced by expressing C49G9.1 alone in Xenopus oocytes. (B)
Steady-state current-voltage relation in the control saline (black line) and saline with 300 uM
amiloride (red line). (C) Dependence of current amplitude on the concentration of C49G9.1
cRNA (mean = SEM). The number of tested oocytes was indicated in parenthesis. Injecting
more than 2.5 ng cRNA killed the majority of Xenopus oocytes. Images (D) and
quantification (E) of MEC-4-EGFP spots by TIRF imaging in the presence of C49G9.1 and
MEC-6 (mean = SEM, n=8-15 patches from 7-10 cells of two different batches. 10 ng cRNA
of MEC-4-EGFP, 1 ng MEC-6 and 0.5 ng C49G9.1 were injected to Xenopus oocytes. (F)
Immunoprecipitation (IP) of Myc::MEC-4d by C49G9.1. 1B = immunoblot probe. (G)
C49G9.1::EGFP reduced the amiloride current produced by MEC-4(d) and MEC-6. (H)
Bleaching steps indicate that MEC-4::EGFP forms trimers in the presence of C49G91. The
observed number of bleaching steps (black bars) and the predicted pattern (red dotted bars)
are indicated. The error bars in the subunit counting data show counting errors and are given
by I/N*Vn (n= total number of spots for each step; N= total number of spots for all steps).

Discussion

The poml-1 mec-4(d) double mutant provides a sensitized background in which to
screen for genes that normally inhibit mec-4(d) degeneration. Using this mutant, we
identified two inhibitors, MEC-10 and C49G9.1, that function downstream of POML-1,
because POML-1 acts as a chaperone for MEC-4 folding and transport (Y.C. and M.C.
submitted); whereas C49G9.1 is localized on the plasma membrane and partially overlap with
the Golgi. MEC-10 is part of MEC-4,MEC-10 trimer, and inhibits MEC-4(d) both in vivo and
in vitro. In contrast, C49G9.1 is not part of MEC-4 channel complex, though it may
transiently interact with MEC-4. C49(G9.1 appears to act by reducing MEC-4 surface
expression, although it could presumably also inhibit MEC-4(d) or MEC-4 channel activity
directly. The suppression of poml-1 by the loss of C49G9.1 is likely to result from the

increase in MEC-4(d) channels on the surface of the TRNs.
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The effect of MEC-10 is more difficult to understand, since it seems to have opposite
effect on MEC-4 and MEC-4(d) channels. In vivo MEC-10 loss decreases the
mechanoreceptor current amplitude by 25% and modestly decreases touch sensitivity
(Arnadottir et al., 2011), but it increases mec-4(d) toxicity in poml-1 mutants. Moreover,
MEC-10 decreases the macroscopic MEC-4(d) current amplitude in the frog oocytes
(Goodman et al., 2002). These differences may result because these channel function
differently. Specifically, the wild type MEC-4; channel may need MEC-10 to allow it to be
maximally gated, whereas the MEC-4(d); channel, which is constitutively open, allows more
current when MEC-10 is absent. Because MEC-10 does not affect MEC-4(d) surface
expression (Arnadottir et al., 2011), single channel conductance, or open probability (Brown
et al., 2008) in Xenopus oocytes, it may act by inactivating some MEC4(d) channels, making
them unable to be opened.

MEC-4 surface expression can be reduced by C49G9.1, though the mechanism
remains obscure. Given its localization on the plasma membrane and its negative effect on
MEC-4 expression on the membrane, one possible hypothesis is that C49G9.1 may regulate
the removal of the transduction channel from the plasma membrane, though we cannot rule

out the possibility that it inhibits the insertion of channel to the membrane.
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Chapter 1V

Summary and Future Directions
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Summary

My doctoral research combined genetics, molecular biology, electrophysiology, and
single molecule imaging to redefine the MEC-4/MEC-10 mechanotransduction complex in C.
elegans, and found that the complex adopts a simpler model than previously proposed (Figure
IV-1). In particular, the channel complex consists of two MEC-4 and one MEC-10. Neither
MEC-2 nor MEC-6 tightly associate with the channel complex, and thus, they may not be part
of the channel. MEC-2 often co-localizes with MEC-4 in vivo and can bind to cholesterol, and
therefore, may regulate the lipid microenvironment of the MEC-4,MEC-10 channel. MEC-6
and a similar protein POML-1 are required for MEC-4 expression and localization, and likely
act as chaperones and/or assembly factors for MEC-4 folding and transport.

I also used the poml-1 mutation as a sensitized background to screen for genes that
normally inhibit the neurotoxicity of mec-4(d), and found the loss of mec-10 and C49G9.1
make mec-4(d) more toxic. C49G9.1 encodes a novel membrane protein found in nematode,

which can reduce MEC-4 surface expression.
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Figure IV. A new model of the DEG/ENaC mechanotransduction complex.

The MEC-4,MEC-10 mechanosensory channel complex

After figuring out how the transduction channel organizes, one important open
question is, how does the MEC-4,MEC-10 channel transduce mechanical stimuli into
electrical signal? The genetic and electrophysiological methods have identified many residues
crucial for the channel function, but have limits in probing the gating mechanism. A high-
resolution structure is needed to further address this question. Expressing MEC-4 and MEC-
10 proteins in bacteria is problematic, because the mec-4 and mec-10 genes, both the cDNA
and the coding sequence that contains introns and exons, are toxic to bacteria, making bacteria
grow very slowly. Therefore, it is difficult to express the full-length protein of MEC-4 and
MEC-10 in bacteria. Future work involves trying eukaryotic expression systems, such as yeast

or insect cells Sf9, which have been successfully used to produce chick ASIC1 proteins (Jasti
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et al., 2007). Moreover, because MEC-6 is needed for MEC-4 folding and transport, co-
expression of MEC-4 and MEC-6 may be a good strategy.

The MEC-4 puncta also need further characterization. Previous work has suggested
that most proteins in MEC-4 puncta may not be active (O’Hagan et al., 2005) and MEC-4
puncta do not appear to be essential for touch sensitivity (Chapter II). Future work needs to
study whether the proteins in MEC-4 puncta reside on the plasma membrane or intracellular
vesicles by fusing the MEC-4 proteins to pH-sensitive fluorescence proteins, such as
superecliptic phluorin (Miesenbock et al., 1998). Additionally, the physiological role of the
MEC-4 puncta also needs to be explored. MEC-4 puncta may function as reservoirs of MEC-

4 proteins and affect the modulation and/or habituation of mechanosensation.

MEC-6 and POML-1 in MEC-4 folding and transport

Future work needs to study the chaperone activities of MEC-6 and POML-1 in the ER.
The molecular mechanism of MEC-6 and POML-1 in MEC-4 folding and transport is not
understood. As I mentioned in Chapter I, calnexin and calreticulin constitute the crucial step
of folding glycoproteins into their native state. [MEC-4 has also been shown to be
glycosylated (Lai et al., 1996)]. Whether MEC-6 and POML-1 are also involved in the
calnexin/calreticulin folding cycle needs further investigation. However, the additive effects
of poml-1 and crt-1 in touch sensitivity suggest that POML-1 and/or MEC-6 may participate
in other folding pathways in parallel to calnexin/calreticulin. One previous experiment hinted
that MEC-6 and POML-1 may specifically bind to unfolded MEC-4 proteins or MEC-4

folding intermediates and release the properly folded MEC-4, because MEC-6 mutant
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proteins can bind to MEC-4 more strongly than the MEC-6 wild type protein (B.C and M.C,
unpublished result). One experiment to test this possibility is to examine whether MEC-6 and
POML-1 can pull down more misfolded MEC-4 proteins than folded MEC-4 proteins. To do
this experiment, we need a mec-4 missense mutation that can specifically disrupt MEC-4
folding, we can then test whether the mutant MEC-4 proteins can bind more strongly to MEC-
6 than the wild type MEC-4 proteins.

Assaying MEC-6 chaperone activities has several difficulties. First, we cannot express
and purify MEC-6 proteins from heterologous systems; MEC-6 expression in bacteria
produced merely insoluble proteins (Y.C. and M.C., unpublished work). The lack of purified
MEC-6 prohibits us from examining its effect on protein aggregation induced by heat and
protein refolding. Second, MEC-4 is only weakly expressed in the six TRNs out of 1000
somatic cells in worms. Low protein abundance makes collecting sufficient amounts of MEC-
4 proteins for biochemical assays very difficult. Third, there is no good heterologous system
to test their chaperone activities, because MEC-4 alone can also reach the surface of frog
oocytes and Drosophila S2 cells (Y.C. and M.C., unpublished data), which do not have any
MEC-6 or human paraoxonase like proteins (Hicks et al., 2011), indicating other proteins in
the heterologous system can also do the similar job, and thus, obscure the roles of MEC-6 and
POML-1.

The role of calreticulin (CRT-1) in storing Ca" in the ER raises the possibility that
MEC-6 and POML-1 may also affect the ER Ca”" homeostasis. CRT-1, a Ca*"-binding
chaperone, plays dual roles in regulating the ER Ca®" homeostasis and protein folding. Xu et
al. (2001) suggested the loss of crt-1 suppresses mec-4(d) induced cell death, at least in part,

through disrupting the release of Ca®* form the ER. However, because MEC-6 and POML-1
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have no sequence or structural similarity to CRT-1, and do not have any known Ca*"-binding
motifs, it is unlikely that MEC-6 and POML-1 facilitate Ca”" storage in the ER, and affect the
ER Ca’" level and/or release, though we cannot rule out the possibility that they may
indirectly affect the Ca®" level in the ER.

To test whether MEC-6 and POML-1 affect the ER Ca** level, I have used cameleon
proteins, D1ER (Palmer et al., 2004) and split-YC 7.3er (Ishii et al., 2006), to measure the
free ER Ca”" level in the TRN. I have found that the free ER Ca’" level appears to be very
similar among the TRNSs of wild-type, mec-6(u450);poml-1(0k2266), and crt-1(0k948)
animals. Moreover, I have also tried to use chemicals to induce the release of Ca*" from the
ER of TRNSs isolated from embryos and cultured on cover glass, using GCaMP3 to monitor
the cytosolic Ca*" increase (Suzuki et al., 2003). However, ATP and histamine (Riach et al.,
1995) did not produce any cytosolic Ca®" increase, perhaps due to the absence of H1 and P2u
receptors in C. elegans. Neither thapsigargin (sarco / endoplasmic reticulum Ca>" ATPase
inhibitor) nor caffeine (ryanodine receptor agonist) resulted in any intracellular Ca®" increase.
Application of SmM 4-Chloro-m-cresol (potential ryanodine receptor agonist; Al-Mousa and
Michelangeli, 2009; Higure et al., 2006) caused substantial intracellular Ca®" increase,
followed by cell swelling and death. The rate of Ca®” increase and peak intracellular Ca**
level varied among different TRNs. No significant difference was observed in TRNs of wild
type, mec-6, poml-1, and crt-1 (Y.C. and M.C., unpublished data). All of the above
experiments raise the doubt about whether crt-1 and mec-6 mutations have significant effects
on the Ca’" level in the ER of TRNG. Indeed, calreticulin knock-out reduced the total cellular
Ca’" content by approximately 45% in mouse cells (measured by **Ca*"), but did not affect

the free ER Ca”" concentration (measured by a cameleon based Ca®" indicator), or the InsP;
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induced Ca”" release from the ER (Nakamura et al., 2001). To study the effect of crt-1 or
mec-6 on the ER Ca*" homeostasis, future work needs to find better ways to monitor the ER
Ca”" level and induce the release of Ca®* from the ER in C. elegans.

Additionally, the potential role of MEC-6 in the production of other degenerin proteins
(UNC-8 and DEG-1) needs further study. Like MEC-4, their hyperactivation induced cell
death requires MEC-6, suggesting a role for MEC-6 in producing these proteins. Future work
needs to examine their expression and localization in mec-6(u450) mutants by using their
translational GFP fusion (no antibody is available for UNC-8 or DEG-1). Because the deg-1
gene contains large introns, construction of entire coding sequence fusion is difficult; GFP

fusion with the deg-1 cDNA sequence is an alternative.

The function of other paraoxonase-like proteins

The role of MEC-6 and POML-1 as ER chaperones suggests that mammalian PONs
may also have chaperone activities. Indeed, PON2 and PON3 are expressed in the ER and can
reduce the cell death caused by the unfolded protein stress. Their potential chaperone
activities need to be further studied. Human PON1, PON2, and PON3 have no effect on
MEC-4(d) activities when expressed in Xenopus oocytes (Y.C and M.C., unpublished data)
[whereas MEC-6 (Chelur et al., 2002) and POML-1 can increase MEC-4(d) activities
(Chapter II)], suggesting these PONs may act on other substrate proteins, if they have any
chaperone activities.

I also studied the expression pattern and the loss of function phenotypes of the other

three PONs-like proteins in C. elegans (more details in Appendix II). POML-2 is expressed in
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DA motor neurons, intestinal-rectal valve, and rectal glands. POML-3 and POML-4 are
expressed in hypodermis. As with MEC-6 and POML-1, protein fusions of POML-2, 3, and 4
form the mesh-like structure, and perhaps are localized in the ER of the cell body. Animals
with the deletion of each gene exhibit no obvious phenotypes, except that poml-2(0ok1886)
mutants have smaller brood size compared to the wild-type animals.

The function of C. elegans PONs-like proteins remains largely unknown, except in the
TRNs. Although MEC-6 is widely expressed in many neurons, muscles, and the excretory
canal (Chelur et al., 2002), animals with mec-6 null mutation exhibited no other obvious
abnormality besides touch insensitivity. Several double mutants among the five genes
produced no obvious phenotypes besides the defects mentioned above. Either these genes are
dispensable for worms, or they are highly redundant. Future work needs to make triple,

quadruple, and quintuple mutants to study their functions.

Inhibition of the MEC-4(d) neurotoxicity

Mutation of poml-1(0k2266) mec-4(d) provides a sensitized background for
identifying genes that inhibit the MEC-4(d) neurotoxicity. These genes may negatively
regulate MEC-4 activities or surface expression, as shown by the two identified inhibitors,
C49G9.1 and MEC-10. The genetic screens described in this thesis only searched for nearly
healthy mutants, and thus, missed all the lethal genes. To identify the potential MEC-4(d)
inhibitors among the lethal genes, particularly those that may be involved in protein secretory,
endocytic, and degradation pathways, a good strategy is to perform neuronal or TRN specific

feeding RNA1 using the strain with enhanced efficiency on neuronal RNAi (Calixto et al.,
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2010). Before the screens, the RNA1 efficacy needs to be tested by feeding double-stranded
RNA of MEC-10 and C49G9.1 to the enhanced strains with the mec-4(d) poml-1 mutation.

How MEC-10 inhibits MEC-4(d) remains elusive. In Xenopus oocytes, MEC-10
reduces the amplitude of macroscopic MEC-4(d) current by 40%, but has no effect on single
channel conductance, single channel open probability, or the surface expression of MEC-4(d),
suggesting that MEC-10 may prevent a fraction of channels from opening (Brown et al., 2008;
Goodman et al., 2002). Recently, we found that MEC-10 S118 phosphorylation may regulate
the MEC-4/MEC-10 channel activity: animals expressing the phospho-mimetic MEC-10
(S118E) did not habituate after sustained mechanical vibration, whereas animals expressing
phosphorylation-deficient MEC-10 (S118A) exhibited touch defects.

One hypothesis is that the inhibitory effect of MEC-10 depends on its phosphorylation
status: unphosphorylated MEC-10 is inhibitory, while phosphorylated MEC-10 has no
inhibitory effect. Perhaps in frog oocytes and the TRNs that express MEC-4(d), most MEC-
10 proteins are unphosphorylated, and thus, inhibit MEC-4(d) activities. Future work needs to
test this hypothesis by examining the effect MEC-10(S118A) and MEC-10(S118E) on MEC-
4(d) activities both in frog oocytes and in worms. If the hypothesis is correct, I expect the
following results: MEC-10(S118A) will inhibit the MEC-4(d) in frog oocytes, and suppress
the TRN degeneration in poml-1 mec-4(d) mec-10 animals; whereas MEC-10(S118E) will not
have these inhibitory effects.

C49G9.1 needs to be further characterized. I have demonstrated that C49G9.1 reduces
MEC-4 surface expression both in vivo and in vitro, but its molecular mechanism and
physiological role is not understood. Because C49G9.1 sequence is not obviously similar to

that of any known proteins, it is impossible to speculate its function based on its homology.
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However, recently, we found that C49G9.1 is needed for mechanosensory habituation after
sustained vibration (X.C., Y.C. and M.C., unpublished data), suggesting that its function can

be further investigated in the context of habituation.
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Appendix I

The DEG/ENaC protein MEC-10 regulates the transduction channel complex in

Caenorhabditis elegans touch receptor neurons

(In the following paper published on The Journal of Neuroscience in August of 2011, Johanna
Arnadottir and other authors confirmed the functional contribution of MEC-10 to the
mechanotransduction complex by showing that several mec-10 point mutations altered the ion
selectivity of the channel and abolished touch responses, while a potential mec-10 null
mutation resulted in only modest touch defects and reduction of mechanoreceptor current
amplitude. I performed touch test on the wild type worms and two strains with partial deletion
of mec-10, and found that animals with mec-10 deletions, compared to the wild type, did not
show defects in responding to touch stimuli delivered near the cell bodies of the TRNs. The

touch response is shown in Supplemental Figure 1C.)
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The DEG/ENaC Protein MEC-10 Regulates the Transduction
Channel Complex in Caenorhabditis elegans Touch Receptor
Neurons

Jéhanna Arnadéttir,' Robert 0’Hagan,' Yushu Chen,' Miriam B. Goodman,? and Martin Chalfie'
'Department of Biological Sciences, Columbia University, New York, New York 10027, and ?Department of Molecular and Cellular Physiology, Stanford
University, Stanford, California 94025

Gentle touch sensation in Caenorhabditis elegans is mediated by the MEC-4/MEC-10 channel complex, which is expressed exclusively in
six touch receptor neurons (TRNs). The complex contains two pore-forming subunits, MEC-4 and MEC-10, as well as the accessory
subunits MEC-2, MEC-6, and UNC-24. MEC-4 is essential for channel function, but beyond its role as a pore-forming subunit, the
functional contribution of MEC-10 to the channel complex and to touch sensation is unclear. We addressed this question using behavioral
assays, in vivo electrophysiological recordings from TRNs, and heterologous expression of mutant MEC-10 isoforms. Animals with a
deletion in mec-10 showed only a partial loss of touch sensitivity and a modest decrease in the size of the mechanoreceptor current (MRC).
In contrast, five previously identified mec-10 alleles acted as recessive gain-of-function alleles that resulted in complete touch insensi-
tivity. Each of these alleles produced a substantial decrease in MRC size and a shift in the reversal potential in vivo. The latter finding
indicates that these mec-10 mutations alter the ionic selectivity of the transduction channel in vivo. All mec-10 mutant animals had
properly localized channel complexes, indicating that the loss of MRCs was not attributable to a dramatic mislocalization of transduction
channels. Finally, electrophysiological examination of heterologously expressed complexes suggests that mutant MEC-10 proteins may

affect channel current via MEC-2.

Introduction

The degenerin/epithelial Na™ channel (DEG/ENaC) proteins
comprise a diverse family of ion channel proteins found in inver-
tebrates and vertebrates (for review, see Kellenberger and Schild,
2002). DEG/ENaC proteins are involved in diverse physiological
processes, such as sodium transport, mechanosensation, and salt
and water taste, but share a common structure with two trans-
membrane domains, intracellular termini, and a large extracellu-
lar loop. Both homomeric and heteromeric channels can be
formed.

Mutations in the genes for two DEG/ENaC proteins, MEC-4
and MEC-10, disrupt gentle touch sensation in the nematode
Caenorhabditis elegans (Chalfie and Sulston, 1981; Driscoll and
Chalfie, 1991; Huang and Chalfie, 1994). These two proteins and
at least three accessory subunits (the prohibitin-domain proteins
MEC-2 and UNC-24 and the paraoxonase-like protein MEC-6)
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form a channel complex that transduces touch (Huang et al.,
1995; Chelur et al., 2002; Zhang et al., 2004; O’Hagan et al., 2005).

Regions of MEC-4 and MEC-10 both contribute to the pore of
the channel complex, as evidenced by the ability of mutations in
either protein to affect the ion selectivity of the mechanoreceptor
current (MRC) (O’Hagan et al., 2005). The two proteins share
extensive sequence similarity, yet the two genes encoding them
show dramatically different genetics. This difference may reflect
the different roles that the two proteins play in the mechanosen-
sory channel complex. Saturation mutagenesis screens for touch-
insensitive animals identified 59 mec-4 mutant alleles compared
with only six mec-10 mutant alleles (Chalfie and Sulston, 1981;
Chalfie and Au, 1989). Furthermore, although the different
mec-4 alleles have mutations scattered throughout the gene, all
but one of five mec-10 mutations are clustered within a 25 nt
stretch (the defect in the sixth allele has not been identified;
Huang and Chalfie, 1994). These observations suggest that
MEC-10 may play a minor role in touch sensation. This idea is
supported by the finding that no MRC is generated in mec-4 null
animals with a wild-type mec-10 allele (O’Hagan et al., 2005),
suggesting that MEC-10 is not sufficient for generation of MRCs
in the absence of MEC-4. Furthermore, a gain-of-function
mutation in mec-10 that causes the degeneration of the touch
receptor neurons (TRNs) requires wild-type mec-4, but similar
mutations in mec-4 do not require wild-type mec-10 (Chalfie and
Wolinsky, 1990; Huang and Chalfie, 1994). However, all six of
the previously characterized mec-10 mutations result in complete
touch insensitivity. If these mutations cause the loss of MEC-10
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activity, this finding implies that MEC-10 plays a critical role in
mechanosensation.

In this paper, we resolve the apparent paradox of MEC-10
function by showing that the protein is not required for a behav-
ioral or electrophysiological response to touch. Instead, MEC-10
plays a regulatory role in the channel complex and is essential for
full sensitivity to gentle touch. In addition, we show that five
previously identified mec-10 mutant alleles are not loss-of-
function mutations but recessive gain-of-function alleles. Finally,
by recording currents from heterologously expressed channel
complexes, we show that the gain-of-function effect of the mec-10
mutations may be mediated via the MEC-2 accessory subunit.

Materials and Methods

Worm strains. Wild type (N2) and strains with the mutations mec-
3(e1338), mec-4(u253), mec-10(el515), mec-10(u20), mec-10(u390),
mec-10(u332), mec-10(el715), lin-35(n745), and mec-4(u339) have been
described previously (Brenner, 1974; Chalfie and Au, 1989; Huang and
Chalfie, 1994; Lu and Horvitz, 1998) or constructed genetically (Brenner,
1974). In addition, we used TU2769, a strain with an integrated array
containing mec-17:gfp and lin-15(+) in a lin-15(n765ts) background
(O’Hagan et al., 2005), to generate strains with labeled TRNs. mec-
10(0k1104) was obtained from the C. elegans Gene Knockout Consor-
tium at Oklahoma Medical Research Foundation (Oklahoma City, OK).
mec-10(tm1552) was obtained from the National Bioresource Project for
the Nematode at Tokyo Women’s Medical University (Tokyo, Japan).
For visualization of MEC-4::YFP, an extrachromosomal array of P,,,,._,
mec-4::yfpP,,...cfp (Chelur et al., 2002) was integrated using gamma
irradiation (Mello and Fire, 1995) and outcrossed seven times to wild
type before crossing into the mec-10 backgrounds.

mec-10(ok1104) sequencing. The following primer pairs were used for
PCR amplification of overlapping 1-2 kb regions of the mec-10 gene for
sequencing (Genewiz): 5'-GAAGGAATTTTTTGGGATGGGG and
5'-ACGGGTTCAAATTGCAAAGA; 5'-CACGGATATACAATTGA-
AGTTTGAC and 5'-CACTATCGCCAAAGTATTCCC; 5'-GATCG-
GAACTCAAGAAGGAG and 5'-CGACACTTGAATGATCCGTG; and
5'-GTTAGGAACATTTGATACGGTTTC and 5'-CAAAAAAAAAATG-
CAAAAGTGTGTACCC. cDNA was sequenced from products amplified
from mRNA isolated from 0k1104 animals by RT-PCR using the follow-
ing primer pairs: 5'-CGTAGTCGCAGTCGATTTCA and 5'-CGA-
CACTTGAATGATCCGTG; and 5'-CGTAGTCGCAGTCGATTTCA
and 5'-CACTATCGCCAAAGTATTCCC.

Touch assays. Animals were assayed for response to gentle touch as
described by Chalfie and Sulston (1981) and scored as described by Hob-
ert et al. (1999). Each animal was usually touched 10 times, alternating
between touch to the anterior and the posterior part of the animal. In
experiments to test whether mec-10 mutations resulted in differential
responses along the TRN processes, we touched individual animals at
specific locations only once. All touch assays were performed as blind
tests.

To determine the touch sensitivity of animals that had a mec-10 mu-
tant allele and the mec-10(0k1104) deletion allele, we mated mec-
10(0k1104) hermaphrodites with males hemizygous for the mec-10
mutations and homozygous for the mec-17::gfp transgene from TU2769.
Animals with this transgene express GFP in the TRNs without any sig-
nificant effect on the touch sensitivity of the animal (O’Hagan et al.,
2005). GFP-positive F1 progeny were picked from the crosses and tested
for response to touch as described above.

Harsh touch was tested by prodding 20 wild-type, mec-4(u253), mec-
3(e1338), and mec-10(tm1552) mec-4(u253) animals near the vulva with
a platinum wire.

RNA interference. RNA interference (RNAi) was performed by feeding,
essentially as described by Kamath and Ahringer (2003), using three
different RNAi sensitizing backgrounds: lin-35(n745) (Lehner et al.,
2006), P,,.;,05id-1P,,,, _; o8fPP ec.sMec-6; lin-15b(n744), and P, o
sid-1P,,,,._; 168fPP,yec_smec-6 (Calixto et al., 2010). The latter was used for
knockdown of mec-10in ok1104 animals, because mec-10 and lin-15b are
located in close proximity to each other on chromosome X. Worms were
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fed Escherichia coli expressing double-stranded RNA against either
mec-10 or mec-4 [Geneservice RNAI library, ID number X-4G16
(mec-10) or X-7D15 (mec-4) (Fraser et al., 2000); primer pairs for the
mec-10 clone: forward, ATCGGAAAACCAACACTTGC and reverse,
CGTAGTCGCAGTCGATTTCA; and for the mec-4 clone: forward,
TACCTGCAACGGAAAGATCC and reverse, ATACAACGGAAA-
GACGCCAC]. To control for nonspecific effects of RNAi, we compared
the touch response of test animals with that of animals fed bacteria ex-
pressing double-stranded RNA against GFP [pPD128.110 from the Fire
Lab Vector kit, Addgene plasmid 1649 (Addgene); sequence available at
http://www.addgene.org]. The bacteria was grown in liquid at 37°C for
~12 h before seeding onto nematode growth medium—isopropyl-thio-
B-d-galactoside (NGM-IPTG) plates and then grown at room tempera-
ture for 24 h before use. Eggs were harvested by bleaching gravid adult
animals in 0.1 M KOH, 10% bleach solution for 5 min. The eggs were
washed three times in M9 buffer and then placed on seeded NGM-IPTG
plates and grown at 20°C (lin-35 background) or 15°C [P,,,._,,osid-1
P 1168PP pec-shec-6; lin-15b(n744) and P, ;,65id-1P,,,, . 168fPP ec-s
mec-6 backgrounds]. Touch assays were as described above and were
performed blind, with respect to both the strain and the bacteria on
which it was raised.

Whole-mount immunochemistry. Animals were fixed with 1% formal-
dehyde for 30 min and permeabilized with B-mercaptoethanol, DTT,
and H,0, for antibody staining as described (Miller and Shakes, 1995).
Fixed animals were stained with a rabbit polyclonal antibody against the
N terminus of MEC-2 (1:200) (Zhang et al., 2004) overnight at 4°C and
Alexa Fluor 488-conjugated goat anti-rabbit antibody (1:2000) (Invitro-
gen) for 2 h at room temperature. Fluorescent micrographs were col-
lected at 100X and used to compute inter-punctum intervals as follows:
line segments tracing PLM neurons were straightened using the
“straighten selection” function in Fiji (http://pacific.mpi-cbg.de/wiki/
index.php?title=Fiji&oldid=4701), and straightened segments were
used to compute intensity line scans from which inter-punctum intervals
were measured from the distance between intensity peaks.

In vivo electrophysiology. Electrical responses to a mechanical stimulus
were recorded at a holding potential of —74 mV from the cell body of a
PLM touch receptor neuron that was exposed in the tail of an immobi-
lized worm. Whole-cell recordings and data analysis were performed as
described by O’Hagan et al. (2005), except data were collected using a
HEKA EPC-10 amplifier. Recordings with a holding current of less than
—15 pA and a series resistance of <100 M) were used for analysis (av-
erage series resistance was 64 M()). External saline contained the follow-
ing (in mm): 145 NaCl, 5 KCl, 5 MgCl,, 1 CaCl,, 10 KHEPES, pH 7.2
(adjusted to ~320 mOsm with p-glucose). Internal saline contained the
following (in mm): 125 Kgluconate, 22 NaCl, 1 MgCl,, 0.6 CaCl,, 10
NaHEPES, and 10 K,EGTA, pH 7.2. Sulforhodamine 101 (20 um) was
added to the internal saline to visualize the touch receptor neurite and
confirm connection to the cell after recording. Holding potential was
corrected for liquid junction potentials. For current—voltage relations,
the membrane potential at the stimulus site was adjusted for attenuation
because of the distance between the point of stimulus and the recording
electrode (V,,), using the following equation (O’Hagan et al., 2005):
Voo = Vy cosh(I /A, — dyJ/A,)/cosh(l,/A,), where V} is the holding po-
tential, [, is the length of the neurite, A, is the length constant, and d, is
the distance between stimulus and electrode. The length of the neurite
was estimated from the length of the body of the worm [measured from
a video recording using NIH Image] (http://rsbweb.nih.gov/ij/)] using
the following relationship (O’Hagan et al., 2005): I, = 123 + 0.34L,
where L is the body length (in micrometers). d, was measured from a
video recording, and A, was estimated as described by O’Hagan et al.
(2005).

Pressure dependence of MRCs was calculated as described by O’Hagan
et al. (2005). The average Pv: of wild-type MRCs we found in these
experiments was similar but not identical to the previously published
value. This difference is likely attributable to the errors associated with
estimating the spring constants of the reference probe and the stimulus
probe, as well as the area of stimulus probe that contacted the cuticle of
the animal. However, this systematic difference had no effect on the
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A Amiloride was added from a stock solution (0.1
M in DMSO) to a final concentration of 300 um
to the bath solution to record amiloride-

2 insensitive currents.
@ . . . .
& For coimmunoprecipitation experiments,
3 oocytes were injected with cRNAs producing
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interpretation of results, as differences in Pv: values between wild type
and mutants were highly consistent.

Single-channel conductance of the mechanoreceptor channel in wild-
type and mec-10 deletion animals was determined using nonstationary
noise analysis (Heinemann and Conti, 1992) as described by O’Hagan et
al. (2005).

Heterologous expression, electrophysiology, coimmunoprecipitation, and
detection of surface-expressed channels. Expression constructs for
MEC-4d (A713T), MEC-2, MEC-6, MEC-10, myc:MEC-4d (A713T),
and MEC-10::GFP have all been described previously (Chelur etal., 2002;
Goodman et al., 2002). Point mutations corresponding to mec-10 muta-
tions were generated using the QuikChange site-directed mutagenesis kit
(Stratagene).

cRNA was synthesized using the T7 mMESSAGE mMACHINE kit
(Applied Biosystems/Ambion). Ten nanograms of MEC-4d, MEC-2,
MEC-10 and 1 ng of MEC-6 cRNA were injected into Xenopus laevis
oocytes. Oocytes were cultured in ND-96 with penicillin—streptomycin
and 300 um amiloride at 17°C and recorded from or used for biochemical
experiments, 5 d after injection. Two-electrode voltage-clamp record-
ings, coimmunoprecipitation, and surface expression experiments were
performed as described previously (Chelur et al., 2002; Goodman et al.,
2002).

For two-electrode voltage-clamp recordings, normal bath solution
contained the following (in mm): 100 Na-gluconate, 2 KCl, 1 CaCl,, 2
MgCl,, and 10 NaHEPES, pH 7.2. Pipettes were filled with 3 m KCI.

—C

mec-10 mutant alleles. 4, Touch sensitivity of mec-70 animals. Each animal was touched 10 times, as described in
Materials and Methods (mean == SEM, n = 30 for each). B, Location of missense mutations in mec-70 mutant alleles within
conserved regions of DEG/ENaC proteins. Protein sequences were aligned using COBALT (Papadopoulos and Agarwala, 2007).
Except ASIC1a (Gallus gallus), all sequences are from C. elegans. Gray shading indicates conserved residues at sites mutated in
domains are represented by black
boxes. €, The 0k7104 allele carries a 143 bp deletion (black bar) at the junction of the fourth intron and the fifth exon in the mec-10
gene. Location of primer pairs used for RT-PCR amplification is indicated in gray (F, R1, and R2). D, Putative protein products in
0k1104 animals as derived from conceptual translation of three different RT-PCR products (see Results). Transmembrane domains
are represented by black boxes, foreign amino acid residues by red bars, and a deletion by a white bar.

MEC-4d, MEC-2, and wild-type or mutant
forms of MEC-10. Five days after injection,
healthy and intact cells were selected and incu-
bated in EZ-Link Sulfo-NHS-LC-Biotin (Thermo
Scientific Pierce Protein Research Products).
Unbound biotin was quenched with free gly-
cine, and the oocytes were washed several times
before lysis. Lysates were incubated with
agarose-conjugated avidin beads to precipitate
biotinylated surface proteins. Samples were
then run on SDS-PAGE, and Western blots
were stained with HRP-conjugated c-myc an-
tibody (9E10; Santa Cruz Biotechnology) to
detect surface-expressed myc:MEC-4d.

Results

Decreasing or eliminating mec-10
results in a partial defect in touch
sensation

Saturation mutagenesis screens for touch-
insensitive animals identified five mec-10
alleles (all recessive) with confirmed mu-
tations: e1515, u20, u390, u332, and e1715
(Chalfie and Sulston, 1981; Chalfie and
Au, 1989). On average, mec-10 mutant an-
imals respond only to 1-4 touches of 10, whereas wild-type ani-
mals respond to 9 touches of 10 (Fig. 1 A). Each of the mec-10
alleles has a single missense mutation (Huang and Chalfie, 1994)
that affects a protein domain that is conserved within the DEG/
ENaC protein family (Fig. 1B). Therefore, these mutations may
affect critical functions not only of MEC-10 but also of DEG/
ENaC channel proteins more generally.

To determine whether loss of mec-10 also results in a touch-
insensitive phenotype, we characterized a candidate null allele,
mec-10(0k1104). The ok1104 allele was identified by PCR-based
screening of a deletion library, rather than a phenotype-based
screen. ok1104 animals had a partial defect in response to gentle
touch, a phenotype that was weaker than any of the five previ-
ously identified mec-10 alleles (Fig. 1 A).

0k1104 animals have a 143 bp deletion in the mec-10 gene
starting at the junction between the fourth intron and the fifth
exon. To learn how this deletion affects MEC-10 expression, we
used two primer pairs for RT-PCR to compare mec-10 mRNA in
wild-type and 0k1104 animals (Fig. 1C). One primer pair (F-R1)
resulted in multiple products from 0k1104 animals and a single
band from wild-type animals (data not shown). A single RT-PCR
product was detected in 0k1104 and wild-type animals with a
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Figure 2.  Effects of mec-10 RNAi. A, RNAi against mec-10 in lin-35(n745) has no effect on
animals with wild-type mec-10 or animals with the ok7704 deletion allele and enhances the
touch sensitivity of animals with missense mutations in mec-10. Animals were fed bacteria
expressing dsRNA against either GFP (white bars) or mec-10 (black bars) and assayed for touch
response as described in Materials and Methods. Bars are mean = SEM forn = 41— 81animals.
Significance in all panels from Student’s ¢ test: ns, not significant; *p << 0.05; **p < 0.01; ***p
<C0.0001. Numbers in parentheses represent the number of animals that were completely
unresponsive. B, RNAi against mec-70results in a partial loss of touch sensitivity in a strain that
is hypersensitive to RNA [P, ;51T P,c_11691D Prnec.smec-6; lin-15b(n744)], whereas RNAi
against mec-4 produces a more dramatic loss of touch sensitivity. Animals were fed bacteria
expressing dsRNA against either GFP (control), mec-10, or mec-4 as indicated and assayed for
touch response as described in Materials and Methods (mean == SEM, n = 60 for each). ¢, RNAi
against mec-10 in a hypersensitive RNAi background (P,..;15id-1 Py 116910 Prnec.gMec-6)
reduces the touch sensitivity of animals with wild-type mec-10 (control) and does not affect the
touch response of animals with a deletion in mec-10 (k7704 or tm1552). Animals were fed
bacteria expressing dsRNA against either GFP (white bars) or mec-10 (black bars) and assayed
for touch response as described in Materials and Methods (mean = SEM, n = 90-100 for
each).

second primer pair (F-R2) that spans a region including that
covered by the first primer pair. We sequenced the RT-PCR
product from ok1104 animals from the F-R2 primer pair and two
of the products from the F-R1 primer. Conceptual translation of
these three gene products revealed the following (Fig. 1D): a
transcript encoding an aberrant MEC-10 product with a deletion
of 47 aa (L190 to G236) and two transcripts encoding premature
stop codons. This analysis indicates that the 0k1104 deletion allele
disrupts transcription of the mec-10 gene but leaves open the
possibility that 0k1104 animals might express a mutant MEC-10
protein.

We further tested the effects of reduced MEC-10 activity on
touch sensitivity in vivo using RNAI. Initially, we used strains
carrying lin-35(n745), which increases the efficiency of RNAi in
the TRNs (Lehner et al., 2006). RNAi against mec-10 in these
animals had no effect on touch sensitivity (Fig. 2A), whereas
RNAi against mec-4 reduced touch sensitivity as found previously
(Lehner et al., 2006).

If MEC-10 were required for touch sensitivity, we would
expect animals treated with mec-10 RNAI to have touch sen-
sitivity similar to that of animals carrying the 0k1104 deletion
allele (Fig. 1A). RNAI against mec-10 in lin-35(n745) animals,
however, had no detectable effect on the touch response. Be-
cause this discrepancy could be attributable to incomplete
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knockdown of mec-10, we retested mec-10 RNAi in animals
whose neurons were made very sensitive to RNAi by neuronal
expression of the gene sid-1 (Calixto et al., 2010). RNAi
against mec-10 in these animals produced partially touch-
insensitive animals (Fig. 2 B). However, RNAi against mec-4
produced an even more dramatic reduction in touch sensitiv-
ity in sid-1(+) transgenic animals. These results mirror the
more severe touch-insensitive phenotype of mec-4 null mu-
tants compared with mec-10 deletion animals. The phenotype
of 0k1104 animals and the effects of knockdown of mec-10
suggest that MEC-10 is not essential for touch sensation. This
result could explain why no null alleles of mec-10 were identi-
fied in previous screens for touch-insensitive animals.

These RNAI results suggest that the ok1104 deletion causes a
loss of functional MEC-10 protein. If, however, 0k1104 resulted
in a polypeptide that interfered with proper function of the chan-
nel complex, then knockdown of mec-10 expression by RNAi in
0k1104 animals should rescue their touch response (the ok1104
allele has >90% of the region targeted by mec-10 RNAi). In con-
trast, we found that RNAi against mec-10 had no effect on the
touch response in 0k1104 mutants with either the lin-35 mutation
(Fig. 2A) or the sid-1(+) transgene (Fig. 2C). These results sug-
gest that either a truncated protein is not made in 0k1104 animals,
or ifitis made, it does not interfere with the function of the touch
receptor complex.

We also tested the behavioral response of trans-heterozygotes
with one copy of e1515, 120, u390, u332, or e1715 and one copy of
0k1104. The touch responses of these animals were indistinguish-
able from homozygous mec-10 mutant animals (supplemental
Fig. 1A, B, available at www.jneurosci.org as supplemental mate-
rial). This result also suggests that 0k1104 is a loss-of-function
allele.

Chatzigeorgiou et al. (2010a,b) reported that mec-10(tm1552), an
allele with a deletion in the region of the gene that encodes the
extracellular domain [as with mec-10(0k1104)], also produced
partial touch insensitivity. Therefore, both 0k1104 and tm1552
are probably similar loss-of-function alleles. Moreover, a simi-
larly deleted region in mec-4(1u253) results in a loss-of-function
allele (Hong et al., 2000). We used 0k1104 in our experiments
because RNAI against mec-10 did not alter touch sensitivity. In
contrast, RNAIi for mec-10 increased the touch sensitivity of
tm1552 animals (Fig. 2C).

Chatzigeorgiou et al. (2010a) also reported that the deletion in
mec-10(tm1552) results in differential touch insensitivity along
the length of the TRN processes. In contrast, we found that wild-
type, mec-10(0k1104), and mec-10(tm1552) animals all showed a
reduced response to touch near the ALM cell body compared
with touch near the second pharyngeal bulb (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). No
difference in response was detected from the two ends of the PLM
neurons.

Chatzigeorgiou et al. (2010b) have proposed that MEC-10 is
essential for harsh touch sensitivity. Neither animals homozy-
gous for missense mutations in mec-10 (Huang and Chalfie,
1994) nor animals with both a mec-4 null mutation (#253) and a
mec-10 deletion (tm1552) were insensitive to harsh touch (this
study). All wild-type animals responded to prodding by a plati-
num wire, whereas only 15 * 8% (mean * SEM, n = 20 for all)
of mec-3(e1338) animals, which are defective in sensing harsh
touch (Way and Chalfie, 1989), responded. However, 85 = 8% of
mec-4(u253) and 80 = 9% of mec-10(0ok1104)mec-4(u253) double-
mutant animals responded to harsh touch stimuli.
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Transduction channel subunits are
positioned normally in mec-10

mutant animals

The MEC-4/MEC-10 channel complex is
localized in puncta along the process of
the TRNs (Chelur et al., 2002; Zhanget al.,
2004). The partial or complete loss of
touch sensitivity in mec-10 animals could
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ization of transduction channel subunits
in the TRNS. To test for defects in the lo-
calization of the receptor complex in
mec-10 deletion and mutant animals, we
assayed the localization of two compo-
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animals was localized in a punctate pat-
tern similar to that seen in wild-type ani-
mals (supplemental Fig. 2, available at
www.jneurosci.org as supplemental ma-
terial). This result indicates that the touch
insensitivity seen in mec-10 animals is
likely a result of interference with the
function and not a gross mislocalization
of the transduction channel.

Loss of MEC-10 decreases MRC
amplitude but not single-channel
conductance or pressure sensitivity

We recorded MRCs from PLM touch
receptor neurons in live animals to de-
termine how loss of MEC-10 affects
channel function. Application and re-
moval of a mechanical stimulus elicits

@) @)

wild type ok1104 e1515 u390 u332

e1715  mec-4(u339)  large inward MRCs in both wild-type and

mec-10

Figure 3.

number of cells tested).

mec-10 alleles that result in touch insensitivity contain
gain-of-function mutations

The results presented thus far suggest that loss of mec-10 causes
only mild touch insensitivity (Figs. 1A, 2 B), whereas several mu-
tant mec-10 alleles result in greater loss of touch sensitivity (Fig.
1A). To test whether this more severe defect is caused by gain-of-
function mutations in the mec-10 alleles, we used RNAi to knock
down expression of mutant mec-10. In contrast to the effects of
RNAI against mec-10 in animals carrying either wild-type mec-10
or the 0k1104 allele, RNAi against mec-10 reduced the penetrance
and expressivity of touch insensitivity of mec-10 mutant animals
(Fig. 2A). Thus, decreasing expression of mutant MEC-10 pro-
teins resulted in animals that responded more often to repeated
stimuli and fewer animals completely failed to respond to touch
(Fig. 2A). These results support the conclusion that the mec-10
mutations are gain-of-function mutations.

mec-10 and mec-4 mutants have MRCs with decreased amplitude. A, Examples of in vivo recordings of MRCs
from PLM touch receptor neurons in wild-type, mec-10, and mec-4 animals (at —74 mV) in response to a saturating
mechanical stimulus (top). Each trace is an average of 20 sweeps. Stimulus pressure is indicated above each trace. B,
Maximum peak amplitude of MRC recorded from PLM touch receptor neurons (at —74 mV), at the onset (black bars) and
offset (white bars) of a response to a saturating mechanical stimulus (mean = SEM, numbers in parentheses indicate

mec-10(ok1104) deletion mutants (Fig.
3A). Loss of mec-10 did not detectably af-
fect the latency of MRC activation at either
the onset or offset of a touch but slowed the
rate of MRC activation and adaptation of
the onset response (Table 1). Specifically,
rates for activation (7,) and adaptation (7,)
of “on” MRCs were 7, = 2.6 = 0.2 ms and
7, = 51 = 3 ms for wild-type animals but
were; =42+ 03msand 7, = 67 * 3ms
in mec-10(0k1104) animals (p < 0.05 by one-way ANOVA). Thus,
MEC-10 is required for normal MRC kinetics in vivo. TRNs from
animals with the 0k1104 mutation also had smaller peak MRC am-
plitudes, ~75% that of wild-type animals.

We tested whether the change in MRC size reflected a de-
crease in single-channel conductance. Using noise analysis to
estimate the apparent single-channel conductance, we found
that it was similar in wild-type and 0k1104 mutants: 15.6 = 0.8
pS for wild type (n = 25) and 15.0 = 1.8 pS for 0k1104 (n =9).
Thus, the effect of the 0k1104 deletion on MRC amplitude is
not attributable to a decrease in single-channel conductance.
This in vivo observation is consistent with previous work
showing that coexpressing MEC-10 with MEC-4 in Xenopus
oocytes has no effect on the single-channel conductance mea-
sured directly in outside-out membrane patches (Brown et al.,
2008).
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Table 1. Kinetics of “on” and “off” MRCs

On off
Genotype  Latency (ms) t, (ms) 7,(ms)  Latency (ms) 7, (ms) 7,(ms)
Wildtype 0.7 = 0.1 26502 513 19%01 2002 49=*6
(n=2) n=12) n=12 (h=2) n=12) (=12
ok1104 07 =01  42%03* 67*£3* 1801 16*01 413
(n=10) (n=10) (n=10 (n=10) (n=10) (n=10)
el515 10£02  27*05 48%x6 3.0x03% 23x£02 47=*3
(n=75) (n=15) (n=5 (=5 (n=35) (h=35)
u332 0801 29+02 49*4 27%+02% 15*01 20=*2*
(n=28) (n=17) (=7 (=39 (=7 (=7

g y, activation (7, ), and adaptation (r ) time constants were calculated from MRC responses to stimuli
of at least 40 nN/pum 2 [mean == SEM, n is number of recordings; *p < 0.05, one-way ANOVA and subsequent
pairwise comparisons (Tukey's test) ].

Next, we investigated whether the decrease in MRC size in
mec-10(0ok1104) mutants was attributable to a loss of pressure
sensitivity and found that normalized pressure-response curves
were similar in wild-type and mec-10(0ok1104) mutants (supple-
mental Fig. 3A, B, available at www.jneurosci.org as supplemen-
tal material). Collectively, these results indicate that MEC-10 is
not essential for the formation of pressure-sensitive ion channels
in the PLM neurons but fine tunes the time course of activation
and adaptation. Additionally, the results suggest that the reduc-
tion in MRC size reflects a decrease in either the number of chan-
nels available to be opened by external force in vivo, a decrease in
the peak open probability, or a combination of both factors.

Missense mutations in mec-10 and mec-4 decrease

MRC amplitude

In contrast to TRNs in mec-10(0k1104) mutants, which have
nearly wild-type MRCs, TRNs from animals carrying mec-10
missense alleles exhibited a dramatic reduction in peak MRC size.
For instance, mec-10(el515) animals had MRCs with a maximum
amplitude that was ~30% of that in wild-type animals. Because
the eI515 mutation replaces a conserved serine in the N terminus
of MEC-10 with a phenylalanine (S105F), this result suggests that
the N terminus is essential for normal DEG/ENaC function in
vivo. To learn whether this effect was specific to MEC-10 or a
more general feature of DEG/ENaC channels, we recorded from
mec-4(1339) animals in which the homologous residue in MEC-4
is identically changed (S92F) (Fig. 1B). We found that MRCs in
mec-4(u339) animals were reduced to 4% of their wild-type am-
plitude. MRC amplitude was also dramatically decreased by the
u332, u390, and el 715 alleles, which affect conserved residues in
the second transmembrane domain (TM2) of MEC-10 (Fig. 3).
The effect of mec-10 mutations on MRC amplitude mirrored the
severity of the behavioral defects such that mutations that give
rise to mild defects in behavior such as el515 also retain larger-
amplitude MRCs.

As in wild-type animals, MRC amplitude increased with ap-
plied pressure in e1515 and #332 mutants. Thus, mutant channel
complexes retain their ability to detect external force. Consistent
with this idea, neither e1515 nor u332 showed an increase in the
stimulus pressure required to fully saturate MRC amplitude
(supplemental Fig. 3C,D, available at www.jneurosci.org as sup-
plemental material). (The MRCs in 390 and e1715 animals were
too small to analyze.) The pressure-response curve for eI515 was
slightly shifted to the right (supplemental Fig. 3C, available at
www.jneurosci.org as supplemental material): P»» values were
15+ 4nN/um?* (n=3)and 8 = 1 nN/um? (n = 17) inel515and
wild-type animals, respectively. Thus, larger pressures were re-
quired for half-maximal amplitude MRC activation in e1515 an-
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imals, suggesting that the mutation in e1515 in the N terminus of
the protein influences channel gating. Pressure-response curves
in 4332 animals, in contrast, were indistinguishable from wild
type (supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material).

We also examined the latencies for MRC activation at the
onset and the offset of the mechanical stimulus in e1515 and u332
mutant animals (Table 1; MRCs in u390 and el715 were too small
to analyze). The measured responses latencies are <1 ms and
represent an upper bound on the time elapsed between the deliv-
ery (or removal) of the mechanical stimulus and activation of
channels in vivo. Latencies for channel activation in response to
stimulus onset were similar to wild type in both el515 and ©332
mutants. In contrast, latencies for the “off” response were in-
creased. As in wild-type animals, MRCs in mec-10 missense
mutants activated rapidly and adapted during continuous stim-
ulation (Fig. 3A). The time course of MRCs in e1515 mutants was
similar to that recorded in wild-type PLM neurons (Table 1).
MRCs in 1332, however, showed a 2.5-fold increase in the adap-
tation rate (7,) of the off response. Previous work also showed an
increased rate of adaptation and response latency in MRCs re-
corded from mec-10(u20) animals (O’Hagan et al., 2005).

To determine whether mutations in mec-10 and mec-4 specif-
ically affect MRCs or they affect the general excitability of TRN,
we recorded the response of voltage-gated currents to a series of
voltage steps. These currents are generated in response to voltage
pulses and are independent of the mechanosensitive response.
Peak and steady-state voltage-gated currents recorded from all
mutant animals were qualitatively similar to those recorded from
wild-type animals and from previous studies (O’Hagan et al.,
2005) (supplemental Fig. 4, available at www.jneurosci.org as
supplemental material). Hence, these mutations appear to affect
mechanotransduction specifically.

Missense mutations in mec-10, but not loss of MEC-10, alter
MRC ion selectivity

Recordings of MRCs in wild-type animals demonstrate that
the MEC-4/MEC-10 transduction channel is Na™ selective
(O’Hagan et al., 2005). Such selectivity is preserved when MEC-
4/MEC-10 channels are expressed in Xenopus oocytes and is in-
sensitive to the presence or absence of MEC-10 (Goodman et al.,
2002; Brown et al., 2007). Consistent with the properties of chan-
nels expressed in oocytes, MRCs reversed polarity near +20 mV
in both wild-type and 0k1104 animals (Fig. 4A). Thus, loss of
MEC-10 does not appear to affect ion selectivity in vivo. In con-
trast, mutations in MEC-10 shifted the reversal potential for
MRCs by —40 mV or more (Fig. 4B,C). The negative reversal
potential of the MRC in mec-10 mutant animals suggests that
mutant channels have increased permeability to K * ions. A sim-
ilar effect was reported previously for MRCs recorded from mec-
10(u20) and mec-4(u2) animals (O’Hagan et al., 2005). This
result suggests that the shift in ion selectivity is caused by gain-
of-function mutations in mec-10 rather than a nonfunctional
MEC-10.

To test this interpretation, we measured the MRC—voltage
relationship in mec-4(1339) animals. If the gain-of-function mu-
tation in el515 is responsible for the shift in ion selectivity, a
mutation in the conserved S92 residue in mec-4(u339) should
cause a similar shift in the reversal potential of the MRCs. We
found that this was the case: MRCs recorded in both mec-
10(e1515) and mec-4(1339) animals reversed polarity near —20
mV (Fig. 4C).
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Figure4.  Point mutationsin mec-70and mec-4alter the reversal potential of the MRC, whereas a
deletion in mec-10does not affect the reversal potential. Current—voltage relations for MRCs recorded
from PLM cells at the onset of a saturating mechanical stimulus in mutant (gray) and wild-type (black)
animals (mean == SEM). MRCs were recorded at — 114 to +66 mVin 20 mV increments. Current was
normalized (/,,,) to the current recorded at a holding potential of — 114 mV, and membrane poten-
tial (V) was adjusted for voltage attenuation as described in Materials and Methods. A, mec-
10(0k1104) (n = 4) compared with wild-type (n = 7). B, mec-10(u390) (n = 3), mec-10(u332) (n =
4), and mec-10(e1715) (n = 4) compared with wild-type (n = 7). C, mec-10(e1575) (n = 3) and
mec-4(u339) (n = 3) compared with wild type (n = 7).

Mutant MEC-10 requires MEC-2

In addition to MEC-4 and MEC-10, several non-pore-forming
accessory subunits form part of the mechanosensory channel
complex. These accessory subunits include MEC-2, a PHB-
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domain protein, and MEC-6, a paraoxonase-like protein. These
proteins colocalize with the channel along the process of the TRN
and interact with MEC-4 and MEC-10 (Chelur et al., 2002;
Goodman et al., 2002; Zhang et al., 2004). Expression of MEC-2
and MEC-6 in Xenopus oocytes affects both the size and the prop-
erties of the MEC-4 current. To investigate how mutant MEC-10
proteins interact with other subunits of the channel complex, we
expressed wild-type and mutant forms of MEC-10 along with
MEC-4, MEC-2, and MEC-6 in Xenopus oocytes. As in previous
studies, we used a constitutively active MEC-4 isoform [MEC-4d
also known as MEC-4(A713T)] (Goodman et al., 2002).

Coexpression of MEC-10 with MEC-4d, MEC-2, and MEC-6
reduced the amiloride-sensitive current recorded from Xenopus
oocytes compared with current recorded from oocytes expressing
MEC-4d, MEC-2, and MEC-6 (our unpublished observation).
We found that mutant MEC-10 proteins further reduced the
current. Current recorded from oocytes expressing MEC-4d,
MEC-2, MEC-6 and mutant MEC-10 was as low as 25% of the
current recorded from oocytes expressing MEC-4d, MEC-2,
MEC-6 and wild-type MEC-10 (Fig. 5A). Therefore, oocytes ex-
pressing MEC-4d/MEC-10/MEC-2/MEC-6 channel complexes
recapitulate the gain-of-function effects of the mec-10 mutations
in vivo. The one exception was MEC-10(G680E), corresponding
to the u332 allele, which resulted in an amiloride-sensitive cur-
rent with an amplitude comparable with that recorded from
oocytes expressing channel complexes with wild-type MEC-10.
The mutant phenotype produced by the 1332 allele may result
from interactions with other proteins of the channel complex in
vivo.

The reduction of the amiloride-sensitive current by mutant
versions of MEC-10 did not require MEC-6. The current was
decreased by >95% relative to channel complexes with wild-type
MEC-10 for all the MEC-10 mutant proteins coexpressed with
MEC-4d and MEC-2 in the absence of MEC-6 except MEC-
10(G680E), which decreased the current by 80% (Fig. 5B).

In contrast, the reduction of the amiloride-sensitive current
by mutant MEC-10 proteins required MEC-2. Coexpression of
MEC-10 mutant proteins with MEC-4d and MEC-6 produced
currents that were similar to channel complexes with wild-type
MEC-10 (Fig. 5C). The exception was MEC-10(G680E), which
produced more than twofold larger current than wild-type
MEC-10 when coexpressed with MEC-4d/MEC-6.

The effect of the mutation in the u332 allele [MEC-
10(G680E)]| was anomalous to the other mec-10 alleles in heter-
ologously expressed channels. MEC-10(G680E) decreased the
current recorded from the MEC-4d/MEC-2/MEC-10 channel
complexes less, relative to wild-type MEC-10, than any of the
other four MEC-10 mutant proteins. MEC-10(G680E) also in-
creased the current from the MEC-4d/MEC-6/MEC-10 complex
relative to wild type, whereas the other mutant proteins func-
tioned similarly to wild-type MEC-10. The net effect of the
MEC-10(G680E) mutation, however, was similar to the effect
of wild-type MEC-10 in MEC-4d/MEC-2/MEC-6 channel
complexes. However, both behavioral responses of 4332 ani-
mals and in vivo recordings from these animals were similar to
the other mec-10 mutant animals. Differences in heterolo-
gously expressed channels could be attributable to an interac-
tion between the residue mutated in #332 with the activating
mutation in MEC-4d, which is in close proximity to the site of
the mec-10 mutations. Conversely, these differences could be
caused by additional proteins that interact with the MEC-4/
MEC-10 complex in vivo but are not present in the heterolo-
gous system.
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Figure 5. MEC-10 mutant proteins inhibit the amiloride-sensitive current in Xenopus

oocytesina MEC-2-dependent manner. Amiloride-sensitive current (/, ;) recorded at —85mV
from the MEC-4d channel complex expressed with wild-type and mutant forms of MEC-10 as
indicated beneath each bar (mean == SEM, numbers in parentheses represent number of cells
tested). 4, Oocytes expressing MEC-4d, MEC-2, MEC-6, and wild-type and mutant forms of
MEC-10 as noted. Except for the G68OE variant, currents recorded from channels with MEC-10
variants were significantly different from currents from channels with wild-type MEC-10 (p <
0.00001, Student’s ¢ test). B, Oocytes expressing MEC-4d, MEC-2, and wild-type and mutant
forms of MEC-10 as noted. Currents recorded from channels with MEC-10 variant proteins were
significantly different from those from channels with wild-type MEC-10 (p << 0.00001, Stu-
dent'sttest). €, Qocytes expressing MEC-4d, MEC-6, and wild-type and mutant forms of MEC-10
as noted. Currents recorded from channels with G680E were significantly larger than currents
from channels with wild-type MEC-10 (p < 0.05, Student’s t test). No significant difference in
current between channels with any of the other MEC-10 variants and those with wild-type
MEC-10 (p = 0.12-0.97, Student’s ¢ test).

Next we tested whether the mutations in the mec-10 alleles
decrease the association between mutant MEC-10 proteins and
MEC-4d in Xenopus oocytes. We found that all mutant forms of
MEC-10 coimmunoprecipitated with MEC-4d when coex-
pressed with MEC-2 (supplemental Fig. 5A, available at www.
jneurosci.org as supplemental material). We also tested whether
coexpression of mutated MEC-10 proteins resulted in fewer
MEC-4d channel complexes expressed at the surface of the cell.
We found that MEC-4d is expressed at the surface of the oocyte
when coexpressed with either wild-type or mutant forms of
MEC-10 and MEC-2 (supplemental Fig. 5B, available at www.
jneurosci.org as supplemental material). Together, these results
indicate that the effects of the MEC-10 mutations on the current
recorded from heterologously expressed MEC-4d channels are
likely attributable to an effect on the function of the channel
complex and not interactions between the channel subunits or
trafficking to the surface of the oocyte. These findings are in
agreement with in vivo recordings of MRCs.
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Discussion

Functional diversity of DEG/ENaC channel subunits
Although the amino acid sequences of MEC-4 and MEC-10 are
54% identical, these pore-forming channel subunits are not in-
terchangeable. mec-4 null animals, which retain the wild-type
mec-10 gene, lack MRCs (O’Hagan et al., 2005), and overexpres-
sion of one gene cannot rescue the touch insensitivity caused by
mutation of the other gene (Huang and Chalfie, 1994). Because
mec-10(0k1104) animals have substantial MRCs, MEC-10 is not
essential to form channels in the PLM neurons. MEC-10 is
needed, however, for optimal ion channel activity in vivo. MRCs
generated in response to saturating mechanical stimuli in mec-10
deletion mutants are smaller than in wild-type PLM neurons, and
these animals show reduced touch sensitivity in behavioral as-
says. Previous observations had also suggested a minor role for
MEC-10 based on the differential sensitivity of the TRNs to acti-
vating d mutations in mec-4 and mec-10 (Huang and Chalfie,
1994). Thus, as with B or yENaC (Canessa et al., 1993, 1994;
Lingueglia et al., 1993) and ASIC2b (Lingueglia et al., 1997; Hes-
selager et al., 2004), MEC-10 cannot form functional channels on
its own and plays a regulatory role in MEC-4 mechanotransduc-
tion complexes.

The mec-10 gene is expressed in the gentle touch-sensitive
TRNs and the harsh touch-sensitive PVD and FLP neurons
(Huang and Chalfie, 1994). However, only the TRN that sense
gentle touch coexpress mec-4. In PLM, loss of MEC-10 decreases,
but does not eliminate, the maximal MRC evoked by low-
intensity or “gentle” stimuli. Recently, Chatzigeorgiou et al.
(2010Db) reported that the response to harsh touch in the PVD
neurons and in the TRNs absolutely requires MEC-10 and an-
other DEG/ENaC protein, DEGT-1. [Harsh touch sensitivity in
FLP requires MEC-10 but not DEGT-1 (Chatzigeorgiou and
Schafer, 2011).] Our experiments lead us to question the role of
MEC-10 in the PVD neurons. First, using the same deletion
(tm1552) used by Chatzigeorgiou et al. (2010b), we could not
detect a significant loss of harsh touch sensitivity in animals lack-
ing mec-4. Second, if mec-10 were essential for the harsh touch
channel of the PVD neurons and acted similarly to its role in the
MEC-4 channel complex, one might expect that animals with the
recessive gain-of-function mutations in mec-10 would also be
harsh touch insensitive, but they are not (Huang and Chalfie,
1994). We propose that mec-10 is not likely to be essential in
either the TRNSs or the PVD neurons.

Interactions between subunits in the mechanoreceptor
channel complex

MEC-2 and MEC-6 synergistically increase the current from the
MEC-4d/MEC-10 channel complex in vitro by increasing the
number of channels in an active state (Chelur et al., 2002; Brown
et al., 2008). We show that heterologously expressed mutant
MEC-10 proteins decrease currents from the MEC-4d/MEC-10
channel, analogous to the in vivo effects of mutations in mec-10.
This effect is dependent on the presence of MEC-2 but not
MEC-6. Previous work showed that MEC-2 decreases the
amiloride sensitivity of the channel and increases single-channel
conductance, suggesting that MEC-4 and MEC-10 together form
an amiloride-binding site that can be modified by MEC-2 (Che-
luretal., 2002; Brown et al., 2008). The MEC-2 dependence of the
gain-of-function effects of the MEC-10 missense mutations may
indicate that the interaction between MEC-2 and MEC-4 causes a
conformational change. This conformational change could ren-
der the channel complex susceptible to interference by the
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MEC-10 mutations. Alternatively, or additionally, MEC-2 could
directly affect MEC-10 conformation.

Structural basis of ion selectivity in DEG/ENaC channels

Five mec-10 alleles (120, u390, u332, el1715, and el1515) and two
mec-4 alleles (12, u339) encode point mutations that alter the
reversal potential of MRCs in vivo (this study and O’Hagan et al.,
2005). Whereas wild-type MRCs reverse polarity near the equi-
librium potential for Na ™ ions, mutant MRCs reverse polarity 40
mV negative to this value, on average (Fig. 4) (O’Hagan et al,,
2005, their Fig. 6C). The simplest explanation for this change in
reversal potential is that point mutations encoded by mec-10 and
mec-4 missense alleles increase K * permeability. Such an increase
in permeability could arise from an increase in the diameter of the
mutant pore, because the selectivity sequence of wild-type DEG/
ENaC channels mirrors ionic size (Kellenberger and Schild,
2002).

Five of the seven missense mec-10 and mec-4 alleles analyzed
in vivo result in amino acid substitutions of conserved residues in
TM2 of MEC-10 and MEC-4 (Fig. 1 B). A high-resolution crystal
structure of a related DEG/ENaC channel, chicken ASICla, re-
veals that TM2 forms a long « helix, tilted at 50° with respect to
the plane of the membrane (Gonzales et al., 2009). All of the
affected TM2 residues are predicted to lie on the same side of the
TM2 helix and localize to the cytoplasmic side of the putative
gate. Four of five mutations affect conserved glycines (the fifth is
alysine residue that is conserved in many but not all family mem-
bers). Our experimental data support the idea that main-chain
carbonyl oxygen atoms at such glycine residues coordinate per-
meant ions in the open-channel conformation (Gonzales et al.,
2009). Indeed, two of the glycine residues proposed to coordinate
ions in the open-channel state by Gonzales et al. (2009) corre-
spond to the residues affected in u332 and e1715. Mutations at the
position equivalent to the site mutated in el715 affect ion selec-
tivity in vertebrate ENaC channels (for review, see Kellenberger
and Schild, 2002). A third glycine, which is mutated in both mec-
10(u20) and mec-4(u2) and conserved across phyla, was pro-
posed to form a desensitization gate in cASICla (Gonzales et al.,
2009). Our current and previous results (O’Hagan et al., 2005)
demonstrate that this glycine has an additional role in regulating
ion selectivity and may also coordinate permeant ions in the open
channel.

Loss of MEC-10 has little or no effect on MRC reversal poten-
tial (Fig. 4A), implying that homomeric MEC-4 channels
(formed in mec-10 deletion mutants) and heteromeric MEC-4/
MEC-10 channels have identical ion selectivity profiles. Similar
results were seen when these channel proteins were expressed in
Xenopus oocytes (Goodman et al., 2002; Brown et al., 2007) and
underscores the importance of the glycine surface in TM2, which
is identical in MEC-4 and MEC-10, for regulating pore size and
coordinating permeant ions.

The mec-10 gain-of-function alleles affect more than a com-
mon surface on TM2; the el515 and u339 mutations affect a
conserved serine residue in the N terminus of MEC-10 and
MEC-4, respectively (Fig. 1B). These mutations reduce the peak
amplitude of the MRCs and change the ion selectivity of the
transduction channel. Thus, the N terminus of MEC-4 and
MEC-10 is involved in ion selectivity in vivo. The contribution of
the N terminus to selectivity is shared by vertebrate DEG/ENaC
proteins because mutating the homologous position in ASIC2
and ASIC3 also increases K © permeability (Coscoy et al., 1999).

In principle, such a selectivity change could offset the effect of
degeneration-inducing mutations in MEC-4 by limiting the de-
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polarization induced by constitutive channel activation in the
mutants. Consistent with this idea, transgenic expression of a
u339 [MEC-4(S92F)] mutant isoform suppresses degeneration
induced by the toxic MEC-4(A713V) protein in vivo (Hong et al.,
2000). The structural basis for the effect of the N terminus on
selectivity is unknown but could involve direct interactions with
the pore-lining TM2 in the open-channel state.

In this study and that of O’Hagan et al. (2005), we identified
five residues (in TM2 and the cytoplasmic N terminus) that can
mutate to alter selectivity. These data imply that the structural
basis of ion selectivity in DEG/ENaC is distinct from the well-
characterized selectivity filter of K " -selective ion channels (Arm-
strong, 2003). In particular, K “_selective channels rely on a
highly conserved 3 aa sequence oriented such that backbone car-
bonyls form closely spaced binding sites for K ions in the pore.
The Na " selectivity of DEG/ENaC channels, in contrast, appears to
rely on residues distributed across at least three helical turns in TM2
and extending into the N terminus. Thus, the body plan of the selec-
tivity filter of DEG/ENaC channels is distinct from that of ion chan-
nels that contain a pore-loop motif similar to that found in bacterial
and eukaryotic K and Na ™ channels. Because DEG/ENaC chan-
nels are conserved in animals and absent from both plant and bac-
terial genomes (Goodman and Schwarz, 2003; Hunter et al., 2009),
this type of ion selectivity filter may represent an animal-specific
motif in ion channels.
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Figure V.

Appendix II. Characterization of other POML proteins

poml|-2::yfp

Expression pattern of POML-2, POML-3, and POML-4.

Table V. Summary of C. elegans PONs

poml-4::yfp

Loss-of-function
PONs Gene expression phenotype RNAI
Many neurons (TRNs, HSN, RNAI1 in poml-
MEC-6 PVD, IL1, male tail sensory Mec 4(0k1834) resulted in
rays, and etc), muscles (body 20% Dpy animals.
wall, vulval, intestinal, anal
depressor and sphincter
muscles), and excretory canal
(from Chelur et al., 2002)
Mec in the sensitized
POML-1 | TRNs, IL1, AIM, ALN, BDU | background ND
DA neuron, intestinal-
POML-2 | rectalvalve, rectal glands Small brood size ND
RNAI1 in poml-
POML-3 | hyp6, hyp-7, and intestine none 4(0k1834) resulted in
30% Dpy animals.
POML-4 | hyp6, hyp-7, and intestine none ND
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